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PRE~YIELD PLASTIC DEFORMATION IN CO?PER POLYCRYSTALS
| “Gopinathan Vellaikal and Jack Washburn
Inorganic Materials Research Division, Lawrence Radiation Laboratory,

Department of Mineral Technology, College of Engineering, ofithe
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ABSTRACT

 Pre~yield dislocation motion and-multiplication were studied in large
grained polycrystalline copper by the etch pit technique. Specimens were
loaded 1n compres51on and dislocatlon arrangements were observed in both
“the stressed and unstressed conditions.‘ The dlslocatlon loops generated
vby the flrst few active sources on both primary and secondary slip systems
"generally traversedﬁthe entire eross. section of. the graln. The-observa~
_tions were consistent with the idea that jog density is an 1mportant
factor in determining'the mobility ofla dislocation segment. The external_
_surfaceswasvfound’to'be a preferential site.for.dislocation multiplication
even when'grown in segments, where they-cut the surface, were immobile
‘and'stress concentrations were carefully avolded. It is suggested that
v the rapid 1ncrease in length per unit volume of moving dislocation line
that is associated with macroscopic yleld requires motion of dislccation

V.segments of highﬁjog-density.
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INTRODUCTION

It is well known that high sensitivity strain.meaéurements or dislo-
cation-etch pif-observations can detect small plastic strains far below -

the ordinary yield stress in many metals and alloys. With a strain resolu-

9

Tinder and Washburnl\détected measurable plastic
; ' \ | | o | 2
strains in tubular polycrystalline OFHC copper at stresses as low as 2g/mm .

Using etch ﬁif tgchﬁiques on high purity copper single crystals many inves-
' - 2-6 e R ' '
tigators ' - have observed appreciablée dislocation motion and multiplication

. . 7,8

much beforeﬁyiélding, More recently, Youﬁg and his coworkers ‘have made

:'directAX—ray topography observations of'dislocations in lightly deformed.

copper single crystals with extremely low dislocation density.v In spite
of these large number of investigations many aspects of pre-yield plasti?

deformation in copper such as the effect of a free surface, the'details

of dislocation motion and multipliéation and; in particular, the phenomenon

of mackqéboﬁic jielding are still only incampletely understood. In the

present investigation an attempt has been made to get some additional

“information on théSe aspects-by studyihg, using the etch'pit technique,

dislocation behavior in the very early deformation steges of large grained

~ copper polycrystals. Apart from providing a natural extension of the many

previous single crystal sfudies the choicelof-polycrystals was motivatedvby
the prospects of observing dislocation arrangements in interior‘grains

(thereby avoiding or.separating any surfaée effects) and by the expectation
that graintboundaries_would help in detecting thé very early stages_of siip

activity by serving as effective barriers to moving dislocations.
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II. EXPERIMENTAL PROCEDURE

Since dlsTO ations in copper can be revealed by etching only when

a low index plane is parallel to the surface of observation special exper-—

'U

-

that had one or more

[&7]

imental techniques weres needed to prepare specimen

surface grains in an etchable orientation. Since most reliable etchants

‘have besen dave lcpei only for planes of'the,flll} type in copper,9 experi-

Cl‘

one. grain would

I3
%)
ot
O

ments were aime btaining a specimen in which at lez

i

~have a (111} plane parallel to the surface. Recrystallization of extruded

OFHC copperrods resulted in the preferential formation of grains with a

[45]

(111} type plane aprroximately normal to the extruding direction. Speci-

- . ~

mens were ovhtained by machining from 19 mm square extruded OFHC copoer
. . . q . . .. 10 "
rods (analysis given in Table I), chemically polishing™ a surface that was
v o e - . . . . : 20
normal to  the original extruding direction and annealing at about 1060°C
-5

mm of Hg. This treatment
usﬁally deveioped at least one etchable grain on the polished surface and
an avarag grain gsize of about 5 mm. |

The specimens were c&mprééséd'at room température using either an
'IﬁstrOhvmaéhine or a micro-compression device schematicaliy illustrated
in Fig. 1. The device was made of stainless steel and was essentially

like a C clamp in which by turn_ng the mwcro.eter head an increasing stress

ct
1]

could be applied

¥

2> th speéimén placed between the bOutow end plaue and the

+

- modified spindle of the micrometer as shown in the figure. The ball and .

_ socket joint at the head of the spindle ensured proper alignwent and a

uniform distribution of the loéd; The stainless steel plate P kept

flush against the- vertlcal arm mlnlmlzed any torgue that might
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»have been transmitted to the speéimen during.Ioading. .The two teflon
plates served to electriéally inéulaté the specimen dﬁring electropolishing.
In§ulating laéquer was applied-oﬁ.all the surfaces of the sbecimen except
the'one on whiéh obsefvationg were to be made énd the one in contact with
the stainless steel plate gt fhe bottom thfough which électfiéai éonnection.

the

e

was made to the specimen. A rough estimate of the load applied b

device was obtained by finding the number of turns reguired on the micromet

er

-

to cause the seme deflection of the end platgé as that céuéed by hanging é
known wéight from one of the end'plafes. The pefticular ad?antage of the
micro-compression device was that specimens ébuld be etched and observed
under the microscopé while under sfress. . Also it enabled investigation of
the dislocation disﬁribdtion down to'a limitea’depth below fhé'sufface'while'
in the étfessed condition by immersing the Vhoie device in the_polishing.
 solution and re;;tching.ﬁ-Fufﬁhermore, specimens cculd be deformgd while
immersed in the electro olishing'solution-and etéhea before and after

drying so és‘to fevgal-poséible:éffects of surface'films or deposits that
may be formed‘duriﬁg the'nofmél drying cperation after electropolishing,

:Elgctfopolishinébwas always carried out aﬁ }oom temperature using

a solution of 60 parts phosphoric acid énd hQ_ﬁarts water at a cell wvoltage

of‘l°5 volts and at a current densityvof O;i-ampS/cme. The etchént used

'to;reveél dislocations wés the one developed by Livingstqh;9 Unless :j ’ -

- otherwise mentioned the amount of material removed from the surface

(0]

between successive etchings.was always of the order of 5-10 microns. A
double etching technigue was used whenever the new positions of dislocations

were to be related to the o0ld ones. When interior grains were to be examined

after deformation the removal of the necessarily large amounts of material
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from the surface without introducing any mechanical damage was accomplished
in a modified polishing_apparatusll using a solution»of 1:1 nitric acid

followed by the chemical polishing solution.
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IIL. "RESULTS AND DISCUSSION

.The recfystallized grains had a relatively high perfectioﬁ with
diélocation densities always less than 10”/cm? and frequently of the order
of iOB/cm?. Dislocations were quite uniformly distributed and there
were usually no sub-boundaries., Motion of the ends of dislocation segments
at the surface could be détécted only aftervthe resolved shear stress
was raised.to'about>15~20 g/mm?, At this stress level there was usually
| also dislogation.mﬁltiplicafion. This is clearly seen in Fig. 2 which shows
a grain etcﬁed before and after application of a stress of 17 g/mme.12 The
black cirecles indicate a few.typiéal cases of simple dislocation motion
~and the pileups, visible near the grain boundaries, indicate tﬁat dislo-
cation multiplicatioh has occurred. Additional examplés of some early
, dislocation pileups can be seen in Figs. Bito 5. Figure 3 shows a graln
etched bqfqre and after applying a stress of 20 g/mm? and Figs. 4 and 5
show grains etched under 8 stress of 16 and 22 g/mm? respectively.

Thq fact that isolated disloeatién pileups‘at the grain boundaries
such as in Figs, 3 tq:5 wefe‘frequently the very first indications of the
occurrencé of plastic deformation in polycrystals implies that the dis-
location loops emanating frbm:the_first:feﬁ'sources to become active'&re
able to glide over long distances. ‘igbﬁbSt‘ofnthe previous experiments
using single crystals,lwhere observations were ﬁsuallybmadé in the stress
- relaxed-conditibn, disloéation.multiplidaticn would have been hard to
deteet ih the eérly-deformation stages'becaUSe the first diélocation
loqps could havg.égﬁpletely escaped thrOugh”ﬁhe'gurface. The présent

experlments alsb'shoWeg, contrafy to usual reports, that dislocations of
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secondary systems sometimes also!travel very long distances in the early
étages of plastic defofmation. Figure 6 shows a grain etched after appli-
éation of ‘'a stress of 25.g/mm2. -The ﬁrimary and. seéondary sllp directions
‘are indiéated by thellétters 'p' and 's' respectively. The group of dis-
locations marked X represents the firsf few dislocations sent out By a
.secondary'sourcé. These dislocations were able to travel all the way to
the grainﬁboﬁndéries. However, at a latér stage the great activity bn
‘ primary}planes results in numerous barriers to the motion of secoﬁdarj
Adislocations so that long distance motion becomes impossible. Glide
layers.dcfoss which secondary dislocation‘loops spread at an early stage
becéme clearly "decorated" with primery dislocations due to the larger
number pf‘intéractions, A féW'good examples of such decorated secondary
slip piane_tracég can be éeeﬁ af A and B in Fig. 6. ,

fThére weré three glgnifiecant aspectsvﬁboﬁf aislocation multipliéation
that were clearly(evident from the éxaminatioﬁ.of avlarge number of speci-
mens. First, the sources fqriearly dislqcation multiplication were often
not dislocatidns originally intersecting the surface as gan be seen
elearly from Fig. 33 Careful examination of the slip plane traces
cofresponding to pilgups'A and B along the entire length of the grain
falls to show»gnyvlarge flat bottomed pits which'might représentvthe
original fosition of a‘éurface-interSééﬁing.dislocation segmgnf that
could have moved aﬁd a@ted-aé a Single ended.Frank~Read source, Secondly) .
disiocafion‘pileups wére4rarely,séen in the intériof grains at stress
levels at Wﬂichvthey were observed in large.numbers ip.fhe surface‘grains.
Finelly, ihé early diéiqcaﬁionvpileups’usually'contained‘dislbdaﬁions

belonging to-distinctly‘differeht glide layers. Figures 4 and 5 are
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particularly good examples of such pileﬁps;”'ThGSe observationsvas well
éé the generally higher stress (10-15 g/mm?) needed for the motion of
surface dislocation segments in the present work as compared to a stress c
of‘only 2-4 g/mm?vin previous experiments2’5’6 can be explained in terms
of differences in'épecimen_preparation techniques. |

5

As discuésed by.Pepréff and Washburn” the dislocation network in ;
crjstal would tend, at high temperatures,‘téaapprQACh a configuration of
metastable eguilibrium by both conservative aﬁd nonconservative motion.
‘ASSuming that the energy associated with a Jog is smail, elastic strain
energy will be minimized when dislocétion’éegmenté approach linpearity

and nodes become symmetrical. In-a metal of medium stacking fault energy
like copper few-if_any dislocation Segmenhs,_in an annealed or recry-
stgllized speeimen, will lié_éxactly on {111} pianes;'mést of the dislo-
cation segments will be jogged. Becausge of image forces dislocations
intersecting a frgé'surfa§¢'tehd tolﬁecome normal to %he surface, at

‘least up to_a certaiq'éepfh; and hence'consistently aequire a comparatively
high jbg;dehsity. Som¢ of those dislocation segments with both‘ends
fixed_withiﬁ the cfys%al are likelyvto.have the lowest jog densities.

When a new surface is exposed by exténsive polishing just before application
of a‘léad, As haébﬁéen done in previous experiments, some of the mbst
mobile dislocatioﬁS’with low jog densities will also intersect the suffa¢e
at small angles so as to be able fo shérten their'length by econservative
motion. When a stress is applied some of these should start to move

even at the smalléét stresses bpt multiplication should not take place.
This motién wi}l not bé reversible on removal»of the applie& stfess since.

reverse motion involves an‘increase in the length of the segment. This
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2,5,6 that

explanatioc is consistené with the usual etch-pit observations
the early dislocation motions are largely irreversible, As the stress
is raised a gradually incréasing fréction of the dislocations that inter-
sect the surface should be expected:to move as observed by,Ybungh'and by
Petroff and W’ashburn,5 In the present investigation where only about

5 microns of material was removed from the surface after the recrystalliza-

tion treatment and prior to the initial deformation most of the disloca~

tions cutting the surface should have been heavily Jjogged. Under these

conditions their critical stress for motionvshould be higher than that
for a feW'iéss joggcd interior segments. Consequently some of the inner
dislocation ségmén$5'might be expected to movciand multipiy before motion
of the surface segments."This indeed appeared to be the case, When

dislocatlonpileupswere first detected in a double etching experlment the

sources were not always surface segments.

The secornd observation, that pileﬁps were predominantly observed

{
4

. only on surface grains, implies that the surface of a crystal is indeed

a region of enhanced slip activiﬁy in the very early stages of plastic
deformation. There are several reasons why a surface might be expected

to act as the site for early dislocaticn mulfiplicétion¢ Dislocations

'accidentally introducedﬁat Surfaces during normal specimen preparation

and deformatlon technlques can act as sources for dislocation multiplica-

tlon. Irregularltles such as scratches and etch plts can prov1de stress

v concentrations at whlch plastic flow can be 1nitiated. Films or deposits

left behind in cases where the speclmens are electropolished and dried
before thé deformation ean c¢ause stress-QOneentratidns. -Eveﬁ;if~an

atomiecally smooth surface is achieved there might be enhanced dislocation

R
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activity near the surfaee bécause dislocations intersecting a free surface
can theoretically start multiplying by ﬁhe Frank~Read mechanism at
stresses half that needed to operate intérior sources of the same length.15
In the presenﬁ'éxperiments these explanations are inadequaté¢ The chances
of accidentally introduecing dislocations had been minimized because there
, Was no acld~sawing or wheel—polishing;aftei the recrystallization treat- |
ment. The final 1ight eiectrbpolishing was éarriéd out with the specimen
| already mounted in the:micrbcompression de#icei. ILack of correlation between
.ébmé of the first pileﬁ%s and any surfacexemergent segments of the
grown~-in network shows that most poténtial surface sources were lnactive,
In speéimens which were loaded while immersed in the eléctropolishing
solution and etched before and after dryiné there was no additional dislo-
cation motion or multipiicafion induced as a‘resulf of the drying opera-
tion which suggests fhat surface deposits or fiinswere not'eaﬁsing stress
concentrations. Figures 7(&) end 7(b) show a grain etched in the two
respective conditions under a stress of 17 g/mm?. The only noticeable
vdifference is an increase in the size of the_etéh pits in (b) as compared
to (a),,;Ifuis-thus to;bejCOnciudéd'that'evén under experimental conditions
where acéidéhtally introduced surface damage ﬁas practically eliminated
and where the surface intersectihg dislocation segments were relatively
immobile the sufface still.acted as a préferehtial site for multiplication.
VA'ﬁehtative mechanism that can explaih this observation is as
follows. When a small stress is applied to an anhealed crystal the first
segmehfs to glide should be those having the lowest jog dénsity on the
slip systems éustaihing the highest resblved shear stress. Since most

of the surface-intersecting dislocation segments would have been heavily



-9~ ' UCRL~-1852k

Jogged ﬁnder the present experimental conditions thé first segments to
glide will be lightiy jogged inmer- dislocation segments of greater than
average length, Consider the expansion of such a segment AB shown in
Fig. 8(@) under.an increasing applied -stress. If the average Jjog height

is only & few angstroms they would either be dragged :along with the moving

- dislocation causing the production of point defects or if the original

segment is near enough to edge orientation they may move conservatively.
In either case the stress required would depend on the separation between
the jogs; After some motion two jog~-free segments AC and BD would be

generated as in Fig. 8(B) and their conﬁinued'expanéion would then lead

successively to configurations shbwn,in Figs. 8(c) and 8(d). If the

initiai'jOg densit&_hgd»been small the opposite segments of the.expanding
1loop would approach each otﬁer iﬁ Fig. 8(d)~on=sufficiently close glide
plagés to form a stable dipole except'ih thé_special case wﬁeré the in}tial_
segment is.nearvpure edge orientation and therefore the dipole would be
nearly pure SCTreWs Fbrmati@nﬂoffagdipolé wQuld qéualiy cause the source
tdfgease operatingAafter'it had sent out oniy one dislocationilobp.
Génération of a seédn& loop wéuld reqﬁifé an;:incréase in the applied
stress by an amount that could bé,as_much»as a'factdr of two.. At a higher
stress the segments AP and BP could.ag_ain b_ow_- out extending the length

of the dipole. Tt seems reasonable to sﬁppcse'fﬁat mbsf_df the first
sources to operate would be'stéppéd_by £his mechénism'afte} the formétion

of a single loop. To explain the fofmatidn»bf some pileups during early

. pre-yileld deformation it is necessary to consider those conditions under

which a Jogged source segment might not be bisected by a dipole afterv_

generation of the first loop. One possible case is the operation of an
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interior segmeﬁt of the network one end of which is very near the free
" surface as shown invFig._9(a). The intersection of the expanding loop
ﬁith the surface creates a short and hence immobile dislocation segment
AX.and-a long mobilé segmeht BY as shown in Fig. 9(b). Continued expansion
of B¥'§hou1d.lead sﬁcceési&ely to configurations shown through (c) to (f).
Iﬁ (d) a short length of dipole.is beginning to be formed near AX. 1In
(e) fhe éxpéndiﬁg 1ooplhaé-reached the surface recreating the source
ségmenthYi and leaving a tripole at AX. waevér; the tripole.will be
unstablévunless the numbgy of Jogs on the initial segment was very small.
The two disloqations,of‘dbfosite sign that lie on the same glide léyerv
will usually annihilété ieaving_only segment AX, The source can then
“continue té operate,like a single ended Frénk—Read source as indicated.
~in (f); The fact that mbét'of the dislocation segments thét wefe revealed
by et;hing prior to 1oading did not undergovsﬁch multiplicatioh is probably
due to théir being heavily jégged as a result of the high temperature
anneal and the surface Image forces. It 1s consistent with all the ex-
perimental obser&atiéns to sﬁppose that the first sources to sehd out more
than one loop wefé ibngervﬁhan fhe average network length, that they lay
nearly on {llli plénes %.e, had a lower than average‘jog density.and that
they ﬁad one end near an external surface. - | |

&he présence in the early pileups of dislocations belonging to
différént-glide plénes caﬁnot be explained by the above méchanism alone
and it doeé not seem iikely that 1t was due ﬁé-cross-slip of some of the
piled up dislocatioﬁs. For the primary élip system of the»éresént
| experiménts the cross slip plane was always.the one parallel to the surface

of observation and consequently had a negligible resolved shear stress



“'d .

W

=11~ UCRL-18524

acting on it. Also dislocation configurations as in Figs.'h and 5

are difficult to visualize as resulting from cross slip of the leading

dislocations in a pileup, It is more likely that the dislocations in

manylearly_pileups have originated from different sources. The fact that

“such dislocation configurations were usually observed even in the first

few isolated pileups indicate that some kind of cooperative source
Qpérgtion'Was invnlved in.their formation. A likely possibility is
that'passage éf a" group of dislocations of like sign over a large area of
the gliae plane induces the emission of oné or more loops from nearbyv
parallel segments of the same Burgers vector nhich in the absence of the
momentary stress nqncentration are below,criticalvlength for the apnlied
stress. When there is a significant resolvéd shear stress acting on
either of the other two'coplanar Burgers vectors in the primary glide
plane_the above mechanism might also 1nduce multiplication of these

secondary dislocations. Dislocations of different Burgers vectors

. generated by ﬁhis process are probably indicated by the two different

kinds of pifs seen in pileup A of Fig. 10 which shows a grain etched
after applying a stress of 22 g/mm?. Recent electron microscopy observa-

tions by Essmann et al.l4on comparatively highly strained (4%) copper

. polycrystals have also indieated that slip often occurs'in.différent

directions on the same glide plane.
 Bs aiready mentioned pileups‘were rarely found 1n thé interior‘

grains, It is not likély'that this was due to the Impossibility of

-examining_interior‘grains without removing the applied stress. TFor

surface grains there was generally only moderate reverse motion of dislo-

cations on removallof the ‘applied stress. Many pileups were stabllized
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by interactions with dielocations of a secondary system. If pileups

had been present in the interior grains some of them almost certainly
would have.been stabilizied by such interactions and hence wQuld have

been defected even in the stress relaxed condition. It seems more likely
that most sources in inferior grains send ont only a single dislocation
loop'during.the bre~yield deformation for the reasons discussed in
conneetionfnith Fig. 8. .During their subsequent expension over a large
area of the giide plane snch loops will interact with some segments of

the grown~in. dislocation netWork‘thereby'reducing tne averagevnetwork
length and causing a fairly uniform increase in dislocation densiﬁy; The
rapid increase in the number of-moving disloeatiens fhat,is associated
with plastic yielding may then depend on the eritical cross-over stressb
for the dipoles of widestvspacing. When this stress is reached_some
ISSurces should be able to operatevas two.individual single ended Frank-
Read generaters.v They would then send~onf'e nnmber‘of loops on each of
the two glide layers which are determlned by the p031t10ns of the end
p01nts of the orlglnal network segment. Transm1331on electron microseopy
observations by‘Essmann et e‘ail.l)‘L on.the”dislocation structnre”in the.
1nterlor grains of copper polycrystals deformed to comparatlvely hlgher :
stress levels have shown accumulation of large numbers of dlslocatlens of
the same sign near grain boundarles. Thls-implies‘that dislocation segments
in the interior grains'do.eventually beéin'to_generate‘many disiecations
at nigher stress ievels and that these neW“dislocations,are still able to
traVel all the way to the grain boundaries.” |

For a segment of. given length the frlctional stress required to start

"
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its bowing should increase linearly with inereasing number of jogs. There~

fore, the first segments to bow out would be those with lowest jog

.density. Most of these can send out only one loop because the dipole which
‘isvfprmed will have assmall interplanar spacing and will be stable under
: the_applied stress. As the number of jogs on the segment increases the

stress to start bowing also increases; however the stress required to drive

the two dislocations of the dipole paét each other decreases since the
spacing of the dipole will now be larger. fhere will be a critical number
of jégs on & segment fox;ﬁhich the stress to start its bowing and the
stréss for'créSs—over.éf the resultiné dipole are equal. Only theée
segménts will generally be able to send 6ut a group of dislocation lOOpS.
in regions away from.a ffée:surfaée.-_Acdordihg‘to this mechénism of

Yiélding it is necessary for the stress o be high enough to move heavily

' jbggéd dislocations before general multiplication can occure. Such a model

is qoﬁsistent wlth the mény experiments which show that some dislocations
mo&é at stresses far belOW’macroscopic yielding and also withbthe expec;
tation that few, if any, segments in an anneaied dislocation network will
be complétely frge:of jégs; It is also consistént with previous experi-
mgntal résults_Qf'PetrofftahdrWashburn5 Which.ShQW‘thét therstress'needed to
msve heavily jéggedfdislocationg in coppérliszof the order of the'macroé |

scopic yield stress. ‘ o v .
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s I CONCLUSIONS'

l. The dislocation loops generated by the first active sources both on
primary and secondary slip planes traverse the entire cross section of

the grains and pile up at the graln boundarles. In single crystals this
first 0perat10n of sources might be missed entirely because all the dislo-
cation loops would have escaped at surfaces.

2. At an applied stress level where grain boundary pile~-ups containing
'lO or more dislocations are numerous in surface grains none are found in
interior’grains. b

5.-vThé preferentisljnnltiplication'of dislocations near an external
surfacertskes_place even when grown in diSlocations are immobile where
they:intersecr the-snrface and extreme precautions have been faken not

to introduce_any fresh.dislocations or permit any stress concentrations.
h.. Grown;in dislocations are relatively immbbile where they intersect

a {lll} surface if extens1ve pollshlng is avolded following the last high
temperature anneal. This is probably due to thelr tendency to lie at right
angles to the {lll} surface and therefore to have a high Jog den51ty,

Se All of the observations_can be explained if it is assumed that all
segments of the grown-in network contain jogs'afterwa long anneal at
high temperature.;‘ | |

V6Q Rapld multlpllcation of dislocations in 1nter10r grains probably
bbecomeSgeneral only after a stress is. reached which permits motion of
dislocation segments of high jog density. At lower stresses most poten-
fial sources shonld generate only a single loop due to formation of a
stable dipole. This restriction should not ekist for sources that 1lie

very close to an external surface.

'y
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".wi o Tab}; 1. AQalysis of the 6Fﬂé doppér
EJ..ement~ o éoppef .Z.[ron Lga.d . Xickel ?ulpﬁur Siivez-.'_.
% >99.98 0.002 | 0.003 9.003 0.00? | 0.0'05.
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FIGURE CAPTIONS

Schematic drawing of the microcompregsion derice. (a) as -
viewed from front (b) as viewed from side

Dlslocatlon motion and multlpllcatlon in a grain etched before -
and-after appllcatlon of a stress of 17 g/mmg.

Disldcation pileups in a grain etched before and after apj;alyingi

a stress of 20 g/mme. Note the absence of any large flat bottomed

pitsvslong the slip plane traces of the two pileups‘Avand B.
A typical early dislocation pileup in & grain etched under
a stress of 16 g/mmg.

A typlcal early dislocation pileup in a graln etched before

and under a stress of-22- g/mm .

‘Decoratlon of secondary slip plane traces (at A and B) in a

grain etched after - -applying a stress of 25 g/mm .

'(e). A graln subJected to a stress of 17 g/mm whlle immersed

in the electropollshlng_solutlon and etched before drying.

" (b). Same grain etched after drying; there is no evidence of

dislocation motion or multiplication."

Conservative motion ef a lightly'joggededisloqation segment
to form a single dislecatioﬁ loop and.a dipoie.

Mechanism for the generation of>many'dislocation leops from

an interior source having one of its ends close to the surface.

Plleup (A) contalnlng dlslocatlons of different Burgers vectors

in a graln etched after applylng a stress of 22 g/mm .

\



7

19

-

/Current

lead for
electropolising

=
-

- s oL
A RNER

TTTTTTTE

s NS

e

e
3

Teflon_
sheets

7
DOV / LU

e

-,

\ ) : .
Stainless
steel plate P

A A 9 A S

i R

GO T I G OTITIIS

v,
Surface .
of observation :

of specimen
(a) | (b)
VXBL.GBIO- 6961

Fig. 1



=19~

%urrem 3

—

l§§” lead for %E
e electropolising| 3
Bl Lk
f A
® YINE:
Tefl
eshggts§
AN\ NZZZ/[TTTTTT e~ .
z 5 §- e Stainless
% Q steel plate P
— JJ...JJF“‘ Sljj_[ [ITITTT.
Y, . If Y,
urface

of observation
of specimen

(a)

Fig. 1

XBL6810-6961



_20-

XBB 6811-7272

2

Figure



21-

-7273

XBB 6811

5

igure

F



oD

XBB 6811-7274

Figure b



..

-7275

XBB 6811

Figure 5



) I

XBB 6811-7276

Figure 6



25

XBB 6811-7278

Figure T



-26-

b
e
(a) | (b)
A p B
(c) | (d)

XBL6BI0 ~6962

Fig. 8



2T~

Surfoce/ 4 A Y X\
o : i

/l .

B B

(e) (f)

XBLEBIO-6963

Fig. 9



28~

XBB 6811-7277

Figure 10



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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