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THE STRESS STRAIN CURVE AND ON SURI'ACE
INDICATION OF SLIP IN COPPER
J. Wastburn and G. Murty
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
Department of Mineral Technology, College of Engineering

University of California, Berkeley, California

INTRODUCTION

The clearly nonvuniibrm distribution of slip as revealed by surface
slip markings is one of the earliest ¢xp¢rimental observaﬁions regarding
the nat#revof plastic strainhin Crystalline‘materials.l Yetvit is a
featuré of ﬁléstic deforﬁation-that is still not adequately explainéd by
1existing_théoriés of’yielding‘and strg;n'hardening}. Surprisingly, thexre
is even a need for %ore accuréteAexperimental information on the way
in whibh sucéessive%sheér displacements arevdistributedbduring éach in-

‘ crementbéf plastlc deformatlon. The'detéilé‘of slip band growth and the
shape of the stress straln curve vary w1th temperature of deformation,
vdlslocatlon density, stack;ng'fault energy and the ratio of resoﬁved
"shear'ﬁtrésé'on.ﬁrimary coméared‘ﬁozéééondéry slip systems.?’B' The
,authorsvaré.uhaware of'any.systeﬁatic e#periménts using electron micro-
~scope repllca technlques in whlch the same surface area Has been observed
reneatedly after several small 1n§rements of strain so as to follow the
_growth of slip bands uné;r a Vafiety of éonditions. The mOst extensive .
prev1ous experlments on the. Sllp band structure in copper are those re-A
-ported by Mader.u.’5 Actlve Sllp bands were studled bv electropolishing
the surface of tensile. specimens after reaching various p01nts on the

stress strain curve. Electron microscope replicas were then taken after

additional 5% increments of strain. .In this way only the last formed
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slip markings wére observed. ﬁé‘showed tha£ during stage I in a speci-
men, loaded so as tb'produce single slip, the individual shear displace-
ments were small and a very large number of planes were active dgﬁing a
5% strain increment. Most slip markings were very long, many extending
entirely across the specimen. In stage II, during rapid strain hardening,
the shear displacements became more localized into fewer more prominent
bands. The average displacement per slip band'was estimated to be about
25 b. Proﬁinent slip bands were found to have been fully fbrmed within
a strain increment smaller than 5% gnd dié not generally grow longer if a
10% strain increment was given. The average length of prominent newly
formed slinEands decreased'liﬁéarlylwith strain measured from the be-
ginning of rapid hardening,(stage II). As the crystal was deformed into
stage III gctivé slip bandsbbecamelwidér and still féwer in number and
they were often obsérved to be'linked together by short slip bands on
the croés slip s&stem. ‘

Invthe presen£ set of e*perimehts.more'extensive observations on
slip bands in copper haﬁe been made by repeatedly observing the same
area after'seveial small increments of strain and by observing the same
areas at both electronimiérOSCOpes and optical magnifications. In addi-
tioﬁ the effect of'initial dislocation density on the three stages of the
stress sfrain curve and on the growth of slip bands was studied. It was
hoped fhat the“experiments would provide new information that would be
helpful in arriving‘at correct explanations for the:three stages of the
stfess strainvcurve and contribute to a better‘understanding of strain

hardening.
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EXPERIMENTAL PROCEDUKE

i

Preparation of Test Specimens:

High purity copper (99.999%) was obtained from American Smelting

and Refining.Company.' Seeded large single crystals (1x b x15 em) . .

were grown from the melt in vacuum using graphite crucibles. The geoi//
‘_metry of the specimens is, shown in Fig, la, The crystal faces were - L '-‘_ﬁ
parallel to ‘(1§1) and (101). The long axis was parallel to [111] with- | r
in about 3°, . | S

In order to obtain hlgh 1n1t1al dislocation den31t1es in some

BT

specimens, several of these large crystals were prestrained. The first
was subJected to an explosiVe shock pulse at a pressure of 10 kbar.
This shock load was weak enough so that no twins.were formed except near

one end., Shock loadiné was expected to cause multiplication on all 12

slip systems. To avoid the possibility of twinning,the other large

‘“"erystals were prestrained by tensile elongation elong the (111) multiple

_sllp axis, - Polycrystelline OFHC copper blocks (ljé)(5:x6‘j'cm);were:wr

,jpined onveither{end of the long dimenelon of the crystal; by elec#ron
k heam welding.‘ The polycrystalline blocks acted as grip sections. The
. resolved eheaf'stress that wue reched during prestraining varied from.
0. 73 kG/mm to 6 70 kG/mm .
, Smaller crystal of easy.gllde orientation were cut from bOuh
l'annealed and. prestrained large crystals at h5 to [111) and [iOl] axes

: w1th an a01d saw.’ In the case of the shock loaded crystal °peclweng
':lwere taken from the twin free regionu. The_cut surfeces of the crystal
samples were polished with an acid polishing wheel, The dime‘sione of
the easy glide'erlentation samples, alter acid écﬁing and_polishing;

were -about 1,5X 8 X50 rm. They were then electropolished using a



solution of 25% phosphoric acid, 25% ethyl alcohol and 506 distilled
water at about 10°C.-

The geometry of the test specimens is shown in Fig. 1b. The (111)
planerthat was inactive Auring prestraining, was the primary glide plane
for th crystals of orientation "B'. In these crystals, the trace of
the glide plane on the top (8% 50 mm) surface was normal to the tensile
axis and the primary Burgers vector was at 45° to the normal of the tpp
surface.

Thg cfystals were deformed in an Instron testing machine at a
strain raté of 6.6)(10"5/sec. The geuge length was 25 mm. A special
fixture was used during mounting and removal'from,the Instron testing
machine to aveoid bending of the crystals. The shear stress - sheaf
'strain curves were computed using the usual formulae for single glide
assuming 1a€ticé rotation %o result from élide on the primary system

only.

Observation of $lip markings:

‘During stage I the tensile test was repe#ﬁedly interrupted for
surféce observations. One or two percent sheaf strain increments were
'used; The surface contour of the crystals at the end of‘each straiﬁ
increment was studied using selected area optical and electron microscope
replica ﬁéchniques. In order to show whether deformation took place

-

primaiily by the formation of new slip lines or by the growth of the

alfeady existing slip 1ines, gurfacé observations were repéated at the

same spot;of the crystél without intermediate polishing for several

consecutive strain increments. Macroscopig distribution of slip was
o

sls0 followed by observing the whole gauge length of the crystals at

very low magnification.
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Similar observations to those made during stage I were made thro

out the linear hardening region (stage II). The crystals were polished
at-the beginning of stage II‘in order to.study the 5
- Tormed in stage IT without the'background of slip markings already

formed in ‘stage I. Shear strain inérements of 5-10% were used in ordqr

to compare résults with previous w_'ork.lr t three different strains within
stage IT "active" slip line observations were made by polishing and then
observing the surfaces after 2% and L% strain increments.

The annealed crystals weré polished at the beginning of stage III
of the stress-straih curve and observations were made af
incrementsﬁ

In order to make a serieé of observations oﬁ the same area of the
specimen, it was népessary not to destroy the surface after each repiica-

1 “

tion. A two-stage formvar-carbon replica technique was used. The

final replica was directly mounted on the supporting ring of the svecimen

holder\éf a Hitachi Electron Microscope without using any grid. Thus
the specimen carrier was .a brass ring (outside diameter 3.5 mm) with an
orifice of 0.38 mm diameter at the cenﬁer. Large areas (about 10up?)'
on the final replica could be viewed without the obstructionAof.‘
grid bars.

In'order to make successive replicas of the same area of the crystal,
the followingfprocedure was used. A rectangular zone of 2.0 X 2.5 mm
was marked on the crystal surface by drawing fine scratches with the
diamonq.indentor éf avmicrohardness_tester. The longer>dimension of the -

zone was perpendicular to fthe crystal axis. "Two microindentations of :

-

the smoilest possible dimensions were made in the center of the rectangular

vart. They were located

uid

zone. The two microindentationu'were-0.38 g



on & line perpvendicular to the cyyetal axis. These micrcindentations

Observetions of the replicas were made using a Hitachi (HU-114) -
electron microscope operaied at 50 kV. Large areas (40X 30u) of the
central porvion of the repiicas were photograrhed. Positions of the
specimen that had been selectad on the crystal with the light microscope
could thus be identified again on the replicas. 1In this way, the electron
micrographs of a specific surface region of a crystal alter several

strain increments could be obtained along with the corresponding optical

Y

micrographs. Comparisons among electron micrographs of the same area
with different strain increments and with the optical pictures of the.

same surface reglon were possible.
Repeated optical ovbservations on the same surface region of the
crystal after several strain increments were made using Zeiss and Leitz

iy

meuallograbhlc microscdpes. Optical observations were made with eitzer

obligue or dark field illumination. In ordev to avold grip effects at
eacnh end of the crystals, siip line observations were always made on
ne central portion of the gauge length of the specimens.

In some cases shear displacements for individual.slip bands were

measured directly using the latex ball method.



. Stress-Strain Curves:

Stress-strain curveg for tyvnical annealed and prestrained ckubw?s

~

are shown in Fig. 2. All the curves vere characterized by three stages.

N

s somewhat hig cher

e

This wvalue
obtained for znnezled corper crystals of comparable purity. In these
experiments, the copper crystsls were grown in hard graphite molds Trom

_seed crystals; they had-a relat veJy high disiocation density (~1C

For the prestrained specimens the difection of the tensile axis was
1 p -

changed from a rmultiple slip orientetion during the prestrain to an easy

’

glide orientation. The initial flow stress on the new primary slip

{
-

system was always higher than thé highest resolved shear stress reached
: ,
during the prestrain. The ratio of the initial resolved shear stress
on thefneW'slip system to that reached_during'prestraining was about.
25 - 1.35. The strain'hardenigg rate was always initially small. -The
initial hardening rate decreased and the length of the stage of low
hardening rate increased with increasing prestréin, The “specimen that
was prestrained to 6.70 ! @&m? in mul tnle slip orientation, necked
and fractured by‘shéar without any general elongation in the easy glide
orientation. Paramétersltaken from the stress~strain curves are shown
_in~Table'&.

In éddition to the important effect on the initial‘portion of the
utresé—éé rain curve, the previous strgin ﬁistory stronély affected the
3train hardening xate and the extent of the second linear hardening
.

(383

svage. - Tne hardening rate decreased and the lencth incresced wi
(=] (=)

inerzeasing prestrain, The stress level TrrT at which the hardening
. iI .

ot
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Table L. Parameters of the Stress-Strain Curves

No prestrain Prestrained ‘Prestrained
' by shock T to 5
loading 2,54 1G/rm

(10 Xbar

tage I (Easy Glide)

Shear Strain at the End - . 0.05 . 0.12 - 0.17
of Stage I (eII)
QI/G - Lo 5.0xlo'u '2.5X10-h k. Oox10™7
Stage II (Linear Hardening)
Extent of Stage II- -~ ' . 0.22 = 0.36 0.Lo
(epprer) | ‘ o
K =G0 b koo 890 1730
Shear Stress at thg End : : ‘
of Stage II (XG/mm") 2k 3,6 - b1

<TIII)
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’rate began %o @ecreasé was found to inéfease from 2.4 kG/mm2 to k.1 kG/mm?
with‘increasing prestrain. Three stages were typical of the stress-sirain
curves of all prestrained specimens, even when the inital flow stress
level was higher than Tror at which stage III begins for the.as grovn
cerystal. At very large strains all the stress-strain curves approached

the same saturation stress level.

Surface Observations on As-Grown Crystals:

(Stage I)

During stégc I élip distribution wag non uniforﬁ along the gauge
length of ﬁhe crystal. Figure % shows an appreciable porition of the
gavge lengtﬁ'after three successive strain increments. After 1% shear
strain, there were:regions on the crystal surface with a high density
of slip markings séparated by othérs where no visible slip had appeared.
Individual slip'markings were propagating from one edge of the crystal
to thefother. With inecreasing strain, the undeformed regions ofvthe
crystai became filled with slip markings. By the end of stage I, the
closély.spaced slip offsets had a wavy appearance when,viewed at very
low magnification (Fig. 3c).

At higher magnification ﬁhe surface contour had an entirely .
different appearance. Thelsémé area, oﬁvfhe erystal surface is shown
in Figs. lba,b, and ¢ after l,‘3 and 5% shear strain respectively. On
this scalé shear strain appeared tq'he distributed more.uniformly.

: : - .
Individuél faint slip lines appeared early in stage I that continued
e gTOW'&ith increaéing strain becoming more and more prominent. New

f

nt lines also formed throughout stage I. The lengths of individual
1

)
ia

[ N

slip markings could best be estimated at intermediste magnification

4

in dark Tield {(Fig. 5). The average length was about 220un and did rnot



. latex ball e

~10=

change with increasing strain increment during this stage. No diré <
measurement of the step heights of slip markings was possible due ©o
their fine nature. Typically the sheaf displacement was mgximum'at the
center and decreaned very gradually toward both ends making the estimate

iength somewhat arbitrary.

Slip markings formed in stage II were also fihe. 1In general, they
became shorter and stronger than those formed during stage I. No
regions were free from new slip mariings along the gauge length for a
1% strain increment, but regions of different slip band density were
observed. (Fig. 6). Slip bands often seemed to form correlated groups;
one beginning near where another ended; These can be c;c#rly seen in
Fiz. 6. Many new slip bands appeared. and the continuous growth of
siip bands was 1ess-frequent then in stage I. The fine structure 1is
shown inFig. 7. The same aréa on the crystal surface i1s shown after
5 and 15% shear strain incremen ts in stage Ilf Growth of some of the
bands present after 5p strain in stage II‘during the subsegquent 10%
increment can be clearly seen. There was a very great dispersion in
the contrast 6f individual slip lines, even towards the end of stage II.

R

The shear displacement for the most prominent bands as estimated by the

thod was about 100 b. Therefore the number of dislcoceations

that had emerged at individual bands ranged over at least one order of

magnitude.

Actlve silip band cbservations Ln'stace II were carried out at 7,
1% and 23% total shear struin Shear strain increments of 2 and ”%
aiter pol;qhing were used Tor this purpose (Fig. 8). Active slip bands

ormed near the end of stage II were shorter than those formed near
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the.beginning and their lengths did not change during the additional
strain increment of 2%. Slip markings on the side surface (parallel
to the primary Burgers vector) were always.approximately two times
longer than those on the top surface. The average length of active

in.

®

slip lines decreased linearly with increasing stir

Surface Ovscrvaticns on Explosively Prestrained Crystals:

The initial flow stress of these crystals was about 1.0 kG/mm?.
During the first low hardening stage for these specimens
of strain along the gaugeilength was much more clearly inhomogeneous
than was the case fofxas grown specimens.

One or more Luders bands: provagated in several widely separated
regions along the.gauge length. FHowever, no yieid drop at the beginning
of plastic fIOW'oréfluctuations in the load during the region of small

S ! ‘ :
hardeningvrate were Observed. Figure 9 shows the Luders band front as
it pagées through a particular field of view. The left end of these
micrographs corresponds to an edge of the crystal. . Groups of slin bands
were élways observed to nucleate at this edge and thenrn propagate across
the width of the crystal by formation of.neW'bands near the end of the
previously formed band. This type of.slip band propagation continued
until the whole gauge léngth of the crystai was wniformly filled. The
end of the region of smell hardening rate clearly coincided with the
filling up of the gauge length with slip bands.

The slip bands could be resolved into clusters of fine siin on

the replicas. Figure 1l0a, b, and ¢ show electron micrographs ¢f the

i

£

graphs after successive strain Increments. More and more

.ine

v

[
[N

vere added at the sides of the bands, but it was not
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see whether additional shear was faking place on already‘ey1su1;g fine
lines as the strain increased. Also, it was not possible to count the
nurber of fine lines within each wide band. For the most prominent
shear markings.seeh on the replicas offsets were measured to be of
order of 150 Burgers vectors. The fine structure within o tyoical
slip band uear the end of the region of small hardening rate is shown

" . £

S1ip bands continued to form and grow during the linea

H

oy

o
D
3
3
]

(stage TI) part of the stress strain curve in much the same way 25 in
stage I except that they were distributed more evenly along the gauge
length (Fig..12). Correlated groups _of 51ip bands were a prominent
feature of the strain distribution as was the case for as grown crystals.
At high magnificatién fhe bands seén optically could be resolved as
clustered fine slip{(Fig. 13). Active slip band observations were made
at 16, 26, and 36% total strain. For 2% strain increments the average
length 5f indi#idual bands, as observed in dérk_field, decreased linear-
-3

1y with increasing strain from about 4x107” cm to 2x10™° cm (Fig. 1b4).

f i on Heavily Prestraine rvstals:
Sur‘ace Observations on Heavily Prestrained Crystals

For these specimens, the resolved shear stress reached during
' e . . . 2 - s e
prestraining in multiple slip was 2.54 kG/mm and. the shear stress
at which p*asUlc flow started: on the new slip sySUem was 5 25 “G/wm .
In the low hardening rate region (stage I) the slip distribution was
similar to that for more lightly prestrained specimens just decribed
except that the non-uniform distribution of slip. bands and clustering
of fine slip became even more pronounced. The slip bande were narrower.

They again initiated at one edge of the crystal and vpropagated to the

opposite edge (Fig. 15). In these specimens alip bands were lLinked
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together by prominent cross slip.

The fine structure of the sharp slip bands could not be well

By

resolved even on the replicas (Fig. 16). - The width of and the local

shear strain within individual bands increased continuously to 1/2p

and 0.7 respectively by .the end of the first stage.
During the linear hardening stage bands again develorved as in
~stage I except that new bands gradurlly became more uniformly distributed

along the gauge length. Pre-existing bands continued to grow and new

-

ones were formed. The correlation between newly forming bands was even
‘more marked in this specimen: (Fig. 17). The average length of newly
B

formed or "active" slip bands again decreased linearly with strain as

_observed on optical dark field micrographs (Fig. 18). TFigure 19
summarizes the observations on active slip band lengths for stage II
-for specimens of .the three different initial dislocation densities.
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DISCUSSION |

Tucleation of Slip: For prestrained specimens, new waves of slip
clearly started by formation of a large enough group of primary dislo-
cations near the edges of tne rectanguiar specimen. The formation of
this first siip band promoted the growth of others in the region of
stress concentration around its front. Therefore, once the Tirst siip
band was formed, slip propagated right across the sp c:mcn, not as a
single slip oard but ac a correlated group of slip bandés.. This mode
£ deformation was less cbvious in specimens that had not been pre-
strained but, as shown by Fig. 6, it-st*Ll was present. The flow
tress under these conditions should be the stress at which in regions
of stress concentration primary‘dislocation loopé‘can multiply so as
to produce a larve enough slip band to set off the avalanche of slip.
Qccasionally classical Frank Read sources mey provide the necessary
group;of primar& loops. However, considering the nature of dislocation
anglés in deformed crystals or even the network of dislocations in
i annealed crystal, this should rarely be possible.
The longest dislocation segments that can potentially act as Frank
Read sources should seldom be isolated enough-from bther dislocations
so- that a source can develop according to the classical picture.' New
att ractlve Junctions with intersecting forest dislocations would usually
be formed béfore the first cycle of operation can be completed. If
the oriéinal segment was longer than the gverage network Iehgth, this
is almoét certain to occur. |
Ié seems likely that the generation of a group of like dislocations

on tne sane close~by glide

=
p
‘ .J
¢}
)
ci
’ J.
8

layers, which constitutes the m

+



of a slip band, usually involves cooperative motions of many dislocation

segments rather than classical source operation.
' 3 i b P '._ . b
When a small stress is applied to an annealed crystal, the first
segments to glide should be those sustaining the highest resolved shear

B s e . - L
tress that lie on a {111} plane. If the stress is less than =,

[

where & is the average length of dislocation segments in’the three
dimensional network, u is the elastic shear modulus and b is the
Burgers vector, then the distance moved will generally be small.
Motion termiAates when the bowing éislocafion reaches the equilibrium .
radius ofvcufvaturelccrresponding go the applied stress. If the
bowing segment is»in?tially-longer than the average,for the network,
even if‘it is longer%ﬁhan the critical Ffank Read length %E, it
will usually come up against other dislocation segments.that picrce
its glidélplane before it reaqhes equilibrium curvature. By forming
new attractive junctions with some of these intersecting dislocations
its length will be reduced to something close to the average length
for the network. The mechanism of slip band nucleation proposed
here is based on the idea that bowing of a highly mobile segment
on the primafy glide systém will sometimes promote cooperativé glide
of several éonnecting forest segments that will in turn allow the
bowing segment to continue to expand even though the applied stress
ub ; \ : . ’

is less than R

Iy

Wnen a .dislocation loop ., expanding on the primary glide plane,

P

is neld up by strong elastic interactions with intersecting dislocations,

som2 of the intersecting dislocations may be caused to move on their
i . .
i .



own glide surfaces, allowing a further advance of the primary disloca- -

tion. This should freguently occur at a stress smaller than that

necéssary to complete the intersection (i.e. to cut the intersecting
dislocation).. The direction in which a pinning point due to an inter-
secting dislocation can move, withouf involving nonconservative motions
of the dislocations involved, depends on the Burgers veétcr of thre
intersecting dislocation. For the FCC structure, if the Burgers vector
of the forest dislocation is one of the three that lie in the primary
glide plane, then the trace on that plane of all its possible giide
surfaces is a stralght llne parallel to the Burgers vector and passing

-

through its initial position. If the intersecting dislocation has a
Burgers vector that doec not lie in the primary glide plane, then the
trace of '1ts glide surface on the primary plane can follow any path.

If" forest disloéations are caused to glide, the distance between
pinnihg pqints fof,some segments of the bowing primary dislocation
increase:és illustrated by Fig. 20, The longest bowing segments may
grow slowly by this process to the'length ub/T, where T is the resolved
shearlstress in the primary system. ‘In this way the primary dislocation
can continue to move forward, successively pushing aside the most
easily-dis?laced intersecting dislocations. The moving dislocation 1o§p
would fdllow;a tortuous path partially clearing away the forest of inter-
secting dislocations in the neighborhood of its glide plane as shown in
Fig. 21.

The stress at which cooperative rearrangements of a network can

take place should be conuro d by the dislocation density and the wo-

bility of the segments that do not lie on {111}. According to this picture,



nucleation of a slip band would involve cooperative bowing 6f a part
of the network having dimensions larger than the average length of
individual segments. . |

Slip bands would be formgd at the critical stress necessary to
cause some bowing éegments to start to clear parts of the forest. The
paréially cleared areas that would be.._.eated should often turn back on
themselves as in Fig. 21b. Wherever this happened a dipole would be
formed because the sum of the compoments of the Burgers vector of the
intersecting dislocations in the encircled part.of the forest would
not generally be zero. -The cleared area might occasionally reach the
back side of the original starting poiﬁt, as in Figgizlé, or turn back
on itself, as in Fig.;Zlb, at a point where a segment of the expanding
loop has been annihilated by recombination with a forest dislocation of
‘ antiparaLigl Burger; vector.‘ When this happeng a slip band source
will have been nucleated. The dislocation loop can then repeatedly
folloﬁ the already éleared path. Each successive trip around the
circuit would generally be on a glide layer displaced above or below
‘that of the immediately preceding passage for the same reason as
~that pointed out above in connection with dipole formation. The
pile~ups of dislocations of the primary system that will form against
the boudaries of'the cleared areas would usually consist of dislocations
of like sign on a set of equally spaced levels. - '

As the cleared areas expand, pile ups of opposite sign will tend
to get pushed together to form the dipole braids that are observed in

stage I by transmission electron microscopy.



Clustering of Fine Slip: In copper the slip bands that are seen by

the optical microscope are always the result of small shear displacemen;s
on a great many glide léyers rather than large displacements on a few.
Generation of one or a few primary dislocation loops on a giveniglide
layer, perhaps by the cooperative bowing mechanism just desci?bed,

seems to promote similar multiplication on other glide layers near .

the first. This tendency for slip bands to rapidly widen may be
explainedvby considering another effect that primary dislocation

lo;ps can have on the forest of intersecting_dislocations: he

expansion of a_few loops of primary dislocation on a given glide.layer
may promote mulfiplication of primary loops on neat~5y\léyers by

partial annihilation of the forest tangles, within a zone gbove and below
the ofiginal glide layér.

It i§ suggestéd here that dislocation tangles are usually only
metastable‘énd may become unstable In the presence of primary dislocations.
The forest will generally contain dislocations of all six Burgers vectors
that are arranged in an irregular hetwork that has reached a condition
-of metastablebequilibrium with respect fo conservative motions.

However, each segmenf will be split Into partials on one or ‘the other
of its two poséible‘{lli} glide planes. Futher'rearrangements and
concﬁmitant decrease iIin dislocation density would usually take place

if all segments were free to change glide planes. It is because they

!
“

are split into partials that this is not the case. Most dislocation
tangles in a deformed crystal separate neighboring subgrains that are
only slightly misoriented relative to one another. The total length

)

of dislocation line present is usually far greater than that which is



necessary to aécount for the tilt or twist angle between the two
subgrains. Therefore, there are many pairs of Opposite sign that
are prevented from gliding together to annihilate because they are
in positions of metastable equilibrium.

The passage of a group of primary dislocations into such a
dislocation tangle should generally cause further.  rearrangement
and promote annihilation. This.sﬁould be particularly true when the
tanglesihave been formed ana reached metgstable equilibrium upder a
different applied stress as is ﬁhe case for tests in whiéh the active
slip system or;systems-are changed.8 However, even when a crystai is
strained from the start in a single slip orientation;‘multiplication of

4

dislocations on secondary systems and across slip of primary dislocations
produces dislocation gangles that generally contain almost equal lengths’
of dislocgfions pf all 3urgers vector$;7 Therefore, it seems likely
thét growth of a slip band can in all cases be.éided by the inherent

instability of the dislocation tangles within which the net Burgers

vector is often almost zero.

——
R

The interactions that would lead to local annihilation would
usually be compléx; but two rather idealized examples ‘are given for
screw dislocations (Fig. 22) and edge dislogétionS»(Fig. 23).9 A
small section Qf'é dislocation tangle is shown in Fig. 22 in which
. four %{10&] screw dislocations on the (1I1) slip @laneﬂhave'interacted
with two inﬁersécting dislocations that'lie in (111). The plane of
the drawing is (101) or any other plaﬁe in the [101] zone. The~%[10i]
dislocations of one sign form attractivé junctions with the intersecting

dislocations while those of the opposite sign are repelled. However,



the latter are attracted by the former and will, therefore, be held:
against the intersecting dislocations. An clement of dislocation
tangle like that shown in Fig. 22 will become unstable i dislocations .
of the same Burgers vector are introduced that are split on (111)
instead of on (izl). Therefore, multiplication of dislocations on
(111) would fesult in anﬁibilation of this metastable arrangement of screw
dislocations.
An edge dislocation in a tangle ié'frequently stabilized bv being
close to another edge dislocation of opposite sign that lies on a
different glide plane. As a simple example suppose that a jogged screw
<

islocation has moved 1eéving behind two dipoles; a section through the
two dipoles in represeﬁted by Fig. 23a. The dislocations A and B lie
on the same,glide plane, they are of opposite sign and would glide
together éﬁa annihilate except that tbeylare stabilized by dislocations
A' and B'. If it is assumed that these two dipoles have the same
Burgers vector as the primary system, and if g'< %-where D is the
distance between dipoles and d is the spacing between dislocations in
the dipoles, then A and B can be annihilated by intersection cross

slip as shown in the sequence of Fig. 23 (b,c). In this way some
dislocations ofy the intersecting forest will be destroyed. In both
these examples, the network dislocations that would be annihilated

have the same Burgers vector as the primary system. However, even

where the dctive slip system has not been changed, many.such dislocations
: 0N

should be expected to be present with' the tangles because each

attractive: intersection tends to promote cross-slip, Hirsch first
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pointed out that a dislocation that intersects a pile-up on its cross-

: . . . 10 ,
siip plane would be pulled into the cross slip plane. TFigure 24

hows how this may happen even at isolated attractive intersections.

0

loo=nn .
Assume that a moving dislocation 5{1101 on (111) intersects
] _ ,
a forest dislocation-?[Oll] which lies on (111). A segment of the
1= = . . = , . . .
resultant E{lOl} will be formed along the [110] line of intersection

of the two planes. If the moving dislocation in the figure has been
tréveling from front right to back left, then as it starts to bow out
on either side of the junction, the segment at the left édjacent to

the contracted:node will necessarily pass through thg pure screw
orientation. TFor the ppposite direction of motion it would be instead
the segment at the right adjacent to the extended node. In either case
f&r an iés;ant the thrée dislocations, %{liO], %{Oll], and %{ZOE} where
they meet must all lie in their common (111) glide plane which is also
‘the cross slip plane for Fhe moving dislocation. To estaﬁlishv
equilibrium of line tensions the node will tend to move into the cross

slip plane as shown in Fig. 24b. TFor undissociated dislocations there

9
e

is nothing to pfevent this rearrangement. When th EiliO] dislocation
is split into partials in (111) and it is the contracted node that
_ﬁends to move into the cross slip plane, a second constriction must
bé.formed ang.moved away from the node as the latter leaves the line
of intersecgéon. However, for a case 1iké the one ill?strated by

Fig. 2k the énergy gained from shortening of the total ibngth of
dislocatioﬁ'line wouid be greater than that associéted with a

constriction. When it is the extended node that tends to move into

) fl . s s . - o
the cross siip plane the constriction that is already present simply
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has to slide along the line of intersection as the node moves away

from it. Therefore, thermal activation should frequently not be

p

necessary even for split dislocations.

What happens after the stage shown at Fig.2Lb depends largely on.
what occurs at the other extremities of the dislocation lines (those
not shown in the figure). TFor example, 1f B moves forward more
raepidly than A then segment 00' will shrink and 00" will be annihilated
as part of segment 0B folds back upon it. The moving dislocation will
have completed its. cutting of, CD. However, if A continues to move
while B remains stuck at another intersection and if there is a large
enough component of stress acting in the cross slip plane the node may
continue to slide up the intersecting forest segment as the constriction

‘ ; 1 [170]. The £{T01] seiuent, 00", is elongated a
moves away along . he {1 se uent, ,» s elongated as
an increasing length of the moving dislocation giides' into the cross

. L s " 1 . . o
slip plane.. This segment, 00", of 5{110] dislocation may then develop
as a source for slip in the cross slip plane.

11

Another, type of intersection that would facilitate "cross slip"

is the cuttiﬁg of a segment of dislocation having the same Burgers

vector as that of the moving dislocation but lying in the cross slip
plane. This dislocation segment might not have been able to move

'ptior to the intersection because(i;s length would be iessvfhan the‘
cfitical Frank Read lengtﬁ for the local re;olvad cross slip stress.’
The intersection would produce a geometric situation similar to that
nictured in.Fig;éyexcept that thgre wbpld be no connecting junction
dislocation. A length of the woving dislocation would be drawn into

the cross slip plane, again as a result of line tension. As was the
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case for the extended node, in the previous examnle, no second

-

constriction would be needed.
The annihilation of segments of the same Burgers vector within

near by parts of the dislocation tangles would certainly promote

L)

further rearrangements that would result in shortening the total
length of dislocatiqns of other Burgers vectors. This, in itself,
might be enough to explain the growtn of slip bands. .However, it is
probéble that a group of primary dislccations represents a sufficient

dication of dislocations of the

(O}

stress concentration so that multip
other two coplanar Burgers vectors will always be associated with its
motion. There is strong experimental évidence that other slip systems
in the primary plane do act together with-the'primary_system. Slip
markings are visiblg on polished surfaces that contain the primary
Sureers vettor direction.”” 1If this is the case then ennihilation like
the examples of Figs. 22 and 23 would occur for three of the six

Burgers vectors rather than for just one of them.

The Strain Hardening Rate: Stage I: Usually a sharp distinction has

been ma@e between progressive spreading of slip along the length of

a specimen (Luders band deformation) and the "easy glide" deformation
that dccurs in stage I when crystals in single slin orientation are
extended in tensién. It is ;he opinion of the present authors that

no sharp digtinction can be made.  Specimens that have been prestrained

under different deformation conditions, either by explosive shock loading

or <111> extension very definitely deformed in a progressive manner

i
n

during the first stage of the stress strain curve., However, it is not

.



equally clear that the first stage for annealed specimens was not

progressive. Low magnification observations even suggested tha

o, B

was, 1€ presence of a finite hardening rate .has sometimes been used
as a criterion that 2 .-deformation is not of the Luders band type.

However, for Luders band deformation the hardening rate is simply

Fh

an indication of the uniformity of the initial defect substructure

and stress distribution. If the specimen is completely homogeneous,
then the slope of the stress strain curve will be zero. If it is not,
there will be a finite slope. Tor an annealed crystal, subgrain

: . A
boundaries and slip that occurs on secondary systems during pre-yield
deformation are»almoét unavoidable_causés of inhomogeniety. The
finite slope that is always obtained for stagé I may sim?ly~reflect
this inhomogeniety. TFor the prestrained specimens it was clear that
dgring_th¢1first stéée the dislocation substructure that was produced
during thé prestrain was gradually being replaced by one that had
greater stability under the new deformation conditions. Howeve?,
as the amount ‘of restrain/is reduced the stréss strain curve and
the surface slip markings changed gradually to those typical of an.
annealed crystal. This suggestsithat even in tge annealed crystal the
grown~in dislocation substructure, with the changes in it that have
occured during pre-yield deformation, should be considered as an
unstable diéloqétion arrangement that is gfadually renlaced by.a more

i

stable one .during stage I. According to this picture, ,stage I ends

when the original dislocation arrangement has bee replaced in all

parts of-the volume. Only for the case where the resolved shear stress

3

o

r

1 the next most favored -slip plane is initially appreciably less than



that on the primary system does this replacement require a large
.

strain. When more than one slip plane becomes active simultaneously

a relatively stable three dimensional cell structure develops yvery
quickly. The dipoles and dislocations left along the active glide

layers of one system act as barriers to the intersecting system and

visa versa. The dislocation density increase associated with a given

PR

%

increment of s;rain is thus dramatically increased. Even for the
single slip orientation, a second slip plane may become active if
reéolved sﬂear stress on i1t becomes equal to the yield stress at which
extensive slig originally began on the primary system. In thié case

stage I is rapidly terminated.

Stage II: The results of slip line observations on prestrained
specimens show that there can be no general>correlation bétween étrain.
hardening fate and slip'line parameters, Stréin4incfements which result
in identical slip markings can come from a region of rapid hardening

in one specimen and a region bf no hardening in the other. This is

the case if one compares the 'active':or newly formed slip merkings

in the initial horizontal part of the stress sfrain curve in a’

lightly prestrained Specimeﬂ with those formed at the same stress

level during rapid hardening of an annealed crystal. Furthermore, the
meéning of measgred slip line parémeters is questionable .

Slip line lengfhs and spacings tend to be rather subjective measurements
ba ause'théy depend so strongly 5n the degree of prominence which is

recognized as & slip band for the purpose of the measurements. There

is another serious difficulty in the interpretation of slip band lengths.




Slip bands are often closely correlated with each other. This was

restrained specimens. As shwon in Figs.
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12 and 17, & =lip band nucleated at one edge of the specimen then

new bands formed along the slip front in much the same manner that

4}
o,

a2 crack might propogate through a crystal. This process continu

B3

until the wave. of slip had passed entirely across the crysta
There may have been almost complete relaxation by local rearrangements

within the dislocation tangles at the regions where the shear dis-

-

placement shifted from one ser of levels to another. If this is the

1

case, then the ‘apparent slip band lengths have little significance.

This relaxation can certainly occur without prominent cross—slip

i

markings 1f there is considerable overlapping of the two adjacent

slip bands. This was often the case; one band gradually becoming

less prominent while the other gradually took over on the new level.

All specimens, even the heavily prestrained ones, exhibited three

"

. . c v a
stages, on the stress strain curve.  This was true even when the yicld

ct

o

was at a levei that in én annealed crysta;, tested at the same
temeprature and strain rate would have been in stage III. This shows
that even in a spéciﬁen in which slip bands are alwayé obviously
linked together and-always form a correlated group that starts at on
corner and grows‘entirely across ﬁhe specimen, the stress strain

curve for the single slip orientation still has the same general shape.

The most frequently accepted explanations for the three stages cannct

explain this behavior.

The results of Tthis investigation suggest that no general theocry of

S s oa - o &) PO U
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on the arrangement of dislocations left in the crystal as seen by
transmission electron microscopy; the sample observed 1s too small. The
macroscopic and microscopic distridution of shear strain along the length
of the specimen are extremely impdrtant in determining the shape of the

stress surain curve. ) : -
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Fig.

Fig.

FIGURE CAPTIONS

Geometry of the crystals showing ﬁOW‘specimens of easy-
glide orientation E were cut from large crystals of
orientation A.
tress-strain curves of as grown and ﬁrestrainéd crystals.
The stress ¢cvei indicated on the diagrem refers to the
resolved shear stress reached during prestraining slong
{1117,

Low magnification (2 BX) optical photograpns of the gauge

length of an as-grown copper chstal deformed. in stage I

to a shear strain of (a) 1%, (b) 3%, and (c) 5%. Same

1

area is shown in all three photographs.
Sllp-llne structures at the same area of an as-grown
crystal deformed in stage I to shear strains of (a) 1%,

( ) 3%, and (¢) 5%.

Dark rield optical mlcroaranhs of the same aresa of Ihe:

surface of an as-grown crystal ae;o“med in stage I o a

shear strain of (a) 1%, and (b) 5%.
Active slip lines on the same area afiter 2% (a) and 4% (v)
shear-strain increments in stage II, at a total strain of

(as-grown crystal).

Slip-line structure on the same area of an as-grown

in stage II, at a total strain of 7% (a), 15% (b} and

23% (e} (as-grown crystal).
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Inders band propagation in the region of small hardening
rate of a crystal pres trained by shock loading. Same

o £ +he wrotal surface 1 kele3t + g 0] 5, ('
area of the crystal surface is shown at (a) 0.5%, (b
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small hardening rate ol a crystal prestrained !
loading. Same area of the crystal surface is shown at
(a) k.2%, (») 6.2%, and (c) 12% shear strains.
Fine structure of the surface of a crystal presirained by
shock loading at the end of the region of small hardening
rate (12% shear strain).
Slip bands formed in the region of lineaf hardening of a
crystél prestrained by shock loading. Same area 1s shown
after (2) 2%, (p) 20% and (c) 30% shear-strain increments.
Fine structure of the slip bands formed in the region of
ineaf hardening of a crystal prestrained by shock loading.
Same érea of the crystal éurface is shown after (a) 2%,
(v) 10%, (c)\EO%, and (d) 30% shear-strain increments.
Active slip lines formed by a 2% shear-strain increment in
the region of linear hardening at a total shear strain of
(a) 16%, () 26%, and (c) 36%, (shock loaded crystal)
loading.
Iuders band propagation in the region'of small hardening

rate of a C”you vrestrained to 2. C/Mu . Same area
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Fig. 22

Fig. 23

Fig. 24

e 2 i - S T oy - LSV S BT D o -
Tormation of slip bands at the beginning of the region of

linear hardening of & crystal prestrained <o 2.5k kG/mn .

(a) and (b) show the same area of the surface with a shear

strain increment of 0.1% .between them.

Fe

Active slip lires formed by a 2% shear-strain increment

in the

H

on of linear hardening, at a total shear

[

eg

strain of (a) 23%, (b) 33%, and (c) 43%. The crystal

was prestrained to 2.54 kG/mm?.

A plot of the reciprocal length of active slip lines
formed by a 2% strain incremen@ in stége II against the
total shear -strain at which they formed.

Increase in the distance between pinning points by glide

of forest dislocations.

Formation of a source by cooperativer glide of forest

dislocations.

A metestable arrangement of screw dislocations.
"Annihilation of metastable edge dislocations.

" Cross slip at an attractive dislocation intersection.

.
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Fig. 12

ZN-5969



-45-

ZN-5964
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Fig. 20
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sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or represehtation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
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