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~observed in & previous surface investigation

‘A STUDY OF SLIP BAND GROWTH IN PRESTRAINED COPPER
Thomas H. Kosel‘-:

" Tnorganic MétefiélélReséafCh“Diviéidﬁ,‘LaWrénce‘Rédiation Laboratory,
Department.of Materials Science and Engineering, College of Engineering,
University of California, Berkeley, California

| ABSTRACT
The formstion of heavy slip bands in prestrained copper crystals

was studied by transmission electron microscopy. Heavily damaged

regions parallei to the primary slip plane were.observed. These were

‘found to correlate well in dimensions and distribution with slip bands

(1) of‘crystals of the

same geometry. The damaged regions:consisted principally of dense»

carpets of dislocations lying on the primary glide plane. The

observations are discussed in terms of a model which explains the

formation of heavy slip bands.
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- of sharp slip markings on the surface (

"easy glide

" INTRODUCTION

Tt is known that in pure FCC metal crystals which have been radia-

ition herdened-of ‘quench hsfdened’there exists an initial low hardening '

reglon of the stress—strain curve whlch is assoc1ated with the appearance
123&)
mission electron microsccpy (TEM) that during the low hardenlng tran51ent
the damage‘intrcdnced by quenching or irradiating the crystals is "swept

| (L)

out" along certain glide layers hy-slip on the primary system. This

cfeatesvin'effect a“softened path in the crystal which may be followed

'by more slip along the same or nearby gllde layers, creatlng a heavy slip

band w1th a large step height

It is also known that heavy prestralnlng of FCC crystals by any of
(1) (3)

several means-(including shock loading, and tension in

(2) or polysllp oriéntetion( 1)

twisting,
caﬁses_snbsequent stnslning in
a'single slip orientation'tcéexhlhdtlan initisl'fegion of low hardening
and‘ccerse slip markingsrontthe‘surfsce.' Thus Murty and Washburn(]‘)
were led tc suggest that the mechanism responsible for the coarse slih
markings and 1nitial low hardening rate in prestrained cryotals was
simllar to that thought to be respons1ble for these effects in quench »‘
hardened and irradiation hardened~crystals. They noted that the tangled

"walls" of the dislocation cell.structure'intrpduced'by prestraining

(consisting of "cells" of nearly perfect crystal sepsrated by tengled

"walls" of dislcéations) commonly exhibit only very small net lattice

rotations across them. This indicates that within the tangles there

are nearly equal numbers. of dislocetions having the positive and negative

It has been observed by trans-



sigh of each Burgers vector'présent, so that the net Burgers vector taken

" over a large Burgers circuit is small. Therefore the cell wall tangles

mﬁst‘be metéstable in the sense that rearrangements within them which allow

dislocation'ségménts with equal but opposite Burgérs vectors to come to-
gethér can in theory annihilate most of the tangles. It was suggested

that local rearrangements of this type could be caused by slip on a

neﬁ slip'sySﬁem, cansing 8 soft path through which large numbers of primary

dislbcaﬁioné could pass to form a héavy slip band.

A>satisfactory theory to account for the low hardening rate of these
préstrained crystals should explein the fact that the grgdual change in
the character of siip ffom'fihe slip lines to coarse slip bands with in~-
creasing préstrain is accqmpanied by a gradual increase in the extent anc
decreaée in'fhe slope of the low hardening region of the stress strain
c;irve-'(Figf 1 ). Thié gradﬁal change in bo£h the character of slip and
the streés—strain curve strongly suggests thaf Stage I of_anvas—growh
,crysfél sﬁoﬁld'be explained in the same way that the.inifial low strain
hafdéniné raté'of‘préstrained crystals is explained; In both as-grown
~and prestrained crystals slip is distributed unevenly along the gage
length of the crystal prior to the transition to a higher strain harden-
ing rate. This_transition ocecurs ﬁhenbthe whole gage'length has been
filled with slip lines or bands. )

Once the‘softened path in the prestrain dislocation structure has
been produced,'slip on a slip iine can proceed until hardening;mechanisms
due to primary slip causes the softened path to regain the same "hardness"
as thevrest of the disloéation structure. At higher stress levels (and
. higher prestrains)‘more hardening should“be necessary to stop individual




slin lines;:and.so more.dislocations should move in each_slip line, .That
.the dislocation distribution produced by Sllp on one Sllp plane is stable
w1th respect to further sllp on the same slip plane but not to slip on
other slip planes has been demonstrated by Ba51nsk1 ‘and Jackson.( 2)
Coupled w1th.the greater number of slip lines (due to their clustering
closer together) this means that more dislocations will move 1n a heavily
prestrained crystal before the gage length,is covered w1th slip bands so
that stage I will be longer. The increa81ng tendency to form a Luders
band with increasing prestrain indicates'thatlnew slip bands form in parts
of the crystal-which are more nearly‘characteristic of the.prestrain. It
each nev.slip band forms under ekactly the-same conditions as previous
bands, the strain hardening.rate must beizero.4 Therefore the increasing
tendency towards Luders band formation should be accompanied by a de-
-crea51ng straln hardening rate in Stage I ; as observed

"The present_TEM work was undertaken to discover whether evidence of
‘local annihilation of cell wall tangels could be discovered in the dis-
location structure of the crystal after the second deformation. The work
was carried out on crystals given a heavy prestrain. Since heavily pre-
strained crystals generally show one or more Luders bands spreading over
the surface TEM f01ls were taken from areas of the crystals hav1ng slip
markings characteristic of thenLuders band,‘the area near the front of the
Lﬁders band and the more or less undeformed area into which the Luders »

band was propagating. Foils of different orientations were examined.
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EXPERIMENTAL

_A large single crystal (3.5x1x15 cm) was grown in an induction furnace
using.avs?lit graﬁhité mold and ASARC 99;999% pure éoppér. After electron
beam welding OFHC copper grips td the ends the cr&stal was prestraihéd
along [111] to a resolved shéar stress of 2.5.kg/mm2{ The crystal orienta-
tion is iilustrdﬁed in Fig} 2 , Smaller crysfals (1x1 cm cross seétion)
of a single slip orientqtion'wéfe then removed from thé.lérge crystal by
spark maéhining. These had as their primary slip plahe the (111) plane |
which waé perpendicular to the prestrain tensile axis (Fig. 2 ). .The ends
6f the Small crystals were cut off perpendicular to the crystal axis by
épérk méchiniﬁg so that the crystals could be defbrmed in compression.
The épark cutvfaces‘of these crystais were then removed to a depth bf about
1 mm with én acid polishing'wheel;‘fhe other faces were also polished to
obfaiﬁ a smooth surface for slip'line observation. The ends of the crys-
tais were then lightly sanded using a jig designed to make them very flat
~and parallel. The_cfystals were then déformed at room temperéture in
cdmpréssionvﬁsing an Inétron.testing mechine at a strain rate of 5X10_5 sec—l.

After_compressiou to a point in Stage I of the stress-strain curve,
the crystéls were sectioned on various crystallographic planes by acid
~ sawing.- The slices obtained (about 1 mm thick) were then thinned to
1 0.002 in. to 0.003 in. with the acid polishing wheel. Discs 3 mm in diameter
were‘chemically removed from these thin sections via a photo resist method.
‘The copper was dipped in Kodak.Photo Resist (thinned 50%)'and allowed to
dry. It was then placed between two sheets of film which were’prepared
with clear circles on ﬁ black background (with the film taped so the

circles were in register) and exposed about a minute to sunlight. After




wn

" _one minute developing in KodaE.Photo ReSist‘developer and dying , the

photo re51st was al]owed to dry for several hours. ‘Imperfections in the

re51st were touched up with lacquer before dlssolv1ng away the copper

-surrounding the dlSCS in a two molar solution of FeCl . The photo resist

3

-was dissolyednaway in'acetone;,usually & residual film remained whichfwas

e,

carefully'remoyed with tweezers. 'Dipping-inianbacid mixture (two parts

'HNO , one part HPOh and one part HAc) helped to loosen the film. The

3
resutling discs were'electropolished in'a'Fischione jet electropolishing

machlne u51ng a solutlon of one part HNO and two parts methanol. A

3
voltage of 5-10 volts W1th 10-20 mA current at —hO°C gave cons1stently

: good f01ls. Foils were examlned in an Hitachi HU125 electron microscope

at 125 kV, and in a 650 kV Hltachl microscope operated at 500 kV to
(5)

- prevent electron radlatlon damage._

Small mlsorlentatlons (about l/2 deg rotatlon) were observed and
these were studied by taking Selected area diffraction patterns using an

aperatureTOf'EO microns in diameter, which selected an area in the image

of about 1/2 micron in diameter. Shifting of theyKikucni lines relative

6 the spots in the diffraction pattern-gave'ayneasuredof the‘magnitude-
and direction of the lattlcexrotations. These determinations were
carrled out at 500 kV to minimize the uncertalnty in the area selected
which is 1ntroduced by spherical abberatlon.(6 ) |

| The primary slip system was deflned as having the Burgers vector
bP = a/2I101] and the primary slip- plane (111). Several foil orientations

were examined: (121), (11Z2), and (lOI foils (perpendicular to the

‘primery slip plane); and (hkl) foils (at 45° to the slip plane). Most

observations were made on (121) foils§ large composite micrographs were

made to study the long range variations in dislocation structure and to
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select "representative" areas without bias. The orientations of the
primary plahe, and the cross-slip, conjugate, and critical planes are

illustrated for (hkl), (121), and (101) foils in Fig. 3.

Y S

R o
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RESULU;S. .

The drslocatlon dlstrlbutlon 1ntroduced by stra1n1ng in tens1on
along [lll] has been studled by Prlce and Washburn(7). It cons1sts of a
dlslocatlon cell structure in whlch the cells sre essentially isotropic;
no signlficsnt tendency for dislocaticns or.tangles to lie on any
specific“plahe‘exists in such crystels.“A representative vieﬁ of this
cell strdcturedtekeh at 500 kV-hSing a (lél) foil fromlthe prestrained
crystal;,is shcwn'in Fig. 4, The cell.size is roughly 3 to h.micronsr
g1212 FOILS | | |
" In the (121) foils the primazy'slip plane lies perpendlcular to
thevplane of the foil and bp, the prlmary Burgers vector; lies in the
.plene of the foil. The cross—slip plane along the same line ([loll)'as
dces.the,primsry plane if the plane of the foil is accurately (121); the
conjugate and critical planes have traces at 68° te the [101] directionl(Figg 3a).

| (151)3foils.taken after the second deformaticn had-acvery_different
aﬁﬁeershce than foils teken after the prestrain. Very dense carpets of
dislccatiens lyihg-ch the priﬁery;slip plane were observed. These carpets
- occurred both singly andu(very freqhently) in pairs separated by 1/2 to 1
micron and running parallel over dlstances of ‘about 10 microns (Fig. 5)} Fairly
large misprlentatlons betweep one 51de ‘and ‘the other_of single carpets
were commcn. .The regiendenclOSed.between paired'carpets of dislocations
was almost always tilted wifh reSpect'to the surrounding crystal by one
helf.tc one degree. These mlsorientations produced changes of contrast
in the micrographs and were undoubtedly‘associated with local internal

stresses. If a given pair of carpets was surrounded by crystal

which'waS'oriented.near'the Bragg condition (i.e. strongly transmitting)
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and enclosed an area which was not (i.e. weakly transmitting) then the
relativé contrast could usually be reversed by tilting the foil slightly
in the migroscbpé (Fig. 6 ). Selected area diffraction.studies were
carried out at SOO kV to determine the magnitude and axis of these
lattice rotations. It was found that the axis and magnitude of the
rotations varied‘from one carpet (or pair of carpets) to the next, and
along the length of a given carpet or pair of carpets. The magnitude of
“the rotatiohs varied between zero and one degrec being usually about one
half degree. These rotations are considered in the discussion.

The dislocations in the carbets were mostly not of the primary Burgers -
vector. In fact, the appearance of carpets did not_éhange appreciably
whén the éperating reflection was changed from one which left primary
dislocations in contrast (e.g. g = 113 or g = 203; g - b; = 0) to the
(111) reflecfion; for which all dislocations having Burgers vectors which
lie in the primary slip plane (i.e. a/2 [101], a/2 [1I0], and a/2 [011]
afe out of contrast (Figs.T,8).Thus the carpets were mainly composéd of
dislocatiéns having the Burgers vectors which lie out of the primgry

1
slip plane: * a/2 [101], * a/2 [110], and * a/2 [0l1]. Micrographs
taken with the primary dislocations in contrast (Figs.Ta,8a,9) showed primary
dislocations occurring in the cell wall tanglesvnear the carpets, and
between the carpets. They are distinguished from dislocations lying in
other planes by the fact that they must be straight lines lying on the
trace of the.primary slip plane unless they are very heavily jogged.

Foils which were taken from the Luders band section of a crystal

showed more of the paired and unpaired carpets than foils taken from

parts of the crystal having only a few slip bands on the surface. Foils

- &
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showing essentially nd’slip'bands on the surface were observed to have

b .

'onlj a few'carpéts and paired éatpété of~dislocations; The dislocation

netwd}k iﬁftheicrystal‘nearvthe carpets.had a-Qefy similar'aﬁpearance to
fhat obse?Ved ih ;he prestrained crystai prior to the second deformation.
'Thé a&efage spacing between paired carpets (l/2lmicfon) agreed well
with Murty's result for the slip band width in such cr‘ystais_. Any
determination of the'léngth of an ihdividual slip band is necessarily
sbmewhatvsubjéétivé. First of ali, whét wekéée-in.thé'micrographs is the

distribution of dislocations whibh-rémaihsvafter straining; therefore,

what we identify as a slip band is the dislocation "damage" which is

left behind after a large amount of primary slip has occurred. It is
quite conceivable that in places slong thé length of a slip band only a

small amoﬁnt of visible damage is left behind, due to local conditions.

Secondly, ss noted.by Murty, with increasiﬁg prestrain there is an

iﬁcreasing tendency for slip Béﬁds to'nucleatevnear thé end of previously

férmed.béhds.f in our micrographs the.paired carpets of dislocations

ﬁsuélly eitended 10 to 20 microns, but evidence of slip (single carpets)

on the same'group of glide lajeréﬂfreqUéntly extéﬁdéd for as much as

lQO microné. | |
Becaﬁse Quf observations'ﬁere'of_the dislbqation damage which is

left after passage of the siip bands it was not possible to provide any

“definite evidence either for or against the idea of local cell wall .

annihilation by primary slip. This is because the annihilation of part

of a cell wall tangle is usually followed by the formation of new
tangles due to the passage of large numbers of primary dislocations.

Once in a while an area such as Fig. 7 was observed in thin foils; this
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can be interpreted as a case of local annihilation. It should be noted
here that if cell wall annihilation does not occur over a large part of
a cell wall the likelihood of observiﬁg the brokeﬁ tangle could be quite

small.

(113) FOILS

A feﬁ (112) foils were examined to determine whether interchanging

the orientation of the cross-slip, conjugate and critical planes would

produce any significant‘changes in the appearanée of the dislocation

,nerdrks.:'No such differences were found.

(10I) FOILS )

In.(ioi) foils the plane of the foil is perpendicular to the.primary
Burgers vector and to.the pfimary glide plane. In these foiis primary
dislocations are always out of contrast since g - bp = 0 for all possible
reflectibns. The cross-siip plane is also seen edge-on in (101) foils,

and it'makes an angle of T0° to the primary slip plane. The conjugate

and critical planes maske an angle of 35°‘to the plane of the foil and

have a common trace which lies at 55° to both the primary and cross-slip
planes (Fig.3b).

The carpets and paired carpets of dislocations observed in the (121)

. foils were also observed in (10I) foils. In some areas there were also

large numbers of individuel dislocations and dislocation tangles lyirg
on the trace of the crosé—slip plane or very close to it. Carpets of

dislocations in such areas sometimes "jumped" from one glide layer to

- another one a fraction of & micron awsy at the intersection with dense

tangles on the cross-slip plane (Fig. 10). In these areas the more or

less isotropic rounded cells characteristic of the prestrain were absent
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(Fig.IO);“ Theéevérééé were ihtéfpreﬁed as_haviﬁé ﬁndérgéné Very'heavy
' slip in the 'se‘ébﬁa"défdi'l-na.tic;rl, and 6c.‘cur.r.ed: in the Luders band of the
crystels. | R
In less heavily deformed parts of (10I) foils thé_”disltmation
’ diétriﬁﬁfién was very similar in appearance-tovthat in (121) foils (Fig. 1la,
12a). ,THE'length of "slip.bandé"'was roughly half what was observed in
(121) Secﬁioné. | B | o | |
'<Véfyfsignificant changés 15 £he appearéncé'of thé:carpets were

>obéerved when'the 6pératihg reflection was changed from’g = 111 to

é = lil'(Fig,ll,lQ).In sﬁdh cééés the densify of-dislocafions in contrast
wds‘found‘té decreasé:markédly;  Thus, the great majority of dislocations
.preéentiih_the éérpets hﬁd‘the Burgefs vectéré‘t a/2 [llb] aﬁd * a/2 [011].
Primary dislocations wére of coprée out of éontrast for both reflections.
 (nk1) FOILS | |
In (hkl) foils both thé priﬁérj slip plane and the primary Burgers .
‘Vectof make an angle of 45° té the plane of the foil (Fig.3c). (hki)
foilslﬁeré taken.both within 100 ﬁ'of thevsﬁrfaée 6f the crystal and.from
lthe'intérior of the crystal té see'whether there was ény noticeable
difference;betweén the disloéation arrgngemehtﬂin the surface and the
bulk. No significant differénée waé fouﬁd.' Slip bands were somewhat
‘difficult to identify since the_primary,plane_was nét viewed edge-on,
but it wﬁs conéluded that they were essentially the same in both cases.

An example is shown in Fig. 13 .



~10~

DISCUSSION

The carpets and paired carpets of dislocations observed after the

TR

second deformation are assumed to be the damage left behind by the

passage of heavy slip bands. This assumption is supported by the
obsefvation that the dimensions of the slip bands agree well with the
dimensions of the damaged regioﬁs observed in the dislocation networks.
i In addition‘the appearance of fhe surface slip bands (Fig. 14) suggests
that there may be a correlation between.the heaviest individual slip lines ‘i
within & slip band and the individual oarpets of dislocations seen in the |
interior. . The quostion of the mechanism for forming these slip bands
remains.’

It is commonly observed in FCC crystals oriented for single slip
that althoﬁgh the strain on secondary slip systems is very small compared
to strain on the primary slip system, the density of secondary dislocations
becbmes épproximately equal to the density of primary dislocations early
in Stage II of the stress-strain curvege’g’loill) This observation is
accounted for by assuming that the secondary slip distance is small;
many dislocations moving small distances produce only small strains.
The reason that dislocations on secondary slip s&stems move only short
distances even when the resolved shear stress on their slip system has
passed the stress at which Stage I normally begins must‘be that the ;
secondéry dislocations meet tangles caused by slip on the primary system.
Secondary systems are thus "hardened" by primary slip, and the lack of
extensive slip on secondary systems is attributed to latent hardening of

(12,13)

these systemé. Hirsch and Mitchell consider that secondary dislocations

are generated under the combined influence of the applied stress and local




1nternal stresses attending plled up groups of primary dislocations This
combined stress acts on sources of secondary dislocations _ In the present
»Vcase of prestrained crystals, carpets of dislocations are observed which
lie on the primary slip plane and which are commonly composed of disloca-
tidns belonging to”secondary slip systems. This SuggeSts that the
dislocations in the.carpets are.produced_by the action of secondary
dislocation'sources under the influencedof.internal stresses caused by
a nearby accumulation of primary}dislocationst‘,It.is inportant to note
here that the stress field of a group of primary dislocations can act to
push dislocations of a secondary slip system away, or to pull negative
dislocatlons of the same system 1nto the primary dislocations. In the
' latter case the secondary dislocations may form attractive Junctions with
the primary dislocations and make a tangle of dislocations on the primary
slip plane which can act to 1mpede further primary slip. Once one of
v‘these carpets is started on a glide layer (or group of nearby glide
vlayers) its growth will be almost certain, since primary dislocations
which come up against such albarrier which.is long on their glide plane
vill be stopped and can’in turn help to operate nearby sources of
secondaryudislocations. The growth of_such,a.carpet depends on- the
v.availability of Suitable_secondary”dislocation sources. The absence of
. I such sources:could cause apéaplin-the'carpet'such as that observed.in
v Fig.5;7- ‘Extensive crOSseslip may occur by thermalvactivation or
intersection nechanisns (14) in'such;regiOns, but will probably.not allow all
primaryvdislocations to'circumyent the obstacle.
The existence of the carpets'can thus be_fairly wellvunderStood-by

considering them to be the tangles which are formed in the wake of &
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heavy slip line (I will refer to heavy slip on a few closely spaced Y
. o _ g
glide layers as a slip line; several slip lines make up a slip band).

However, this provides no insight as to the way that large numbers of
primary dislocations are able to find or clear a path through the dense
dislocation networks in order to allow extensive slip on the same few
glide layers before a carpet is formed.

’Since>the slip bands are obseTQed to extend over distances large
compared to the dimensions of the cells, it is clear that either the

aqcumulafion of primary dislocations against the céll walls is able to

operate'primary sources on the other side of the tangles, or that their-

“accumulation is able to cause rearrangements and partial annihilation
within some parts of the cell wall tangles. The first alternative seems
unlikely because it requires that sources of primary dislocations be
quite common. This is not likely because slip tends to cluster more and
" more with increasing prestrain, indicating that slip line sources are
less and less common. The fact that slip bands are usually nucleated
near the stress coﬁcentration at :n edge of the crystal also suggests a
lack of good slip line sources. Whatever the mechanism of éiib band

formation may be, slip band sources must become less common with

increasing prestrain because they increasingly form preferentially only -

at points of stress concentration near the ends of previously formed
slip bands. This leads to the formation of ILiiders bands in heavily
prestrained crystals. The idea of cell wall annihilation is indirectly
_ supported by the observation that the rounded, isotropic cells of the
prestrain are replaced by a new dislocation distribution in heavily

deformed parts of the Luders band (Fig. 10). The cell wall tangles are



'sllp plane.

15

clearly not stable in the presence of 1arge amounts of slip on the new

ws

Murty s descriptlon of the way surface slip band markings "run a

relay race across the crystal" Suggests that local stress concentrations

'neer the ends of slip'bends can act to'nucieate new-slip bands in much

" the senefway that martensite plates are thought to nucleate:new plates.

The misorientations associated vith the carpets of dislocations indicate

the'presence of local"stress concenﬁretion55which should assist the

operation of'nevarimary dislocetion sources. In addition, new primary

_sources may be produced in these areas by cross—slip or by recombinatlon

of . dislocations moving to accomodate stress concentrations on secondary

Sllp systems. The partlal recombinatlon w1th1n tangles which produced

a,soft path for widening of a slip line must extend for some distance

above and below the Sllp line, and this should at some points make
nucleatlon of a new slip line near the first easier. The extent of this
affected zone should decrease with increasing prestrain, causing tighter
clustering of sllp lines within Sllp bands. | |

The‘general picture of the formatlon of a sherp”siip line is then
that a source, operating within.a region.of stress-concentration, ciears

a path through some parts of the dense tangles of dislocations, allowing

' passage of many primary dislocations. At‘particularly impenetrable
tangles,'primary dislocations pile up and the resulting stress

- concentration acts on secondary dislocation sources to create a dense

carpet of dislocations on the active glide layer, and also makes more
likely the activation of nearby primary dislocation sources which can

nucleate a new slip line. The appearance of two or more carpets of
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disldcaﬁions near one another must them be due to the passage df two or
more sharp slip lines near one another.

Two carpets will form near eaéh ofher when two active slip lines
encounter the same impenetrable tangle, or when they are stopped by neaf
by obstécles so that carpets grow back aldng the slip planes until they
overlap. |

A slip line is a cross section through an area of active slip on a
slip plane; therefore the damaged areas (carpets) we observe are not
necessarily continuous. A view looking down on the primary glide plane
might at some time look like that shown schematically in Fig. 15. At
some places the slip path may loop back on itself, as at A and B. 1In
.some areas the conditions may exist for the formation of carpets (in the
shaded area), while in other parts of the slipped area impenetrable
"obstacles may not have been met (in tﬁe upshaded area). Places may
also exist where slip cannot proceed but where conditions do not exist
.for the formation of a carpet (e.g. along CD). The slip line can grow
in some directions with increasing stress until it meets the conditions
necessary to form a carpet; the formation of a carpet along the whole
perimeter should stop further growth,v This is consistent with Murty's
observation that some slip lines continue to grow during a large incre-
ment ih'average strain.

The type of secondary dislocation sources which exist in different
parts of the créytal must also be different. This would explain the
observation that the misorientations associated with carpets vary from
place.to place, since the carpets would be made up of differentv

proportions of different kinds of dislocations at different places.
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-Although al2 [ilo]:ana”+ a/é [Ollj dislocations were predominant’in
many carpets; there usually were other: dlslocatlons present and the
proportlons*of‘; a/2 [110] and * a/2 [Oll] dlslocatlons cen also vary.
When two carpets overlap one another if one is formed before the
other, the second ‘one must be formed in the stress fleld associated with
'the,first;. This stress field can be somewhat relleved by forming a
carpet nearhy uhich'contains anﬂexcess'of‘dislocations with the opposite
.sign of_the:Burgers vector present'in the.first.carpet'(the Burgers
" vector referred‘to is the composite cf excess Burgers vectors 'in the
carpet).v-Thus'the stress field of the first'carpet favors the.formation »
.of'a carpet nearhy uhich?minimizes’the strain energ& of the crystal.
In addltlon the prlmary dlslocatlons whlch are respon51ble for the
: formatlon of the two carpets may well be of oppos1te 31gns.' This would
explaln the complementary rotatlons whlch are observed in the case of
paired_carpets (Fig. 5,6),_ | A
' Disibcations“withvthe hurgers rectors + a/2 [110] andvi a/2 [o11]
were’ohservedvto make‘up a very larée part of the tangled carpets_of
dislocations. Judging_from the‘appearance of - these disiocations, unless
o they are'extremely Jogged they cannot lie on the cross-slip plane
' because they do not lie on the trace of (lll) in the (lOl) f011s;"
(Fig. lO 11, 12).. Thus they must 11e on the conjugate and crltlcal
v planes, and they are mainly of edge character. An excess of the two -
Burgers vectors + a/2 [110] and + a/2 [011] would result in a lattice
irotation about the~[323] direction becauSe edge dislocations produce

rotations about the direction of the dislocation lines ([1I2] and [211]

_ respectively). An excess of the two Burgers vectors + a/2 [110] and
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- a/2 [011], or of the pair - a/2 {116] and + a/2 [110], would result
in a lattice rotation about the [101] direction. If the g vector used
fdr a micrograph lies along thé axis of rotation Bf the local misorienta-
tions observed, then the misorientation should cause no contrast effect.
Micrographs taken with g = 101 in (131) foils showed contrast effects
due to the misorientations, so [10I] can not be the axis of rotation.
_ Since high order reflections give very poor micfographs, no micrographs
were taken with g = 6L6 in (10I) foils.

The selected area diffraction experiments carried out on (121) foils
did not yield a definite axis of rotation for the misorientations
associafed.with carpets. In different placés along carpets the axis
was found to be differeht. Shifts of Kikuchi lines along the [101]
direction and along the [ill] direction relative to the spot pattern,
were observed in different cases. Shifts in directioﬁs representing a
combination of thesé two directions were also observed. It is not
possible to tell whether the axis of éuch small lattice rotations lies
in the plene of the foil or not. If it does not, then both the spot
pattern and the Kikuchi pattern must rotate about the transmitted beam;
in other words the whole diffraction pattern must be somewhat rotated
about the column of the microécopeu Since this rotation is at most a
fraction of a degree, it cannot be observed within experimental error.
Bééause of this and the observed variation of the axis of rotation from
placevto place, it was not possible to determine the axis of rot;tion or
the type of dislocations responsible er it.

The flow stress for the slip band forming process we have considefed

is controlled by the difficulty of moving dislocations through the

[ RS
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ﬁSOftened" areafof the slip‘linef Rather than one or a few dlslocatlons
l‘creatlng thls soft path it seems reasonable to con;ider that the |
“annlhllatlon is accompllshed by groups of dislocat ons pillng up against
_one barrler after another.l In this case the stres; for forming the slip
:llne and for contlnuous Sllp in the llne w1ll be m)re or less the same,
va this were not’the‘case one would-expect a. serra;ed stress—straln
.‘curve in which slip bands were nucleated at 8 hlgh stress and propagated
at a lower stress. Slip llnes would also be const ained to always form -
completely in 8 small strain 1nterval, contrary to Murty's observations;

The rate of straln hardening of & crystal depvnds essentlally on
ihow much Sllp can occur at a glven stress before s 1p band sites are
'exhausted In Stage I many slip bands form and th=‘stress remains
nearly constant until the whole gage length is unl“ormly covered w1th
sllp bands. The straln hardenlng rate of Stage II of prestralned v
crystals is less. than that observed in as-grown crystals. As Murty
:p01nted out the appearance of slip bands on crystals is nearly
elndependent of the straln the straln hlstory, and the strain hardenlng.
‘rate. Crystals having quite dlfferentvstrain hardening rates (due to
prestrain)ffOrm verylsimilar‘slip bands‘at”the‘same‘stress level,
nCarpets of dislocatlons lylng parallel to the primary glide plane are aA
: commonly observed feature of the dislocation networks of FCC s1ngle

crsytals strained into late Stage II (15 16,17)

Sllp lines formed
during Stage II of as-grown crystals at the same stress as those formed
v1n Stage I of a prestrained crystal may therefore form by the same ‘
mechanism.  In this case_the-last'increment of slip in an as-grown |
crystall(in Stage II),vbefore reaching the stress at which Stage T of |

!
o
{
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the prestrained crystel begins, takes place by the formation of heavy
slip bands similar to those which cover the gage length of the prestrained

crystal in Stage I.




Ciole =

CONCLUSIONS

"'Single slip deformatlon of copper crystals prestrained in'a
' polyslip orlentatlon produces den’e carpets and pairs of .varpets‘.
.0 f dislocations.‘>

-fThese carpets lie on the primary slip plane and have dlmen51ons f

and spacings which correspond to the dimen51ons and spac1ngs of

gslip bands observed on the crystal surface

'-The appearance of the sllpped areas does not change apprec1ably
'__between the bulk of the crystal and lOOu from the crystal surface
”:tThe formation of these slip bands can be explained by a model which
:'dassumes some local annihilations of cell wall tangles and the |
:»aformation of dense carpets by 1nteractions of primary and secondary
'l-dislocations..' o -

: The carpets are often made up almost entirely of dislocations
.having the. Burgers vectors a/2[110] and a/2[Oll], and lylng on the»d' -

.critical and conJugate planes, respectively

The carpets usually contain excess dislocations of one sign of

some Burgers vectors._ This causes the occurrence of misorlentations"

across the carpets which must be associated with local internal :

stresses.;_
The axis of these misorientations varies.from place to place,.
.indlcating that the proportion of dislocations of different

Burgers Vectors also varies.
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FIGURE CAPTIONS
Except where indicated electron micrographs were taken at 500 kV

Fig. 1. A family of stress-strain curves of copper crystals prestrained
to different stresses, (Courtesy of G. Murty(l))

Fig. 2. Geometry of thé crystals; the manner in which sﬁall crystals were
rembved from the large crystal is indicated. (Courtesy of
G.Mmtyu)) |

Fig. 3. ‘Orientations of the primary, cross-slip, conjugate and critical
planes for a) (121) foils

b) (10I) foils
¢) (nkk) foils

‘Fig. 4. (121) Section of the large crystal after the prestrain deforma-
tion. The trace of the (111) plane, inactive during the pre-

strain, is shown.
Fig. 5. (121) Foil taken after the second deformation. g = 111.
A fairly large area of the foil is shown.

Fig. 6. Showé thé change of contrast in an area between a pair of carpets;
the foil was tilted slightly between micrographs. (l§l)_foil,
125 kV.

Fig, 7. (131) foil. In a), g =111, g, = 03 in b), g = 113,

g-bp # 0; 125 kV.

Fig. 8. (121) foil. In a), g = 111, g'b_= 0; in b), g = 113, g'b £ 0.

b
Fig. 9. (121) Foil; g = il3,*g-bp # 0.
Fig. 10. (101) Foil, from a very heavily deformed part of the Luders band.

Tragces of the primary and cross-slip planes are indicated.

Fig. 11. (101) Foil. In a), g = 111; in b), g = 111.

gy



Fig. 12.
Fig. ‘1L,
Fig. 15.

;pfestrained to‘2.5h kg/mmg. (Courtesy of G. Murty
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(101) Foil. 1In a), g = 1113 in b), g = 111.

(hk®) Foil taken after the second deformation. g = 020; g-bp # 0.

Appearance of surface slip bands on the (hkl) face'of a crystal
| | | 1)
(1),

SChematic representation of the pdssible’appearancé of a slip

line locking down on the primary glide plane. The shaded region

indicates a carpet of dislocations.
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| ' | ! 1 '
u — No prestrain 4
. o _O-.'_73-kg/mm2
N A 254 kg/mm? _

 ——- 6.70 kg /mm‘2

® Prestrained by shock" :
loading (10 kbar) 7]

| Y IS |

0.40

‘Shear strain

Fig, 1.
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Fig. 3a
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Fig. 3c
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Fig. 10
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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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