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* SOME OBSERVATIONS ON MICROTIELDING IN COPPER POLYCRYSTALS 

Gopinathan Vellaikal 

Inorganic: Materials Research Division, Lawrence Radiation Laboratory, 
Department of Mineral Technology, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

Dislocation arrangements developed in large grained polycrystalline 

copper after small deformations in compression or bending were studied 

by the etch pit technique. The results indicated that the only role of 

grain boundaries in the preyield deformation of copper was to act as 

barriers to moving dislocations and not as sources of dislocations. Some 

s,pecial boundaries did however permit the passage of dislocations a'cross 

them even in the microstrain region. It is' suggested that the presence 

of such "transparent" boundaries is partly responsible for the lowering 

of the elastic limit of a polycrystal with increasing grain size. 

Multiple slip always occurred in the preyleld region and significantly 

'affected the motion of primary dislocations bothduring'loading and,Wl"; 

loading by. forming attractive junctions. It wa,s found that dislocations 

in a pileup never collapsed completely back to the source on stress-

reversal • 

* This paper is partly based upon a thesis accepted in partial fulfill-

ment of the requirements for the degree of Doctor of Philosophy in 

Engineering by the University of California, Berkeley, California in 

September 1968. 
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I. INTRODUCTION 

It is well known that high-sensitivity strain lOOasurements or dis-

location etch-pit techniques can detect small plastic strains well below 

the macroscopic yield stress in many metals and alloys.(l) In particular 

Thomas and Averbach(2) obser;ed plastic strains in the range of l-500X10-6 

in high purity polycrystalline copper specimens at stresses above about 

2· ~ 
700 g/mm. With a still higher strain resolution of the order of 10 

Tinder and Washburn (3) . detected measurable plastic strains in tubular 
. . 2 

polycrystalline specimens of OFHC copper at stresses as low as 2 g/mm • 

However the author is not aware of any previous attempts to observe directly 

the dislocation arrangements developed' within the grains of a copper 

polycrystal during these early stages ot: plastic det'ormathm. In the theory 

of the microstrain region as originally developed by Thomas and Averbach 

and late:t' modi~ied by Brown and LUkens, (4) . it is assumed that Frank-Read 

sources are present within the grains and that they begin to be activated 

on the application of a suffiCiently high stress. The resulting disloca-

tions then pile up at the grain boundaries and their back. stresses even-

tually cause the soU:t'ce' to cease operating. The principa.l role assigned: 

to grain boundaries in the microstrain region is to act as ba:t'riers to 

moving ~islocations and to impose a·definite ·limitation on the number of' 

dislocations that can be generated by a source at a given stress. The 

macroyield point. is supposed to be reached when the piled up dislocations 

eventually produce the required stress concent:t'ation needed to activate. 

new sources in the, adjoining grain. 

The etch-pit technique is obviously one method fol:' directly observing' 
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the ear~ dislocation arrangements in the indi.vidual grains of a deformed 

polycrystal and thereby test ing the' validity of this microstrain model. 

Etch-pit studies have .BO far been made only in a few materials with body 

centered cubic structUre, the most extensive work having been done on 

silicon-iron. (5-8) The experimental results are partially in disagree-

ment with ,the previously mentioned microstrain theory. The grain boun~ 

daries act as sources for slip nucleation in the early deformation stages 

rather thanon~ as barriers to slipo . No comparable observations have 

been made in any face centered cubic material, probab~ because dislocations 

in them can be revealed by etching only when a low index plane is closely 

parallel to the surface of observation. In a. fairly large grained poly­

crystalline specimen the chances of being able to observe the dislocations 

in any surface grain become extremely small. In the present investigation 

large grained copper polycrystals with one or more etchable gra,ins' on the 
~. . 

surface were prepared by special techniques and the dislocation arrange­

mentsin these grains were studied by the etch pit technique after small . . 

deformationsc'in compression or bending. It ,was particular;J.y hoped that 

information could De obtained on the nature of the . dislocat i~n sources and 

on the role of grain boundaries in the beginning stages of plastic q,e-

formation. 
, . 

• 
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2. EXPERIMENTAL PROCEDURE 

2.1 Specimen Preparation. 

Since reliable etchants have been developed only, for the [Ill} 

• planes in copper, (9) experiments Were aimed at obtaining a specimen in 

which at least one ~ain would have a (lll) plane parallel.to the surface. 

It was found that recrystallization of extruded copper rods resulted in 

the preferential formation of grains with a (lll) type plane approximately 

normal to the extrUding direction. Specimens for compressive loading 

were obtained by machining from extruded 3/4 inch square OFHC copper rods, 

(analysis given in Table I) chemically POliShing(lO)a surface that was 

normal to the extruding direction and annealing at about 1060
0 c for 48-72 

hours in a vacuum of less than 10-5 imn of Hg. This treatment usually 

developed at least one etchable grain on the polished surface and an 

average grain size of about 5 mm. Specimens for bending experiments 

were similarly prepared· from extrUded 1-1/4 inch square OFHC copper rods •.. 

The dimena ions of the specimens and their relation to the extruding direc~ion 

of the starting material are indicated in Fig. 1 •. 

2.2 Compression Experiments. 

Specimens were ronrpressed at room temperature using either an 

Instron machine or axnicro-:compression device schematically illustrated 
.. 

in F.ig. 2. The device is made of stainless steel and is essentially 

like a' C clamp in which, by'turning the micrometer head, an increasing 

load could be applied to the specimen placed between the bottom end plate 

and the modified spindle of the micrometer as shCMn in the figure.' The 

ball and socket joint at the head of the spindle ensured proper alignment 

and a uniform distribution of too load. The stainless steel plate P, kept 
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flush against the vertical arm, minimized any torque that might have been 

transmitted to the specimen during loading. The two Teflon plates served. 

to electrically insulate the specimen during electropolishing. Insulating 

lacquer was applied on 'all the s'urfaces of the specimen except the one on 

which observations were to be made and the one in contact with the stain- , 

less steel plate at the bottom through which electrical connection was 

made to the specimen. A calibration of the loads applied by the device 

was obtained by finding the number of turns required on the micrometer' 

to cause the same deflection of the end plates as that caused by hanging 

a known weight from one of the, end plates. The part icular advantage of 

the microcompression device was that specimens could be etched and observed 

under the microscope while under stress, Also it enabled investigation 

of the dislocation distribution down to a limited depth below the surface 

of a specimen in the stressed condit ion by immers iI'lg the whole device 

in the polishing solution and reetchingo 

2.3 Bendfu g Experiments 0 

A cantilever beam-:type bend.ing was employed by clamping'the specimen 

(Fig. 1) securely in a ,.:vise at the left end and carefully attaching the 

neces-sary weights on a flexible rubb,er bahd running through the shallow 

V-grooves at the right end of the specimen. The V-groove only served to 

facilitate loading. Stress reversal was accomplished by simply turning 

the specimep. upside down and applying the same load as before • , Observations 

were always made on grains sufficiently distant from the clamping end. 

However, perceptible damage was generally found only in grains directly 
···.1 

in contact with the vise. , ' , 
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2.4 Etching Procidure. 

whenever the new positions of dislocations were to be related to the 

old ones. Unless otherwise mentioned the amount of material removed . . . 

from the. surface between successive etchings~as always of the order of 

5-10 microns 0 

,' . 

• 
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3. RESULTS AND DISCUSSION 

The recrystallized grains had a relatively high perfection with dis­

location densities always 1~ss-thanl04/cm2 and frequently of the order of 
, 

':; 2 10 /cm. Dislocations.were quite uniformly distributed and there were 

usually no subbpundaries. Conditions were thus tdeal to study the early 

dislocation phenomena, particularly the role of grain boundaries because 

there were no other grown-in .tnternal barriers to significantly affect the 

motion of dislocations. 

As the applied stress was gradually increased the first conspicuous 

indication of the cccurrence of plastic deformation was frequently the appear-

ance of groups of dislocations piled up against~: the grain bamdaries. Figures 

3(a) to (d) show a few typical examples of such dislocation pile-ups in 

specimens etched after application of a compressive stress of 40, 50, 

50 and 55 g/mrn2 respecti~ely. (All stresses reported are applied stresses 

unless otherwise mentioned •. 'Also. the direction of the applied stress is 

indicated in ali micrographs by a black linepf 0.5mm length unless 

otherwise noted.) When dislocation pile ups were present at one 'grain bouri .... 

dary there was usually a corresponding pile-up .at the opposite boundary 

as may 'be. seen in Figs.. (;a) and . (b). In similar etch pit experiments on 

. silicon-iron, grain boundaries were concluded to be the sources for slip 

. nucleation primarily from the observation that isolated grains typica.lly 

yielded 'by slip bands coming ~rom only one side of grain, there being no . 

matching slip bands on the opposite side of the ~rain (for example see 

Figo 1 in Reference 7). ':ehe definite. matching, in the present experiments, 

of the pile ups on oppos ite sides of the grain suggest that in copper the 

early. dislocation sources are . located within the grain and not in the grain 

•• 
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boundaries. The possibilitY . th~t the corresponding sets of etch pits might 

represent the points of intersection with ttie surface of dislocation loops 

sent out from a grain boundary source located at some place away fram the 

surface, was eliminated by a direct examination of the three-dimensional 

configuration of the dislocations responsible .for the formation of such a-

typical double ended pile up. Figure 4 (a:.)c shows such a pile up in a specimen 

subjected to a stress of 50 gJmm2 
and etched after unloading. The fact 

that one group of dislocations appears as dark pits and the other as light 

pits suggesiE that they mark the points of emergence of opposite segment s 

of the same dislocation loops.(ll) Figures 4(b) and (c) show the same grain 

etched after removal of 50 and 100 microns, respectively, of material from 

the surface. In general no new etch pits were revealed as the surface 

was polished down; the spacing between the etch pits in the pile ups increased 

and finally both sets of ,pits disappeared. These results indicate that the 

double~ended pileup originally consisted 'of dislocations of approximately 

semicircular shape :generated from a single-ended surface source. Details 

of the generation and operation of such sources have been discussed el.se­

where.(J2) The fact that the dislocations in the piled· up groups were 

traveling towards the grain-boundaries during the initial application of 

the stress is also indicated by the back motion of these dislocations on 

unloading. Figure 5 shows a grain in a specimen subjected toa compressive 

stress of approximately 50 g/mm
2 

'and consecutively etched in the stressed 

and unstressed conditions. The many small ~lack) etch pits along the 

direction of the arrow represerrtthe stress. relaxed positions of some d is-

locations of: the pile upA whose original positions are indicated by the 

larger flat bottomed (White) etch pits near the grain boundary. 
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The difference, between the preyield deformation behavior' of b.c.c., and 

f.c.c. materials may be due to the fact that grown-in dislocations in b.c.c.' .. ' 

materials are all strongiy pinned. Multiplication can then occur only where 

fresh dislocations have been introduced or in regions of high ,stress 

concentration.,' Grain boundaries may provide regions of stress 'con~en­

tration in the form of precipitates or inclusions. Moon and vree~nd(8) 
observed that slip bands in polycrystalline silicon,-iron formed preferen-

tially from fresh scratches rather than grain boundaries indicating that 

the stress required to activate grain boundary sources was greater than 

that required to multiplY' fresh dislocations. When some grown-in dis-

locations are highly mobile as in f.c.c.' materials they are probably able 

to multiply and propagate much before the operation of any potential 

grain boundary' sources'. . ..• 

, " 

Additional information on the nature of the early dislocation pile 

ups was obtained from a study of their behavior under stress reversal. 

In particular it 'was hoped to discover whether dislocations, in a pile up 

, could run completelyb:ack into their original. ~ource 'or whether, they would 

be annihilated by disloCations of opposite sign generated by the same source 
. ... . { . " 

under the 'reversed stress~ A typical sequence is shown in Fig. '6. Figure: 
", 

6 (a) shows a grain on the" tensile surfac~oia.sp ecimen deformed in bend-. . ..... 

ing to a stress of about '20 g/rprn2 and etched 'in the stress relaxed condi­

t i-::m. The dislocation groupings A and, B represent the opposite halves 

of the same disloaction pile up. On' application of an equal lead in the 

opposite direction the dislocatio~s in group A undergo considerable back 

'motion as seen from Figs. 6 (b) and (c) which show the' same grain after 

etc,hmg in the unloaded condition and after removal of ,about 20 microns 

, I of material from 'the surface, respectively. The new positi,ons of the 

v 

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

moved away from the grain boundary on the rJ.ght is indicated by the flat 

pits in Fig. 6 (b) and the disappearance of' these pits on surface polishing 

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

ments at B in Fig. 6 (a) isiprobably due to interaction of some of these 

dislocations with dislocations of another active islip system evident at 

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

after increasing the reverse applied stress to 29 g/mm
2 

and etched after un~ 

loading with an intermediate polishing off of about 20 microns of material. 

There is still no indication that dislocations of opposite sign have 

been generated from the original source. It was net possible to make 

all the original dislocations run back into their source even at a reverse 

2 
stress of about40g/mm as seen ·from Fig. 6 (e). When the same stress of 

. -' 

40g/mm
2 

was then appliecl in t;he forward direction the dislocations again 

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

Fig. 6 (f)o 

The results may be of some significance in the interpretation of the 

&uschinger effect. It is usually observed ,(see, for exaIIlple, Edwards 

and Washburn (13»), that when the stress is reversed plastic fiow begins 

at a very low stress, much below the original yield, but th~reaftel hard-

ening is rapid and after a small additional strain the original hardening 

curve is 'continued, shifted to the right along the strain axis. The 

present results suggest that during the :initial loading a few, sources be­

gin to operate and th~ result ing dislocat ions pile up against the grai n 

boundarie.s or some other internal barriers. On stress relaxation a few of 

these dislocations. which have not been trapped by interactions move part of 
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the way back towards the sources •. The reason why they cannot travel 

all the way back to the sources is probably as follQWs. During the initial 

loading sources on both primary and secondary, systems operate but not 

simultaneously. Many dislocation loops reach grain boundaries after tra-

versing the entire grain without many interactions with dislocations on 

other systems. However, on unloading all these loops start to contract 

simultaneously resulting information of a great many more attractive 

junct ions. These interact ions eventually stop the back motion. ,On apply-

ing a stress in the reverse direction some dislocations will be able to 

unpin, from nodes and continue t'heir back motion towards the source. This 

can still occur at a lower stress than that which started the operat ion 

of the source during the first loading. The result is a loWery~eld stress 

~on reverse loading. The etch p~t pictures in Fig. 6 show no eviq.ence for 

any new sources beginning to operate in the· initial stages of the reverse 

loading. 

The apparent stability of some pileups even in.thestress~relaxed 

condit ion, as in Figs'. 3 (a.) and (b) for example, is probably due to the: 
. ". . : 

interaction i of their dislocation's with the· grown in dislocation network. 

Direct 

copper 

observations of dislocations by x-ray topography in lightly deformed 

single Crystals(14) have shown 'that edge dislocations move ata 

faster rate than' screw dislocations'. When the active BUrgers vector is 

parallel 
1 

to the surface of· observation a.s in ,the present experiments 

and whEmthe sources are located near the surface the fast moving edge 

segments of freshly generated dislocation loops travel all the 

way across the grain towards the opposite boundaries before 

the screw parts of the loops penetrate very far into the grain. During their 

inward motion from the surface region the screw segments become incor-

porated into the grown ~n dislocation netwolk by forming attractive junc-

'v' 

'. 
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tions along their length. On removal of the applied stress the, scr~w 

parts of the loop may not be able to break away from these junctions under 

the action of the back stress and only very limited reverse motion near the 

grain boundaries would occur q The result is the retention after unloadipg 

of many stable dislocat ion loops elongated in the direct ion. of the Burgers 

vector whose edge segments are revealed by etching in the pile-ups. 

Although the etching restrictions in copper normally precluded the 

possibility of simultaneously observing disloca'cions in adjoining grains 

there were a few in.stances where adjoining grains both happened to have 

an etchable (Ill) type plane nearly parallel to thesurfac,e of observa-

tion. Etch pit observations on such specimens after. light deforrmt ion 

usually showed no' correspondence of pile-ups or slip bands across the grain 

boundaries,. However, there were a few special'instances where slip contin~,. 

uity across the grain boundaries was apparent even from the very early 

stages of' plastic deformation. The most frequently observed case was that 

of a coherent twin boundary when the operative Burgers vector was parallel 

to the boundary. The reason why in spite of the etching restrictions in 

copper direct observation of such slip propagation across twin boundaries 

could be made was that the surf8.(!e ·of observation was never exactly parallel 

to any {Ill} plane and tbatdislocations could be revealed by etching on 

pl~nes close to (Ill) within a few degrees. If the surface of observation 

is inclined at a small angle to a ,(Ill) twin boundary plane as schematically 

illustrated in.: Fig. 7 success~ veetchings at levels corresponding to ,A; 

Band C should reveal dislocations in gra in I, in parts of' grain I and 
i . . 

2, and finally in grain.2 onlY. When the active Burgers vector is parallel , 
. .. 

to thetwinn1ngplane (asV(as. usually the case in the present experiments) 

, .',-
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tions along their length. On removal of the applied stress the scr~w 

parts of the loop may not be able to break away from these junctions under 

the action of the back stress and only very limited reverse motion near the 

grain boundaries would occur.. The result is the retention after unloading 

of many stable dislocation loops elongated in the direction of the Burgers 

vector whose edge segment s are revealed by etching in the pile -ups. 

Although the etching restrictions in copper normally precluded the 

possibility of simultaneously observing dislocations in adj oining grains 

there were a few instances where adjoining grains bath happened to have 

an etchable (111) type plane nearly parallel to the surface of observa-

tion. Etch pit observations on such specimens after, light deformat ion 

usually showed no' correspondence of pile-ups or slip bands across the grain 

boundaries. However, there were a few special instances where slip contin-. 

uity across the grain boundaries was apparent even f:rom the very earl y 

stages of plastic deformation. The most frequently observed case was that 

of a coherent twinbotU1dary when the operati~e Burgers vector was parallel 

to the boundary_ The reason why in spite of the etching restrictions in 

copper direct observation of such slip propagation across twin boundaries 

could be made was that the surface ,of observation was never exactly parallel 

to any (lll) plane ~nd tbatdislocations could be revealed by etching on 

planes close tb (lll) within a few degrees. If the surface of observation 

is inclined at a small angle to a ,(lll) twin boundary plane as schematically 

illustrated in, Fig. 7 successive etchings at levels corresponding to A, 

Band C should reveal dislocations in grain 1, in parts of'grain 1 and 

2, and finally in grain 2 only. When the active Burgers vector is parallel, 

to the twinning plane (as V{as usually the casein the present experiments) 
I 
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it will have along the twin boundary a common (lll) plane in each grain. 

Under these circumstances those segments of the dislocation loops pressed 

against the twin boundary in either grain will acquire a screw character 

.and will be able to transfer themselves onto the adjoining grain and con-

tinue expanding as in ordinary cross slip. Under these conditions twin 

boundary continuity of slip will be indicated by the persistence of an· 

almost collinear pile up across the grain through the stages represented 

by A, B, and C of Fig. 7. This is clearly illustrated by the pile ups in 

the sequence of· Fig • 8 which shows the same grain in a specimen etched 
2 . 

(a) under a stress of 50 g/mm ; (b) after stress relaxation and removal 

of about 50 microns of materials form the surface, and (c) after removal ' 

of an additional 50 microns of material from the surface. Figures 8 (a) 

(bl and (c) correspond respectively to levels A, Band C of Fig. 7. For 

clarity the position of the twin boundary in Ftg. 8 (b) is marked by a 

dashed line. Although the region above the twin boundary in Fig. 8 (b) 

now represents a different grain fran that in,Fig. 8 (a) one can still 

see in it. pile ups At, Brand C r to match the original pile up s, A, B 

and C in the region below the twin poundary. The slight deviation fro m 

linearity of the dislocation a,rraysAA'and BBr across the boundary in Fig. 

8 (b) is due to the deviation of the surface of observation from exact 

(Ill) orientation in the grains. When still more material was removed 

from the s:urface so as tocanpletely expose the Cll"iginally underlying 

grain as in (c) one is still able to observe a pile up C'" essentially 

at the same place as C in (a) and matching the pile up cri~(b). 

Direct passage of dislocations across a boundary was also found for 

oiherspecial boundaries; A good example is seen in Fig. 9 which shews 

'.-
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many continuing slip bands across a small angle boundary in a specimen etched 

2 
under a stress of 60 g/mm. Back reflection Laue pictures of the two grains 

showed that their relative orientations corresponded to a 6° rotation abou~ a 

. (111) axis normal to the surface of observation. The above slip CD ntinui ty 

examples are consist-ent with the more general slip oontinuity requirements 

expressed by Ogilvie .(15) He observed that in aluminum and brass slip 

was continuous across straight boundaries when the lines of intersection 

of the slip plane with the boundary were within about two degrees of one 

of the directions (110), (112) or (123) for -each grain, not necessarily 

the same direction in adjacent grains. Slip line continuity across less 

ideal grain boundaries has been observed more recently in aluminum bicrystals 

by Davis, Teghtsoonia.~ ,and Lu (16) but only at comparatively much higher 

strains than in the presBntexp~riments. These cases would probably have 

involved the activation of slip sources by dislocations, piled up against the 

boundary. The ability of dislocations to pass through grain boundaries of 

special misorientations' ma.y have. an important effect on the grain size 

dependence of the elastic limit of polycrystalline aggregates. Specimens 

with different grain sizes for experimental determination of elastic limits 

are obtained by different hea~ treatments. Large grain sizes are obtained 

by employing either higher annea.ling temperatures or. longer annealing 

periods. Under these conditions special low energy grain boundaries such' 

as twin b'oundaries and small angle boundaries will be retained while the 

higher energy boundaries will be preferentially eliminated. Dislocat ion 

propagat ion across the Ie maining boundaries in a coarse grained polycrystal 

WJuld on the average 'be more frequent than in a fine grained specimen. 

The experimentally observed lowering of the elastic limit ofapolycrystal 
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with increasing grain size should then be at least partially due .to the 

presence of an increasing proportion of "transparent" boundaries rather 

·than entirely due to the change in grain size itself. 

·· .. i 

'-
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4.. CONCLUSIONS 

1. The only role of grain boundaries 'in the preyield deformation of copper' 

seems to be as barriers to moving dislocations. Unlike in many b.c.c. 

materials grain boundaries do riot act as sources of disiocat ions. This 

difference is probably due to the high mobility of s orne grown-iri dislocat ion 

segments in puref.c.c. metals which act as Frank Read sources at low stresses. 

20 Multiple slip always occurs in the preyield region and significantly 

affects the motion of primary "!iislocations both during loading and unload-

ing by forming attractive junctions. Interactions are most frequent during . 

, unloading becaus:.e of the simultaneous 'back ,movement of dislocat ions on 

intersecting sl~p.'planes. 
.( 

3. Dislocation loops that h8.ve spread out to the grain boundaries on initial 

loading contract to some extent on inloading and coritract further on appli~ 

cation of a reverse stress. HmTever even for reverse stresses greater than 

the original forward stress they do not generally collapse cOmpletely 

back to the source and no loops of opposite sign are sent out from the 

srurce. 

4. Propagattori of slip across grain boundaries does not usuallY,take 
. . , . 

place in copper in the microstrain region except in tho se special cases 

where dislocations from one grain can actuallY, pass through into the next 

grain. 
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Table I. Analysis of the OFHC Copper 

Element Copper Iron Lead Nickel Sulphur.· Silver 

·>99.98 0.002 0.00:3 0.002 
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:FIGURE CAPTIONS 

Dimensions and orientations of specimens .used for bending 

I), . experiments. 

Schematic drawing of the microcompression device (a) as 

viewed from the front (b )as viewed from the side. 
" 

. Typical dislocation pileups in specimens etched after 

application of a compressive stress of (a) 40 g/rrrrn2, 

(b) 50g/mm2, (c) 50 g/mm
2 

and (d) 55 g/mm
2 

e 

(a) Dislocation pileups of opposite sign held up at 

opposite boundaries in a specimen subjected t~ a com-

2 
pressive stress of 50 g/mm; (b) and (c) Same region 

as in (a) etched after suc,cessive removals of about 50 

microns of material each time. 

Stress relaxation of a pileup A in a specimen subjected 
.. 2 . 

toacompressivestressof 50 g/rrrrnand consecutively 

etched in the stressed and u.nstressed cond~tions~ 

A sequence showing the behavior of dislocation pileups 

on stress reversal (a). Etched in the unloaded condition 

after a .stressof about 20 g/mm2. . (b) Double etched 
! 

. / 2 . after application of a stress of 20 g mm in the reverse 

direction.. (c) Etched after removing 20 microns of 

material from the surface after stage (b). (d) Etched 

2 
. 'after increasing the reverse applied to 20 g/mm • 

(e) Etched after applying a stress of 40 g/rrrrn
2 

in the 

reverse direction. (f) Etched after applying a stress of 
. 2 

'. 40 g/mm in the forward direction. 
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Schematic illustration showing the relation between the 

surface of ob~erva tion and the twin boundary. 

Sequence showing twin boundary continuity of slip in a 
. 2 

specimen etched (a) under a stress of about 50 g/mm J. 

(b) after stress, relaxation and removal of. about 50 

microns of material form the surface, and (c) a:f'ter 

removal of an additional 50'microns of mat~rial from the 

surface~ See text for details. 

Continuing slip bands across a low angle boundary in a 

specimen etched under a compressive stress of 60 g/mm2. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work . 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or con tractor 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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