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' SOME OBSERVATIONS ON MICROYIELDING IN COPFER POLYCRYSTALS . -
. _

Gopinathan Vellaikal

Inorganic: Materlals Research Division, Lawrence Radiatlon Laboratory,
Départment of Mineral Technology, College of Engineering,
University of California, Berkeley, Celifornia

ABSTRACT

Dislocation arrangements developed . in 1erge grained poiycrystalline
copper after small deformetiohs_in compreesion orebending werelstudied
by the etch pit technique.‘.The results indicated:that‘the.only role of
grain boondaries iﬁ the preyield deformation of copper was;to act‘aa
barriers to moving‘dislocetions and not as éourceé'of dislocatiohs.'vSome~
special bouﬁdariee did however permit the péssage'of dislocetions across
them even in the microstrain region. It iS'soggested'that the presence'
~§f such "transparent" boundaries is paftiy responsible for the lowering
of the elastic iimit of a polycrystal'withvincreasing»grain size.'

Mnltiple glip always occurred in the preyield region and signiflcantly
'affected the motion of primary dislocations both durlng 1oading and un-~
loadlng by formlng attractive junctions. It wag found that" dislocations
.1n a pileup never coilapsed completely back to the eource'on;stressa .

reversal.

Thls paper is partly based upon a thesis accepted in partial fulflll-
ment of the requirements for the degree of Doctor of Phllosophy in
Engineering by the University of California, Berkeley, California in
September 1968.
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I.INTRODUCT ION

N3l

_It 1s well known that high-sensitivity strain measurements or dis~
location etch—pit techniques can detect small plastic strains well below
the macroscopic yield stress in many‘metals and alloys.<l) In particular

(2) VR . T ‘ ' ’ -5

Thomas and Averbach observed plastic etrains in the range of 1-500%10
in high purity polycrystalline copper specimens at stregses above about
T00 g/mm . With a still higher strain resolution of the order of lO

(3)

Tinder and Weaghburn detected measurable plastic strains in tubular
polycrystalline specimens of OFHC copper at stresses a8 low as 2 g/mm .
However the author is not aware of any prev1ous attempts to observe dlrectly
the dlslocatlon arrangements developed W1thin the gralns of 8 copper
polycrystal during these- early stages of plastic deformation. In the theory»‘
of the mlcrostraln reglon ag originally developed by ‘Thomas and Averbach
and later modifled by Brown and Lukens,( ) it is assumed that Frank-Read

'sources are present Withln the grains and that they begln to be activated_.'
.on the appllcatlon of a sufflclently high stress. The resultlng disloca-‘
tlons then plle up ‘at the graln boundarles and their back stresses even-
vtually cause the source’ to cease operating. The prlncipal role ass1gned
to grain boundarles in the mlcrostraln reglon is to act as barriers to '

'._mov1ng_d1slocatlons and to 1mpose a'deflnlte-llmltation on the number of:'

.dis10cations'that,can be generated by a source at a:given stress. The
macroyield point issupposed . to'be‘reached when the piled up.dislocations
eventually produce the required stress concentration needed to activate.
new gources in the adjoinlng grain, |

The etch—pit technique is obv1ously one’ method for dlrectly observ1ng
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- the early dislocation arrangements_in the'individual grains of a deformedi;
polycrystal and’thereby testing the‘validity of_this'microstrain model.
Etch-pitpstudies.have_so far been made only in a few materials with body p _
centered cubic'structure, the most extensive work baving'been done on -
(5-8)

silicon-iron. 'The:experimental'results are partially in disagree-

mernt with\the previously.mentioned microstrain theory. The grain boun-
daries act as-sources for siip nucleation in the earlj:deformation stages.
rather than’only as barriers to slip. No comparable observations have

been made “in any face centered cubic material, probably because diaiocations
in them can be revealed by etchlng only vhen a low 1ndex plane is closely -

' parallel to the surface of observation. In a fairly large gralned poly-
_crystalllne spec1men the ‘chances of being able to - Observe the dlslocations
~in any surface graln become extremely small. In the present 1nvest1gation
large gralned copper polycnystals with one or more etchable grains on the

, surface were. prepared by spec1al techniques and the dislocation arrange--
'ments_in these grains ware gtudied by the etch,pit’technlque.after.smali
deformationshin compression or»bending; .It:was particuiariy hoéed'thaﬁ-'
.1nfonnat10n could be obtained on the nature of the dlslocation sources and.ﬁ
on the role of grain boundaries in the beginning stages of plastlc de-

formation.
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2. EXPERIMENTAL PROCEDURE

2.1 Snec1men Preparation,

Since reliable etchants have been developed onLy for the {111}

(9)

planes in copper, experiments were aimed at obtalning a spec1men in
which at least one grain would have a (lll}_plane parallel to the_surfacer
It was found that recrystallization of extruded copper rods resulted in |
the preferential formation of grains with & (111} type plane approximately,
normal to the extruding dlrection. Specimens for compressive loeding
were obtained by machinlng from extruded 5/& inch square OFHC copper rods,

(10)

(analysis given in Table I) chemically polishing 8 surface that. was

normal to the extruding directlon and annealing at about 1060°C for.h8_721 g

> mm of Hg. This treatment usually

hours in a vacuum of less than 10
developed at least one etchable graln on the polished surface and an

average grain size of about 5 mm. Speclmens for bendlng experiments

were 81m11arly prepared from extruded l-l/h inch square OFHC copper rods‘:
_VThe dimensions of the spe01mens and thelr relatlon to the extruding direction

of the starting material are indicated in Fig. l..

2.2 Compre531on Experiments.

Speclmens were oompressed at room temperature using either an
"Instron machine or a micro-compression dev1ce schematically 11lustrated
' in Fig. . The-dev1ce is made of stainless»steel and is essentially
-'t like &' C clamp in which, by turning the micrometer head an increasing
'.load could be applied to the Specimen placed between the bottom end plate
" and the modifled spindle of the micrometer as shown in the figure.‘ The
ball and socket Jjoint at the head of the epindle ensured proper alignment

and & uniform distrlbution of the load. The stainless steel plate P, kept
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flush against the verticel arm, minimized eﬁy torque that might have been ;
fransmitted to the specimen'duriﬁg loading.‘ The two Tefloneplates served
.to electricaily ingulate the specimen during elecﬁropplishing. insulaﬁiﬁg
lacquef-was‘applied dn:hll_the surfaces of the specimen except the one on
'wﬁich obserVations.were'to be made and the one inicohtact‘ﬁith the stain-; 
less steel plate at the bottom'thrOugh which elecﬁriéal eonnection was‘
made to the specimen. A-calibfatien of the'loadé'applied'by the device

was obtaiﬁedvby finding the number of turhs fequired on the micrometer
to_cause the same deflection ef the end plates as that ceused by hanging:j'
- a khown weight from eﬁe of the end plates. The particulaf adventage of
the microcqmpression device was that specimeﬁs coﬁld be etched and observedﬂ.
underrthe microscope ﬁhile under stress.. Also it enabled investigation

of the dlslocatlon dlstrlbution down to & llmlted depth below the surface'{
of & spe01men in the stressed condltion by 1mmersing the whole device | |
in the pollshlng solutlon and reetchlng,.

2.3 Bendjng Experiments.

A cantllever beam~type bending was8 employed b& clampingithe specimeni }
(Fig. 1) securely in a vise at the left end and carefully attachlng the
‘»necessary weights on a flexible rubber band running through the shallow
V-grooves at the‘rlght end ofithe spec;menf_ The V-groove only served te
facilitate loading. Strese feversal was aecemplisﬁed by simply turning
ﬁhe.specimeh*uﬁside down and.applying the same Load astbefore., Observatione.
were always made on grains sufficiently distant from the clamping end.v
. However, perceptible damage wa.s generally found only in grains dlrectly

in contact with the vise.
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2.4 Etching Proczdure.

The etchant used to reveal‘dislocationé was the one déveldped by
(9) |

‘and consisted of 1 part bromine, 15 pafts acetie acid,

25 partShydrochloric-acid,_and 90 parts waﬁer. The‘épecimenstefe

always lightly{electropolished prior to_etchipg"using a solution of 60 parts”.

phdsphoric acid and 40 parts water at a cell voltage of 1.5 volts and'a

current density of 0.1 amps/ch; A double etching teChnique was used

‘whenever:-the new positidns of dislocations were to be related to the

old ones, Unless otherwise mentioned the amount of material removed

‘- ffom theﬁsﬁrface-bétweepféuccessive etchings.yas always of fhe'order of

5-10 microns.
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3. RESULTS AND DISCUSSION

The recrystallized grainsvhed a relatively high perfection with dis-
location densities always less than 10 /cm and frequently of the order of . ¥
'.loi/cm N Dlslocations were quite uniformly distributed and there were -

‘ usually no subboundaries. Conditions were-thus ideal to study the early
dislocation phenomena, particularly the role of grain:boundaries because
there were no other grown-in internal barriers to significantly affect the
motion of dislocations.

As the applled stress was gradually 1ncreased the first conspicuous
1nd1cation of thecncurrence of plastic deformation wasg frequently the appear--_
ance of groups of dislocations piled up agmnst the grain boundaries. Figures.
- 3(a) to (d)_show a few typical examples of such dislocation pile-ups in |
sPecimens etched after applicetion of a compressive'stress of*hb, 50,

- 50 and-55 g/mm2 respectiuely._ (A1l stressed reported are applied stresses
unless’othernise mentioned. Also the direction of the applied stress 1s
indicated in'all‘micrographs'by a black line of O.5vmm length‘unless~
otherw1se noted ) When dislocation pile ups were present at .one grain boun;j':
dary there was usualLy a corresponding pile-up at the opp081te boundary

" as may be‘seen in Figs.‘(Ba)»and (b) In similar etch pit experiments on
'“s1licon-1ron, grain boundaries were concluded to be the sources for slip
' Znucleation primarlly from the observation that 1solated gralns typically'.‘ffl | b
_ylelded by Sllp bands coming from only one- side of grain, there being no - o
matching Sllp bands on the opposite side of the grain (for example see
. Fig, l'in Reference 7). The deflnite matching, in the present experiments, :
‘of the pile ups on opposite sides of the grain suggest that in copper the

early. dislocation.sources are located within the grain and not in the grain
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boundaries. The possibility . that the correspondlng gets of etch pits. might '
represent the points of 1ntersection with tle surface of dislocation loops |
sent out from a grain boundary source located at some place away fram the
suifaoe, was elimihated by a direct examination.of the three-dimensional
oonfigurationvof the disloéaﬁions responsible;for tho formation of such a
typical double éndod pile up. Figure b () shows suoh‘a pile_up in a specimon.
oubjected to a stress of 50 g/mm2 and etched after unloading. The fact

that one group of dislocations appears as dark pits and the other as light
plts suggesh that they mark the points of emergence of opposite segment s

(11)

of the same dislocation loops. Figures U(b) and (c) show the same grain‘
etched after removal of 50 aod 100 microns, respectiyely,.of material from .i,}
' the surface. In general no new efch pits wéro revealed as the surface

.vwoo polished'down; the spacing between the etch pits_in the'pilefups increasod.
‘ aod f;‘mally; bo_th sets of pits _d‘isappeared. These results ind_icafe that the
double;endéd pileup originally consisﬁed‘of disiocations of approkimateky
semicircﬁlar.shape;génerated from a single-ended sufface souroe. Details

of the generatlon and operatlon of such sources have. been discussed else-v_

G2)

where. The fact that the dislocatlons 1n the piled up groups were
traveling towards the graln-boundorles during the 1n1t1al application of

the stress is salso indicafed‘by the back ﬁOtioh of these diélocations on
unloading; Flgure 5 shows a graln in a spec1men subgected to a. compre551ve
'stress of approx1mately 50 g/mm ‘and consecutlvely etched in the .stressed..
and unstressed;condltions. The many small @lac@ etch pits along the
direction of the arrow represent-the stress.yel&xed_positlons of some d is-
locations'of;the pile up A whose original positions aie.indioated by the

larger flat bottomed (white)'etch.pits near the grain boundary .
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The difference~betWeeﬁ the preyield deformation behavior of b.c.c. and
f.c.c. materials may be due to the fact that grown-ih dislocationsjil beCecs

materials are all strongly pinned. Multiplication can then oecur-only where

fresh dislocations have been introduced or in regions of high stress
concentration. Grain boundaries may provide reéioné’of sfress‘concen-
tration in the form of precipitates.or inclusions; Moon and Vreeland (8)
observed that slip bands in polycrystalline siliconfiron’formed preferen-~
tially from fresh scrafohes_rather than grén boundaries indicating that
_the_stress required to activate grain boundary sources was greater than
that requiredAto multiply fresh dislocations. When some grown;in dis-
locations are hiéhly mobile as in f;C.c.'materials they are probably abie
to multiply and propagate_much before the operation'of any potential
grain boundary~sources;_v | | |

| Additional infdrmation on the‘nature of;the early dislocatiop piie
ups was obtained‘from.a‘study of»their beha?iorvunder‘stress reversal._
In particuler it'was hoped to discover whether dislocations'in'a pile up

ecoula run completely back into their origlnal source or whether they would

" be annlhllated by dlslocations of opp051te 81gn generated by the same source',ﬁ

under the reversed stress. A typlcal sequence is shown in Flg. 6. Flgureﬂ:

6 (a) shows & grain on the tensile surface'of‘a'spec1men deformed in bend~
‘1ng to a stress of about 20 g/mm and etched in the stress relaxed condi-_
't ion, The dislocation grouplngs A and B represent the opposite halves

of the same dlsloactlon pile up. On appllcatron of an equal laid in the
opposite direction_the disloeations'in grouo“AAundergo considerable back
‘motion as seeo from Figs. 6 tb) and (c) whicﬁfshow the same grainvafter
'etqhing in tﬁe unloaded condition end after removal of about 20 microne

of material from the surface, respectively. The new positions'of,the
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|

dislocations are at C in Figs. 6 (b) and (c). The fact that they have

moved away from the grain boundery on the right is ihdicated by the flat

pits in Fig. 6 (b) and the disappearance ofithese pits on surface polishing

" as seen from Fig., 6 (c). The relative immobility of the dislocation seg-

ments at B in Fig. 6 (a) is probably due to interaction of some of these
dislocations with dislocations of another active .s8lip system e#ident at

the bottom left region of the picture. .Figure 6 (d) shows the same grain -

after increasing the reverse applied stress to 29 g/mm2 and etched after un~ -

loading with an intermediate polishing of f of about 20 microns of material. -

There is still no indicetionvthat-dislocationé of opposite sign have

.been generated from the original source. It was'nct‘possible_to meke .

all the original dislocations run back into their source even at & reverse
stress of about‘ho_g/mm? as seen from Fig. 6 (e). When the same stress of
hO‘g/mm was then applied in the forward direction the dislocations again

moved back to the boundery in the right as shown by the pile ups A in

| Fig. 6 (f).

‘The results may be of some significance in ﬁhe_interpretation of'the_

Bauschinger effect. It is usually observed (see, for example, Edwards

(L 3)),

and Washburn that wheh'the stress is-reversed'plastic flow begins

at a very Low stress, much below the orlglnal yleld but thereaftex nard~

ening is rapld and after a small addltlonal straln the origlnal hardening

'curve is contlnued, shlfted to the right along the strain axis. The

. present results suggest that during the . 1n1t1al loadlngza few sources be-

gin to operate and the resultlng dlslocations plle up agalnst the grain

bounaarles or some other 1nternal barriers. On stress relaxatlon a few of

these dislocetionéiwhichihave'not been trapped by interactions move part of
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the Qéy back towards the soutces.’ The reason.why they cannot travgl

all fhe way back to the sources is probably as.follqws. Dufing,the initial "~

loading sources on both priméry and sécondary‘systems operatg but not

simultaneously. Many disiocation loops reach grain»boundaries after frae‘.

versihé the entire grain without man& inteféctioﬁsAwith dislocations on |

other systemé. However, on unloading all‘these loops_stért to contract

'simulténeously resulting_ip_formatiqn of a éreat many more attréctiQé

junctions. These interactions'eventuaily'stop the back motion. On apply-.'“

~ing a stressAiq the reverse dirgction some diélocétions will be able'to

unbianromvhodes'and conﬁinue their back motibn tow@rds thetsource. This.

can still'occﬁr at a loﬁef.stress than that which started.the operat ion

- of the source duriné the firstvloading._ The result is a lower yield sﬁress_l

‘on revefsé’loading. ' The etch-pit,pictﬁres in'Fig. 67show hé gviQence’for'

aﬁy new épurces bééinning toiopératé in fhe-iﬁitialqstageé~of #ﬁé reversé ;

loading. L | .
The'épéarenp stabiliﬁy of sdme'pileups eyenfinfthe‘sﬁreésfreléxed

- condit ion, asvin:fiés} 3 (3) and (b)»for-ékgmplé,‘igzpfobabindue t§ the

interaction’ of their dislocafions with the'gréwn in'dislocatiéﬁ network.

Direct Qbservatibns of diélécaﬁions.by;x-ray £opography in 1ightly,def§rméd

: coﬁper single'crystéls(lh)‘have shown ﬁiaﬁ edée dislocations move at a

faster‘ratg thah‘screw disloéations; When the activé Burgers véctor is

.barallelﬁ to the sﬁrface'_offibbservation és in . the presenﬁ-experimehts

and'whén>thé sources are located:neaf the surface the fasﬁ_moving edge

- segments of freshly' gener&téd dislopatioﬁv loopé travel ‘all the

way .acréss  the grain téwarasyithe .opposite boundaries before

the screw pafts_of the loops penétrate very far into the grain. During their

inward motion from the surface region the screw segment s become incor-

porated into thé grown in dislocatidn network By forming attractive Junc=-



-1l ' : ' UCRL-18581

tionsbalong their length. On removal of the applied'stress the‘screw
parts'of the loop may not be able to break away from these#junctions under
the‘action of the back stress and only»very limited reverse motion near the :
grain boundaries wouldloceuro The result is the retention after unloading
of many stable dlslocatlon loops elongated in the direction of the Burgers
vector whose edge segments are revealed by etchlng in the plle-ups._
Although the etching restrictions in copper normally precluded the
possibility of’sinultaneously observing dislocations in adjoining grains
there were a few instancesswhere adjoining grains both happened to have
an etchable ‘fllij type plane nearly parallel.to the surface ofvobserva-s
tion. ‘Etch‘pit observations on such'specimens after_light deformat ion
usually showed no correspondenoe-of.pilegups-qr slip-bandsgacrossfthe grain
boundaries.foovever; thereJWereda fewvspecial'instances vhere slip contineu:
ulty across the grain boundarles was apparent even from the very early
stages of plastlc deformatlon. The: most frequently observed case was tnat

of a coherent twin boundary when the operat1Ve Burgers vector was pararler

- to the boundary. The reason why in splte of the etchlng restrlctlons in

copper dlrect observatlon of such Sllp propagatlon across tw1n boundaries ‘

could be made was that the surface of observatlon was never exactly parallel

- to any [lll} plane and that.dlslocatlons cou;dvbe revealed:by etching on
' pianes close to [111) within a few degrees.'_If the-surface of‘observation'
fls 1ncllned at a small angle to a {111] tw1n boundary plane as, schematically

slllustrated in: Flg. 7 success1ve etchlngs at levels correspondlng to A;

B and C snould reveal dislocatlons in graln l in parts of grain 1l and

2, and flnally in graln 2 only. When the actlve Burgers vector 1s paral]el,

to the tw1nn1ng plane(as was usually the case in the present experiments)
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: tions‘along théir length.,  On removal of the applied s@ress the serew

parts of the ioop may nbt be able to hréak away from these_junctions under

the action of the back stress ahd only»very limited reverse motion hear the
_gfain boundaries would‘oécuro The result is the retention after unloading

of many Stablé diélocation Lloops eiongétéd in the direétiqn Qf the Burgers

vector whose édgévsegmenﬁs are revealed by etching ih the pile-ups.

Although fhe etchihg reétrictidns in copper noxrmally pfecluded the
poééihility of:simultanéously observing dileCations_in adjoining grains
there were a'few ihstances;whére adjoihing grains béth happened to have
an etéhablé l(lli].fype plane neaily'parallei.to the surface bf observa- -
tion,  Etch ﬁit bbsefvations on 5uch'specim¢hs aftéfllight deformat ion
usually éhdwed no horrespondenpé of pilerhps:Qr slip‘bahds across the grain
boundaries. However, there.wefe:a’few speciai'instances where slip contin- .
'uity across the‘grain boundafiés was apparent even frdm the vefyhearly
}.étagesvof-plastig déformétion.‘ The mhst freqﬁentlyfobserVed case was fhat
of a bbherent twiniboundéry_when the Qperatiye,Burgers vector was parallel h
”tb the boundary. The reason why in spite 6f the etching re;trictidns ih |
copper direct ohservatihhvof such slip propégation’across twin'bouhdaries
could be madeiﬁas ﬁhat the‘surfaée-of obse:vatioh‘was nevef'éxéctly parallel
to any {111} plane and thétfdislocations copld‘be revealed by etching on

planes clqse_to {111} within a'few degrees.- if the ‘surface ofhobsefvation'
Tis ineclined at a small angle ﬁo'aA[lll]vtwin houndary plane as_schematicaliy
‘illustratedvin:fig.'7 sﬁcceséive etchings at:levels correspohding to A, |
.~ Band C should reveal dislocations in.grain 1, in pérts of grain 1 and
v'>2’ and fihally in grain ? only.. Whén thé activé Bufgers vector isg ?aral]el,.

to the twinning plane (as was usually the case in the present experiments)
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it will have along the twin boundary a common (lll};plane in éach grein.

: Under‘these circumstances those segments of the dislocation loops pressed
against the twin boundary in ei#her grain will acquire a screw éharacter
.and will be able to transfer themselves onto the edjoining grain and con-
tinue expanding as in ordinary cross slip. Under these conditions twin
boundary continuity of slip will be indicated by the persiétence of an’
almost collinear pile up across the grain through the stages represented
by A, B, and C of Fig, 7. This is clearly illustrated by the pile ups in
the sequence of Fig. 8 which éhows the éame grain in a specimen etched
(a) under a streSs‘of 50 g/hmg; (v) éfter stress relaiatioﬁ aﬁd'removal
of about 50 microns of materials form the surface, aﬁd (c) after removal
of ‘an édditional 50 microns qf mterial from the surface. Figures 8 (a)
(b) and (c) correspond respectively to levéis A, Band C of Fig. 7. For
clarity the position of the twin boundary in Fig. 8 (b) is marked by a
dashéd line. Although the region above the twin bouﬁdary in Fig. 8 (b)
now represents a different grain from that.injFig. 8v(é) one%dan still
see in it pile ups A', B' and C' to match the original pile ups, A, B
and C in the region below the twin boundaryf The slight deviation from
linearity of the dislocation ar:ays AA?~and BB' across the boundéry‘in Fig.
: 8‘(b) is due to the deviation of the surface of‘observation from exact
‘[lll) orientation in the grains. When still more material was iemoved
"from the surface so as to completely expoée the criginélly‘underlyingv
grain as in (c)-éne_is still able to obsefve a. pile up C* essentidlly
at the same place as C in (a) and matching the pile up C' in-(b).
Direct‘passage_of dislocatiénS'acrosé a 5§undary was also.found for

oﬁher'sPeciél boundaries} A godd example is seen in Fig. QIWhich shows
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many convinuing slip bands aeross'a smali angle boundsry in a specimen etched,
under a stress of 60 g/mmg. Back reflection Laue pictures of the two grains
showed thet their relative orientations corresponded to a 6° rotation about a
(111) aiis normal to the surface of observation. The above.siip c;ntinuity.
examples are cons1stent with the more general slip continuity requirements r

(15)

expressed by Ogilvie. He observed that in aluminum and brass slip
was continuous across straight boundaries when the lines.ofeintersection'

-of the slip plane with the boundary Were-within about two degrees of one

of the directions (110}, (112) or (123) for each graln, not nedessarilJ

the samé direction in adjacent grains. Sllp line continuity across less
ideal grain boundaries has been observed more recently in aluminum oicrySUals _
(16) but only ap comparatively.much higher
rstrains than in the presant experiments.bbThese cases wouldsprebably have
inrolved the activation of siip:sources by dislecations‘piled up against the"
boundery. The ability of diaiocations to pass threﬁgﬁ grain boundaries of
special'misorientations:may have,an_importent:effect on the-grein'size
dependence of the’eiastic limit of polycrysfaliine aégregetes._ Specimensi
with different grain sizes for‘experimehtai'determiﬁation:of elastic limits i
.are obtained by different heat’treatments._ Large grain sizes are obtained

by embloying]either higher anneéling_temperetures or longer annealing

" periods. Under these cbnditions special low'energy grain’boundaries_such-

as twin boundaries ehd small angle boundaries.will be retainéd'while the
higher energy boundaries will-be'preferentially eliminated. Disloeaﬁion
propagation across the Ienaining boundaries 1n & coarse grained polycrystal

vmuld on the average be more frequent than in a fine grained spec1men.»

The experimentally observed lowering of the elastic limit ofda,polycrystal
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with increasing grain size should then be at least partially due to the
presence of an increasing proportion of "transparent" boundaries rather

than entirely due to the change in grain size itself,
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hécwdmmm
1. The only role of érain boundaries'in the'preyieid deformation of copper?
seems to be as oarriers to'moviog dislocations. Unlike in many b.c.Ce |
materials grain boundaries do niot act ‘as sources of dislocétions. This
difference'is prob;biyidue ﬁo the highAmobiliﬁy of"some grown-in dislocatioqi
segments in puré'f.c.c. metals whicﬁ act as Frank Read‘sources'at 1¢w stresses,
2o Multiple_siipvalways'occurs in the preyield region and sigsificantly:
'affeots the motion of primary‘ﬁislocations‘both during loading and unload-
ing by formlng attractlve Junctlons. .Interaorions are most frequest during
'unloadlng because of the simultaneous back movement of dislocatlons on |
1ntersect1ng:sl;p;planes. |
3. Dis}ooation looﬁs thaﬁtosre spread out fo éhe grain'boundsries.on initial'
‘loading contraof to some extent on inloading asd contract fﬁrﬁher On'abpiia
' cation of & reverse-sﬁress. Howaver even for reverse stresses greater than
: :the original forward stress they do not generally collapse completely
‘ back to the.source‘and no loops-of opposite sign are sent out from the

source.

L, Propagaﬁion'of slip across grain boundaries does not usua]iy”take
‘place in copper 1n the mlcrostraln region except in those spec1al cases
where dlslocations from one graln can actually pass through 1nto the next

,graln. St
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0.002

Analysis of the OFHC Copper
Element Copper Iron Lead Nickel Sulphur. Silver
9 0,003 0.005 . 0,002 0,005

->99.98
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FIGURE CAPTIONS

= o Fig. 1 <E, E Dimensions and orientations of specimens:used‘for bendiﬁg %
‘ v: experiments.'i
L Fig. 2 o ~~ Schematic draw1ng of- the mlcrocompres51on device (a) as -

- viewed from the front (b) as viewed from the side.df{
Fig. 3 _ 'Typlcal disloecation pileups 1n speclmens-etched after ‘

| apﬁlicaﬁion-of a compressive:streSsuof'(a) hO'g/mm?,‘
R ‘-'_'(b 50g/mm,(c)50g/mm and(d)55g/mm~'

Fige L4 o (a) Dlslocation pileups of opposite 51gn herd up at’

hopposite boundaries in a speclmen subjected,to.a_cOm-
pressive sfress of 50‘g/mm?;*.(b) and (c) .Same'regioh
as in (a) etched after Successive removals of about 50
}microns of meferial each-timet,,
- Fig. 5 '_- o stress_relexation‘of a-pileup.A inis specimenvsubjected
- to e;coﬁpressive srress'offSO'g/mmegend consecutively1
: etched in the,stressed_and uﬁsfressed conditions;
_ Fig.ao o A‘Sequence#showing_the behavior of dislocafioh pileups
| B on sfress reverSal (e) Etched in-the unloaded condition
fff’after a stress of about 20. g/mm . (b) Double etched
'_after appllcatlon of a stress of 20 g/mm2 in the reverse.
dlrectlon.. (c) Etched after remov1ng 20 microns of
materlal from the surface after stage (b) (d) Etched
g .:{after increasing the reverse applied to 20 g/mm . |
(e)- Etched after applylng a stress of 40 g/mm in the
.'rreverse direction, (f) Etched after applying a stress of

*%ﬁo_g/mm? ih ﬁhe,forward directlon.



Fig.

' Fig.’

Fig.
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Schematic illusfration shouing the;relation‘between the
v surfacevof observation-and the'twin boundary.

Sequence shoWiné twin boundar&.continuity-of*slip in e
;spec1men etched (a) under a stress of about 50 g/mm ,

(v) after stress relaxation and removal of. about 50

microns of material form,the surface, and‘(c) af%er

- removal of an additlonal 50 microns of material from the

¢

surface. See text for detalls.

Contlnwng slip bands acrOSs ‘a low angle boundary in a

o specimen etched under a compressive stress of 60 g/mm .

~
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Figure 6
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or '

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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