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GLIDE AND CLIMB OF PRISM&TIC DISLOCATION HALF-LOOPS IN
HIGHLY PERFECT COPPER CRYSTALS

Yasuhiro Miura
Inorganic Materials Research Division, Lawrence Radiation Laboratoryv'
Department of Materials Science and Engineering, College of Englneerlng

Un1vers1ty of California, Berkeley, Californla

ABSTRACT

Glide and climb of punéhed out prismatic edge dislocation half-loops

in coppér crystals were studied by a dislocation etch pit technique. Imé

.proved crystal growing procedured yielded copper crystals of disloéation'

b} )

density less than 10 cm/em”’ so that rows of large prismatic dislocation

half;loopS'(radius::lOu)'with Burgess:vectors {llO) could be introduced

by_a ball'indentation on a.(lll) plane in an originally'dislbcation—V
free area éf the crystal. Both a disiocation etch:pit pigture and”an
X-ray fnénémission tbpograph proved.the low dislocation>density of the
crystalsL

Thévhélf—loops were microscopically'approkiméﬁely semicircular in
shape,: For dislocation glide it was foﬁnd that 1a£ger loops Wefe more
highly.ﬁébiie than smaller ones. This was attributed to a lower dis-
lécation step density of.large loops. |

Corners of steps were assumed to be rounded that is, the dlslocatlon

line at corners of steps lles on planes other than {111}. A hlgher

lattlce frlctlonal stress acts to oppose motion of a dislocation on non-
close packed planes. Therefore, the corners of steps may act as pinning

innts on gliding dislocation half~-loops. It was‘aléo found that, within

-a single half—loop, the segment with higher step density was less mobile.

" When half<loops were annealed at a temperature where diffusion is



rapid; the&'shrank. Macroscdpically_loops maintained approximately a
semicfrcular shape during the brocess of shrinkage.” The shrinkage curve
rg- t was approximately linear (r is the radius_of'loop and t is the
annealiﬁg ﬁime) and the appgfent actiya£i§n7energy of'shrinkage was

~ 1;28 éV. The results were best.ihtgrpreted'by‘a model based on;vaCany
formation'af_the point of intefsectioh of the diéiocation and the crystai'.

surface_and_pipe diffusibn along the dislocation loop.
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I. INTRODUCTION

Glide and climb of a single dislocation are the elementary processes

of the mechanical behavior of crystalline solids. It is essential to have

"~ a well characterized dislocation for the object of study. In the present

work,:the moﬁion of indenﬁation punched prismatic edge dislocatioﬁ half-
loopsVin(copper crystals will be studied, first the'glide at very small
stresééé and secondly the climb by diffusion dfipbint defects.
| Hesistance to conservative motion of dislocation in face centered "
cﬁbic'météis has been studied by maﬁy invéstigatdfs using a wide variety
of techniques. Partiéularly pertinenﬁ‘to the pfesent work are_tﬁe experi-
ments;of ¥oung.l-8 Hé.foundbthat some dislocations started movingvaﬁ él
resol&éd‘éhear stress of k g/mmab dislocation multiplication took élaée
at 15420 g/mm2 and macrqscopic yielding occurred at the stress of |
35 gfm’.

| Thé’perceﬁtage of growth in disiocatibné.mo§éd by the applied étreSs
vihcréased.monotonically with the stress until ébpfoximately T had been
moved at the yield stress; Fresh dislocations were observed to move atf

lower stresses than grown-in dislocations. The latter could haVe been

pinned by impurity atoms. He concluded that impurity pinning does greatly

affect the motion of dislocations evenvin'highly'pure crystals (nominally
99.99% Cu). | |

.According to Marukawa,9 dislocation velodity.in low dislpcation
-densify copper crystals is much larger than in LiFBO or silicon iron

and the distance moved by a dislocation varies little with the loading

time. This suggests that dislocations are held up at widely spaced
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barriérs.t o _: | o _ _ o ,_"

fétfdff and Washburnlo ﬁeasured fhe stresses at which individual o
segmeﬁfs of grown in dislocations began td mo?é, d5tainihg results
.similﬁr:td Ybﬁng’s. They at£ributed_the réngé df'critical stresses for:
motion ﬁo:diffefént;jdé densitiés_deﬁéhdiﬁg on fhe'different disloéatibn
lines;  This_iﬁterpretation was supported by the‘fact that the éritic51 
v shea;‘sfrgss,for ﬁotionfof a_heévily jdgged pfismatic édge diélocation
vha1ﬂ~ioop was found to be greater than 50 é/ﬁﬁg.:

fheIObservatidns above weré_éll carried out at room teméerature B
using the dislocafion etéh‘pit techhiqué‘td reéord dislocation movementl_
fhe‘main difficulfiesbf¢r anneﬁéhvpit Sfﬁdy<on'00ppéf are: firsﬁ;'
. the bgfaihingbof.spécimehé of.a 1ow enough dislocation density; secondly
a‘sinélé_etch pit picture.can give no information.én the internal |
disloéétibn arrahgément. Xéﬁlthe technique is.powérful when applied‘tb
'bulk éfystals. | . | | | | |
| Previous WOrkérs,.excéptifetroff aﬁd Wéshbufn,:did not pay much:’ .
attehtion to fhe interha1 cdﬁfigufation of dislocétion lines; More
precise,information on dislocation motion in coﬂpér‘crystals can be
:obtained_only by cafefullstudies én well characterized dislocations.

In thé present work, the origins of frictional stress are studied . -
on dislocations of a particular-shapéj prismatic edge.dislocatidn half
loops of various sizes which are introduced by a ball indentation in |
extremely‘low dislocation density crystals. |

The critical sheér stress for ﬁotion of indentation punched prismatic’
‘disloéation halfnloops.of different>sizes are estimated using the theo-

retical equations of Bullough and Newman . T+



~ diffusion becomes appreciable.

The:tWist motion of a halfwloop on the glide cylinder under the
.operation_of bending'Stresses is also studied in order to see the
différence in mobility between the different dislocation segments'

Withih_a'single half-loop.

2. Climb
Dislbcatioh'motioﬁ”perpendiquléf té'thé glide;piane fequires,thé
prbdﬁcﬁiqn or absorption‘of point defects and sévoccurs only above a
temperéture about oné‘half of the melting point.of the metal or at
étreéses approaching fhe theoretical strength;
| SiléEX'and Whelan,12 using a hotvstage traﬁsmission electron

microscopy were first to directly observe the shrinkage of dislocation

_100pé by climb. Prismatic dislocation loops in'fécé—cehtered cubic

metals are expected to shrink at observable fétés at_temperatures_where
.The'élimb mechanism has been consideréd'ﬁhedretically by Friedel.]f3
His theofy of dislocation climb is based on vacéncy diffusion away from
Jjog sites which move along the dislocation line.
Silcox and Whelan's measurements of the'shrinkagé rates of pris— 

matic dislocation loops in aluminum thin foils were interpreted in terms

of Friedel's theory. When line tension is the only driving force for

climb, the loop diameter should decrease with annealing time according -

to a parabolic relation. Silcox and Whelan's experimental observations

.were in general agreement with this predictioh. The activation energy

of Selfvdiffusion has been estimated by comparing the shrinkage rates 
of loops of the same size at different annealing temperatures.

Thé_climb model of Silcox and Whelan has been universally employed

byxmany workers to interpret their experimental results.
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Hcﬁever, since exact shape of dislocation lodps,‘the Jjog density
and the'diélocatién-cbre stfuétureé are hot knéwp;'any quel.of clim%
contaiﬁé éssﬁmptions.

SéiQmah and,ﬁalluffilu discussed the'élimb'mechanism for alumiﬁum-_
iénd suégéé£ed that;vacahc&vdiffusiOn‘QWay from'ﬁﬁe disiocation should
bften'be'tﬂé rate-céﬁtrblling process réther thahvthe vacancy-emission S
‘rate as Wés aséuméd by Ffiédél;r‘Their'énalysié.isrbaSed on an assumptibh
that'a.Vacancy diélocation loop.ié a perfectitqrus:éhaped source of
.vacancieé;i : | s

in the‘preSent wofké,vthe ériméry pﬁfpose’ié.to know whéther the
'shfinﬁage_of,indentation punched:disloéation half=loops in copber is best
éxplainéd‘by an emiésign‘or aidiffusion_controlled_méchanism. |

For an indentation pﬁnched surface_hélfblbop, a smaller apparent B
actiVatiqﬁ energy for shfinkage‘might be expected, becaﬁse vaqancies
.¢én be sﬁpplied from the'external.surface thrdughlan eésy diffusion:pipe ‘
:along the_dislocation'line itself as well as by bulk_diffusion. |

In thé piesent work,,Shrihkage rates of Half-loops at different
temperatures are obtained and the apparent activation energy of shiinkag§

is deduced. The shrinkage mechanism is discussed.
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II. EXPERIMENTAL.PROCEDURES
A. Matériai

Copper rods of 19 mm diameter with a pufity of 99.999% Cu were

. obtained from Materials Research Corporation. Results of spectrographic

analysis were as follows; (numbers are in ppm)

' ' v : % ¥
Fe Ni - Si Sb Po Sn . Bi Ag As Cr Te Se 8

€0.7- <1 <.l <1 <1 <1 <.1 <0.3 <2 <0.5 <2 <1 <1

* o ' n ' o
Chemical analysis. Other elements not detected.

B. Growth of Low Dislocation
Density Crystals

" One of the main requirements of the present work was to obtain speci-

“mens wifh an extremely low dislocation density, preferably less than .

b} 5

107 ¢m/em” . Much time was spent on the development of a successful

crystalfgrowing technique. The procedures which were finally esta-

blished are schematically shown in Fig. 1. Fifstvsphéricalbsingle
cr&stuis of 25 mm.diameter were gdenvby £he Bridgemann techniqué
(furnace traveling speed was fivevcentimeter per hour), then cylindrical
cryétals of 10 mm diameter were grown with a (111) growth direction >
usinglthe spherical crystals as seeds (furnaces traveling speed was

5 cm per hour) . Finally, larger uylindricél crystals, 32 mm diametef;
were grown using the 10 mm diameter crystals as seeds. A zig-zag shépe
near the seed.wés used to avoid any difect influence of the dislocation
substructure in the seed on the dislocation arfangement in the grown.
cryStal. bDislocation-lines are expected fo_propagate perpendicularly

to the moving liquid-solid interface in order to minimize the line energy.
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All mélting wa.s carriéd‘out under vacudm. The 32 mm diametervcrystals
were plaé¢d dn a goﬁiomeﬁer and oriented to be éﬁf by an acid saw into 5.hm
thiék‘di5§élwith face-fafaliel té (lil) pianes._ Thinﬁer discs ﬁere.cut out
for anomaioué:fransmission_xFray fdpographs},_DiSCQ:Qere polished on an acid
lathe and.finally éut'iﬁto parallelepipegg on‘thé‘acid saw. The geometry
of the pafallélepipéés ié”shown in Fig. 5. Thé poliéhing_sdlutiOn for thg
aid lath§ c¢ﬁsisted of'twé_parté.HNOB, one:part HBPOh and one part CHBCOOH
glacial.’fConcentrated ﬁiﬁric-acid was_used for acid saw cutting. Finally
the parallelpiped.érysféls wefe eiectropolished at room temperature in a
50% phosphqric écid-hO% water solﬁtion.

The dislocation density was revealed by the etch pit technique on the

(lll) faces. Dislocation density of as grown-crystéls was 1 -~ 5><lO5 cm/pm?.

C. Thermal Cyclic Annealing

For'the'further reduction bf the dislocation density,specimens were -
annealed at a temperature just below the_melting point; By annealing at
constant temperature (1070°C) for a week the dislocation density was reduced

from 5><lOv5 2

to 1x10 cm/cm3 éndlmany subgrain boundaries were formed.
Thermal:cyclic annealing was then employed because of these rathef
diécouragaing results from static annealing. There are two. convenient
wéys periodically to'change the temperature. LiVingston,l5 Young,l6'and_
~ other workers have cycled the. temperature by switbﬁing the furnace,curfent
on and off., They reported on appreciable effecfsvaﬁe to cyclic annealing:’
~on the ratg of change of dislocation density. |
Kitajima et al.l7Areported excellent results from cyclic anﬁealing by
'translating the furnace back and forth, while keeping the furnace tﬁbe,and

specimens stationary. They obtained a reduction of dislocation density

<

v



>

dewn to the order of 10 cm/em3 in as grown crystals which contalned
5'~'.lO6_cm/cm3. They explalned ‘that the rapld reductlon of the dlslocatlons
was poss1bly due to the enhanced flow of point defects by the temperature
gradlents w1th1n a crystal
An anneallng furnace (Flg 5) was de31gned s1m11ar to the one used by ‘
Kltaglma et al A hellum gas atmosphere was chosen because it was avallable;
with negiigible oxygenvand.ﬁatef‘VaporAimpurity."
A»tempereture—time chart for a typicel speeimeﬁ is shown in Fig. k.
Makimﬁm and minimum teméefatufe werelapproximatel& 1050°C and 800°C
' respectively. The furnace traveled back and forth at a_speed of 100 cm per
_ hour. ‘Alsp'the system was designed in such a way"thet the length of furnace
_travel could be adjusted between O and 25 cm on each side of the center and
“the furnadettraveling speed could be chosen between 0 to 100 cm per houf.
A -mullite tube was‘used'becausevof its thermal shock resistance. A tempera-
ture limit4SWitch prevented accidental melting by shutting off furnace power
if the temperature came too close to the melting point. Specimens were set
ip a gfaphite‘boet with their-long axis along the direction of furnace motion

50 that the temperature gradient within the crystal was maximized.

D. Techniques of Direct Observation of Dislocations

Most of the experimental results in the present Work have been obtained
'by.the etch.pit method. X-ray topograph pictufes were also taken for some
thin crystals:only to see the actual dislocation structure inside the crystal

and to substantitate the etch pit observations.

1. Etch Pit Technique

In theory dislocation etch pits should be formed at the'interseCtinn

betweenva'dislocation line and a crystal surface, because the chemical
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potential should be higher et and near a dislocation core. Therefore; when
a Crystal’with‘dislocétions intersecting the surface is immersed in certain
etchants, the points of 1ntersection may be preferentlally etched.

Chemical dislocation etch pit techniques for copper have been developed

18 "1 2 :
by Lovellvand Wernick, Young, 2 Liv1ngston ° and other workers. Only ong .

low index orystsllogréphic planes héve'successful-etch pits results been
obtained;'kbislocatiOn eteh nitsbon the tlll} plane are the most reliable
and give.the most uniform size.of pits. Almost one to correspondence
between {111] etch pits and dlslocation observed by x-ray topographs of .

2

the_same SPCClmen was demonstrated by Young et a13 for a low dislocation o
density crystal (density 5,105'cm/cm).
The etch pit observations reported here are on {111} surfeces;'the

etchant was that developed by Liﬁingstonl9 (onerpértnﬁromine, fifteen parts

acetic acid, twenty five parts hydrochlorio acid, and ninety parts distilléd"f

water). 'Etcning time was 3-7 seconds. Immediately after etching, spec1mens
were rinsed in methyl alcohol (r1n51ng in water before alcohol gave less
satisfactory results).

| Etch pits were.photographed throughian opticalvmicroscope: magnificéi}
tionv= 250x;ea white .1ight .source with a green filter and the numerical |
apertﬁre'of.the objective‘lens = 0.45, Distance between etch pits were o
_measured on the photographs with a high resolution measuring microscope . .
(the smallest scale division was one micron). From an etch pit picture et'
an original magnification of\250x it was found to be possible to reproduce;
resilts on the distance between the centers of two etch pits in a series of

Separate measurements within *0.2u.

[



2. X-ray Topography

2 is apprec1able to relatlvely thick (ut 10,

. The‘Borman technique
TH normal absorptlon coefflclent t: thlckness of speclmen) spec1mens of
high perfectlon In a perfect crystal When an x—ray beam en*ers at the
. exact Bragg angle two standlng wave flelds are generated 1ns1de the crystal
One wave fleld has nodes at the atomlc planes and is transmitted w1th llttle
absorption; the other has'antinodes at the atomic planes and is highly |
absorbedi' The net energy flowiis very nearly.parallei to the diffraction
planes and_at the exit surface thevbeam split intovfwo, one diffracted
“beam and.the other parallel to the incident bean.' Either beam can be used
for recording topographs; Any kind of lattice defecf, dislocations, vacancy
clusters'anddetc will be seen as a.shadow> The reason’why this techniqne
has been dlfflcult to apply to copper are as follows, First it has been
extremely dlfflcult to obtaln copper single crystals with low enough

5

dislocation'density for this method” (less than 10 cm/cm . Secondly, it
~is almost practlcally 1mposs1ble to thln down a copper crystal as thin as\
Q.5 mm w;thout introducing dlslocatlons (thlckness of < 0.5 for copper 1s
optimum for the anomalous transmission of x-rays). |

Infﬁhe present ﬁork; x-ray-topographs Were-taken for some crystais
only for checking the dislocation structure inside the crystals and for
sﬁbstahtiafingdislocation densities measured by anketch pit count after n
 thermal oyClic annealing. An (111) diffraction’of_Mo-Ka radiation was used
for alidpictures. Nuciear'plates G-é (emulsion thickness 50u) were used d
and the”exposure time was about 10 hours for an area of 3 cm?. After films

were exposed, they were soaked in wter for fifteen minutes,.develOped in

regular x-ray film developer for thirty minutes, dipped in stopper for five
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.minutes‘and:fixed for one hour.

E.. Punchihg;of Prismatic Disloéatioﬁ Half~T.oo0ps
13

.It is kﬁbwh ‘that if £He'sufface 6f;é.crystal is tépped withkan
indehter;;én.indentvié éreatéd_élcﬁg'ﬁith rows df half=loops of prismatic"
edge dislécétions. Lodpé'moverut along the (llO)bdirecﬁions'that are
parallei fé the sufféce. | |

Seiti?l firsﬁ suggested é process by whiéh glide'ioops could combine
to form é succession of prismatic loops} The'wofk déne by the force on
'thevindenﬁér is traﬁsferred into the sum of the énergies of the disiocatioﬁ
loops creéted, their frictional losses during-mqfion-ahd.surface energy of'
the indeﬁt."‘For'a'smali?eﬁouéh'éontacﬁ-diameter;'fhe local stress caﬁ
reach the'théoretigal.eléstic limif, thbugh.fhe fércé is Qery>small. Tﬂis
‘is why hahdling'or even small sblid pérticlés félliﬁg on a éerfect cfysfai> 
can cause aﬁ‘appreciable plastié daﬁége; bIn the preéeht wofk sphefical
glass beads of a diameter‘approximately BOOu were dropped on the (111)
éurface éf.the copper single grystéls through_a véftical glass tube.- This;
‘indentation probably creates rows of prismatic dislocation loops along all
'six.(llO);directions,,three'of which are towards the inside of the crystal
vapd.three'of'which are parallel to the surface pléné (Fig. 5). By a dis-
‘location etching, the rows of prismatic half loops have revealed along the:
‘three (116)_directions on ﬁhe‘surféce; eéch single halfwloop is represehted
by a pair"of etch pits. Variation of the‘size of glass particles and tﬁe

height fromjwhich a particle is dropped give different sizes of loops.
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F. Shape of Half-Loops

Since etéh pits,givé only the»sites bf ihtéréeétién between disiocatién
linésvand thé.crystal sufféce;:fhére is no way-of knéwing what the internal -
dislocation Structufe iérfrom a'singlé 6bSer§ation;

Howé?er, by polishing off;somevknOWn thicknéss pf a surface layef'and
by taking répéated etch pits pictures of the'same’diélocatiOn loop at each
successive depth until the bottom of the half—léop is reached, a crude threev
dimensiohal_pibture_of the half~loop can be constructed.

A parallelepiped specimen was lacquer-coated, except for a known area
on the (lli)'faée, and electro-polished. The thicknéés of the layer removéd :
- was célculéted from the weight loss. The weight Was measured by the |

éutomatic.aﬁqutical balance, which has an accuracy of *0.1 mg. The thick-

néSs of the layer removed-by»each electro-polishing was several microns. -

G. Glide of Half-Loops -

The critical shear stress to cause a half-léophto glide was estimated
By making use of Bullough and Newman's équationll‘for the shear stress on
itsvglide. éylinder'and heasuring the spacing between half-loops. The |
"~ total stress on the end loop dﬁe to the others ih'the same row should be.i
'equal to the lattice friction stress (criticalﬂshear stress).necessary to

move the loop along its glide cylinder. Chitical shear stress: Tc

Te = Z_Ti + Zhj (Ti: contribution of i-th loop)‘ | (1)
V. ub . _
T, = - S —  (when Z/a < 2.5) -
* brr (1-v) a, ) T -
i < (2)
| b el S o :
Ty o= —QE ‘ (when Z/a >> 2.5) (3)

()
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where:
p: shear modulus
a:'?ioop radius-
b:'_Barger's_veotor
Z: 'distance between. the ioop under consideration_and Jj-th loop
v: }Poisson's rafio
V:'.constantvdeﬁends on Z/a obtained from graph computed by Bullough

and Newman (V- increases as Z/a decreases).

When the qisfahce between two loops is largevconpared with their radius;

the force hetWeen them varies as Z-h so only the first and second neighbors-
are importaht. Bullough and NeWman's analysis appiies strictly only‘to B
complete prlsmatlc loops, ‘but the loops studied here were half—loops at a
surface Therefore 1t has been assumed that Bullough and Newman's calcula-
tions will be approximately valid for surface half-loops. The shear stress
across a plane, normal to the plane of a prlsmatlc edge dislocation loop
_and_through'its center is zero. The normal-stress across the same plane
isfnotizero, but is small for large.loops. Therefore cutting the crystal,
along such a plane should hotrgreatl& change the shear stress distrihution
along the glide cylinder.

By»annealing rows of loops of different Sizes, information on critical

'shear stress for glide—size of loop was obtained; Twisting motion of half
loops under the action of a bendlng stress was also studied by applylng
.beniug_loads around the (112) axis of the specimen (see Fig. 2). A de-
rice Was made for the bending tests; using - an analytical balance; loads

can be applied with an accuracy of one milli-gram.
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H._ Climb.of Héif—Loops

;Indentétion punched prismatic edge.dislocation half loops are interstitial
type an&ifhereforé,vtheyvshrink by absorbing vaéancies.. Vacéncies can Bgi
supplied'both by‘diffusion through the bulk and aléng fhe'aislocation line. -
l ‘Shfihkage ratéfof loéps were obtainéd at three different temperatures. 
Figﬁré 6 shows the_apparatﬁs for the diffusion study. It was essential |
for the study of diffusion by the etch pit method that heating and cooling
of'théfébeqimen shéuld be done quickly without suffacé oxidation or édntam-
inatidh;, In order to‘aéhieve a quick heating ahd'dooling; first, the
furnace ﬁés heated up énd then the specimen Wasvinsérfed from the top of
‘thé tuEe;"During_the ihéertion process argon gas Qés made to flow upward '
in theftube to minimize suffaée oxidation of the spécimen. After the top.
wa.s cloéedvand sealed,'the afgon flow was’stopped‘and a downward helium =
gas Tlow Wés sﬁarted. Temperature and time Wefe récorded automatically
on charts{ -After anﬁealing for é‘desired period of time, the furnace power
supply WAS shut off and the tube was cooled down»té room temperature in a
cold blastiof air. A temperafure-time curve is shown in Fig. 7. Annealed
specimené generally maintained‘gOOd surface conditions. They were, if |
necesséry; electrdpolished for 15-30 seconds, to provide a clean surface‘for
dislocationxetch pit formation. This process'of'aﬁngaliﬁg and dislocatioﬁ_'
eiching was repeated so that the shrinkage rate could be obtained by |
measuriné at each stage the distances‘between abpairvof etch pits on phétb-' 
graphs._vFrOm the shrinkage rate~annealing timé curves, the apparent acti;

"vation energy for the climb process was estimated.'v
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ITTI. RESULTS

A. Effects of Thermal Cyclic Annealing

3

| Speéiméns had an average dislocation density of 105 ~ 10" cm/em”
in the éé%gfown ététe, Véry.féw éubgraiﬁ boundariesfﬁeré observed. After |
specimehs ﬁére annealed under cyclic changé of teﬁperature the average
dislbcatioﬁ.denéity over the entire specimen area was reduced to < 10”0
ém/cmB‘QS-shown in the efch)pit picture (Fig. 8): 'bislocatioﬁ populations
as low aé 0 to 50 cm/cm5 were oﬁserVed in certain»areas (as large as 0.5
cme). A.few>transmission x-ray micrographs were faken'(Fié. 9) which
confirmed the low dislocation denéity.

Sinée ﬁhe'study of_annealing_mechaniéns under é&clic Changeé;of

_ tempéréture was not the author's main interest,rdetéiled in&estigation of 
the effecﬁszof;(annealing) vaiiablés weré not céffied out. _Howevef, anneal-
ing tiﬁéé ﬁére vafied from.lOO'hdurs.to 200 houré._ The decrease in dis-.
'locatioﬁ dénsity seemed to saturate after an aﬁheaiing time‘of about-
150 hours. ‘Specimens containiﬁg subgrains stiil‘COntained subgrains

even after annealing.

B. Prismatic Dislocation Half~Loops

RbsétfeS'éf.prismatic dislocation half-loops were introduced by drop-

ping s;i?'h'erical glass particles (300u diameter) on the (111) surface of speci-

mens ffom*Several'different height depending on the desired size of loops.

A roséﬁte;ﬁattern of quite regular shape is shbwh‘in Fig. 10. Each of the

six branches of a roéétte, extending along different (110) crystallographic
directions, consists'of a row of prismatic edge;dislocation haif-loops.

A pair of triangular pits represents the two intersections between the

»
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surface énd>the two ends of a halffloop of pure'édge diéiécation. Wheh‘é
.glaés pé;ﬁiclevhit the surface at an angle other than 90°, it caﬁses
,'Séveral.rosettes,‘the sizes of which became smaller.as the méximum height
of fhe 5ouncing'particle decrease (Fig. 11).

I C. Geometry of Etch Pits

Thé'thieé sidés'of the triangular dislécation etch pits are along
the three (110) directiondg. There are tﬁo differént combinations of |
(110) whiéh make equilateral triangles on a (lil) pléne, either a-1 of
5-2 ih.Fig. 12. In order to know which’of the fwb is thé cése, aﬁ optical
,microséopé‘picture of a pitted durface and an x-ray Laue backfreflectidh:
piéture‘bf'the same specimeﬁ from the same direction were coﬁparéd.
Tetraﬁédfdﬁ of (lli) plénes'is alsé shown in Fig. 12. From the analysis
of Laué épots, it was found that ‘the pyfamidal piaﬁes of an etch pit'weré
tilted'relgiive to the surface in the same direction as the three inter-

secting {111} planes.

D. Shape‘Of Half-Lbops‘

'Beforé ¢limb and glidé of loops were studied, the initial shape
of loops under the surface was examined by sucesSively etching and
polishing off surface layer, (Fig. 13). The amount of material taken
off in each step was calculated from the weight loss after polishing.
Typicél plots of the distance between a pair of pits and the depth fréﬁv:
the surface (Fig. 14-b) are shown for both as-punched (Fig. 1lla) and as-_
anneaied a£ 550°C. There was no appreciable change in microscoéic shapef-
" within plus or minus a fQW'microhs aftervannealing at a high temperature.’

'Approximately symmétrical semicircular shapes were always observed.
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E. Glide of Pfismatic Dislocation'Half-LooEs

By making,use of Bullough and Newman's'approximation,ll critical
shear stresées for glide of'prisﬁétic halffloops.of:diffefent sizes were
calculated;. Rows of iobpé chdsen for‘éélculated weié those that were of )
regularfand_ﬁniform-shaﬁe and did‘not have any obvioﬁs obstacles aheéd on
their (ilO)vdirectibns or any unpaired along the r§§ which ﬁight giQé rise
to long.stfeéses on the dislocation loop uhder'cénsideration. The cfitical
shéar stréés acting alonévthe glideﬂcylinder'af'the‘positiqh of the last
loop of-a:fow was calculgﬁed as the sum of sheéf streéses due to its
first, éeébnd.andwthird ﬁeiéhbors (f = .21 Ti), A sémple caiculatiéﬁ is
shown in-thé'AppendiX. - | | |

-Critical shear stfeséésVWere caléulated fof'a éeries of ldops of
differén£ éize as punched out, and also, afterrbeingvanneéled at 550°C
-for thirty minutes. The létter should give the c?iﬁical shear stress

required.fdf glide at 550°C. Plots of Torit -1/r are shown in Figs.
l5_and_l6'and examples of etch pit pictures of rows of loops of diffe-

rent sizes are ghown in Fig. 17. T

| orit represents.an upper limit for the

- true critical shear stress, because it was assumed that the specimen crystal
was’perfeét except for prismétic dislocations. From Fig. 15 and 16
(7

half-loop decreases §hat is, the greater the curvature of the dislocation,

- 1/r) it is observed that T increases when the size of the.

crit rit

decreases as temperature

the greater force needed to move it) and Topit

increaées, implying that glide invplves thermally activated escape of the
.dislécatidn from barriers. Figure 18 shows fhe effect of épplying a

bendingvstress. The twisting'motion of some half—loops were revealed by
etching before and aftef loading. When the size of a loop is relétively

large; interaction between opposite sides in a half=loop is weak.
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The two ends intersecting the surface act almost like isolated individual

* straight dislocation lines. Figures 184 and 18e show motion of the two

sides in the opposite directions and Fig. 18f shows twistings in the

.opposite directioné, when stress was first applied,‘the loop twisted in-

one direction (see the pair of.etch»pits of the middle size) and when the

stress-réVefsed, it twisted in the opposite direction (see the smallest:

pits). rFigureIIBa, b and ¢ are the examples whefe'énly one side of the

halfrloops moved under the shear stress, while the other sides were pinned.

F. 'Ciimb of Prismatic Dislocation Half-Loops

Thé brismatié dislocation half¥loops studied were of édge character
and of;intérstitial type. It was possible to méké‘the loops shrink by
dislocatidnvclimb if a specimen was heated to a high enough temperature -
for vaéancy diffusion to take place. The shrinkage rate was measured for_
three.different temperatures namely at 625°C, 6h5°d aﬂd 675°C and an appar-
?nt‘ activation energy for shrinkage a loop waé calcﬁlated. A nearly
parabolié3relation between the radius of a haif—loop'and the annealing
time is'éhpwn in Fig. 19,

Considering the relétively poor resblutibn of the technique, the
average value of the shrinkage rate, P = rz/t (r is the radius and t;:v
i;,the'anﬁeality time), for a given temperature Wés obtained from the

‘ _ n
measurements of several loops, namely P(T) = 1/n I Pi.
, . T oi=1

The least~square method hes been utilized fér obtaining the slopes,T
Figure 20 shows the log P-l/T curve. iThe.slope‘of the curve was also
obtained by the least squares method. The error limits of the plots in 

Fig. 20 show the limits of scatter due to different loops. The apparent



_18-

activation energy(E) of shrinkage and the slopé,of‘the log P-1/T curve

. are related by the equation; E = -2.30% k X (slope) where k is the Boltz-

ﬁannfs Qoﬁstant. From the énalysis the apparent activation energy

" E = 1.2840.30 (eV) was obtained.

| Théverror>1imit of the activation energy (E) ﬁas estimated from the
maximum and the riirimm possible slope of»lbg P-l/Tvcurve within the error

ranges:qf ?(T) ¥I(r2/t).

@



IV. DISCUSSIONS

. A. _Shape of Half-Loopg

Frpﬁ Fig.‘ih it is clear that the punched-out half-loops Were macro-
SCOpicéily'not rhombus shape with.side on {111} pianes (Fig. Elb) as is .
the case Where’thisyiSQa more~mérked prefereﬁce fof.the close packed |
plane, but approximately semicifculér, which réquifes the dislocation to
be jdgged.on a micfbscoPic.scale.

On an atomic scale the edge of the extfa haif plane of atoms must
have aﬁuméfbﬁg steps.v’Tﬂe model of a half~loop shéﬁn.in Fig. 22 will be
assumed for the fdilowing discussion. The facf thét‘half-loops wefe
approximatély semiciruclar ih;tead of rhombus shape is of interest in.
connection with their mechanisms of formation. -:‘ |

Iﬁ the.preseht experiments no prominent éhange in macorscopic shapé"
were obéefved even Whén loops were annealed éf é'high temperature (Fig.f_
lhb).' At this temperature diffusion is rapid. ‘fhis.suggests that 1oop’.
energy would‘npt be significantly reduced if the lpop were to adopt é o
more angular shape. On fhe microscopic.scale below the resolution of the

eﬁch pit technique, half-lodp may have steps of different sizes depending

on loop size. This might be expected from a consideration of the mechanisms

through WEich a disiocation half~loop is formed and punched out during
an indentation. |

If a hard ball is dropped on the specimen_surface, the makimum shear
stress arises at some distance below the confaét‘surface; according to fhe
theory of elastic contact beﬁween spheres_developed by Herz and‘ngpl

(a flat plane is fegardéd as a sphere with the radius = «).
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figure 23 shows a possible situation near the'poinf of indentation
seen;from‘(lIO) direotion.. Tt is reasonable to assume that a plastically
'deformed region will be formed onderheathythe'contectvsurface with the
glass ball surrounded by an elastlcally deformed reglon. "In this situation
dlslocatlon half-loops are fonned and punchedsout in order to release the
stored strain energy. A»reasonable mechan;sm oflloop formation is that
a smalixdisiooation loop is first formed somewhere on a {111} plane in
the heéYily stressed reéion with ifs Burgers*vector a/2 (llO). The screw
-somPonent of the ioop would ﬁheh‘tehd to sweepveround the half spherical‘
stress}éontour_bY'a'number of successive croSS4slippings, which may not.
" be confined to [111§ pianes, forming a pair of ?rismatic loops; an
interstitial halﬂ—loop and a Vacancy/hélﬂ-loop; ‘The interstitial loop
=glides'aWay.along a'(llo)'direction and the_?aoaﬁcj_loop is annihilated
witﬁih‘the plastically deformed-region.',The'shepe of the loop formed .
should depend largeiy on the stress contour and the stress gradieﬁt, and
so ‘larger loops should tend fovcontéin.longer_steps resulting from 1essd'
frequent‘cross slippings. - | | |
For simplicity of disoussion it will be assumed that average length.
of steps (lj) is proportional to.toe loop radius (r),‘namely lj = pr and

that p-is'a function of temperature (Fig. 2k).

B.  Glide of Half~Loops

The- crltlcal shear stress (T ) for loop motion increases rather
‘monotonically with the reciprocal of the loop radius (Fig. 15) and T,
‘decreases when annedled at a high temperature (Fig. 16). These obserVaﬁions
suggest that the density of pinning points along the dislocation is a

function of the loop of radius and annealing history.

€&
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PSéSiBle.dielocati6n~pinning mechanisms are;
l; fPiﬁning;by iméurit& atome or vacancy ciusters
2. Long range Stress by grown-in dislecations.
_B;ffSurface éinning due to surface roughness
4;_epinning at steps‘on the diélocation line.

Pinning by foreign atoms has reported to be important even for high

‘purit&.CQppér'(99‘999%‘Cu)#

Yqungl explained the observed critical shear stress of Utg/mm~ for
grown;in'dislocation is 99.999% Cu in terms of a Cottrell atmosphere.

He obsérved that fresh dislocation moved at'avéritical shear stress lower

“than hgﬁmmg, Howaver,vtheie are other possible differences between gfown-

in and'ffeshlyfmultiplied length of dislocation, one 6f which is a

difference in jog density.

Tt is difficult to see how impurity pinning could explain the size
effectvobserved in the present experiments;‘the short range interaction f
between a solute atom and a dislocation should not be sensitive to its

macroscopic radius of curvature. Pinning by vacancy clusters is subject .

. to the same objection. The x-ray transmission topograph of an annealed

sample shown in Fig. 9 has dark spots which, according to Young, pre-

sumably eré due to wacancy clusters. The density of.these.spots is compar-l
able With the density of dislocation etch pits. Therefore it does not -
seem'likeiy that these could have been the primary barriers to disloeatipe
glide. |

The long range elastic stress due to grown;in,dislocations is negligible
in the highly perfect crystals used for the present study (The density was

>

less than 10 cm/cm3 and over area larger than the indentation rosettes
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~ the crystals were often dislocation free). Any.contribntion from inter=-
nal streSSes to the critical shear stress for glide.of half-loops_would
also be independent of loop size.
| Pinning of the end of the dislocation at the crystal surface could
make a 31ze dependent contribution to the critical shear stress.. On an_:
atomic scaleveven ajcarefully'electropolished metal surface has some
surface'roughness.f An a-braSS surface carefull& electropolished ina
phosphoric acid solution has a surface roughness of 20- lOOA e When
a dislocation 1ntersect1ng a crystal surface glldes, 1t is necessary that
a new surface area is created along the path of the dislocation wherever.
the Burgers vector has any component at right angle to the surface. Als0'
some change in the dislocation length may occur.. A mlcroscopic view
of a (lll)_plane with some ronghness is expected'to be something like
Fig. 25.l Therefore the dpplied stress has to supply extra energy for the
‘newly:created surface‘area when.the dislocation mé&és; |
Consider glide of a half—loop from a dynamical noint of view. The
situation-will be such that a halfeloop at the endiof a row in.a rosette -
during and after the indentation has been made is acted upon by a stress
‘equatho the sum of the stress field of all the half=loops behind it
tending7to‘make it continue to glide along its glide cylinder. TIts veloc-
ity will have been much higher just at the time of the impact which cansed
the row‘of loops to be punched out, but it must only gradually slow down .
as the net stress acting on the loop becomes smaller as the distances‘
between_loops in the row become larger. It is‘assumed that at the moment '
‘of observation, which-is'at'least a few hours'after loops were punched out,

the velocity of the outermost loop in a row has become so small that the

&
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displacements over a limited period of time (éven for weéks) is not enough

to be detected by a dislocation etch pit method. For a dislocation held -

13

at atomic scale pinning points, the velocity of'glide can be expressed as:
W - obta (L
Vo= avy el - T ) (%)

a,='diétance.mpvéd_for éach thefMaily activatéa event
v i=‘ffequency.of vibration of the diSlocation segment

W =" energy té escape'from pinning boints

o = applied stress

b = Burgers vector

ZiéLdistahce between pinning points’

'Thefééntiibution of surface pinning can bé fdughly eétiméted”byv
éubstiﬁdﬁing appropriéte quantities in thé_abéve:éduation. ’Téking surféce

energy'(ﬁ)_as l800'erg/cm2, W= 7@2 = 0.7 eV, T % 500°K; %)ﬁ 108/seé,

el : | g | IR .
b= 258, 0= 5g/mm2,va = 102b and £ = 16p for a loop of a radius 1Op

one dbfdins V:=\loi2‘~'10-3;u/sec. -Thefefbre thé loops are ndt beingbheld -
béck priﬁarily because of surface pinning. | |

In Section A the shépe of the half-loops>Was described macroscopicaily :
as sémicircular with jogs or steps which were assumedrto exist when the  |
dislocation changed from one glide plane to énothér (Fig. 22). TFor éuch
a dislocation the core energy at jogs or at thé:ehds of superjogs mightvv

be expected to be higher than that in straight segments on {111} planes..

Consider the atomic configurations at corners of steps: .Fig. 26 shows

© two different kinds of corners, one is of acute angle, IMN, and the other

of the obtuse angle, PQR, corresponding respectively to corners of the -
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heavilypstepped side'and thevleSS stepped side of a.dislocation'half~
loop.t. | |
It.seems.unlikely for a dislocation line to-have atomically sharp
corners‘as ILMN or PQR inm Fig. 26. lt requires‘tne difference in energy
betweenﬁdislocations'lying on {lll} planes'compared to on other planes
to be unreasonably large. Therefore it is expectedvthat the dislocation
will snoften its length by rounding corners as'iMN — LN or PQR - PR. By
round1ng of corners on an atomic scale the segment of dlslocatlon LN w1ll
be approx1mately on a [lOO] type plane while PR w1ll be on a {110} type
~ plane. ‘Both {100} and {llO} planes are relatlvely densely populated planes
of atoms.' It will be assumed that a length equal to five Burgers vectors
v1s on a plane other than {lll], IN NrPRzz 5b.
| .If every corner of each stepion half loopsdof differentpsize_nas the
same atomic_configuration;Zthe sire effects on:the critical shear stress .
for glide'of half loops can be explained qualitatively._
Flgure 29 shows shcematic picutres of a large and a small step
with rounded corners. When the &tep lengths get shorter, as is probably
‘the case for smaller half~loops the fraction of total dislocation length
which lies on planes other than {111} increases. For smaller loops a
greater fraction of the dislocation line is forced to glide on {110} or
{lOO} rather than on {111} requiring a higher stress. Glide on nonclose
packed planes is expected to be associated w1th a higher Peierls-Nabarro
Sstress. The critical stress for motion would be expected to be temperature

dependent.”
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©.C. Minimum Energy Configuration of Half-Loops

It ié'expected that; for a prismatic‘disldcation'loop; the‘oriéutation '
for minimum energy will not be.that of‘the {shorteét;total dislbcatiun length_
wich is'the_pufe edgé'orientétion; but uill beuan orientation that is
tilted onvthévglide cylinder due to the<interactidﬁs:between oppositevéegments.
Bullqugh and Forméneubhave considered the orientation dependence of

the eléStic strain enefgytof a thﬁbus shaped dislécation loop quantitatively.
Energy Variétions'accompanYing rotations about {110} and (00l) axes

were computed. Their results shou that a‘shallow.minimum in the energy

exists away from the pure edge orientation for a large range of loop

that 103,< a/rO < lO5 (a = diameter of loop, r = radius of dislocation:

sizes.v'The sizes of lobps‘studied in the piesentlekpéfiments are such
core). iBullough and Forman's results show that the energy of é loop in
thisvsizé:fange does not change much when it is rotated within #20° abbut
either a (llO) or an (001) axis.
This‘éould explain the dbservéd écattér in the orientation of half
loops;tvbnly,frictiﬁnaI.Stress must be overcume.to rotate a half-loop
'wihtiu_about iQOé away from the puré edge orientation.
| Thefefore the tilt qf a particular set of loops probably'depends on’
-the strgss distribution that‘existed when the -loops Wefe being punched |
out. There ate always some irregularities of the surface ufvthe urystal
and of thé glaés beads used for indentation. Therefore the stress field
should seluom be exactly symmettical. |
Grdwn—in defects, both point defects and”dislocationé méy also serve

as obstacles to the gliding half-loops and can cause rotation away from

the pure edge orientation.
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D. Twist of Half-Loops in Glide Cylinder

In this section mbility of a jogged dislocation is_discussed. A
‘largé hélf*ioop is in some respééfs like a pair of edge dislocations of
oppoéite éign‘interéecting é.crysta1 surfa¢e, ) -

qubrding’£o the'hélffloop-model in fig. 2?'di$locéﬁion-- a (ABCD:---)
is expggtéd t§ have mofé joé steps thén‘diélocatibn -a (A'B'C'D'---).
Uhder'%hé 6peration oflé Bénding stresé wifhrtﬁe behding axis along (112)
(see Fié; 2) the dislbcﬁtion-a and the disloéafioh-B are expected to mbve
in oppﬁsiﬁe directionssaibng the‘giide dylinder;' if.jog stebs éct as
pinning_poinfs, the disiocaﬁibn;B should be mofé easily moved becaﬁse'it
hés'féwér.éteps.' | | |

'Vérigﬁs examples aieyshOWn in Fig. 18, whefe the dislocation;é has
moved whilé fhe diSiocaﬁion4x hés not moved under the_same stress. i

Tﬁié-result if further evidence that\jog of‘sfep dénsity is an
'imporﬁént facﬁor in defermininé mobility of apvedgé dislocation.

Eigure 18h suggests an intereéting case in which a dislocatioh 6f
»type -B was pinned at or very near the.crystal>surface but the appliéd
stress was large enough to béw out the highly mobile straight segments’
insideAcrystal. Figure 28 explains what has probably happened in case
7';of Fig. 18h (refer also to Fig. 22). The segméntst‘F' and G'H' appear
to have bowed out in their glide planes and réaéhed the crystal surface
~and splif into two, leaving small surface loops A'-A'l and A'2—A’3.

Thése experimental results are consistent with the model for a pris-

matic dislocation half=loop in Fig. 22.
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E. Climb of Half-Loops

Impqrtant results from the annealing studies are:

l; Ihdentatidn’punéhed prismatic dislocation half-loops always main-

tainedfaﬁ épproximately éemﬁcitculhri:shape during annealing.

2. The shrinkage curve r® -t was approximately linear (r is the

radius of~loop,btjis the annealing time).

3; bThe apparent activation enefgybfor shfiﬁkage of loops was 1.28 -
ev. |

In ﬁhe following posaible rate_coﬁtrolling climb mechanisms are diS—
cussed'which might give a reasonable:iﬁterpretatioh of the preseﬁt expe?i- .
mental results.

a. Dislocation Pipe Diffusion It_is generally believed that af

25.28 25

dislocation core is a line of easy diffusion.”

Smoluchowski first

considered_diffusion albng small angle boundaries in terms of the dis-

location structures of such boundaries.
Both-at the core of a dislocation and at an ordinary grain boundary

there afe'relatively oben regions through which a vacancy or an interstitial

‘atom might be expected to move with a lower activation energy than in a

perfect lattice. In the present case shrinkage Qf a half-loop can take.

place by diffusion of vacancies along the dislocation core, because the

two ends of the hal&loop intersect the crystal surface and there vacancies

can be fofmedfv‘The vacancy chemical potential is different at the crystal
surféce éompared to various points along the,half—loop, which gives rise
to a vacancy concentration gradient.

If the dislocation pipe‘diffusion mechanish is the rate controlling - -

one,'that ié,vif the shrinkage rate mainly depends on the rate of vacancy
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| diffusion along the dlslocafion line from the crystal surface and the
dlslocatlon is a perfect vacancy sink, 1t is expected that dlslocatlon ,r
segmentsvcloser to the surface will receive a larger number of vacancies
per unlt tlme ‘and climb faster than the bottom part of the half-loop
After some_cllmb_has occurred the shape would be expected to change from
.seMicircuIer'to the morejelongated ellipitcal snepe shown in Fig. 29a.
The observed shape of shrinking half-loops was always semicircular and -
contradicts_the above assﬁmptions. ‘The model.oased on the pipe diffusion
'as the.rate'controlling process also fails to predict e'linear relation
between r2 and t @8 was observed. | | |
| Moreover, the apparent actlvatlon energy E~ 1. 28 eV is somewhat
larger_than roughly estimated values of the activation energy of pipe
self-diffdsion in copper;'.One ev or ebout one_half of the acfivétion
energy of bulk selﬁ-diffusion iS'perhaps the'largest reasonable value,.
- though no;one has ever accur&tely measured thedactlvationvenergy of plpe_
vself—diffusion in copper. |

Thus the pipe diffusion mechanism does not appear to be rate controlling
in_this case. | .

b. Volume Diffusion In this mechanlsm, vacancies diffuse from

- the crystal surface into the lattice and wherever vacancies meet the dlS-
locat;on they are absorbed. But this mechanism again seems unllkely to
be the rate controlling one for the followingfreasons. The activation

energy of volume diffusion is =~ 2 eV.ge’29

By volume diffusion it is
" also true_that the closer the dislocation is to the crystal surface the

more vacancies it should absorb and so should climb faster.
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The dislocation loop might be expected toibecome cioSer to a full:
ciréle‘as Shrinkage.proceeds (Fig. 29) or at least become elongated és.
in Figi 3la. This is not consistent with the present results. Quanfi-.mv
_tativéiy it is aimoét imPoésiblento_obtain a regSOnably.simple shrinkage
equatidmﬂfor a volbme diffﬁsion éontrolied'mechanism, because the diffu-
sion ?a£h are;s6'cbmpiicaﬁed,and ﬁhe effecté of’fhé élasfic stress fieid
of the]diélocation_on thé Qacancy chemical péﬁential would also have to»
‘be takeh.into cohéider@tion.

e, Vacancy Formation - It seems likely from the fact that shrinking

loops accurately maintain a semicircular shape, Which we assume 1is the
shape of"minimum énergy, that pipe diffusion isivéry rapid. vAh adequaﬁé
supplY‘of.vacancies'muSt be available at anykpart of the loop where thé.
radiuégqfséurvature starts to.becbme smaller ﬁhén the aVeragé'so thét
elongétédishapes never have a chance to develop.

Since the measured activation energy for shrinkagé.was signifiéanfiy
émallém than that for volume diffusion there is é possibility that the |
fate contfolling step eould be the rate of emiésién of vacancies into
the diélbcétiom pipe from the point where the diélocation'interSects phé
'surface;v | | |

The idéa of this mechanism is that once vacancies are produced at‘
the intersection point of the dislocation with ﬁhé crystal surface they -
rapidly diffuse down along the dislocation line'énd each poinf along
the dislocation loop is éble to absorb an equél‘hqmber of vacéncies per'b
unit fime. Thus the dislocation loop maintains a minimum energy confiéura—
tion, a igsemicircular shape, throughout the climbing process. The shrink-
agé rate of the lbopvis contfolled by the rate at which vacancies are

produced at the special sites where the dislocation meets surface. |
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Assume thé number of vacancies emitted per unit timé (¥) is expressed by

u, +u, - u

‘ , 1l 2 . :
1// = V.‘n.exp - - 5 (5)
. kT : . -
where
v : lattice vibrational frequencies
n: geometrical factor
k : Boltzmann's constant
T : Absolute temperature
- + - . . . ,
u uy tu, u3 actlvat}on_energy |
ul_: . energy for an atom to jump' from the core of dislocation into
- a surface site
ug'f: atom migration -energy alohg core of dislocation

u5 : decrease in energy of loop pér vacancy formed

The number of vacancies (N) absorbed by the dislocation loop per S

unit time is:

: r ar 2 _mr - dr | -
N = - . /a5 = .- (6)
2 v
2 dt o dt
wheréj
r :- radius of.loop
bt Burgér's-vector
2 2 . :
a = b : area occupied by a vacancy on (110)
t;:  time

In~é steady étate,
¥ = N

| o .2vnb2 ' | '
el Vo= 1/r exp (-u/kT) . (7
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as.&s;a function of the‘loop‘redius r, but:its value is negligdblyv
small coMéered with»ﬁi or u, for the range oflloob radii studied in the
presentywork. The activation;energy u, therefore, ie aesumed to be
independent of the loop redius r.v The dependency of u3 on the radius

r become important only when the loop becomes extremely small in size.

Integratlng the above equatlon, one gets,

. r2 = -Kt+r 2 | r o : (8)
- 70 S v v
where
.2
bynb

Ty : hradiuS‘when t = o

Thus-a paraboiic relétion between the radiusfend the'ennealing
tine is obtained.

Actlvatlon energy ul is'the energy for the'atom at the interéection_
_of the dlslocatlon llne w1th the surface (atom drawn in black circle in
E ‘Flg 30) to jump on to the surface. | |

The poss1ble number of s1tes (n) whlch the atoms can jump into is
five (Fig. 30). In this process eight atomic bonds have to be cut and
three new.bond produced, uy is expected to be comparable to the normai'
- vacancy formation energy in the perfect lattice ufvgz 1.1 ev.

It is assumed that unless the vacancy that has been created on the_
edge of the extra half plane of the dlslocatlon is fllled by another
etom from below during the same thermal fluctuation then it is probable
thaththe first atom will jump‘back. Therefore ueyis.related to the - |
migrationenergy of a vacancy in a dislocation core. This is. expected

to be much smaller than the migration energy of an atom in the lattice

W
<
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“which ié iéss fhan one electron volt. The above diécussion is based on
the aséuﬁption that the grysﬁal is.perfect except for dislocation (per-
fecf edée)Aahd the surface and that ﬁhe‘surface_is‘pafallel to fhe {111}
plane éﬁd is nearly flat on at atomic scéle.“. |

@s; éé menﬁionéd aifeady; iéfnegiiéibly smallvénd therefore, u =’
uy + ﬁe ;'uB is expected to be between 1 -ul.5ieV-whichbis in the range |

of the experimentally observed éctivation energy for loop shrinkage of"

1.28 ev.

It can be cénciuded that thé vacancy emissiﬁhaméchénism is a possible
explanétion of the Observatién experimental résﬁlﬁs on climb of surface. .~
prismatic_edge dislocation half;léops. |

It sﬁggests that the dislocation core isvsgch an easy diffusion
path thafla vacancy subsaturation can.be maintained_even at surface in the

immediaﬁe vicinity of the dislocation end.
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V. CONCLUSIONS

The present experiments on glide and climb of prismatic edge dis- -
location halfsloops lead to the following conclusionsZ

A, Shape of Helf-Loops andfGlide

1. ”Prismatic edge dislocatidn helf~loops with (llO) Burgers vector .

‘were found to be macrOSCopicelly semicircular in shape. Therefore they

ere‘jeggedior stepped. The step-density elongvthe length of a semi-
circular.loop should be nonunifbrﬁ; One of the twe segment of a half
near where they meet the crystal sUrface should heve a higher step density
than the other. | | |
2.  The gsize of steps were smaller than thelresolution of thevetch

pit technigue (i.e. less than a few micrth).,r Considering the.probable'

' mechanism'of halﬂ-loop”fdrmation, it was suggested that the average length

of steps could be different dependlng on the s1ve of loops, a larger 1oop

- might be expected to have a large average step length

'3; It was also suggested that corners of steps could be rounded,
that is; the dislocation line is not on closevpaeked_planes at corners
of steps.
»h.’ The larger the loop the lower is the stress required to causé
it te mote along its glide cylinder. |
5. 'Under applied stresses, halfloops twisted on their glide cylinders,
that is, the two segments of a dislocation‘half-loop near where they

meet the crystal surface moved in opposite directions. A higher mobil-

!

ity was observed for the segment that wes expected to have a smaller

average Step density

6. From cansideration of the model for the shape of half~loops and
|I

thelr observed behavior under the applled stress from 1 to, 5, it was
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concludéd»that ﬁobility'of dislocations under small‘stress is strongiy_
influéncédvby step density.

7. ;Half'loépé’décrédéeduin'size when anneaied at high_temperatureé
(625°C;675°C). .Half~lb§ps maintained an.approximafely semiciréular“
shape dufing anneéling.

87 -The square of the. loop radius-decreaséd almost linearly with
annealiﬁg:time. |

9.'vThé'apparent activation energy of‘shriﬁkage was 1.28 ev.

10. :?he experimental observation on shrinkage of half-loops were
best ihtérpreted by a model based on vacancy_qumation at the point éf |
_intérsection of the dislocation and‘the crystai éuiface and pipe.diffu?,

sion along. the dislocation loop.

&
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VI. APPENDIX

SAMPLE OF CALCUIATION OF THE CRITICAL SHEAR STRESS TO |
~ MOVE A LOOP USING BULLOUGH AND NEWMANS EQUATICNS

The crltlcal shear stress of the- loop is calculated as the sum
of the shear stresses along the gllde cyllnder due to the first (T )
the second (Te)vand the third (73) neighbors. The geometry and sizes

of the row ®f loops are shown in Fig. 31.
V. e

' . 1.0 i . 2
T, = _ = 3.4L g/mm
1 b r. (1-v)
1
v = 0. 35
‘::'.rl.i= 9 38u
G'= 5.57x10” g/mm2
b= 25607 |
Vl(b~) = 0.19 obtained from Fig. 1 of Bullough and Newmans paper.ll
¢i'= z,/er, = 1.60 <2.5
2= 30.0u |
' ‘ 3
3 br.” G
12- = 2 T = 0.54 g/n'_lm2
- (1-v) Zy ' :
'.r2 = 9.38u
_122 = 56.3u
Py = Zpfery=3.0>2.5
Ty = n = 0.2k g/mm
(1-v) z '
3
‘r3 = 11.0 u
23_= 78.8u

23/2r3 = 3.58 } 2.5

\
fi
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T = h.22.g/mm (ro = 9;38u)
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Fig. 1.

Fig. 2,‘
Fig., 3.

Fig. ;,-
Fig. 5'ﬂ

. Pig. 6.

Fig. 7.

Fig. 8.-

Fig. 9.

Fig. IQA‘

Fig.‘ll.
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FIGURE CAPTIONS

. Established procedures of crystal growth and annealing.

Size and'geometry'of specimén for study of glide and climb

by the etch pit method.

prpéraths for thermal.cyclic_énnéalihg. xThe furnace moves
" back and forth, while specimen remains fixed. -
’TemperatureFtime chaft for thermal cyclic aﬁnealing. Maximum

" and minimum temperatures are 1050°C and 800°C réspeétively.

Six (110) directions in which rows of ?rismatic dislocation

 half-loops are punched out. The plané'of_the paper is (lll)..“

Annealing furnace for studj of climb.. After'the furnace was

heated upyto réquired'temperatﬁre specimen was inserted from

B fop of tube.

'Temperature—time chart for annealing. Note rapid heéting and

cooling of specimen.

Low magnification picture of dislocation etch pits on (111)

. surface of aﬁ annealed crystal. Noﬁe extremely low dislocation

density. Subgrain boundaries at right'probébly would have

climbed out of the crystal if annealing time had been longer

 Transmission x-ray topograph of annealed copper. Note large
‘dislocation free area. Dark spots probably are due to vacancy

clusters. g = (111).

Punched out rosette of prismatic dislocation half.loops.‘ Etch
pits on (111).
Rosettes of different sizes produced by multiple jumping of a

glass bead on (111).



Fig., 12,

-

Etch pit picture (b) and Laue back reflection picture (c)

of the same surface from the same direction. Dislocation etch

_pits were found to form as in a-2., Tetrahedron of {111} is

Fig. 13.

Fig. 1ba.

shown at ABCD. The point D is belbw~the plane of the paper.’

‘Etch pit pictures of a row of half-loops when the surface layer

was successively removed by electropolishing.

Two dimensional pictures of half~loops as punched out at room

~temperature. qu‘one‘side of the loop is drawn on a {111} plarie

(above) then the other side does not‘lie on a [lll} plane.

Therefore the'symmetricél semicircle shown below was assumed

" to be the actual shape.

Fig. 1lhb.

Fig. 15.

de/dimensional ﬁictures'of half loops as annealed at 6h5éC

for one Hour. | | |

Critical shear stress (tc) vs. reciprocal of the radius of

half loop (1/r) at room.temperature._Té'increasesvmonotonicélly

with l/r. The point representéd by a gsquare box is taken from
' 10 B )

- Petroff and Washburn.

‘Fig. 16.
Fig._l7a;
" Fig. 17b.

Fig. 18.

Critical shear stressk(fc) vs. reciprocal of the radius of half

loops (1/r) at room temperature and at 550°C.

Rows of prismatic dislocation halﬁ-loéps of different sizes

as punched at room temperature. |

Rows of prismatic dislocation haiﬁ-iéops~of different sizes
annealed at 550°C for 30 minutes. |
Behavior of half-loops under’a_twistiﬁg shear stress. At é>
felatively low stress? only less jogged segments of half loops
of type-f moved (2, band c. T =~ 15 g/mmg). In picﬁureé d and
e, both sides of ioop have méved.. Ségments of type-p are:seen

i

!
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20.

2l.

22,
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25.

26.

7.

28,
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to have moved farther. (T =~ 20 g/mmg). Reverse motion is

.Qbserved when stress is reversed (f). One side of halﬂ-loop 

“has moved.and'the other unmoved at avhigher stress where appre~

'Clable dlslocatlon multlpllcatlon ‘has taken place (v = ho g/mm R

pc1ture (g)) In picture (h) dlslocatlon is plnned at or near

,the crystal surface and moblle segments have swept out to surface;

.leav1ng surface half—loops. Al—.Al and AB'qA (see also Fig. 28).

_Shrinkage curve r vs. t is parabolic.

log p vs. l/T.v The activation energy is obtained from the slope.

_:Macroscoplcélly semlclrcular half~loop (a) and angular half-
.rloop (v). |

.Model of semicircular'half-ioop with-stepé along {Ill]yplaneS;”
“Step lengths‘are exaggerated. | |
'Mechanism of loOp'formation.. Screw”di§lécation sweepe.areund.

spherical stress contour by mdltiple“Cross slip.

Step size depehds on loop size.

.. Microscopic view of crystal surface.

Corners of steps on dislocation on an.atomic scale. Corners .

 are assumed to be rounded for a distance equal to:z5b;

Large and small steps - For small steps the fraction of each’

.segment on non-close packed planes is larger than is the case -
_for larger steps.
‘Schematic picture of what has probably happened in Fig. 18h.

Surface halfeloops A'-A', and A' —A':;

1 2™ 3¢

I



Fig. 29.

AFig.5O;“

Fig. 3.

e

‘Possible shape of half-loops during'shpinkage.
ta. Dislocation pipe diffusion controlled mechanism.

b. Volume diffusion controlled mechanism.

c. Vacancy emission controlled mechanism.

View of crystal surface where dislocation meets. The atom
. of shaded circle can jump up to five possible different
: sitesvon_surface.

- Schematic drewings of .a row of halfwloops,r = the radius

of half loop and Z is distance between loops.
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