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DISLOCATION MOTION MULTIPICATION AND,
INTERACTIONS g THE PREYIElD REGION CF COPPER POLYCRYSTALS

~ Gopinathan Vellaikal
Inorganic Materials Research Division, Lawrence Radiation Laodvauory,

and Department of Mineral Technology, College of Engineering, of
Un1vers1ty of California, Berkeley, California

- ABSTRACT

Direct observations of dislocation motion, multiplication and inter-

actions were made,'using the etch—pit technique, in the preyield regidn

" of 1arge grained-copper polycrystals. The specimens were specially

prepared so.as to overcome the usual etching restrictions in copper ahd

deformed in compression or bending. The use of a microcompression

"device enabled the observation of dislocation arrangements in the stre ssed

condiﬁion both‘aﬁ dnd below the sufface;

The results are consistent with'previoﬁsly'reported resﬁlts regard-
1ng the 1nfluence of the degree of jogging of dislocation segments on
their moblllty.. qeav1ly Jogged dislocations did not seem to take part
in the early multipliéation'precess. The generation omeany-disiocations
by the multiplication of even comparatively less jogged dislocation seé—
ments in an ahnealed crystalrappeared possiﬁle only under special situa-r
tions where the source.could,operate in an ﬁnsymmetric way. It is ng-.
.gesbed‘that Quch special s1tuat10ns are more ea51ly developed near a

free surface than in the interior of a grain thereby causing the generally

dbserved.higher_dislocation activity near the surface reglens of a'cxystal.

The primary role of grain»boundaries in the preyield region'of

copper was shown to be as barriers to mov1ng dislocations and not sources

- of dlslocatlons° HOJever, dlrect eVWdence was obtained for the passage

e et g e e



-vi-

'of'disiocations #hrough eerfain special boundaries; the pQSSible importance

Qf'such'boundaries inrfhe usual grain size dependenee of yield stress of
polycrystais is discussed.

Freshly generated'dislocetions in‘the early defprmation_stegesihave_
been.fouﬁd to move very large distances both during loading and unloading.-
Internal parriers responsible for ﬂolding up these disleeations were
iprobably Lomer-Cottrell d1<locatlons fozmed because of the unavoidable
traces of secondary slip. A tentatlve mechanism baqed on the collapse

of Lomer-Cottrell dlslocatlon locks is proposed to qualitatively’ explawn

the phenomenon of macroecopic yielding in s1ng1e crystals.

t
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'also more recently by x-rayjtopography studies

 I. INTRODUCTION

It is well'known that high-sensitivity strain measurements-or dislo-
cation etch-plt observations can detect small plastic stralns far below
the macroscoplc yield stress in many metals and alloys, With a strain
resolution of the'order‘of 10“9 Tinder and Wash‘uurnl detected measurable
plastic strains in tubular polycrystalllne OFHC copper at stresses as
low as 2g/mm . U51ng etch-pit techniques-on high purity copper s1ngle
crystals many 1nvest1getors2*/ have observed appreclable dlslocatlon
motlon and multlpllcatlon much before yleldlng. Apart from 1ts 1mportance
in understanding the phenomenon of yleldlng itself, direct observatlon
of dlslocatlon behav1or in the pre-yleld region provides the best method
for a.detailed study of dislocation motion, multiplication and inter-
actions. A significant amount of information on these veriouS'aspects_
has  been obtained from’the.many etcn-pit studies referred to earlier and
l 7—9_on copper single/crystals.
There have, however,vbeen very few attempts to directly obserre,'by thev
etch~pit technique, the behavlor of dislocations withln the grains of a
polycrystal’during‘plastic»deformation. This is primarily'due to the
fect that dislocations in copperbcen.be reVealed by etching only when a
low-lndex plane is parallel to"the surface of observation. In general

this restrictlon implles that in'a fairly large-grained polycrystalllne

specimen»the chances of being able to observe the d1slocat10ns in any -

surfece grain are extremely rare.- Special techniques are thus needed to
prepare specimens that will have one or more surface grains in an etchable

orientation. In spite of the obvious experimental problems,direct



observation of the dislocation behavior in polvcrystals-should_be.of
.interest.for thevfolloving reasonsy = B | |
| le Such observation provides'a naturalAextensionvof the manv previous
single crystal studies and should serve to confirm, contradict and/or
'clarify the various conclusions drawn from these experiments.
| ,,2-. The initial dislocation structure in the recrystallized grains
of a polycrystal could be different from that found in single crystals
that are grown from the melt and annealed. This might lead to significantv'
differences in dislocation behavior in polycrystals from that hitherto
bobserved in single crystals, |

3. The possibility that grain boundaries act a8 the sources of dis-
locations in the early stages of 8lip can be directly checked.

4, Grain boundaries might greatly facilitate the detection of the
. beginning of plastic deformation by'serving as effective barriers to the
moving dislocations. vAlso the resultingfdislocation pile-ups should serve
: to identify the early regions of slip and thus help detect and analyze B
the nature of any damage produced in the slipped areas in the wake of
these early moving dislocations. , |

5S¢ Experiments using polycrystals’should provide unique opportunig -
.ties for detailed study of dislocation pileeups.such as theilr behaviori
under stress relaxation, stress reversal, etc. | ,

6. Also polycrystals provide the chance to identify, separate or
‘avoid possible complications in the observed dislocation distribution
due to the presence of a free surface by.studying both surface grains -

and grains that were totally enclosed during the deformation.
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'{j_'crystal happen to be in etchable orientations it might be possible to ;-Jﬁ
‘.observe instances of slip continuity across the grain boundaries and to‘en'

- study the conditione under which they oceurs

. N}"

ff;7.f Finally if two or- more neighboring surface graine in a poly--f”

rIn'thevpreseht’experiments many of the abeve aspects have been

”studied in some'detail usihg‘cbmpressive'andvbending deformations on
. fairly large grained pdlycrystalline OFHC cbpper speciinens that W'ere" '
‘_prepared by speclal techniques deéigned to 6vercome the previously men-

tioned‘etchingvreStrictions.e
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" IT, EXPERIMENTAL PROCEDURES

A.‘ Preparation of Specimens

- As’ indicated in the introduction the primary experimental problem
vwas to prepare-specimens having at least one surface grain with a low_.l
index plane parallel to the surface of observation, Since most reliable
etchants hare heen developed only for planes of the {111} type in copperlo
. ‘experiments nere ained at obtaining one of these planes'in a grain
narallel to the surface; Two different techniques.here employed for this’
' purpose.

In the first technique the starting material was an extruded OFHC

-copper rod with a square cross-section of 2>cm- x::‘ﬂ_na"cm.‘ The main impurities - '

and their level are given in:Table I.

Table I, Anslysis of OFHC copper

Element  Copper  Iron  Lead  Nickel _ZSulphur Silver :"”

4 . 99,98 0.002 . 0,005  0.003 0,002 = 0.005 -

} Specimens 3 cm long were cut from this rod and_annealed at about‘1060°C : o
for 48 hours in a vacuum of less than 10 m of Hg. This treatment |
produced’large_grains:with an average size.of 5 mm; The nekt step

,ﬂas to find a graln on one of the 3cen x 2Cm surfaces that had a [lll}
plane approximately. (within about 10 degrees) parallel to that. surface.'v
The search for such a grain was considerably narrowed down by the presence
‘of a large number of twins in the annealed specimens. Since the.twinning

plane in copper is of the {111} type the straight twin traces visible -
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A goniometer was used to hold the specimen and tilt it to the‘eXact

‘on the surfaces of the specimen are parallel to the {111} planes in the

1ndividual grains. ‘Hence the problem of finding a grain having a {lll}

plane nearly parallel to the external surface often reduced to finding

. a graln having three (or sometimes onlyvtwo) twin traces at an angle

‘close to 60 degrees to each other, Since most of the grains showed non-

parallel twin traces 1t was relatively easy to find the required type

of grain, Whenever posslble,grains in the central reglon of the external

surface were chosen sojthat grain boundaries all around_the selected_

grain could be observedaf_The exactvorientationbof the grain selected

‘as above was then determined by the back-reflection Laue method and a

‘slice (about 1 cm in thickness) with one face parallel to and containing:li

the {111} planeldf the particular grain cdtﬁbut using an acid saw;ll

orientation. The resulting slice was further suitably cut on the acid

saw to get specimens approximately 2cm x.lcm k]cm'w1th a central grein:

on one of the 2cm x.lrm.faces having a {lll} plane parallel to thesumface.i

The orientation of the grain was again checked by'x-rays and then polished

to within less than a degree off {111} on & chemical polishing wheel 1

using a solution of the following compositionx

50 parts nitrie acid
25 parts acetic acid - and

25 parts phosphoric acid

The two lcmi X lcm faces were also planed on the pollshing wheel and used -

: : \
-ag the compression faces.

The second technique was based on the observation that high temperature
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recrystallization of’extruded OFHC copper rods often resulted.in the
'preferential formation of a large number of grains with one of their | S
'_ {111} planes approximately normal to the extruding direction, The method |
of preparationlofvspecimens thus simply consisted of machining specimens ' ',,‘u 3
of the requiredvsize'and shape (see later) from the extruded rods,
chemically polishing thevsurfacevthat'wasiparallel to the original
| Jiextruding_directionvand annealing at ahout lO§0°C for'h8-72 hours 1in &
vacuum of less than 10~ nm,ofng. This treatmentvusually developed at |
least one_etchable grainvon the polished surface. Very .often thereiwere '
:more than one grain in an etchable orientation and when they happened to '
 be neighbors, as they'frequently did,vphenomena like slip continuity.
across grain boundaries could be studied; The great advantage of this
method was the.saving of a considerable anOunt of time that would.
normally be involved in the ecid-sawing and wheel—polishing operations:'
-necessary in the first technique and also the avoidance of any surface
damage that might be incurred during these operations, however minor -
}they might be. Experimental results to be reported later did indicate o
SignifiCant differences in dislocation behavior in crystals produced by:'
the two technlques. In general results from the second type of crystals
were_more_characteristic of an unperturbed three-dimensional.netWork
of dislocations.‘ In view'of the simplicity'of theytechniQue,and:the
consistently higher perfection and freedom from surface damage'in thed
A resulting specimens, mostvof the compression and bending eXperiments to v;.-,v -
‘be reported in this work,were done usingispecimens‘prepared by the

second technique unless mentioned otherwise,v



B, Compression Experiments:

Specimens for compression prepared by the first technique had

' dimensions approximately 2cm X lem X lem with the lcm X lcm faces being X
-~ the compression faceslas already described. -Compres81on specimens prepared-

- by the secondftechnique were usually cube shaped with sides euual tob5/h_.

 inches and were machined from 3/4 inech square.extruded_rods. The surface

of observation was always the one normal to the extruding direction.

Compression experiments were performed at room temperature using

~ elther an Instron machine (with a strain rate of approximately O. OOO5/min)

" or a specially constructed micro-compression device schematically 71l .0t ted :

illustrated in Fig. l, - The device is made of stainless steel and is

essentially like aC clamp in which, by turning the micrometer head, an

increasing stress can be'applied to the specimen placed between the -;‘. o j
bottom endfplate and the modified spindle of the micrometer as shown .

in the figure. The‘ball and socket-type Joint at the head of the |

spindle ensures proper alignment and a uniform distribution of the load.

The stainless steel plate (marked P in Fig. lb) kept flush against the

vertical arm prevents any torque being transmitted to the specimen

during loading. The two teflon plates serve to electrlcally insulate

the specimen during electropolishing, Insulating.lacquér is applied

on all tne surfaces of the specimen except the one on whicn observations
were to be made and’the‘one in‘contact with the,stainless steel plate

at the bottom through which electrical connection was made'to the
specimen, A rough estimate of the loads applied by the device was

obtained by finding the number of turns required on the micrometer to
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cause rhc’samc deflectioﬁ cf the endvpiéfes aé caused by'hanging knowﬂ 
weighté from one of’tﬁe end plates; Although it was difficult fd.kcowv
exactly the begrnhing of application of stress incremental increcses
in stress“couid'bc cpplied reasonabiy preciselyu'i
~The particuiar advantage of the ﬁicrocdmprecsion device was that
gpecimens could be'etched and‘observcd under the'micrcscope.while under_ r;
‘strcss:thus'permitting the study cf dislocation behavior under increasing - ;
- stressés or stress relaxation, Also, it enabled thc observation of
'thevdislocation disﬁribution below the surface of a specimen in thé
streséedbcondit;onvby immeréing tﬁe whole'devicevin the polishing
" solution (chemical or electropolishing) and\rectching. Purthe rmore
specimens could be defbrmed while immersed in thé electropolishing
solution and etched before and after drying 80 asg to indlcate possible
effects of any surface films formed on the surfaces of specimens during
the normal drying operation after electropolishing, |
Electropolishing was always carried out éc roc@'temperature usingi
"c soiﬁtion_of"GO pérts phosphoric.acid énd ho_parts'water at a cell -
voltage of 1.5 volts_énd at a current dénsity of apbroximatelylo.l amps/cm?
The etchant used fo.reveal the dislocations was the one developed by

:Livingstonlo

and consisted of
1 part brominebv
- 15 parts acetic acid
25 parts hydrochloric acld and

" 90 parts water.

Unless otherwlse mentioned the amount of material removed from the surface
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between successive etchings wes always of the order of 5~lO microns,

Specimens compressed in the Instrom machine were etched only in :

" the stress relaxed'condition. Those compressed in the micro~device

were etched in the stressed or stress-rel&xed condition depending on the

. _ % | ,
.experiment, A double etching technlique was used whenever the new dils-

locations were to be.related to the old ones; The obsgervations of etché

pits‘were made with a Carl-Zelss optical bench metallograph.

" ¢, Bending Experiments

'The dimensions of the speclmens used in the bending experiments

and their relation to the extruding direction of the starting material

'(l~l/h'inch-squere rod) are indicated in'Figc 2,. The bending specimens“‘

" were prepared by the simpler recrystallisation technigue described

earlier,
A cantilever beam~type bending was employed by clamping the specimen

securely in a vige at the left end and carefully attaching the necessary

In a double~etching experiment the crystal is etched before and

”.after applying a small stress, The second -eteh usually reveals three

'kinds of pits. There are large sharp bottomed pits, large flat bottomed

pits and small sharp bottomed pits. The large sharp bottomed pits
represent the sites of dislocations unmoved by the stress that was
applied between the two etches, The large flat bottomed pits show the _
original position of dislocations that were moved by the stress and the
small sharp bottomed pits show their final position.;
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_wéightsnon a flekibléﬁrubber bandlrunhihg thféugh fhé shallow V-gfobve§.
at the'right\end of thé specimen .‘~The-V-groo§e§ only served to facille
tate loading; Stress reversal was_accomplished by simply turning

the specimén'ﬁpside down and applylng the samé load as before« Obser=-
vations were‘made on-grains sufficiently distant from the clamping end
whenever possible. waever it was génerally founa that‘there waes
perceptible damage'only in the grainé directly in contact with the
:uVise.-.The specimens were etched beforg during:or after the laading

depending on the nature of the particular experiment,

D, Observation of the Dislocation Distribution
L ) Below the Surface '

Material removal up to a depth.of'about l'mmAbeloW‘thé éhrface"

~ was normally accomplished by using the same chemical polishiﬁg solutidny'
§s u3éd for the wheei-polishing.v The rate df removal of ﬁaterial was>
v_aboﬁt 8-10 microns pef minute, Fbr'observatiohs_ét depthsAdf more thah
 l mmvit:was more convenient to use a‘modified polishing appaxatus-as ,
shown in Fig. 3. The.principlé 1s basically the same'as.in the polish=
ing wheel except that the speciﬁen is héld,in'a verticél pbsition and' 
.: the thin film of the polishing solution oﬁ the wheel éloth is replaced'
by a pool of ﬁhe same sdl@tion in a large dish, . There ére provisions
for rététion és'well as vertical motion of the,specimén holder at |
variable speeds, Materiai removal is uSually'aécomplished by maintain-
ing.the specimen surfaéevjust below the liquid level., The rate of
material removél was again about 8-10 miérons per minute,

When still larger amounts of material had to be removed from the
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i'sﬁfg‘surface (as was usually necessary in the study of completely enclosed
':3}fggrains) considerable saving in time could be’ achieved by initially usingif'fi?“
:'lxl nitric acid to remove most of the necessary material followed by a -

o *
‘xt:;_final polishing in the chemical polishing solution.

- ¥ The alternate method of sectioning the specimens using the acid T
'7fsaw and wheel polishing the resulting slices wag not preferred sincei;}fgff:'h,_‘
"f{ many observations on specimens so prepared suggested the possibilityfp:;f.l*ﬁpﬁ :

o that the dislocation structure was somewhat modified through minor ;J;,fgv;fﬁ

damages incurred during the above operations.
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IIT. RESULTS

A, Naturé of the Recfystaliized.Gr&ins‘

' A._Apait from their general preferenge to have a [lil}'plane néarly '
'vnormal to the extruding.direction the most characteriatic feature of
thevreéfystallized grains was their relatively high perfection. The
dislocation denéities were always less than 10“/cm2”and frequently of
~.the order of lOB/cm?. The dislocations were quite uniformlj distributed
and there wa.s ushally little evidence of subboundafies. These obser&a—_
tions are consistent with'the geherally obsérved high perfection of
éopper crystals grown by secondafy recrystallization as reveaied by the.
Schulz X-ray techni@ue.l2 This structure is, however; to be contrastedv}
with that génerally found 1n single crystals that have been grown from
the melt and annealed.‘ In the lattér the diSlocatiQn structure usﬁall&
 consists of regions of low-disiocation density surrounded by well |
developed s;bﬁoundaries. Although no direct obser&atidn (by an x-ray
* topography technique, for instance) of the interhal dislocation stfuc-
ture of the grains in recrystallized coppér has yet been maae the above
observations geeﬁ to 1ndicate that théir dislocatioﬁ structure shouid-‘f
approach more elosél& anvidgal thfeefdimensional Frank network. Thefe o
| was no significant.variatibn in disloéation‘dénsit§ @s a function of:
ﬁdepth.frbm the frée surface., Even iﬁnéf-grains which had no free surfaées

during the'annegling exhibited extremely low dislocation densitles,
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'B,’ Dislocatlon Motion and Multiplication

vDouble.etchingvexperiments on specimens deformed by-compreSSion .

’orbending generally showed no instances of simple dislocation motion o

. until the resolved shear stress was ralsed to about l5~20 g/mm . Figures

L and 5 show grains in the double etched condition in specimens subjected

- to a compressive stress of sbout 25 and 40 g/mm respectively; The

:second etching in both cases was done after removal of the applied

. 8tress, No dislocation motlon 1s evident in Fig. 4, However many cases -

of simple‘dislocation.motion can be observed in Fig.”5. A few of them

..~ are indicated by the small black circles. It can be 'seen that the

~ distances of such individuai dislocation motion are generally small and . -

fairly uniform.
The beginning of dislocation multiplication was usually inferred

from the appearance of small groups of dislocations piled,up at the

* All stressesireported are'applied stresses unless mentioned other=
wise. Also the direction of applied stress is indicated in all micro-
graphs b&ha black line of length 0.5 mm, unless shown otherwise,'

**% At the comparatively'ioW‘magnifications employed in the present
‘exPerimentS'large flat~bottomed pits formed after & double-etch sometimes
appeared as white pits and large sharp bottomed ones a5 black pits. .The
fact that the large white plts did indeed represent. the original _ |
position of moved dislocations was confirmed by the absence of any etch

pits at those -places on subsequent electropolishing and etching.
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grain boundaries, - Many dislocation pileups can be seen in Fig, 5

" and also.in'Fig. 6 the latter showing only a few representative examples

- of Some very commonly observed strdctures-after dislocation multiplica-

tidn had started. In general a resolved shear stress of about 15;20 g/mm?

'd_was enough to produce such pileups so that it was.hard to obsgerve in a
._rdouble etching experiment Simple.dislocation motion without dislocation
'multiplicationvtaking.place at the same time, One eignificant aspect»
.of dislocation multiplication evident from many double etched micro-
;.graphs was the frequent insbility to detect the source dislocation
responsible for the early dislocation pileups. The source was usually
-.not a dislocation ortginally intersecting the'surface as can be seen-»‘f'
| ciearlyvfrom Fig, 7.which'anWB a dbunle_etched grain in a spec¢imen
subjected to e‘compreesive stress of apbroximately 50'g/mm?._ Tne _t o

: gronp_of dislocations marked A and B indicate that dislocation multi~.:f

plication has occurred. 'However a careful examination of the two slip .

~ plane traces correeponding to pileups A and B'elong the entire length ;

of the grain fails to show‘any large flat bottomed pit.which might

represent the original position of a surface-intersecting dislocation

- that might have moved and multiplied.

Also when dislocation pileups could be detected at the opposite '

vboundaries of a grain there was uSually an almost one-to-one corre~ -

‘For the present purposes & pileup is defined as a group of dislo~ 3

cations which apparently lie on a single slip plene.

«
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spondence.between them as seen in Fig., 5 and also in examples (o} 8nd (b)

. .Of Figo 6Q .

Ce Dislocation Structure of the Pileups

Although the dislocations in some of the pileups appeared to lie
in the same slipglane'asvfar'as could be Judged at_the_low magnifica-'
:itions employed-there was, in a great number of cases,considersble
: deviations from & strictly linear array. Figures 8(a) to‘8(d) show a
: fEW‘particularly good examples of such deviations as. seen by etching
‘specimens in the stressed condition after deformation in the micro- _h,d'
| compression device to stresses of‘approximately Lo, 60, 50, and |
E 50 g/m@? respectively. 'Very often it appeared_as though the dislo~
cations in a pileup belonged to a few distinct slip planes. The high ?v
frequency of such observations suggests that even in an apparently 1
‘linear pileup the dislocations might actually belong to separate slip

planes too close to be distinguished at the relatively low magnifications_

employed in the present experiments. The significance of this observa~ ' -

tion with regard to the dislocation multiplication mechanism will be

discussed later,

D, Stress—Relanation of Dislocation‘Pileups.

There was considerahle‘stress_relaxation in the case of allﬁdiSIo— |
cation plleups formediin the very early stages of plasticzdeformation.
The extent of stress relaxation and the nature of the resulting dislo-~
~ cation configurations strongly depended on the detailed structure of

_-the-individual dislocation pileups, thelr proximity to each other and
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' aiéo on'whefhéf,thgfe ﬁasldislocatioﬁ-aétiViﬁy_oﬁ aﬂy.iﬁtérsecting
>:g slip sﬁﬁtem of noti Wﬁenlﬁheré Was no significan£ o&erlappiﬁg‘of -

"dislocétions in.a.pileup theyhmoved back.veryblargé distances on streés j'
relaxation as i1lﬁstra£ed by the>pileup A in Figss :9(a) and 9(b) whicﬁ |
"~ show a grainlin'é speciﬁen subjectéd to a compressive stresé of approxi=
mately‘50 g/mm? and etched-in_the_stresééd and stress relaxed‘conditions .
. respectiveiy; The many small etch pité along the dire¢tion of the arrow 
in Fig. 9(b) represent the stress relaxed,pbsitions of the dislocations
belonging té the "upper hélf" of the pileup A in Fig. 9(&). The dislo-
cations.belbnging to the "lower half" of the pileup havé apparently - |
moved  far back béyond the fiéld-of'View of Fig.l9(b). When the pileups'coh-x‘
| - tained 0verlapping dislqcations belonging tovfairly distinet slip planeé,
Btress rElantiqnvdften‘led to arrangements where many diSlogationshin
- one slip planeztook up pésitions vertically &bovevthose in the other
. aé geen at A in Fig..lo which shows two separate grains in a specimén
etched in the‘stress;ielaxed condition after a compressive stress of
approximately 55 g/mm?. When thére were a.lérge nunber of‘distiﬁct-

but close pileups-formed agéinst a grain bouhdary nearlj at right
angies to the slip plane trﬁce stress reiaxation'often resulted in
appreciable'“glide polygonizgtion"* as shown in the sequence of Fig. 11
which ghdws a grain 'in a specimen'etéhed‘under'a‘stréss of appfoximatelyv :
52 g/mm? and laﬁer eﬁched after stress relaxétion.'vThe large amount of
stress relaxation thét has occurréd can be particularly'well seen by |

comparing the pileup A in Figs, 11(a) and (b), and also from the large

By the term "glide polygonization" is meant the short range alignment
of many {edge) dislocations in a direction perpendicular to the slip plane
trace that takes place at temperatures too low for climb to have occurred. .
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depletion'of;disloeetions invfhe area B oprig._ll (b)._ When the.érain
bonndarp whslat a;much_smsller’angle to the.slip plene trace there was -
' usnellp no tendeney for glidepolygonization to oceur. This is clearly;
.seen from Fig..12VWhich shows the dislocation eonfigurations formed on

stress-relaxation at the two different kinds of boundaries after a

; 2
' compressive stress of approximately 55 g/mm « A strong one to one

correspondence_ofvthe dislocation pileups is also obvious across the top . .-

and bottom boundaries'of the grain.
Whenever there was dislocation activity on more than one plane
it was generally obgerved that when the applied stress was removed the

relaxing dislocation loops on the different planes interaeted~locally

f'to form stable dislocation groupings thusupreventing the complete relax~

- ation of the pileups, Exémples of snch local interaction and stabiliza- °

tion of the relaxing pileups can be seen at A in Figs. 12 and 13, the
latter showing a grain in a specimen etched in the stress relaxed con-

dition after a compressive stress of approxima@ely 55 g/mm .

. E, Behavior of Dislocation Pileups on Stress Reversal

An experiment was conducted to_study the behavior of dislocation ..

bpileups on reversal of the directlon of the applied-stress.‘_In par-
tieular”it_was hoped to find out whether disloeefions in a pileup ran

_back into their original source or whether they‘were annihilated by

dislocations of opposite sign'generated by the source under the reversed '

stress, As already mentioned in the experimental procedures a gtress-
reversal 1is accomplished by simply turning the specimen upside down

and applylng the ssme load as before,
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Figure lh (a) ‘shows & grain on the top surface of a specimen deformed |

:in bending to a stress of about 20 g/mm ‘and etched in the stress-relaxed - 1;

pcondition; This specimen had been chemically polished for about 20

minutes befbre the - defbrmation 80 that inside dislocation segments were ‘

| probably exposed. The dislocation groupings A and B represent the opposite e'n?

‘halves of the ‘same dislocation pileup, The reason why the pileups have |

lnot completely relaxed may be partly due to interaction with disloca.tionsl'gj

" of another slip system evident at'the_left gide of the'grain. However,

on application of an eqnal load in the opposite direction, tne dislocations'

- in group A undergo considerable reverse motion as'seen_froms Figse lh'(b) -

vand (c). which show the'same grain after'etching in the stress-relaxed |

condition and after removal of about 20 microns of material from the

surface by chemical polishing, respectiVely. The new positions of the dis-»

~locations are atvC7in Figs., 14 (b) and (c). The fact-that they have

indeed moﬁed awayifrom the“grain.boundary on the right is indicated by f':tl

vthe flat bottomed pits A in Fig. 14 (b) and the disappearance of these e

g pits on surface polishing as seen from Fig. 1 (e ), The group of dislo- |

cations B in Fig, 1k (a) does not however seem to have moved presumably

because of strong interaction withvsome-secondary dislocations. Figure .

i~,l4 (d4) shows the seme grain after increasing the applied stress to about”'. ' ‘:’;a

- 29 g/mm? and etched after stress relaxation witn'an intermediate.polishingi'
off of about 20 microns.of'material before etching, There is still no

| indication of dislocationsbof opposite sign being generated from the

'original source leadlng to partial annihilation of dislocations of the»

_original plleups, It is.also not possible to meke all the original dis=

locations run back into thelr source even at an applied'stress of about :
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"~ ho g/mm?‘(tWice,the‘original stress) as-seen.fronhFig.'lh'ke); Whenithe same:"
streSS'of hb g/mm? wag then applied in the oppos1te direction the dislocas.: )
‘ tions again moved back to the boundary on the right as shown by the pileup
A in Fig, 1k (£). ‘There 1is however a small reduction in the number of
dislocations in the pileup A in Fig. lh'(f) from that in Fig, 14 (a).
A”decreaSé.in the number ofvpits may also. be,seen-vhile compe ring the
dislocation group C in Figs, 14 (c) and (d). Such loss ofldislocations

are actually due to a polishing off of some semicircular loops (as will

be discussed later).

E. Slip Continuity Across Grain-Boundaries

The results of the present studies indicate that grain boundary
propagation of slip does not usually take place in copper In the microsl :
strain region except in some special cages where dislocations}in one grain.
can actually pass through the boundary into the next grain. So far the
only definite instances of such grain boundary propagation have been found
only across-coherent twin boundaries. The reason why in splte of the_
etching restrictions in copper direct observation_of such dislocation
propagation could be‘madelwas that the surface of observation was never
exactly parallel to any {lll} plane and that dislocations could be revealed
by etching on planes close to {lll) within a few degrees. As-schematically '

~11lustrated in Fig. 15, the surface of observation A is inclined at a small
angle to the {lll} twin plane. Etching of plane A reveals the dislocations
»in the top grain only. However when the surface 1s polished down to

level B and etched dislocations in parts of both the top and bottom grains

would be simultaneously revealed, Finally when the surface is polished
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_‘downvfo Cy;only dislooaﬁions'in the bottom grain can be seen, The changesl*
.in'the"bosition of the etching planes will also be reflected in the relative.
~ orientation of the etch pits as indicated in Fig,.l6lwhere (a), (b) and
- (e) corresbond to levels A, B and C of Fig, 15. If the planeIOf the paper
represents the twinning plane then the relative orientations of the other'
{111} planes in the two grains will be as shown in Fig, 17 with points hi
and D! both_lying'below the plane of the paper.' When the active Burgers.
~ vector is parallel'to the twinning plane i.e. is either‘AB,fBC or CA, theni
it will have, along theltwin'boundary, a common {111} plane in each grain,
| When-a‘disloeation-loop P with Burgers veotor AB expands on the plane ABD of ;o
grain 1 those segments of‘the;loop pressed_against-the tWin;boundary will
acquire a screw eharacter as‘at MN., Those‘segments should then be able
vto transfer‘themselves,onto.fhe.plane A‘B'b' of grain 2 and eontinue ex~
panding basicallyvas in cross-slip. Under these conditions twin boundary
continuity of slip will be indicated by the persistance of an almost
collinear pileup across the grain through(the stages represented by
~ A, B and C of Fig. 15. This is.clearly. 1llustrated by the pileups A, B and
C in the sequence of Fig. 18 which shows the same grain in a specimen etched_
(a) under a stress of about 50 g/mm ;s (b) after stress relaxation and re-
‘moval of about‘50»micronsvof material from the surface; and (c) after
removal of an'additional 50 microns of material fron the'surface.l

Figures 18 (a), (b) and (c)’correspond respeetively to levels A, B
and C of Figo 15, For clarity the position of the twin boundary in‘

Fig. 18 (b) is marked by a dashed line, Although the region above the'

' vtw1n boundary in Fig. 18 (v) nOW"repsents a different grain from that

in Fig. 18 (a), one oan still see in it pileups A’, B', and C' to-match'
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| the original pileups A, B and C in the region below the twin boundary.
'The slight deviation from linearity of the dislocation arrays AA' and BB'
across the boundary in Fig. 18 (b) is simply due to the definite deviation
of the surface of observation from a (111} plane of the grain, When still
more material'is removed from the surface g0 as toicompletely expose the
voriginally underlylng grain (Pig. 18 (c)) one is still able- to observe a
pileup C" essentially at the same place as C in Figs. 18 (a) and (b)

and matching the pileup C! in Fig, 18 (b)e The change in the orientation

- of the etch pits, as expected from Fig, 16, can be seen through the sequence

of Fig. 18,
It might be mentioned that the observed twin~boundary continuity

v‘of slip is only & special case of the more general slip continuity observed

A by Ogilvie 15 in aluminum and brass across straight boundaries when the lines

of intersection of the slip plane with the boundary are within about two

“degrees of one of the directions (110), (112) or‘(l23)'for each grain, not N

neceasarily the same direction‘in adjacent grains. The above discussion

~ does not imply howeyef that twin houndaries never act as strong barriers
to slips They certainly do eo whenever the operating Burgers vector does
not lie invthe twinning plane.. | |

| - There Were-also a fcw;iaolated instancea nhere'some slip continuity
was evident acrosa a low angle boundary;_ A tybical example is seen in -
Flg, 19, which shows a low angle grain boundary in a.specimen etched under'
a.compressive stress of about 60'g/mm?. Many matching slip bands can be
seen across the houndary; An analysis of.the orlentations of the two -

' grains by the back reflection Laue method indicated that they differed




,;by as much as 7 degrees. However the lines of intersection of the activesy

-xﬁslip planes in the two grains w1th the . almost straight sections of the fﬁ;

Wf%fzboundary were nearly always coincident. Unlike in the twin boundaries,
"tﬂl however, the line of intersection in this particular example was not

."'ﬁ;exactly (llO), but almost h to' 5 degrees off.
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. IV, DISCUSSION

:: A;lxMEchanism of Recrystallization g
hIt has not‘been possible to getva definite idea as‘to the mechanism

of fbrmation, on annealing, of large number of grains with a [111]} type
plane normal to the extruding direction of the starting OFHC copper rods._v
Diffractometer and transmission Laue experimentshshowed that the original
rods had e very strong (lll) fiber‘texture'similar to drann feCeCo Wires,
Drawn wires are known to retain thelr defbrmation texture even after highi
temperatu_rean'nealin,giuF There is no~reported data on the annealing .
. ltexture.of extruded rods.. In view of the similarity of the deformation

- textures of dramn wires and»extruded rods it'is conceivable that the.'

l'rods also retain their deformation texture'on'high—temperature'annealing.
Recrystallization and grain grthh.under these'cOnditions should necessarily
lead to the formation of many large grains with a {111} type plane normal

- to the extruding direction.

- B, Jdog Density and Dislocation Mbbility _

One, of the significant observations in the: present experiments was
the considerably higher stress (10-15 g/mm ) needed for the motion of
dislocation segments in OFHC polycrystalline copper. as compared to a .
stress of only 2-4 g/mm in 99.999% copper single crystals.5’6’8 Though
vpart of this difference may be due to an impurity pinning effect many -
aspects of dislocation motion and multiplication in the present experiments
seem to suggest that the basie factor controlling early dislocation motion
is the degree of jogging of the dislocation segments

: At high temperatures the dislocation network in a crystal would tend
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to anbroach:avconfigurationvof:metastablevequilibrium by both conservative
and non conservative'motion. Assuming that the energy aSsociated with a
Jog is suall elastic strain energy:is minimized when dislocation segments
approach linearity and nodes become symmetrical. In a metal of'medium.
stacking fault energy like copper, few dislocation segments in the
annealed or recrystallized specimens will lie exactly on low index glide
v"planes; in othér words most of the_dislocation segments will be joggedf

- When dislocation segments intersect a freetSurface there is usuvally an

' additional surface image force which tends to further shorten their .
lengths and hence increase their jog density by causing them to become
normal to the surface. Direct observations of dislocations in annealed
copper crystals by x-ray topography do support this picture. Consequentlyi
in those experiments in the present investigation where only about 5 mic-
zons-of material were removed from the surface after'the recrystallization'?
- treatment and prior to the initial deformation most of the dislocations

intersecting the surface should have been heavily Jogged and hence re-

‘”' quire the comparatively higher motion stresses observed Under these

_conditions dislocation segments inside the crystal with both their ends

fixed should be less Jogged than the surface segments and so should move
and'multiply at loﬁer.stresses. This indeed appeared to be the case be-
~@use, as‘mentioned earlier; wheneyer dislocation pileups;were first“dee:
| tected.in'a double etching experiment the.source dislocations were'never
those originally intersecting the surface.as”indicated by the absence of
any flat bottomed plits along the slip plane traces of the pileups. The

pileups should thus have resulted from the operation of dislocatlon seg-

! ments with both ends fixed inside the grain and,hence not revealed on
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the fifsﬁ.efohinée ‘It.is intereeting tovnote in.tnisioonnection that in
- Young's'and'Marukawafs-experiments also dislocetionVmuitiplication was
inferred only from the appearance of "groups" of dislocations and/or

a general increase in‘dislocation density but that no attempt_wes maderi
to correlate_fhe new dislocations with eny_dielocations that originally

| intersected the surface, Also the stress needed to ceuse multiplication

in their experiments correspondeddmore oloseLy to that calculated for dis-

loactions with both ends fixed’within.the_crystal. Such preferential
vmultiplioation of inside dislocationsin spite of an approximate factor
of two reduction in the theoretical stress needed to cause multiplication;

of & single ended surface source qtrongly 1nd1ca.teQ that the degree of

) Jjogging of diclocation segments ba31cally controls thelr motion and multi-

plication in the early stages of deformation.

. The importance of Jog den31ty is also shown by the recent experl--
mental observations by ‘Petroff and Washburn5 that heaviLy Jogged dis-
locatlons even in 99.999% copper do not move at an appreclable rate at
. stresses of 50 g/mme.'

The present results snggest‘that even invmany érevious pre-yield
experiments:invcopper single crystals only accidentally introduced dis;e
locations'or dislocations that had'elready been moved by'handling of |
"-the specimens could have moved and multlplied at the reported low stresses
of 2g/mm and 7g/mm respectlvely. A closely related problem is the
p0531ble'influence of a free surfaCe on the characterlstlcs of plastic

deformation as will be diecuseed next.

SRR
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Co. Surface Effectst‘

;.It is welliknown tnatreven in snecimens With_eonventionally clean
.snrfaces there exist'eppreciable differences in plastic behavior between
' the surfece and the inside regions. Such differences have usually been‘
.explained on the basis that the free surface may act. either asg an inm-
pediment to the motion of dislocations or as a ready source or sink of

dislocations.15

Of-particular interest to the present investigation was
the question whether at the very low stresses employed the surface was
.indeed the site. of the early dislocation multiplication and if 80, why?
A Although some recent etch~pit experiments (S. Kitajima, private;
| communication) snd X=ray topography experiments9‘in the preyleld region
of conper single crjstals have shown direct evidence for the operation -
- of surface sources, no satisfactory explanation has been given as to their_
-origins YOung9ﬂnowever noted that all dislocations'that moved and mul-
tiplied from the surface could have.been accidentally introduced during‘
handling. | ' |
In general there are many reasons why a surface might act as 8

-source of dislocations, Irregularities ‘such as scratches and etch-pits
can provide stress concentrations at which plastic flow 1s initiated.,
So also might any films left behind in cases where specimens are electro- -
polished,and dried before the deformation. Even when an atomically smooth |
surface is present.there can be an enhanced dislocation activity near the |
surface because dislocations intersecting a free surface can theoretically
start multiplying by a Frank-Read mechanism at stresses half that needed

to operate an interior source with both ends fixed.16 In the present
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experiments the chances of accidentally introduced dislocations acting as

surface sources had been practically eliminated since there was no acid-__ -

l 'sawing Or wheel-polishing involved after the recrystallization treatment.i
'The only necessar& electropolishing was uSually‘carried out with the
specimen already mounted in the micro- compre851on dev1ce. The commonly '
observed non- correlation (in the double etch experiments) of the dislocael
~ tion pileups with any of the pre—existing etch pits indicates that etch-
‘pits themselues are not the gources forvearly dislocation multiplication..
The possibility‘of electropolishing films leading to random nucleation

sites on the surface has also to be discarded because when specimens were

repeatedly.electropolished and etched under constant stress there were no o

: instances of new dislocation pileups apart from those'originally present
If random nucleation sites were created by any film one should expect new
dislocation pileups after each electropollshing and etching. The same

conclusion was also reached from experiments where specimens were deformed

while immersed in the electropolishing solution and etched before and after =

' drying. Figure 20 shows a'grain etched in the two conditions under a
stress of approximately hOg/mm . Apart from an increase in the size

of the pitskthere was no dislocation motion or multiplication induced on .

‘ drying. Also since about lO'microns of material were usually removed from:

b
the surface of the speclmen by electropolishing before any deformation

'was carried out the surface should have been smooth on a microscale and
80 any gross surface—roughness could not have been directly.responsible '
A for the early dislocation multipllcation. The above’results'indicate |
| that in copper specimens carefully prepared to avoild any ac01dentally

introduced damage the surface, by 1tself, is not a source of dlslocations.

© s 4 1
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The early dislocation pileups observed in the present work should thus
» have resulted from- the multiplication of segments of the grown -in dis-
location network.

It is not clear exactly what is the neture of the damage'introduced'

" on the surfaces of speclmens or how exactly they are introduced. In

,specimens prepared by. the first technique, it is. conceivable that the
unavoidable surface contact durrng the acid-sawing or_wheel-polishlng '
- . operations introduced damage‘in the form of dislocation half;loops toobj
small to be visible with an otpical microscope. The loops may be similar

" to those discussed by Johnston and Gilmen17

in connection<uith the plestic'f
flow‘in LiF crystals:‘:.and more recently by Worzale and Robinsonl8 in con-
nection with the distrlbutlon of dislocations dnring stage I deformatlal

| of 81lver single crystals. The expansion of such half loops might pro- .
vide a natural explanation for the very»shellow elongated loops observedv

9 near the surface of lightly deformed copper 81ngle crystals

by Young
u51ng X-ray topography. Slmilar loops near the surface were also 1ndicated
:from successive polishing and etching-experiments during the present in-.

- vestigation on lightly deformed speclmens prepared by the first technique, -
Such loops never seemed to be present in llghtly deformed specimens pre-
pared'by the second techniQue. Nor were they observed,in those'x-ray'
topogrephy experiments of Young using crystals handled w1th special care. -
It thus appears that the surface sources of dislocations are really only
accidentally introduced dlslocetions on the surface in the form of half
loops or other conflguratlons. When surfaceycontact 1s mlnlmized after

. growth, as in the present experiments, surfece sources can be completely

avoided and the observed dislocation distribution should then be the
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" result of the operation of only grown-in dislocation segments.
The possibilityfréméins, however, that the details of the operation
-of even a grown-in dislocation segment may be considerably modified by

the presencé of & free surface leading to' significant differences in the :

nature of plastic deformation in the bulk of the specimen and at a damage=

‘free surface. As alreadyrdiscusse¢'the presence of a free surface during

high temperature anhealing leads to conéiierable immobilization of the'

‘ mdny surface-interéécting dislocation segments by causing them to acquire

a compafativély higher jog‘density. HoWever; even the multiplicationv

.of inner dislocatidn Segments was able to produce a considerable amouht

of pléstic deforﬁation at the surface as indicated by the ma ny largé pilef
. ups observed in the eariy;stages of deformatioh.. On the other hand,exaﬁ-
ination‘bf many‘grains that were totaliy enqlosed during deformation showed
- no eviden¢e of suph.dislocétion pileups even at stresses two or three

times higher than those at which pileﬁps were observed at the surfaces.*

" These 6bservations indicate that the surface is indeed a region of enhanced -

slip as compared with the inside of a crystal. - As will be shown later this

is primarily due to a modification of the slip propagation mechanism it-

self at the surface rather than due to a lowering of the theoretical eriti~-

cal miltiplication stress of a single ended surface source.

y

 *Examination of the inner grains was made after polishing off -the
necesgsarily large amount of material from the surface using lil
nitric aecid in the modified polishing apparatus shown in Fig, 3.
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: _D. .Graih Boundary Sourceé

.Thé.fésults of the present invéétigétion gﬁve,nO'evidencé for gfain'

. boundariéé in éopper acting as sources of diglocations in the.early stages
of deformation, Their pfimafy role seemed to be-to act as barriers to
dislocationsvgénérated%from sggments of thé grOWn-in‘dislogation neﬁwork.
vThe almost one;to-one COrrespondenée of the pileups-found against the
oppoéite bogdaries-{as seen in Figs. 6 énd 12) coﬁld hardly result from

ja random nucleation.of;dislocatiéns from these grain boundaries.- The
possibility that the cbrrespbndiné sets of etch pits might represent the
4-points of "intersection with the surface of disi@cation loo?s sent out ijfv
a single.graih bouﬁdafy ,sbhrte?thaf.Wasmlocated at somg'place PR

- away fram the surface Was.eliminated by e direct examinatiohlof the threg
dimenéional cqnfigufation of the dislocations résponsible fo? the forma- -
tion of sucﬁ a typical double end pileup; Figufe‘2l(é),shows such a'pile_

‘ up in a specyhen shbdééted to a stress of appfokimatély 50g/mm? and etched _
in the stress relaxed condition. The fact that one gréup of dislocations'
appeéré as dark pits and the other as light pits}9 and.also the_collingarity
of the two groups suggest that they mark the points of emergénce of oppo-
L site segment s éf‘the same dislocation lodps, Figure 21(b) and (c) show
the same grain_etchéd affer’femoval of So,and 100 microns,‘respectively,-
of materigl from‘the'surface, In general no new etch pité'weré revealed
‘as the surface was polished down; the spacing between the étch pits in

the pileups increased and finally both sets of pits disappeared after
removal of about 100 micfons of material, These results indicate a o
three dimensional Qoﬁfiguratidn of the dislocdtions thaﬁ may be échem&ti- ;

cally represented as in Fig, 22, It can be seen that the dislocations 
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fdo originate from within the grain and not from the grain boundaries.v'

The fact that the dislocations in a pileup were indeed moving towards the p

grain boundaries'dnring the initial application of the stress is also
shown by the motion of these dislocations in a.direction away from the
boundariesvdnring stress relaxation (see Fig. 9) or stress reversal

 (see Fig. 14). Furthermore the detailed structure of the dislocation

 pileups and its variation with increasing applied stress are consistent'=‘;p'

only with a mechanism involving the motion and mulitplication of in-grain

dislocation segments as will be discussed later.

- E. Slip Propagsation Across Grain-Boundaries

Although no Systematic study of slip continuity as a function of-the
orientation rélationships across a grain boundary has been made in the

‘present experiments the few cases of slip continuity that were actually

‘ observed seem to indicate that in the microstrain region slip propagation |

involves the transfer of dislocations from one grain to the other. The

.one common feature of the cases of slip contimiity so far encountered was

“that the lines of intersection of the.actiVe slip planes inpthe two grains
with_the grainbboundary were nearly coincident. In the case of a coherent
“twin bonndary this COincidence'was exact and along a (110) direction in
each‘grain. ‘The transfer of dislocations from one grain to the other

. under these conditions might then’easily occur by the mechanism already
idiscussed. ‘It is not quite clear how.dislocationspass from one'grain

to another under.less ideal cOnditions as in Fig. l9'where the line of
intersection of the active slip planes w1th the grain boundary does not-

_ exactly lie along a {110) type direction. However ' the observation by

15

Ogilvie ™ that ‘even after lO%lstrain slip continuity in aluminum was
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;.obserﬁed pfedominantly only along those atfeightﬁ sections‘of the giain
- boundariee where the ihtersection of the active slip planes liee‘af an
“angle of less than two degrees from one of the (110%_(112) or 4125)
..direcﬁiens in both the slip planes indicates aéain-that some special
orientatibns are particularly favorable for slip propagatioh, most prob-
”f‘ably,because'ef the'ability of.dislocations to pass thiough such bdun;:}
.daries. | | | |
:These observations might suggest an.expianation'for the graﬂ-size‘

depeﬁdence of the elastic limit of polycrystalline,aggregates differenf';
from the many that have‘hitherto Been‘proposed; In general specimens wiih
different grein Siies for euch experimental'deﬁerminatibn of‘elaetic‘limiﬁe-
are thained by different heat treatﬁents; vIn particulagilerge grain
 gizes are‘obtained'by empioying either higher_apnealing temperatures oi»"
:.longer annealing‘ﬁeriods,' Under these.conditions,special low energy
grain boundariee such as twin boundaries, tilt-bounderiesiand others with
low misorientations will be preferentially retained while the higher
energy bounderies‘wili be breferentiaily elimipated. Slip propogation .
across sﬁch.low enefgy boundaries woﬁld be ccmpafatively easier.*“The .
experimenta.lly observed lowefing of fhe eie.stic l‘imit-bf a polycrystal i
with increas1ng grain size should then be at least partially due to the_:'”
presence of an increa31ng proportlon of such weak? boundaries developed

during the-necessary heat treatment.

*0Ogilvie indeed observed that when the duration of annealing, before
the final deformatia, was increased, there was, within a given surface
area, an increase in the number of graln boundary sect1ons where slip
lines crossed.



‘gF;W Dislocation Mulfiplicdtion Mechanism =

fhe,obéervation thét_fhefdislocétiohs in a pileup often‘belong to -
=“fo.iscérﬁioly distinot slip-planes iﬁ the.béginning steges of‘plastic dé;,
'-bformatioh definitely‘rules out'the operation of a.classical Frank-Read :

| ﬁuitiplication;mechanism?o aocording to which 511 the'freshly génerated

| dislocations:. should lié on the same or nearly the same slip plane.v It
is unlikely that ofoss-SIip of some of the piled up dislocations could
havefcauoed the‘generaily obsérvedideviation_of a pileup from a linea: :‘
” arroy:because for the normally operétive burgers Qector in the present -

expe?iments the crosslslip plane was the one that is alost parallel,to'ff

the surface ofbobservation and consequently had a negligible shear stress'o" 

‘acting on it; Also such dislocation configuratials as in Figs. 8(&) to“‘
- 8(d) are difficult to v1sua11ze a8 resulting from cross slip of the 1ead~ .1
Ming dislocations in a plleup. _ . -
‘It 18 thus to be assumed that the dislocations in méoy earl& pile-~
" ups have origimated from different sowces, The fact that such disloca-
v'tion configurations are usually observed efen in the first few pileupé
 ind1cate that some kind of a COOperatlve mechanism rather than & coinci-~
"~ dental operation of a few sources on nearby glide planes is involved in.;
their formation. ’
" The basic feason for the non-operatioh'of a conventional Frank-Read
source mechanlsm is the inablllty of -the opposite dislocation segmentq to
 'ann1h11ate when they arrlve at the same point by two different paths,

. There are many reasons-why these opp051te segments_of the - same dlsloca-_v

tion will generally be on different glide planes,?l In a well annealed
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- sPecimen as employed in the present experiments the most obviuos reason
seems to be the Jogged nature of the dislocation segments. As discussed.
:_?earlier only those dislocations with both ends fixed within the crystal -

_tseemed to take part in the early dislocation multiplication under the .

| experlmental conditions employed in the present experlments. 'Though 1ess A
Jogged than dlslocations already intersecting the surface even the first
dislocation segment to expand beyond its critical'radius for multiplication _‘
would not, in genenal, have its»ends lying on the same'glide plane.v If
the initial orientation of the dislocation”is near screw this would iead_
to the formation of a dipole P when the two edge segments approach each
tther as.shown in Fig, 25(@)° The formation of & second disibcstion loon
. from this source would require the dragging of the dipole-to>the point'

v-D before the source.dislocation can expand to its critical radius as |
" shown in Fig. 23(b)e To attein the configuration shown in (b); however,
.gthe disiocation segments Ax and By in (a) have to bow through a criticall:
radius equal. to nelfitheirilengths and hence require & stressntwice as
high as that whicn stsrted the operation of the otiginal segment AB;
- This ususlly causes the souroe to cease operating after it has emitted
' only one dislocation loop.. |
In a.real crystal however, the bowing of a dislocation segment would

be more comple)g,22 If the Bow1ng segment ig initially longer than the
average for the network itvwill usnally~come up against.other diglocation
segments that_pierce its glide piene before it reaches equilibriumrcurna-
tuie. By forming new_attractive‘junctions with some of these inter-
‘secting dislocations its length wiil be rednced to somethingvclose to

the average length for the network. Continued expansion of such a seg-
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.~>fment'canlthen occur only when its effectiye length is‘increased by glidevt“'
of the connecting forest dlslocations along their own glide surfaces as
indicated in Fig. 2h ThlS should frequently occur at a stress smaller 5
‘than that necessary to complete the 1ntersection. The longest bowing

‘ segments may grow slowly by this process to the length ub/T ‘where T is j:

’ the resolved shear stress on the primary system. In this way the primary

" dislocation can move forward successively pusing aside the most easily
dd displaced intersecting dislocations. The moving dislocation Loop would
,h_follow a tortuous path partially clearing away the forest of intersecting}.'
dislocations in the neighborhood of its ‘glide plane as shown in Fig., 25(a),
o According to thiS'process also progressive.strain‘multiplication will -
become-increasingly’difficult because‘when'thecpartiaily'cleared trails ,_t'
that would be created_turn back on themselves as in Fig. 25(b) a dipole
will be formed since the sum ofthe burgers vectors of thé intersecting -
' dislocatlons will not generally be zero,” |

It is proposed that the presence of dislocations belonghig to dis- i

tinctly dlfferent glide planes in the very early plleups is due to a |
cooperative dislocation multiplication mechanism in which an initially
expandlng loop is able to induce the operation of other shorter
_8ources .on. nearby glide planes under the canbined 1nfluence of the applied
stress and its own stress field. Each of these new sources should norm-
ally send§out only one loop for the same reason as discussed earlier; butv
they can in turn trigger the operatlon of addltional dislocation segments

' lying w1th1n less than a critlcal distance of their path, Assuming that~

*Special situations under which large amounts of slip can resilt
from the multiplication of a snngle dislocation segment will be dlscussed
later. ' , -
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_ the length of the induced segment would be smaller than that of the initially
operating segment.a rough'eStimate cah'be made of this critical distance.

Let the -average qisloéatién density p be th/gm?.‘,Then the critical

' . _ L _ -1
stress for the multiplication of a segment of average length 2( = p /2)
 1g given by | _ '
Crit Y
where U is the shear modulus and b is the magnitude of the burger‘s'vec-_

tor of the dislocation

4.5 x 10° g/un?

- Taking 4 =
b = 256 x'l0'7 mm and
1 = (10“)“1/2 = 0.l mm

TCrit'turns out to be approximately 12g/mm?, Thé eritical distance ;
h'bétween-two slip planes above which anf_edgé dislocation on one plane -
- can paés‘over another identical edge dislocation on the secondbplane

is approximately given by -

Bb
8?( T-v)t-

~ where
v = Poisson ratio,. and
T = Resolved shear stress
- Taking v = 0.34, the value of h at T, turns out to be approxi- -

rmately.6 microns, .It-was experiméntally obServed thdt 6.micr6ns.was ¢'ﬁ

' abéut tﬁe maximﬁm distance measured betwgen thé operative §lip pldnés in‘ 
a pileup,in the beginning stages of dislocation muitipliéation°

| Although’thébcooperatiVe multiplication of dislocaﬁions discussed.‘

" above can account for the ¢onsistent presence, in the eary pileups of
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"“dislocations belonging to fairly separate glide'planes the presence _3

of many dislocations on the same or nearly the same glide plane as seen

o in Figs. 5 and 6, for example, requires a mechanism whlch makes possible.

the repeated generation of dlslocation loops from a 51ngle segment.

- The fact that such dislocatlon pileups were seldom geen in the interior
grains suggests that the‘presence of a free surface might itself enable |
a dislocation-segment to undertake repeated slip. "A possible mechanism
is indicated in Fig. 26. When a mobile dislocation segment intersects.gvi
a freevsurface_its expansion should}lead successively to the configurationsi

’shown'in_the seduence_(a) to (d). lt can be seen that no dipole 1s formed |
in this case and that tke recreated source dislocation in Fig. 26(4) can;

‘trepeatedly follow an already cleared path._ Unlike in'the case of Fig. 23,
a surface source is thus able to generate many dislocations onece it starts -

;operating° Such potential surface sources could elther be dislocations :
already intersecting the'surface or those double endedvdislocations with
one of their fixed ends close to the surface so.that in the process of

‘lexpansion‘they intersect the surface to provide 8 long mohile segmentiand -

a relatively'immobile short segment. The fact that'the"tany dislocationsi»

 already 1ntersect1ng the. surface in speclmens prepared by the second tech—:

nique did not undergo such multlplication should_only be due to thelrv,
being heavily Jogged as a result of the high tenperature anneal, Most.

‘of the plleups that are observed at the surface should thus have resulted
from multipllcation of the comparatively less jogged double ended dis—
locations lying in regions close to_the surface. The three dlmensional
configuration of the piled upwdislocationsvSuggested'fromxrepeated'poiishu‘-

-ing and.etching_experiments andvschematically represented in Fig, 22 is .
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- consistent with the multiplication mechanism depicted in Fig. 26,
| - It éhould be'emphasiied that this enhanced-slip activity at the
B eurface'ie not directly related to a:possible factor of two reduction
in the theoretical stress needed to expand a single ended surface dis- o
location beyond its critical radius for multiplicatlon. The latter effect_:-
is only of_secondary importance, A double ended diélocation segment
twicevas loné as a surface intersecting one miéht not, in general, start
to multiply at the same stress at nhich the latter does;v
The fact that dislocation plleups like those on the surface grains
-fwere'seidom-observed in graing that were totally enclosed during deforma-
tion does not - 1mply however that plastic deformation is not occurring |
.in the latter at all. Even in the absence of & free surface ‘situations
can develop'undér Wnich the cOoperatiVevglide mechanism of even a jogged.
dislocation can result in fairly large emounte of locaiizedvslip. As
already dlscussed earlier when the partielky‘ciearedcareas turn back.on
themselves as in Fig,'25(b) a dipole would generelly berformed,'bHowever
the cleared areas might occasionally reach the back gside of the originalf
.starting point as inFig. 25(c) when the expansion of one portion of the B
:original dislocation is somehow strongly hindered, as for example, by a
reglon of high dislocation %enslty. Alternately & cleared area may turni}
back on itself as‘inuFig.:25(b) where .4 seément of the expanding loop |
.has been annihilated'by reconbinatiOnvwith a forest‘diSlocation of_anti; .
'-parrallel burgers vector.23 In elther case a dllp bend will have been
‘nucleated within the grain because the dislocation loop can then repeatedlyi.“
- follow an already cleared path The activation of such an internal source'

‘in the early stages of deformation is probably indicated from the se-



Q'quence of micrographs in Fig. 27. 'Figure'27(e)ﬁshows an isolated group'”
. .of dislocations piled up-at a twin toundary in a.specimen.etched after »

"a ‘compressive stress of aoout 60g/mm . Figure_EY(b) shows a similar group -

- of dislocations in the'interior of the grain and apparently’along'the.same

' '.:slip plane as those'dislooations near the boundary in Fig;.27(a), There

:‘wasbno pronounced alignment of etch pits visible along the same slip plane

trace in the'region between these two gronps. Honever, on removal of
‘about 50 mlcrons of materlal from the surface and reetching many more
dislocations were revealed along this trace (Fig. 27(c)) A low magnifi-
- cation picture (Flg. 27(d)) clearly showed that the two 1solated groups
'v-of dislocations in Figs. 27(a) and (b) were really part of the same slip
band. These observetions can be best explained on the basis that the'i
dislocation loops originally had the configuration schematically repre-
sented in Flg. 28 As material was progn3351vely removed from the sur- -
_ face mare and more dislocationilObpsshould have intersected the snrface
(as av points marked x in Fig. 28)‘causing‘an-increase in the nunber,e_‘
_of etch pits obserred;
A yet another mechenism that can produce a limitedvnnmoer of dis~'
location ioops from a jogged gingle dislocation segment is the unsym-

metrical operation of a source as schematically indicated in Fig. 29. If

- the expan51on of the dislocatlon AB is hindered at, onLysome portions of

'the loop then its continued expansion will lead initially to a configuration
shown in Fig. 29(&) Suoh local hindering could result from unequal

' densities of forest dislocations in the vicinity of the expanding loop.,
Continued expansion of the loop should result in a oonfiguration as in

(b) where an additional loop (2) is created which can follows an already

' 4



cleared path. This loop will however get'stuck behind the first one at
the locally'hard region near A. Figure (c) shows a later stage in the
expansion process where a third dislocation loop is beginning to be
:,fbrmed end also the second loop is beginning to turn back on’ itself at
- 'C. Tigure:(d) .shows.a still later stage Whereithe third_loop is more
fully formed.‘ The operation of-the source will eventually cease when
the back stress due to the piled up dislocations near A reduces the'stress:
at the source to a value below the critical multiplication stress.

The 1nfrequent occurence of such examples as in Flg. 28 asg well as
- the general inability to dlrectly observe dlslocation pileups in the in-A o
terior grains imply, however, that the specia.l gituations discussed are' -
either less frequent or less effective thanvthe surface.modifiedibechane
“ism in nucleating a slip source or tha.t these situations are more often |
: met near the surface than in the interior of the grain. Another rea-
_ son for the general absence of any sort of piled-up dislocation errenge-
Vments in the inside grains could be that, using the present experib.r‘ ‘
nental methods, their dislocation configurati on could be observed only
in the stressrrelaxed condition. The present experimental results have
_definitely indicated that d1slocations undergo apprec1able reverse motion
on removal of the applled stress. Usually the ability to detect pile- -
ups on the surface even in the stress relexed conditlon is mostly due to.
Lomer-Cottrell locks (formed through traceg of secondary sllp) prevent-
ing the complete relaxation of the piled up dlslocations.' As may be |
seen from 1nspect1ng a Thompson tetrahedron Lomer -Cottrell locks can
" form over»anr-appreciable length only when the interacting dislocationsl'

are in nearly edge orientations. When both the interacting burgers
. . . ! N R B . !



e

. rectors are paralleljto the:surface, as they frequently happened.in thelvv
'present expériments, almost'all dislocationsithat intersected the snr-

. face and'that'can potentially form Lomer Cottrell locks would have‘
| developed an orientation'clOSe to edge'as may. be»seen from Fig., 22,

‘Under thesevconditions the'nearly parallel interacting dislocations :._; ' o
‘can form»long‘and.stable Lomer-Cottrell locks, In avcompletely en- |
v»closed grainidislocation loops on intersecting'planes can’neet only'over'f“

. very short lengths and the resulting“Lomer fCottrell dislocations may

be. too weak to prevent the running back of piled up dislocations into

-their.sources on stress relaxation.
. It should be mentioned that whenever a slip source im nucleated "iv .f”f: i
_'by the cooperatlve mechanism each succes31ve trip of the dislocation lii:__ i jv. i
: loop should generally be on a glide layer displaced above or below that of e o
‘pthe immediately preceedlng passage.' In~the case of edge-dis-~“ o
.locations, they should form a short dislocation wall rather than a planar
'pileup. The apparently planar nature of the pilups that are observed

.at thehsurface'might indicate that the'few Jogs remaning on the source

" segment after‘its firstvcircuit (see Fig. 26) are ahle‘to glide of f to
the surface very early during its .subsequent expansion thereby confining
the slip activity to almost a s1ngle glide plane.

It is probable that a group of prlmary dislocations represents a
sufficient stress concentration so that multiplicatlon of dislocations
'_;of the other two co-planar burgers vectors might always ‘be associated
with its. motion. The two different kinds ‘of pits seen: in the plleups
. A and B of Fig. 30(a) might 1nd1cate dislocations of different burgers

.vectors'generated by such a process. Fig. 30(a) shows a grain etched“in ,
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g the stress;relaxed conditioﬁ efter 8 cempressive sﬁresé of 5bg/mm?.

. Dark and light plts can be seen in pileup A and pits of two different

. sizes are ev1dent in plleup B. These dlfferences in the nature of the
pits were apparently not due to dlfferences in the slgn of the dlslocatioﬁs
v beeause they were»found to move in the same reverse directien‘ie away ei
from the grain boundaries, when the specimen wa.s eubsequently'anmpfessed’
in a direction at rlght angles to the . orlglnal dlrection and reetched.

- The double etched graln is shown in PFig. 50(b) The second compression
should have reversed the dlrection of thevshear stress as schematically

. indicated in Fig. 31.

" @. Multiple Slip and Dislocation Interactions

In spite of the relatively low stresses and large grain sizeseem-r_

- ployed in the present experiments slip wa.s seldom'confined to‘qnly one’

system,' Large amounts of secondary slip on planes other than the pfimary ;71"\

plane, whenever present, could'be detected by secondary pileups atvthe..

grain boundaries or.other internal barriers. Typical examples of plleups

"~ formed underxsuchrmﬁlt}ple siip conditions can be seen in meny previoﬁs,‘.

Figs. such as 8b, ‘13 and 18. The presence of email traees of secondary -

slip can, however, be only 1nd1rectly detected from the appearance of
primary dislocatlon plleups’ln reglons away from the graln boundarie
Fig. 32 shows a typical example of such an internal plleup at B in a
'spe01men etched under & stress of approx1mately hOg/mmg; The barfiers‘
responsibie for the formation of such pileups are most likely to be
Lomer-Cottrell dislocation locks formed by the interaction of a primafy

~and a secondary dislocation for the following reasonss The type of barrier

had to be one that existed along a line rather than at-a point because these
: :

B
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M‘-.plleups could be detected at the same place even after removal of more -

than 200 microns of material from the surface. Also it is inconcelvable

i_._for any p01nt type obstacle (1nclud1ng forest 1ntersection) to be able

to support the magnlfled stress due to 8 pile-up of about 10-20 dislocations."

- Furthermore in the usual modes of testing crystals ‘such as tension, com-
'pression or bending the system most highly stressed next to the primary

_system'is alwasy thechnjugate system and these two systems are the ones

- that can react to form Lomer-Cottrell dislocations.

" In thencase,of}internal dislocation pileups such as at . B in Figf 32
there is always the.question’whether the'secondary dislocation respon-
gible for the formation of the barrier was a stationary segment of the ori-
ginal network on one that had been moving. However there were many evi-

~dences to indicate that such interactions predominantly occur among mov-
ing dislocations, The fact that dlslocations in the pileup A and B of |
Fig, 52aapparently lie along thexsame glide'plane'and are held up while
" moving in the same direction impiies that the basic mechanism 1eading to
the formation of these pileups is that indicated in fig. 33. A dislocation
'~source 8, starts to send out dislocation loops as in (a) at some stress
level during the appllcation‘of the load. The first few loops travel
the'enﬁire crogs section of the graﬁi'without encountering any barriers;

1
However, one of the subsequent dlslocations might form a sessile lock j;ﬂi
by 1nteracting with another dislocation moving on an intersecting slip j
plane due to unavoidable traces of secondary slip activity. This would

lead to the formation of & graln boundary pileup A and an internal pileup

B as shown in (b) Progressive formation of many such 1nternal plleups

. % Figures 33(c) and (d) represent possible mechanlsnlfor the .
formatlon of dlslocation plleups like A in Fig. 9.
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”prevides a eatural:exblanation for the freqﬁentiy obeefved'aiignment of
dlslocations over - 1ong dlstances along a few sllp plane traces in the . E -
"fearly deformation stages, - | |
- The fact thet dis location interactions as-exemplifiedviﬁ Fig.le Arél

predominantly observed only after streee relaxation also indicetes that

- during'the &pplication of the load different sources should‘have operated
: at different times. Only.during stress relaxation will fhere be a simul- ;
taneous movemeﬁt:of'dislocations op;ail;slip-planes and”hence the opﬁort-;c,
: unity.for themito meet and ihteract, Such interactions provide a naturel‘
 expalnation for'ﬁhe abilityvto detect pileups like in Figs, lh(a)A(streSS ;f 
reversal eiperiments) and 21 -even in the stress relaxed eondition, .In
particular the source dislocation S itself mey be immobilized atvthe
poeition ehown in Eig. 22 by iﬁteractien with a meving secondary dis-
. Locatien. The;pileups A and B cannot felex complebely becaﬁse of the
‘presence of the immobillzed source segment S, Even when the directidh.of 
the applied stress is reversed the source cannot operate in the reverse
dlrectlon. Under the s1tuation deplcted in Fig. 22, however, dlslocations

in the pileup A have some room to undertake - some motlonvas the dJrectlon

of the etress is changed. The experimentaliy‘observed behevief of dis-
’1ocat10n pileups upon stress reversal (as explained in Section E of Results)
fits into.such a‘picture. Furthermore, the reduction in the number of
dislocations in the pileup A in Fig. 14(f), from that in Fig. 14(a) 1is

e direct_ceneequence of the:loss of some_semicirculer loops that should e';,,
v ehave occurred dﬁring the necessary removal of about 100 micrens of

material between the two stages.

N



The frequent observation of dislocation pileups in the present
v;:experiments is contrary to the general idea that pileups oceur only very
_;rarely in pure face centered cubic metals, It appears that in most of :

} the previous.experinents using single'crystals where the observations'
‘were usuallylmade in.the stress relaxed condition dislocation pileups
nould'have been hard to detect in the early'deformatiOn.stages because
many dislocations could have either completely escaped through the sur-

‘-face or undergone apprec1albe stress relaxation. Thevfact that isolated.

' dislocation'pileups at the grain_boundaries were frequently the very
.f;;first indications.of the occurence of plastic deformation_in polycrystals

| .imply that the dislocation loops emanating from the first few sources;

“to become active are indeed able to glide over substantially 1ong dig-

- tances, A similar concluSion was also reached by Tinder and Washburn1
from their_high sensitiv1ty strain measurements on tubular polycyrstalline__
‘ OFHC'copper specimens. - |
The present experiments also showed, contrary to usual reports that
‘dislocations of even secondary gsystems can sometimes travel very long
f}distances in the early stages of plastic deformation. Fig. 3l shows

:a grain etched after application of a compress1ve stress of about 60g/mm .
_ The primary'and_secondary slipvdirections are indicated by the letters tpt-
and ‘'s! respectiuelyo‘ The group of dislocations marked X represent the
first few{diSlocations sent out by a_secondary source. These dislocationsﬂ
were able tovtravel all the way to the grain boundaries for the same
reason &s for the first few primary dislocations viz that they did not
vencounter and 1nteract With any other (primary) dislocation. However,

" the generally higher dislocation act1v1ty on a very large number gf
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. ‘primary biahes:migﬁtfpfovide enougﬁ primary diéloéationé to interact 5
. with most of the subsequent secépdary,dislocations. This results in thellii‘
fvvformdﬁion éf 8 large number of dislocation locks along the trace.of the.v
' origihal sécondary.élip plané., Subsequent blockage of pfimary disloéationé .
1' 'a£ thisbextended arrayfof dislocation‘locks léads to the "decoration" of
these secondafy slip plane trécés as seen at a few places in Fig, 5&. As'
‘the total étrain-on the primary system increases more and more dislocations
get caﬁghf along‘these traées leading to the development of heavy disloéa—f‘
tion tangles;  Figure 33 shéws a particularly good exaﬁple:of such dense - (.
 bands of,dislocations along a few secondafy slip'piane traces in a ._
. specimen etchédﬁafter 8 compressive streés of about 200g/mm?? The iﬁpli;:41 
_ cation of the above discussed mechanism is that thé‘reportediy 10&_&18- o
: «taﬁces of motidn of secondary dislocations in the early deformation -
.Astages is only due to their immobilizatién'by interaction”with.a~steady'
stream. of primary diSiOcations‘dn'a vastvnumber of primary planes,
The reason for the operatiqn of secondary sources even in the pre-ﬁ
yield region is not.Quite clear, The‘ne¢essary séatter in.the:neprrk Sizé' f
“'might provide 8 few»long enough secondary dislocation Segmenfs pérticularly.j:-‘
because‘the symmetry of the f.c.c,» structure providés a large resolved
shéar stress on many of the’secondary systems also., The gtress field due
to a gfbup of brimary diélocations caﬁ sométhimes aid the gpplied stress‘
in.operat{ng nearby sources én a secondafy slip plane.gu Thé glide of | S
some connecting forest dislocatioﬁ Segments caused by the bowing of a
highly mobile segmént on the primary glide system as discussed in connection
with tﬁe cooperative glide mechéniém may be yet another wéy of indﬁcing

seéondary slip. In any case the incidence of such slip :activity should
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’ depend on the resolved shear stress acting on the secondary planes and -

- hence on the orientation of the applied stress, ,-

H. .Macroscopic Yielding,
Tt is ihtéresting_to-éonsider what information,-if any; the present
‘experlmental results provide regarding the general concept of macroscopic

,A yield stress. As already mentioned in the introduction and indicated.

from.the present results substantial dlleCationpmotion-and multiplication__

~ do take place at stresses eonsiderably bélow the'yield stress, Macro-
scopic ylelding oharacterizedvby the appearance of slip narkings at the

surface and by a sharp change in the slope of the load-elongaticm curve

(in single crystal) thus takes place only aftervpre-yield plastié'strain o

 has produced a population of dislocations thatiis very different fram the

network that existed after recrystallization or after growth from the
melt, One of  the most characterlsitc observations in the present experi-:i
'vments was the consistentvoccurence of traces of_secondary slip whieh_causea
the primary dislocations‘from a,souree to pileup into diserete groups_'
at various”poihts along.their glide plane oonceirably through the forma;

~ tion of Loner Cottrell locks; Similar dislocation arrangements shouid |
R also oceur in 51ngle crystals in the pre-yield region.' Tt is proposed o
that macroscopic yleldlng takes place when the. magnified stress due to |
.the dislocations at such .internal pileups becomes large enough to break'_
‘down the Lomer Cottrellxbarriers, ther eby pernitting a rery large number
of dislocations tO‘glideviong distances and eﬁentually escape through

the snrfaces._ Tnis would'explain.the'sudden appearance of prominent

" slip markings on thevsurfaces“at yielding as well as the'usual absence -
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' of.any eppreciable'reSidual dislocafion‘damage in the elipped_regionS-

of menal crysﬁals;  If‘a definite criticaivsﬁress is needed to break

vijvdown the barriers then the experimentalxy.observed.increase in. the yieid»"

.stnaeS'of copper single~crystals for orientations favoring maltiple slip -

(s. Kiﬁajima, private commnnication) can oe quelitatively»explained as

follows;' The incidence of secondary slip and hence the number of Lomer -

- Cottrell locks formed ﬁithin a certain length of an active primary slip f

plane would, in‘generel, be greater in the case.of those orientations B

that resnlt in a higher.resolved shear etress on the secondary systems.

“; Figure 36 shovs the very large number of such locksformed in a grain with . -
an almosf'duplex slip orientetion in a‘8pecimen etched under s stress of-'v

'approx1mately 55g/mm + The increase in the number of such 1ocks, however

‘results 1n a decrease in the mmber of dlslocations piled up at each of |

':i these locks. The applled stress has consequently to be 1ncreased before f::

the piled up dislocations can raise the local stress to the criticel_amount‘

B neceséaryrro break the barriers and cause yieldling. Even ﬁhough thevabove |

B mechanism can explaln the yleldlng of indiv1dual grains the mechanism for
a cooperative ylelding of many grains necessary for any apprecieble over- ,'

all plastic_flow in a polycrystal is not clear from the present results.

* The arrow-headed appearance of dislocation groups as at A in Fig.
“36with the dislocation pileups almost always pointing in the same direction
is a necessary consequence of the mechanism of formation of such pileups
‘discussed in connection with Figs, 52 and 33, :
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'V, CONCLUSIONS

- i;;"fhe preeenffieeults'afe consisteut with previouely'reported.re-“;
iy euitsv?egarding-theminfluence_of the degree.of jogging of dislocation eeg-
‘mente>on tueir mobility.‘ Heavily jogged dielocation'eegments do not
seem to take part in the early multxpllcation process. .
| 2, A clean surface by 1tself is not a source of dlslocations in

the early deformaulon.stages of copper. Most of the previously reported
‘surface souices iu copperlappear‘to be only accidentally introduceddls~~
ilocatione-resultinéifiom surface contact.‘

3, Grain bougdaries aleo do not act aefsources of dielocations in
" the pfe—yield regioh of copper. Their“main role'is'to‘act_as barriers -

to moving dislocatlons. '

4y In a well annealed crystal dislocation segments that can potenti-

- ally act as Frank Read SOurces will'always be jogged. The generation

of many dislocations from such a segment is only possible when the source
can operate in an unsymmetrlc WaY Frequently such multiplication is
» accompanied by»the cooperatrve motlon of.dielocation segments.Lying on'
nearby'parallel giide planes; | |

5;‘ The presence of a free surface‘can cause an.increase in the
extent of etrain at the surface when a mobile dislocation segment inter-
sects'thevsurface. This effect is basicail& due to a‘modificatioubof‘ .
the strainrmultiplication,uechanism cuased by the surface but has noth;ngi
to do with & possible factor of two reductiohvin the theoretical stress
needed to expand'a singlehended surface dielocabion:be&ond its critical

radius for mltiplication.
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."y6; The first few dislocation loops generated by the early operating
‘sources are able to travel the entire cross. section of the grain until
stopped by_the boundaries.. This result suggests that in single crystalsv
~some of the first sources to operate may not ‘be detected at all by etch.:
oit.observations because the dislocations nay here moved entirely out
of‘the crystel; |

7, Traces of secondary slip always-occur even in the pre-yield

" region and:are‘reSponsible for the devélopment'of internal barriers (prer i

sumably Lomer Cottrell locks), to the motion of primary dislocations,.
N 8. The phenomenon of macroscopic yielding in single crystals and -
‘:its variation W1th the orientation of the appllied stress can be qualita-”
" tively explainesd: in terms of the collapse of internal Lomer Cottrell locks
at a critical stress.

O« Grain boundary propagation of slip does not usually take place,
in copper in the microstrain region-except in some special cases such
as.twin boundaries where @islocetions from one grain can actnally paesr

‘through into the next grain,
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. FIGURE CAPTIONS
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Schemhtic-drawing of the mierocompression device,

' Dimensions-ahd orientation of specimens used in the bending.

experiments.

' .> Modified polishing apparatus for removal of large amounts :

of material .from the surface without mechanical damage.

-A double etched grain in a_specimen subJected to a com~

 pressive stress of approximately.25 g/mm?; . No dislocation -

motion is evident.

A double etched grain ih a gpecimen subjécted to a com=

pressive stress of approximately 40 g/mm?. ' The black

circles indicate some typical instances of dislocation .

motion,

Ay Typical dislocation pileups in specimens prepared by the"

first technique and subjected to & compressive stress of
approximatelys (a) 40 g/mm?, (v) 50 g/mm?, (e¢) 50 g/mm?, DI

(a) 55 g/t .

v Doublé etched grain in a specimen subjected to a compressive
. stress of about 50 g/mm2. Note the é%sence of any larger'

flat bottomed pits along the slip plane traces of pileups

2
A and Bl

Examples showing the deviation of the dislocations in a

" plleup from a strictly linear array as Seen by etching

specimens under a stress of approximately: (a) 40 g/mm?,

() 60 g/ﬁm?, (e) 50 g/mm , (d) 50 g/mm . Examples (v),

(c), and (a) are double etched,



 Fig. 10 ..

Fig. 11

. Fig. 13

Fige 1.

Sequence ‘showing stress rélakabion of a pileup A in a
specimen subjected to a compressive stress of approxim tely

50 g/mm? and etched int (a) the stressed condition,

(b) the stress-relaxed condition,
Two separate grains in a specimen showing the configuration
(A) formed from dislocation pileups on'close planes on

stress relaxation.after a compressive stress of 55 g/mm2;

.f Sequence showing.the develcpment of "glide polygonization
" near a grain ‘boundary on stress relaxationx (a) specimen-
:,etched under a compressive stress of approximately 52 g/mm?, a
;(b) etched after stress-relaxation and removal of about 10

':microns of material from the surface.

Preferential "glide polygonization' at‘a grain boundary

nearly at right angles to the active slip plane trace in a h

‘specimen etched in the 8tress-relaxed condition after a
t__compressive stress of about 55 g/mm?. ‘Note also the one tc»
V one‘correSpondence'of the pileups across the opposite

boundaries.

Interaction of relaxing dislocation loops after a compressive'

stress of approximately 55 g/mm . the.the dislocation '

arrangement 'at A,
A sequence showing the behavior of dislocation pileups on

vstress reversal. (a) Etched in the stress relaxed condition

after an applied stress of about 20vg/mm?, (b) Double .etched

after application of a stress of 20 g/m'm:2 in the reverse.

direction;, (c) Etchéd after removing 20 microns of material



Fig. 16.

Fig. 17 -

Fig, 18 -

. Flgs 19

56—

from the surface after stage (b), (d) Etched after applying

a stress of 29 g/mm in the same direction as in (b),

(e) Etched after applying a stress of ho_g/mm in the same

- direction as in (b), (f) Etched after applying a stress of
. bo g/mm? in the original direction as in (a)s

. Schematic illustrdtion showing the reletion between the

surface of observation and the twin boundary;

‘Schematic illustration of the change in the orientation of'

" the etch plts on a nearly {lil} surface of observation as

a function of its position relative to & {lll] coherent twin‘

boundarys' (&) above the twin boundary, (v) intersecting

the twin boundary, (c) below the twin boundary._’
" Relative orientations of the {111} planes in the two reglons

,>iof a twinnéd crystal as viewed perpendicular to the twinningk.ﬂ

plane,
Sequénce showing twin-boundary continuity of slip in a

specimen etched (a) under a.stress of about 50 g/mm?,

. (b) after stress rélaxation and removal of about 50 microns,
n of material from the surfﬁce, and (c) after rémoval of an |

- additional 50.nicnons of material from the surface.. Seé
text for &e£ails. |

nMatching élip bands across a IOW'angleﬂboundary in a specimen

fetéhed,under,aycoMpressivésstreshtof‘abnutHGOMg/mmg;*~w
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Fig,

Fig.
" Fig.

Fig,
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23
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26

27

. Fig, 22

‘Increase'in the distance between pinning points by glide .

«5T =

Photomicrograph show1ng the surface of a specimen subjected o

. to a compressive stress of about 40 g/mm while immersed
Llln_the,electropolishing.solution'and etched,(a) ‘before

’l drying, (b) after drying. No dislocation multiplication :
lis evldent in (b) as a result of the drying operation.
;(a)-Dlslocation pileups of opposite sign held up at oppo-"

f» gite boundarles in a specimen subjected to a compressive ‘

stress of about 50 g/mm « (b) and (c) Same region ag In =

E?; Fig. 30(a) after successive removals of about 50 microns
- of material each time and reetching.

o Schematic representation of dislocation loops generated by';tt

a surface source.

o Successxve stages in the operation of a Frank Read source .

w1th,its ends not lying in the same glide plane.

of fbrest dislocations.
Formatlon of a source by cooperative glide of forest

dlslocatlons.

Operation of a surface source by the cooperative-glide :

mechenism, "

‘Sequence.. showing the operation of an internal source in

a specimen subjected to a stress of approximately 60 g/mm?;

(a) and (b) Dislocation pileups at & twin boundary and

at an internal barrier respectively and apparently lying
along the same glide plane. (c) and (d) Same area as in

(a) at two different magnifications after removal of about



Fig. 28
 Fig, 29

Fig. 30 =

‘Fig, 31

Fig. 32

Fig, 33

Fig, 34

. 558?

50 microns of maferialr’andnrebetching. Note the increase in
the etch pit-densityvalong the glide plane trace between the

two original dislocation groups.

" Schematic representation of dislocation lbops.generated by
an inner source.
'Sequence shéWing-the ungymmetric operation of d'joggedldouble.

~ended source to cregté a limited number of'dislocation_loops.

(a) Pileups (A and B) containing more than one kind of -

'disloéations in & specimen subjected to a ‘campressive stress

of approximately 50 g/mm? and -etched in the stress-relaxed

~ condition. (b) Same region as in (a) after double etching

under a stress of - 15 g/mm? in a direction at right angles .

to the original one. Note the motion of all the piled up.

E dislocations;in the direction- away from the boundary.

. Reversal of the direction of shear stress on changing the

direction of compﬁession through.QO degrees.

Piling up of dislocationé againgt an internal barrier at

B in a specimen etched under & stress of approximately

4o g/mm2. . |
(a)'and_(b)..'hechanism of'formation of intérn@l-dislocation'
barriers along primary glide_planes.. (c) and (d) ihdicatev
a péssible mechanism for the'formatién of dislocation ldops
like A in F;g. 9.

Deéoration-gf secondary Slip traceé'in a specimen etched

after a compressive stress of approximateiy 60 g/mm?,



c,wjyig'"55};_ﬁi Dense dislocation bands along traces of a secondary slip

4200 g/mm o

- g ol
: Qsllp oriented graln under a stress of approximately 55 g/mm o

-ystem in a specimen after a compressive stress of about ifo}wﬁ.

Dlslocation pileups at 1nternal barriers in a nearly duplexuib.rf
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Figure 3

XBB 684-1669



-63 -

-4979

XBB 688

igure 4

F



ey

XBB 688-4980

Figure 5



-65-

-4991

XBB 688

Figure 6



66~

XBB 688-4977

Figure 7



67~

XBB 688-4994

Figure 8



-68-

XBB 688-4985

Figure 9



-69-

XBB 688-4986

Figure 10



T

-4984

XBB 688

igure 11

F



-

XBB 688-4982

Figure 12



B

XBB 688-4981

Figure 13



XBB 688-4993

Figure 1L



-Th-

Twin plane
Grain 2

XBL687-~ 3326

Figure 15



> B> 4
b <
(b) > | «
Coher <
P LS I
boundary
4 <4 <«
(c) >1
N -
4 <«

XBL687-3323

Figure 16



T6

Figure 17

ZX/

X
BLE687- 33
24



XBB 688-4992

Figure 18



~78-

-4983’

XBB 683

Figure 19



XBB 688-4990

Figure 20



~80-

XBB 689-5506

Figure 21



“8] =

Surface source
segment S

B A

Surface \ l
X

1\~ groin /

boundaries

XBL689-3844

Figure 22



-8o0-

XBL687-3322

Figure 235



-83-

Figure 2k

XBL687-3328



-8~

(a)

(b)

(c)

XBL687-3329

Figure 25



Figure 26

XBL687-3330



-86-

)

a

(

)

(
XBB 689

)

c

(

5507

igure 27

F



_87_

Internal barrier

Surface

\
\ Grain boundary

XBL689-3843

Figure 28



-88-

> X
@

(a) (b)

XBL689-6795

Fig. 29



-89~

XBB 688-4989

30

igure

F



-90-

XBL687-3325

Figure 31



91~

XBB 688-4978



-92-

Groin.
boundorux
Sy
= TTTT ® 1 1 1L 1 L 1 1L
(a)
Sy
«—TTTTT © J.J.J..LJ.@ L1111
B A
A
< (b)
S¢ D 8 €
& TTT  J411L
«— TTTTT 1111 11111
B « A
A
(c)
S YT S, 1111
@
— TTTTT 111 LLLld
««
(d)
XBL688-384I

Figure 33




.-

XBB 688-4975

Figure 34



9L

XBB 688-4976

Figure 35



=95~

. v ;,o % 5
e qe
“es “Q\ ‘-vu Ll “‘

XBB 688-4974

Figure 36



-

© G

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
-with the Commission, or his employment with such contractor.





