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ABSTRACT -

Copper crystalsxin which. different dislocation densities were intro-
duced by multiple slip were sﬁbsequently deformed in éensidn in single
slip. In all casés fhree.stages were found oﬁ the s;ress'étrain‘curves.
Détailed-observations of surface slip markings were carried out on all
specimens. It was éhown that Stage I in prestfained specimens was due
to progressi?e‘deformation starting at points of stress concentration and
' propagating fhrough the”gauge length. Stress strain cur&es and shear
>stra;n distribution were found to éhange in a regular way with initial
dislocafion densify; the results from aségrown specimens are seen as part
of a homologous sefies which includes‘all of the results from prestrained
specimens. Therefore it is suggested that'Stage I in pure copper is at’
.least partly due to unavoidable presfrains during cooling, handling, and
pre-yield loading. |

'Linking-qf slip élusters.td form groups that grow entirely across
the specimen was found during all stagéétof deformation, even for as-grown
crystals. Surface slip markings that were formed at a giyen'stress 1evé1,>'
whether in Stage I of a pres;rained crystal. or in Stages II or III of an

as-grown crystal, were found to be similar. It was suggested that the type .
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of instability of the disloéation’substructure that is responsible for
clustering of slip into definite bands and the existence of Stage I in
prestréined specimens also develops graduallj'in a specimen deformed from
the start in single slip and that-the decrease in hardening rate in Stage
IIT is associated with the instability of dense three-dimensional disloca-

tioﬁitangles,within which the net Burgers vector is nearly zero.



verified for FCC crystals,
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1. TINTRODUCTION -

It is now well known that when a singlé crystal is deformed in ten-
sion along an axis that resulté in slip onla single glide plane, the
stress gtrain'curve typically has three stages: an initial regidn of
small hardening Fate,'followed by a stage of approximately linear maximum
hardening‘rate,vand finally a region in which the rate of strain harden—

ing continuously decreases.  This characteristic S shape first became well

1¢5)

but is now found to be a more general result.

Similar curves are obtained for BCC,(Z) Diamond Cubic(3) and NaCl structure

%)

crystals. The stress strain curves for. alloy cfystals and for irradia-

tion or quench hardened specimens also have the same general shape. In

these cases the region of low hardening raté that follows yielding is

clearly associated with non-uniform distribution of the instantaneous
strain along the length of the specimen. Slip starts at a point or points

of stress concentration such as at the grip sections of a tensile specimen

~and spreads gradually along the crystal at nearly a constant stress level

" or at least with only a slow increase in stress as an increasing fraction

of the volume is strained. Only when the entire volume has been strained
by this first wave of élip does the hardening rate increase. In all of

these cases a type of hardening exists initially which'is unstable in the

v presence'of the primary dislocations that begin to multiply at points of

(1) J. Diehl: Z. Metallk., 47 (1956), 331.

(2) R. A. Foxall, M. S. Duesbery and P. B, Hirsch: Canadian J. Phys., 45
(1967), 607; and A. S. Keh and Y. Nakada, 1101. '

(3) H. Alexander and S. Mader: Acta Met., 10 (1962), 887.

(4). D. Hoover and J. Washburn: J. Appl. Phys., 33 (1962), 11. -
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stress concentrafioﬁi for irradiated and for quenched and aged FCC metals
the.initial hardeniﬁg is due to a high density of small vacancy clusters
eitﬁer in the form of voids or small’disloéatibn loops. It is well estab-
lished thét prismatic loops are swept away by moving dislocations.(s)
;Theréfo¥e, when a dislocation moﬁes along one glide layer, it becomes easier
for others to move on close-by parallel glide layers. fhe result-is growth
of clearly defineéﬁ.slip Bands. The shear strain within a band continues

to increase until the more stabie kind of hardening within the band is of
the oxrder of the hardening due to the loops in the surrounding material.
Un&er these conditions deformation should obviously be progressive and the
stress required for continuing elongation should not rise much as long as
new bands of slip can form in previously undeformed ﬁolumes.

Another type of "unstable'" hardening e;ists initially in whisker crys-
tals and in many diamond cubic and NaCl structure speciméns. There are
few, if any, mobile dislocations initially present. Deformation must spread
through the specimen by cross sliﬁ stérting from a few points of severe
stresé concentratipn.

It is the purpose of thebpresént paper to‘suggest that small initial
.hardening rates and the clustering ofvélipAin crystals oriented for single.
slip may always be due to the existence of a type of hardening that is un-
stable- in ‘the above seﬁse'when large numbers of moving dislocations on the
: primary system are generated at favorable sites. Under single slip condi-

tions the replacement of this hardening by a relatively more stable arrange-

ment of defects generally requires large plastic strains. Therefore, an

(5) J. Strudel and J. Washburn: Phil. Mag., 9 (1964), 491.
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easily dbservablé’fééiohvof'low hardeniﬁg rate,is fouﬁd‘as the initial parf _'
of the stress strain'éﬁrve.i

‘ It is ﬁossiﬁie that even fdf "as-grown" pure FCC metals;.Stage I should
| not be cpnsidefed aéxa sPecial'caée. Most siﬁg1e'cryéta1 specimens from
which stress stréiﬁ‘curvésjhave been obtained were groﬁn from the meit or
vby recrystalliza;ion and subsequently cooled at a fairly rapid rate from
_ the growth temperature. :For pure FCC crystals; dislocations move and mul-

(6) thaﬁvduring cooling, handling, mounting in

tiply at such low sfresses
the testing machine, and loading within the pre-yleld range, large ﬁumbers
of aislocatiéﬁs ﬁove and multiply. Also, the stresses deveioped during

~ these operation§ do not often produce slip only, or even primarily, on the
.slip system that eventually becomes the primary one: Therefore, it seems
1likely that few, if.any, single slip streSS'strain'qurves for pure fCC
‘metals have Been recorded for which the specimen had.not been'subjected to

(7

some pre-strain in multiple slip. In a previous report the result of

'intentionally prestraining by various amounts in multiple slip prior to
‘testing ingsingle slip has.Been described., -Some of the results of theée

: éﬁﬁeriments.ére important for the purpoéés of the present discussion and

' _are'included in this paper.. These experiménts show that prestraining in
mqltiple slip causes changes in thg stress strain curve apd in thelslip
markings.that are étrikingly similar to those caused by irradiation harden-
'%} ing., They suggest that the initial_stage of low hardening raﬁe, even for -

 pure copper, may be due, at least in part, to unintentional multiple slip

‘ prestfains.

- (6) F. W. Young: J. Appl. Phys.;'gg_(l961), 1917.-.. B
(7). J. Washburn and G. Murty: Canadian J. Phys., 45 (1967), 523,
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. 2. EXPERIMENTAL PROCEDURE

Details of the experiments on which this discussion 1s based have-.f ;1f'

(7)

\.uﬁéeﬁ'desctibed pfeviodéiy and will notfbe fepgated in this paper.
 Large segdedicppper_crystaléioriented as shown in fig; la were growﬁ
;.from the melt and prestféined by varioﬁs,aﬁounts in tension along a [111]
axis‘or by explosiVe shoék loadiﬁg; Smaller tensile specimens were then
‘cut from them which were oriented for single slip. The active slip plane
" for the new specimeﬁé Qas (111). This was the inactive plane during the
teqsile'presfrain;

’;The crystals were extended in an Ihstroﬁ testing machine at a strain
.raté of 6.6XI0'5/sec; " Shear sfreés shéar strain curves were computed frOﬁ-
the load elongation data by assuming that latt;ge rotation resulted fromu
glide on the. primary system'only. | | |

| Surface observations were made at'ali stages of deformation at low, .
high, and intermedigte magnifications.,’ In ordef‘to’follow the growth of ‘:
.slip markings, séveral cpnsecutive observationsAéf the same area were made
‘foiléwing small~étrain'increments withodt”any intetmediéte polishing.

l: For the electron ﬁicroscope replica observations a two stage formvar.
carﬁon réplica technique was used.(s) This pe;mitted consééutiVe observa-
"tiéns bf the same area because removal of the replica from the surface did
: nof destroy the markings. A.Hitachi HU 11A electron microscope was used

. for observation of the replicas. In some cases shear displacements for

individual slip bands were measured using the latex ball method.

(8) J. T. Fourie: J. Appl. Phys., 29 (1958), 608.
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3. RESULTS AND DISCUSSION

5.1, Stress Stratn Gurves

Tensile stress sfréiﬁ‘curves<7> for an as—gréwn aqd for four pre-
strained specimens are.sﬁown in Fig. 2. All.of thé curves could be des-
cribed as having the typical three.stages characteristic of FCC tensile
specimens oriented for single slip. However, the first stage for the speé—
imen prestrained in mulﬁiéle slip to 2.54 kg/mmzioccﬁrred at a stress level
which would have been in Stage III in the as;grown specimen. Clearly.the
three stages for all these curves cannot be explained by the usual argu-
menﬁs which attribute the beginning of Stage II to the onset of dislocation
multiplication on secondary'systems‘and the beginning of Stage III to the
start of extensive thermaily éctivated cross slip;

Increaéing the initial dislocation density by presﬁraining in multiple
’.slip or by shock loading caused régular changes in the stress strain curve
resulting in a homologous series of curves. Thé stress level of éhe initiél
small hardening stage Qas related to the makimum resolved shear stress
reached during the prestrains and was always about 30% higher. The extent
" .of the first stage increased and the hardening_rate decreased with increas-
ing iﬁi;ial dislocation.density; A second "linear hardening" stage always
_followed Stage I. Its iength also increased and its slope decreased with
increasing prestrain{; The stress level at the beginning of Stage III in- . -
creased Qith increasing prestrain..

All of the curves eventually approached each other at very large strains,
but it was clear that the initial dislocation denSity had a ﬁarked effect .

on the shape of the entire stress straln curve. .

\
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3.2, Distfibut_ioh 6f Plastic Strain

There has been-a regretable tendency in the 1iferature to use the
terms: 'fine slip" and "coarse slip", "unifofm'slip" and "Luders Eand
deformation". The present .observations suggest that these labels are
more confusing' than illuminating'because they imply sharp distinctions
where no sharé distinctions eﬁist."Slip in pure copper is always fine
slip in the sense that largé shear displacements on a single atomic glide
layer afe never féund; it is always non—unifsrmiy dist;ibuted in that
slip markings aﬁpear on an initially polished surface when viewed at an
aépfopriate magnification.. The uniformity with which fiﬂe'slip is dis-
tribﬁted.among all the possible glide layers changes in a systematic Qay
as the dislocation densify and flow stress level 1ncr¢ase. However, the
changes cannot be adequately described by the terms: "fine slip", "coarse
-slip",AQr "uniform slip". Also, the apparent uniformity or fineness or
coarseness ;f slip markings depends critically on ekperimental variables
" such as:. ﬁhe magnification at which tﬁe surface 1s observed, the light-
ing or replicé technidue used to make surface contour.visible, the amount
of plastic strain that has,éccurred.since the last polishing of the sur-
face.

Theée considerations make it very difficult £0'define what 1s meant
by the term "slip band". The measurement of siip'band lengths or slip
band spacing or slip band shear displécement 1s certainly a highly sub-
jective process. Also, as pointed out.later in this paper, slip clusters
- usually are correlated or linked togethert. Therefore, at.least for pure

copper, these measurements are of questionéble value,
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3.3, Stage I Deformation

In Figs. 3, 4 and 5 surface markings on an as-grown ;rystal are shown -
| aftér 1, 3, an& 5% strain in Stage_I. Thé electron microscope replicas
| (Fig. 3) show only_about‘a 6ﬂ length of the cfystalt Within this iength
the sheér strain is fairly uniform; "Fine slip" events appear to have
taken place approximately at random spacings. In Fig. 4 a 220p lenéth
of the crystal is visible. :At this scale it is‘obvious that there was
clustering of the fine slip. The entire area shown in Fig, 3 repreééhts
an area of about 2 ﬁm_x 3 mm on Fig; 4; The most ?romiﬁent markings of
»Fig; 3 might be called "slip bands'" in that fhey clearly consist of regions -
>of fine slip concentra;ion;  However, the much larger regions of concen-
trated shear digplacemenﬁ observed in Fig; 4 could alternatively be con-
sidergd as slip bands, In Fig; 5, where a one-centimetgr leﬁgth of t@e‘ :
specimen is shown and on which the'entire area of Fig. 4 would cover a

| region about 1 mm by_l.S:mm; it can be seen that the short regions of con~ -
centrated slip seen on Fig. 4 were themselves arranged in a correlated
i:wéy so that on the écalé of Fig. 5 there seem tO'ﬁe bands of concentrated
shear displacement that extend entirely across the specimen. Finally,

when- the specimen, asvseen in Fig. 5a, was viewed without any magnifica-
tion, there appeared to be a fufther larger-scale concentration of slip
near thé left end and énother near the qénter‘of the gauge length, This
.concéﬁtration of slip markings at two regions aiong the specimen length

' can bé'clearly seen in Fig. 5a.

On the basis of the high magnification electron microscope observa-

tions of slip markings in Stage I the shear strain distribution could be
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characterized as "uniform fiﬁe sliﬁ"._ However, at an intermediate mag-
nification, clusters of fine slip began to appear rigﬂt’after the yield
aﬁd as Stége I continued'their ;umber increased so thatlgfadually the
| entire field of view was covered with promiﬁent markingé. At the lowest
magnification slip'markings appeared .first in only certain regions of the
specimen and as ééformation continued the entire 1éngth gradually became
covered.
Figs., 6 and 7 show slip markings on a crystal that was prestrained
by an explosive shock load which resulted in raising the stress level of
-"Stége I" to about 2 kg/mmz. As 1is seen in the electron microscope rep--
licas of Fig. 6, the slip is still fine slip but the tendency tovcluster
is now more evident even at hiéﬁ magnification. At the intermediate mag- -
nification of Fig. 7 it is clear that the ciusters of fine slip were cor-
, related with other clusters to form groups of slip clusters that started .
from one edge of the crystal and grew across itbe the addition of new
fine slip clusters in the regions of stress concentration at the ends of
the groups. Propagation of slip across-the crystal was like the growth
of a ﬁechanical twin or the growth of a crack. In addition to this pro-
gressive growth of individual groups of'slip clusters, it.was obvious even
at intermediate magnification that these groups started to form first
near the macroscopic stress concentrations at the ends of the specimen
and gradually filled the gauge length, At very low magnification the
front between undeformed and deformed parts of the crystal was much sharpef
than was the case for the as-grown lower dislocation.density crystal,
Figs. 8 and 9 show electron microscope‘replicas and intermediate mag-

nification optical micrographs of slip markings on a crystal which was
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prestrained in multipié_é}ipffé achiéﬁe a “Stage-Iﬁbstreés leﬁel of agoutb
3 kg/mm?. In this case the fine slip was sharply ciuétered even at the |
highest magnification aﬁd the'csrrelatioh betwéén fine slip clusters to
produce slip groups that grew across the: specimen was again observed.

For the heavily prestrainéd crystals "Stage I" clearly had a small

slope,'becaﬁsé the deformation was progressive. Undeformed.regions of

the specimen were gradually-filled‘by slip cluster groupé. This progres-

sive nature of.the deformation in Stage I became iess obvious for smaller
prestrains., As the initial dislocation aensity was decreased, the fronts
between regions containing'slip markings and undeformed parts of the speci~
men became more sprea& out or diffﬁse. In order to‘ﬁfsee*' clustering

of the fine slip, it was necessary to ébéerve at lower magnification.

-

However, it was not c1eér that the "as-grown'" crystal should be considered.

as a Speéial.case. Because of the ease with which dislocations move and

multiply in pure copper and the difficulty of achieving perfect alignment

" 4n a tensile test, it is doubtful that many stress strain curves have been

4

recorded for which there were not unintentional prestrains. This 1s es- - .-

" pecially true if the initial dislocation density is less than 105_cm/ém3f A

If the initial stage of low hardening rate is attributed to progres-~  ‘

sive filling of the specimen with slip cluster groups, even for as-grown
' : crystals, then the straln hardening rate during this_stage'muét be deter—’ 

" mined by the uniformity of the pre-existing dislocation and point defect

substructure. The smaller the prestrain, the less is the chance that it

" will be uniform along the entire length of a single crystal specimen,
. ‘Therefore, the slope of Stage Ibshould be expected to be greater for the

most nearly perfect crystals., A frequeht cause.of macroscopic non-uniformity
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in highly @erféct specimens is pre-yield operation of a few sources on
secondary systems.. Because_of the'léw dislocation density, loops emanat-

ing from active sources can spread over large areas of a secondary slip

- plane. In_this.way barriers to primary dislocation motion are likely to

. be created in sbme, but not all, parts of the specimen.

" The systematic lengthening of Stage I and the increasing tendency fér
c;ﬁstering of the fine slip events as the amount of prestrain is incrgased‘
suggests that the dislocation arrangement introduced by the prestrain is :
unstable in the ﬁresence-oftprimary dislocations in é way similar to the
loof substructures that'forﬁ after quenching and aging.of after irradia-
tion. When the apblied stress becomes high enough to start multiplying
primary dislocations in a region of stress concentration, the chance-thgt
other primary .loops can be formed én nearby parallel layers must be in-

. -9

creased. As previously suggested by the authors three dimensional

arrangements of dislocations for which the net Burgers vector is nearly
zero should generally be stable only under the conditions that existin

when the array was formed. The -introduction of a few foreign dislocations

should frequently cause instability and set off a sequence of rearrangements

with consequent annihilation of a length of. dislocation line that in some
cases may even be greater than the.length of foreign dislocation that was

" introduced. Detailed exaﬁples of annihilation that‘couid be set off by

the arrival of a primary dislocation at an existing metastable tangle of

dislocations have been described previously.(g). These examples are nec-

essarily highly idealized. The actual sequences involving formation of -

(9) J. Washburn and G. Murty: J. Appl. Phys., 37 (1966), 2511,
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new attractice juﬁctions and displacement cf many surfodnding dislocatioc o
segments and nodes would genefally Ee too-complek to befeasily,visuaiized.ffﬁ
However, theﬁﬁet effect should often'bevthe‘bringing tcgéther ofﬁdicloca— _—
tion segments of opposite Sign.and the intrcduction of new'mobile'scgments
of primary diélocation on different parallel glide'iayers..'

As dislocation density increascs,'this_kind of instabilityAwould‘be
- expected to.increase, because. attractive fofccs between neighbofing seg4
ments of diq}ocation 6f'opposite sign increase;as'llr where r is the avcr— '
‘age distance between them. For example, below. a critical separation a
pair-of screw dislocations'of opposite sign in a FCC crystal cannot con-
'tince to exist eVenlif both' are split on the primary plane an&'they lie
on different glide layers, becéuse their attractioﬁ ctress becomes great
enough to cause cross slip. There shouldlbe'a maximﬁm dislocation density-
. above which chfee—dimensional arrangements of .dislocations sPontancously
‘break down into two dimensional arrays in which only the nét‘excess dis-
locations'ofvone sign remain. This maximum dislocation density should in- -

~crease with decreasing temperature and stacking fault energy.

‘ 3.4,: Mechanism of Siip Cluscer.Formation

: bcrihg'the linear hardening Stage; it is‘usually éssumed that the shcar.;
strcin isj"ﬁniformly" distributed. . This is only true on the macroscopic
scale. On a microscopic scale the slip line observaticns show that slip
scill prdpagaces from'one.point to another in a highly correléted wa&. |
_Fig. 10 shows grcwtﬁ.df slib‘cluster groups on a surféce that was'polishcd
after the start of\linear hardening in thc.heaVily préstrained specimen. |
: Figs. 11, 12, 13 show surface markings produced by_the final 2% strain aﬁc

three different total strains within the‘lineéf'hardening rangés\of two
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[

prestrained speciméns-and the as-grown crystal respecti?ely. Correlation
between the slip-markings that form within a small strain increment is
most obvious in the prestrained specimens, but can stiil be recoénized in
the as-grown crystal, If surface observations are made after larger strain
increments, . information as to the order in which individual slip'clus;ers
are formed is 1gét, because.the number of slip clusters becomes so great.
that it is no'longer possible to 1dentify individual slip cluster groups.
For the "as-grown" crystal, even the 2% strain increment was too great for
the observations made at iS%-and 23% total strain. |

. The results suggest tha; ne& slip cluéters always start only at régions
of stress concentration. During the earliest stages of plastic deformation,
these are at external surfaces near changes in section and along specimen
edges. As deformation proceeds, increasingi& numerous regions of favorable
. internal stress concentration are developed where, within a previously
formed slip group, there had been a particularly large step in the direc;
tion pefpendicular to the primary piane.‘ At some of these sites relaxation
by operation of secondary systems or by cross slip 1s probably not complete,

It is proposed that the formation of slip clusters takes place in thé

following way: when a loop of dislocagion expands on a given glide layer
of the primary systém, it is pulled into the cross?slip plane at many
points where it forms an attractive junctién.(lo) Strain multiplication
and the formation of a slip cluster becomes possible only when these seg- )
ments that lie in thé cross-slip plane can be made to bow out on new glide-‘

layers of the primary plane near the original one. The stress to.cause

'(10) J. Washburn: Appl. Phys, Letters, 7 (1965), 183.
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bowing of these segments should be. determined by the spacing of the forest’
dislocations. When the forest contains approximately equal numbers of dis—'

locationsrof‘opposite'sign, the first dislocation that,movesvacross the

-original glide layer promotes annihilation of some segments of the forest.

This increases locally the average spacing of forest dislocations for a

~distance, above and below the original layer, that should itself be‘propor—.;?

tional to the average distance between dislocationms. Therefore in Stage -
I of an as—grown crystal the slip clusters are very diffuse and can only.

be recognized at low magnification. According to this model the original o

. loop not only introduces many segments into the cross-slip plane, but it

also makes it easier for them to bow out. on new layers near the first. A

slip cluster 1is formed by the simultaneous bowing of many separate segments -

A

- on close-by parallel glide layers. Wherever oppositeisdrebtdislocatiOnsfr
meet, they annihilate by cross slip-which also is initiated atninterséctions.wu
- The edge segments meet to form dipoles or more -complex bundles of edge

‘;”dislocations.

During all stages. single slip is: stabilized by this process. However,.

lwhen the tensile axis is near one of the multiple slip orientations, there -

" 1s also multiplication~on secondary slip_planes which- causes forest density-

to rise rapidly with increasing strain. . The increase in forest density

. with strain is due.to combined action of the applied stress and internal - i

* gtresses associated with groups of primary dislocation of one sign.

3.5, "Stage'III'

' The observations on slip markings in all stages, even for the 'as-

'lgrown crystal indicate that slip is clustered and that slip clusters 1ink
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together to form groups or avalanches of slip that grow progressively a-
cross the specimen. As the flow stress incrgases;‘due to strain Hardening,
the average strain within clusters increases because théy'bécome narfower.
As a résult_the linking of slip clusteré intd groups becomes more abparent

U at high magnification. 'Howevér, since linking of slip clusters océurs at
all stages, the decrease in hardening rage duriné Stage IIT cannot be caused
by it.

The‘general appearance of slip markings produced in Stage IIi of an
as~grown crystal and those formed at fhé same stress ievel during Stage I
Qn'a specimén that has been pfestrainéd in multiple slip is strikingly
similar. If clustering of slip in the latter is due to inherent instability
of a three-dimensional dislocation:tanglé that has a net Burgers vector
near zero, it is reasonable'to suggest that the same type of instability
, exists within the dislocation arrangement in a crystai that has been de-
formed from the start in single slip; Electron microscope4observations(l})
show clearly that as thé stress level rises during Stage II, profuse mul-
tiplication of the length of disloqationilines'of'all Bufgers vectors occurs.
. Only those of the primary system hove far enoﬁgh to méké an important
contribution to theftofal plastic strain. If all ‘dislocations of secondary
systems move only short.distances during.a.great increase in the total
lenéth of line present, then it is obvious that in each df the small vol-
umes within which the multiplication takes place the net Burgers vector
must be near zero. This kind of dislocation substructure certainly becoﬁes

increasingly unstable as the dislocation dénsity rises; ... Therefore,

(11) U. Essman: Phys. Stat. Sol., 17 (1965), 725,
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”Vithe increased tendency for slip to cluster and the decrease in rate of

‘.strain hardening during Stage III reflect an apuroach to a maximum dislo-ﬂg

dcation den31ty above which three—dimensional tangles will snontaneously

:fbbreak down into. two-dimensional subgrain boundaries. 'Crosslslip_is an:

N essential process_for the rearrangements,within a three-dimentional tanglefm“i;.un
-"that permit annihilation of segments of opposite sign.- Therefore, this
;_model is con31stent with the many experimental observations which ‘show _

"ithat the stress level and therefore the dislocatlon density at which Stage

- IIT begins 1ncreases w1th decrea31ng temperature and stacking fault energy.
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4, SUMMARY

Stress strain curves of many different single crystal tensile'speci-
mens deformed so as to produce slip on a siﬂgle systém; have an S shape:
an initial region of small hafdening rate followed by a region of maximum
hardening rate and finally a region where the hardening rate continuously
decreases. In the vast majority of cases, the initial region of low harden-
ing rate is associated with progressive deformation which gradually spreads
through the volume of the specimen; This type of deformation reflects the
presence of an unstable type of hardening such as a lack of slip sources
or an initial defect arrangement that can be swept away by moving disloca-
tions. When unstable hardening e#ists, operation of a source on one glide
l;yer tends to promote slip on nearby parallel glide layers so that slip
is strongly clustered and appears as definite slip bands even at higher
"magnification.

Single slip tensile tests oﬁ prestrained copper single crystals show
that the arrangemeﬁts of dislocations produced by multiple slip are un- |
'stable in the above sense. The initial stage of the new stress strain
curve clearly has a small hardening rate,.because the deformation is pro-
gressive. Slip starts only at a few points of‘stress concentration and
gradual;y spreads through the ngcimen. As the amount of multiple slip
prestrain is reduced the frogressive éharactér of slip in Sfége I is in-
creasingly difficult to observe at high magnification. . However, what ap-
pears to be uniformly distributed fine slip at high magnificationris still
definitely non-uniform at very iow magnifications: The oﬁservations sug=- -

gest that Stage I in "as-grown' pure copper may ‘at least be made more
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prominent by uninféntiéﬁél‘multiple siip prestfains-duriﬁg éooling, handling,
and initial pre—?ield loading., If this préstréin.could be céﬁpletely a&oided
the yield stress would be lower and Stage I-wbuldlbé shdrfer or even com-
pletely absen;.

| For prestrained specimens the deformation in Stage.II is still non-
uniformly distributed on the microscopic scale; If the slip markings formed
by the last ‘small increment of strain are observed, it is.clear that slip
clusters are linked together and tend to grow entirely across the specimen
by the progressive formation of new slip clusters near the front of an ad-
vanéing group. This same linking of slip clusters was less obvious but
: still observable in the as-grdwn crystal;v
Since linking of slip clusters occurs ét all stages; it cannot be used
as an.explanation for the beginning éf Stage III: The striking similarity
.."between the'slip markings at ény given stress level in Stage IT or III in
the “as—grown" crystal to those formed at the same stress level in Stage I
of a sﬁecimen prestrained the necessary amount suggests that deformation
from the start on a single slip system also finally produces an arrangement
of dislocations that is unstable. As the‘maximum density at which this
arrangement would sponténeously break down into two-dimensional afrays is
approacﬁed, énnihilation of dislocation sggments;within the»most_dense re-
gions of substructufe near a‘growing élip cluster, should gradually become
equal to the new»lengths created in other less dense regions. When these
-twovlengths,dg become equal near the end of Stage 11, then disloqation

density and flow stress stop increasing with further-strain,
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““Fig.1  Specimen orientations (a) prestraln; (b)c)tést specimens. .- i
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Fig. 2 Single siip stress strain curves showing effect of increas-
' ing initial dislocation density by prestrain in multiple slip. !
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Fig. 3

ZN-5970

Electron microscope replicas showing sur-
face slip markings in Stage I for an as-
grown crystal (a) 1%; (b) 3%; (c) 5%.
Same area is shown at all strains.

UCRL-1T7T7T4 |
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100

ZN-5678

Fig. U4 Dark field optical micrographs of the same
surfaces shown in (a) and (e¢) of Fig. 3
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(a)
(b)
(c)
1000w
ZN-5958

Fig. 5 Low magnification macro-photograph of a crystal for the same
strains as Fig. 3.
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(a)

(c)
| (S | —
4 p 20 p
ZN-5963
Fig. 6

Electron microscope replica photographs showing slip
marking in "Stage I" for a erystal prestrained by
explosive shock loading. Same area of crystal surface

is shown at (a) 4.2%; (b) 6.2%; and (c) 12% shear strains.
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(a)

(b)
(c)
S
100 p
ZN-5957

Growth of fine slip cluster groups starting at left edge and
growing across the erystal during "Stage I" of shock loaded
crystal. Same area is shown at (a) 0.5%; (b) 0.85%; and (c)

2% shear strains.

Fig. 7
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ZN-5690

Fig. 8 Electron microscope replica showing slip markings formed during'Stage I"
on a crystal prestrained to 2.54 kg/mme.
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(a)

(b)

(c)

(d)

| S |
I00u

ZN-5959

Fig. 9  Growth of sliB cluster groups during "Stage I" of erystal prestrained
to 2.54 kg/mf, (a) 4.8%; (b) 5.7%; (c) 6.0%; and (d) 9.5% shear

strains.
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(a)

100

ZN-5694

Fig. 10 Successive pictures of the same area of the surface with an intermediate
inerement of strain of 0.1% during "Stage II" linear hardening of a
crystal prestrained to 2.54 kg/mm=.
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Fig., 11 Dark field photographs of slip markings formed by the final
2% strain at total strains in Stage II of (a) 23%; (b) 33%;
(¢) 43% on a crystal prestrained to 2.54 kg/mnP.
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ZN-5682

Fig. 12 Same as Fig., 11 for crystal prestrained by
shock loading; (a) 16%; (b) 26%; and (c)
36% total strains.
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(a)

(b)

(c)

ZN-5688

Fig. 13 Same as Fig, 11 for as-grown crystal;
(a) 5 (b) 15%; (c) 23%.





