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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :
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ABSTRACT |
In an annealed crystal §f lowjdislocation density the critiéﬁl
resolved Shear.stress necessary to mOve.circular'prismatic édge dislocation
Aloops along their glide. cylinders was compared to the range of‘étreéses'
Awithin which variqus segments of thevfhfge dimensional netwbrk‘bégaﬁ ﬁo move.
Etch—pif Obserﬁafibns showéd that the first segments‘of the network moVed.
at Eg/mm2 but that only 60% had moved when the maximum resolved sheér
stress had reached 38g/mm2.l. |
Circulaf ﬁriématig loops, which because of tﬁeir‘shape have a
high J§g concentration, were found to move ét a critical resolved shear
étress'greéter than SOg/mm_ef it ﬁas suggested’thatijog concéntration
éhould be'éxpected to var& from one segment fo énother'of the three
dimehsiOnalinetwork in an annealed crystal and that this is probably
one important reason forlthe'widely differentsgtresses at whiéh individual

segments begin to move .
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INTRODUCTION
It has been shown by dislocation etch pit e'xperimentsl and: by sen=

éitive Stress~strain measurements2 that loading an annealed coppef crystal

to h_g/mme resolved shear stress on the (110) (111} systems is sufficient

‘to’ cause plastic deformation. The plastic component of the strain in-

cfeaSés‘slowly with increasing appliédvstress up to the yield. stresss

‘In;an initially highly pérfect crystal the density of dislocations can -

_ ihcrease several orders 6f'magnitude during this pre-yield plastic de~

formation.‘

Iflis hoﬁ yet'cléar exactly what factors cohtfol.ﬁhe stréss'at wﬁich
yielding or rapid multiplication of'strain'begins. One possibility is
that'Slipjbands, Within which.most'dfvthe.plastic $train is doncentratedl
after the yiéid,:cannOt develdp.until a stress leQel iS'iééched-at ﬁhich
dislocation segmeﬁts not lying on or very near {111} can move. Thereféfe
it is of ihterest'to tfy to measure ﬁhe critical stress for thservafive
motion of diSlqcatibn segments cbntaining high,jbg'cohcentfdtibhs.

The etch pit Qbsef@atioﬁs‘suggest that some disiééafioﬁ segments~
are muchvless'mobiié than others. E&en after application of“a stresé"

an Order’of magnitude greater than that®at which the first'diSIOCations

.'move, there are still dislocations that have not movéd.

“The. purpose of'the present experiments was to‘ébmpare the critical o



‘stress for motion of heavily jogged edge dislocations with thedrange of
critical stress found for the dislocation segments that make up the three - Yoe

dimensional dislocation network in an annealed crystal.

EXPERIMENTAL PROCEDURE'

Copper.single crysfals of 1 inch diameter and»3 inches length and a
<11l> axis were grown by the Czochralski method from 99.999% copper. |
TIrom these crystels, parallelepipeds of abour'(Smm X Smm X 25mm)
were cut by acid sawing, ﬁpropposite (5mm X éSmm) faces were‘made
‘parallel to (lll}. The samyles were then polished on a‘chemicel polishing
lathe with a solution of (SO%HNO3, 25% H POh, 25% acetic acid) - so thet
the (lll] faces were parallel within 2 degrees, to the crystallographic
‘ plane. During this bperation»the specimens were thinned‘down to a
thickness of 0.5mm. All thelspecimens_rere then annealed“underﬁpurified
helium at 1075°C for 100 nours. This resulted in a decrease in dislocation

2 perjcm2 to about 2 x th dislocations per cm2vee deter-

density from 10
_mined.from etch pit counts.
To measure the critlcal 8tress for motion of dislocations of the three

dlmen51onal network these crystals vere stressed as cantilever beams as
shown in Flg. 1. - A known weight was applled by means of a quartz krife
-wWhich was placed on one arm of an analytical balance.

- After anneallng and before deformation the crystals were electro-
<

pollshed at 50°C in a solution of 33% HNO3, 67% Methanol and placed in

stalnless steel grlps. They were etched in a solutlon of'1 part bromine,

15 parts glacial acetic acid, 25 parts hydrochloric acid 90 parts water for
5 to 7 seconds 3" After deformation the'crystals were re-etched for 3

seconds and rinsed;in ethyl alcohol. Dislocetiona'thet had moved appeared



as flat bottomed pits of,triengular shape. Smaller pits corresponded to

- moved dislocations -or to new dislocations and the sharp large pits to

 unmoved dislocations (see Figs. 2 and 3).

The handllng of the spec1mens durlng mounting and etchlng was done
in & way to avoid any extraneous deformation. Prior‘to_etohing the
specimen was~set in the grips and.the dlfferent operetions of etching
and. rinsing were done With the specimen in the‘grips. The ueight '
of the spe01mens was approxlmately 0.20g. 'Tnerefore the shear
stresses that resulted from its own welght were less by an order of

magnltude than those due to the loadlng. The errors in measuring the

"drmen sions of the specxmen and the applled load corresponded to an un-

~'certa1nty in the resolved shear stress of about 4%.

The moblllty of heav1ly Jogged edge dislocations was studied by
producing prlsmatlc half_loops and observ1ng their spac1ng in an inverse
pile up.- Half loops were produced by dropplng alumlna balls of 30u to
hou in dlameter on the surface of the sample from avhelght of 20cm.
On-impact they-caused-a deformatlon'of the crystal similar to that due.d p
to differential VOlume changesvaround precipitates duringvcooling‘as it

was observed by Barnes and Mazey in quenched Cu.u After impacting, the

‘samples were etched for 7 seconds. Figure L4 shows the type of deformatlon
vsurrounding the point of impact; rows of prismatic loops form a "rosette"

- which has branches eXtending elong <llO>'directions;

* RESULTS' AND DISCUSSIONS

A. Motion _of Grown-in Dislocations

From c13351cal mechanics the stress produced by the cantilever loading

is glven in the elastlc.region by 7 = égé vhere a,b c, are the dlmen-

ab
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sions of the specimen as defined in Fig. 1 - P is the applied_lbad and
L is the distance from the point of application of the load. If the
top surface of the specimen is taken as (1I1) and the maximum tensile

stress is along [I112] then thé resolved shear stresses had values

T, o= 0.4081 for X (llij, {o11] and (111) [201] élip‘systemé

RS 0.2727 for | (111), (0I1] and (111) [101]:slip systems
(lli) [110] slip systémi -
(111) tilO] slip system

T, = 0.1357 for (111) [ol1] and (11I), [I01] slip systems

The percentage . N of. moved dislocations was observed along the length

of 3 samples by counting the number of flat bottomed pits Nl pervcm2

and the number of sharpkbottomed pits N, per cm2. By extrapolation of

’ . lOQNi ' _ : _ !
——" as a function of the maximum
N1+N2 S

resolved shear stress.rm corresponding to different poéitioné along the

the curve obtained by plotting N =

speéimen, the critical streés reQuired to displace the most mobile

dislocation was found to be.2.5g/mm2.

} ‘This is even lower than the Mg/mm? obtaiﬁed by Youngl but is
about the same as the stress at whichvplastic strain wés first detected  |,
by Tinder.2 Unforturately . the méaning of this éfitical stress is not |
entirely clear bécause the first dislocations to move may ﬁavé begﬁ those;
that could shdrten their length by the motion. Therefore the applied
stfess'may‘have been sﬁpplying only a pért of the driving force. It is
also'impbssible in this experiment to knoﬁAto.which slip systém a given

o . . . - : _ N
dislocation belongs. However, few dislocations were found to have i 7

moved along the trace of the plane of minimum resolved shear stress at



right angles to the direction of the maximum tensile stress. It wes

assumed that the dislocations that moved along a given trace had the

- Burgers vector resulting in the highest resolved shear stress for that

plane. It was also assumed that the dislocations that moved lay

approximately on {1l1ll} planes. TFor a resolved shear stress 1m=38g/mm2

still onlyvho% of the dislocations had moved. Because only one of the

six Burgers vectors lies at right engles to the direction of maximum tension

this relatively small fraction of moved dislocations suggests that

many dlslocatlon segments are far less»moblle than is suggested by

: 2
the critical stress of 2.5g/mm .

By matchlng old flat pits with new small plts the distance moved by

dlslocatlons was also observed as a function of the applied resolved

shear stress (see Figs. 2 and 3) The measurements were made by careful'"

scanning of the pictures using a grid of lines parallel to the two prin-. "

cipal sllp directions. The largest distances of motion were assumed to
cerrespond to disldcations which had moved in the slip system of hiéhest
reselvedfsheaiistress.v The dieplacements of at»1east»tﬁree/dislocations
were used for each point of the curve of Fig. 6. Extrapqletion of tﬁis
curve- to éero displacement also gave a-vaiue of Qg/mm? for the critical
etress requifed to. move the'most'mobile-dislocations. The average dis;
plaeement'of a dislocation for 7 = Sg/mme}was aboﬁt 1073 em

B. Motion of Prismatic Half Loops

In an inverse plle up of loops such as those that extend outward

from the point of 1mpact in Fig. L the forward-most loop is pushed out-

ward alqng its gllde cyllnder by 1ts»elast1c interaction with_the other ';

loops on the same glide cylinder.

5

Newman and Bullough” considered the interaction of a number of



.prismetic'circularVIOOps on the same glide cylinder. The shear stress

on the glide cylinder T, due to a single loop of radius a was evaluated . U”f
as:
‘ . . ‘n
Tt = abG ,
- 4n{l-v)a
‘where B = Bergers vector of the loop
- = Dimensionless‘parameter which was a function of the loop

radius, a (see Fig. T)
v ='APoissonfs‘§atio
G = AShear-ﬁodulus
vThe shearistress on the glide cyllnder due to a s1ngle loop decreases

rapldly wi th the distance Z from the loop. When the ratlohg— is > 2.5

2a
the shear stress can be approx1mated‘by;
L 3ba3G |
. (2-v )Zi,
The shear stress,T*'acting on the last loop of a foﬁ of five loops will';
‘vbe 'T* = i%l..fi (a Z, ) Where ~7,1s the shear séfess exertéd.by:the.'

ith loop of the row on the last loop of the row. Therefore;‘by

measuring the’ distance between it and’ the other loops it is posslble to
estlmate the critical stress_necessary to cause it to gllde. It should
stop MOving when the stress duevto the other loops is just eqﬁal to the

frictional stress resisting its motion. In these experiments we are

y

dealing with h&l{-loops at an external'surface.

It will be assumed that the shear stress on the_glidg‘cylinder due. : .
to.e half'loop:is‘the same &8s for a complete prismatic loop: »for a. o
prismatic loop seVefal‘michons in diameter shear stresses ahe zero at

all points of the plane of symmetry that cuts through the loop and

contains the Burgers vector. Although the normal stresses are not zero



.“. - . _7..

across this plane it will be assumed as an approximation that no major

change occurs in the magnitude of the shear stresses if the crystal is

~ cut into two parts along this plane. For the calculations we have

considered only rows of more than five loops, these loops being well
aligned along aA<llO} directién and regularly SPaced as shown in

Fig. L. Tt waévthought thatvthese were cases where there‘had hot been
sﬁrong intefactioné with jérts of the grown-in network. | |
' The avérage,ﬁeasured.distances betweén the lést loop and fhe'next

three loops were

5.93 lO'ucm;_-

zl. = |
Z, = 10.25 1o_'1*cm.
z3 = 14.66 1o'l‘cm.

Thé‘averagérradius for fhe loops was: 2.18 lO-ucmr _ o
Taking o from Fig. 7 and with G = &.95;;106 g/mﬁe,'ﬁ = 56."7i..g/m.m.'
This rélatively high étress necessary for conserVatiQe moﬁion of

prismatic loops which, because of the shape of'the iﬁpacting partiéiés;

almosﬁ'cgrtainly had a semiéircﬁlar shape, probably explains the results

'of part (a). Many of those dislocations that did not move at an ‘applied

stress of 38 g/mm2 may have had relatively high jog concentrations. The

.. concentration of Jogs or steps where a line passes from one high density

{111} layer to the next should vary for different dislocation segments
in én annealed crystal. .At high temperature the dislocation nétwork

has approached a configﬁration of metastab;e eciuili‘brium by both con-
servativé-and nonconéervative motions. Assuming that the energy associ-
ated with a jég 1s small, elastic strain energy is minimizeé vwhen dis;.k

location segments approaéh'linearity end nodes become symmetrical.



Therefore in metals of\medium to high stackingvfault energy'few segments

should be expectedvto lie exactly on low index glide planes. Recent. -

direct obsorvations by Merlini et. a1.6 are consistent with this picture.

CONCLUSIONS
- l.' At room témperature the groﬁn in dislocations in ah‘aonealed :
99. 999% copper 51ngle crystal with an 1nit1al dlslocatlon den31ty of
2 x J.OLF per cm? start to move at a critlcal shear stress of about 2g/mm .
However, even after the applled stress has been raised to 38g/mm » only

uo% of the dlslocatlons have moved.

2. Punched prlsmatlc»dlslocatlon loops in the same copper specimens

move.along'their glide cyliﬁdgrs at a critical shear stress, 1% ~ 56g/mm?. :

3. The greatly different mobility of different segments'of the

annealed network of dislocations is. probably due to differences in their-jog

concentration.
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- Fig. 1

Fig. 2

Fig. u-

Fig. 5
:vFig. 6

Fig. 7
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FIGURE CAPIIONS .

Specimen mount fo: handling and cantilever‘beam loading.

‘Pypical field of view showing dislocation positions before N o .

and éfter applicéﬁion of a load. The‘diréétidn of maximum
tensile stress'wé;‘ﬁarallel to‘[112] and the initial'and final
ﬁosition of moved dislocations are indicated by arrows. (x 610)
Motion-of dislocations:-‘Dislocétion A moved to A' during
first loading. bislocatiqn B which appeared after first

test'mdved to B' after second l@ading. The direction of

. maximum tensile sﬁreSS was péraiiel to [112]. (x 3800)

Rosette of dislocation loops produced by impact of a 30
micron alumina sphere. (x 2750): T AR
Percent & moved dislocations vglmaximum resolved shear stress. .°

Average distance moved vs maximum resolved shear stress.

(3))

Dimensionless parametera (from Newman and Bullough

. used‘foi caleulation of resolved‘shear stfess acting én the -

glide cylinder of a prismatic loop.
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