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The.very ,early stages of plastic deformation were studizd by means 

of etch pit techniques in large copper polycrystals deformed in 

compression. Special attention was given to regions near grain boundaries 

in an attempt to clarify the role of grain boundaries in plastic deformz- 

.tion. Their role as barriers to slip during the early stages of plastic 

deformation was clearly. demonstrated. One of the first indications 

that plastic'deformation had taken place was the operation of Frank 
! 

Read sources. The resulting disLocation loops frequentiy traversed 
f 

the entire cross-section of the grain and piled up against theigrain . 
I 

I boundary. i 



s t rength of polycrysta l l ine  metals by ac t ing  as ba r r i e r s  t o . s l i p .  

S l i p  l i n e s  terminzting a t  grain  boundaries can be r ead i l y  observed i n  

t h e  l i g h t  microscope. Also, d is locat ions  p i l i n g  u~ along t he  s l i p  

planes a t  the  g ra in  boundaries cer, be d i r e c t l y  observed by means of 

spec ia l  e tch p i t  techniques or transmission e lec t ron  microscopy of 

t h i n  f i lms.  These p i l e  u p  may ac t i va t e  sources c lose  t o  the  boundary 

I ,  on new s l i p  systems both i n  the  same gra in  and i n  tlne neighboring gra in .  

1 There i s ,  fur ther , .  the p o s s i b i l i t y  t h a t  gra in  boundaries may t'nemselves 
I 
1 ,  1 
1 ,  a c t  a s  sources of d is locat ions .  According t o  Li  a s  long a s  gra in  . 

boundaries a r e  not  atomically f l a t  the re  w i l l  be ledges along t he  

I , boundary and the  s t r e s s  necessary t o  emit d i s loca t ions  from these  

ledges i s  only of the  order of the  y i e ld  s t r e s s .  Ledges or  s teps  have 

a l s o  been suggested by the coincidence l a t t i c e  model of a high angle 

2 
boundary developed by Brandon e t  a l .  Some d i r e c t  evidence f o r  t h e i r  

existence has been obtained from f i e l d  ion microscope observations. 
/ 

. Although ledges have been observed there  is  ye t  no d i r e c t  evidence 

t h a t  d is locat ions  a r e  emitted from grain  boundaries. 

The purpose of tne  present work was t o  follow, by means of etch 
'-c--. 

p i t  techniques, t h e  changes i n  the  d i s loca t ion  arrangements with 
__C_- - - - -  _- * 

increas ing s t r a i n  i n  l a rge  gra'ined copper polycrysta ls .  Pa r t i cu l a r  - .& -- _- - 
a t ten t ion  was given t o  regions near gra in  boundaries, i n  an at tempt 

, t o  ge t  new information on t h e  r o l e  of grain.bou?daries during the  very 

e a r l y  ~ t a g e s  of p l a s t i c  deformation. One d i f f i c u l t y  i n  the  appl icat ion 



of the  e t c h  p i t  technique t o  po lyc rys ta l l ine  metals  i s  t h e  f z c t  t h a t  

d i s loca t ions  can be revealed by e tching oniy when a low index plane 

i s  p a r a l l e l  t o  .the surface  of observation.  Also, Ynere a r e  many 

var iab les  t h a t  cannot be control led  such a s  t h e  r e l a t i v e  o r i e n t c t i o n s  

of t h e  various neighboring grans, t h e  s p a t i a l  arrangement of g r a i n  

boundaries, e t c .  However, it was f e l t  t h a t  e t ch  p i t  observations,  

though not  amenable t o  quant i ta t , ive  i n t e r p r e t a t i o n ,  m i  at a t  l e a s t  be 

h e l p f u l  t o  g e t  a b e t t e r  qua , l i ta t ive  p i c t u r e  of t h e  behavior of 

d i s loca t ions  i n  po lyc rys ta l l ine  x e t a l s ,  . park icu la r ly  during t h e  pre-  

y i e l d  range of p l a s t i c  deformation. 

The e f f e c t  of temperature on t h e  genera l  na ture  of t h e  d i s loc2 t ion  

arrangements was s tud ied  by c a r r y i ~ g  out  deforlnations a t  t h r e e  d i f f e r -  

e n t  temperatures, v i z .  l i q u i d  n i t rogen temperature, room temperature 

and 6 0 0 " ~ .  

11. EXPERlMENTAL PROCEDURES . . 

Specimens ( 3  .cm X 2 cm X 2 cm) of OFHC copper machined out  f r o n  a . 

l a r g e r  block were heated t o  about ' 1 0 6 0 0 ~  i n  & vacuum of l e s s  than 

mm of Kg andwere  held a t  t h a t  temperature f o r  48 hours t o  produce 

l a r g e  gra ins  with an average s i z e  of 5 mm. 

Since successful  e t ch ing ' r equ i res  a su r face  o r i e ~ t n t i o n  within 2 

t o  3"f (111) t h e  specimens were f i r s t  v i s u a l l y  examined t o  f i n d  a . .. 

g r a i n  having a . ( l l l ]  plane nea r ly  p a r a l l e l  t o  t h e  e x t e r n a l  surface: 
. . 

. . The presence of a  l a r g e  number of twins i n  the  annealed s$ecimens 77~s 
% 

. . 

very he lp fu l  i n ,  quickly de tec t ing  g ra ins  having a (111) plane wi th in  

, .  , ' 1 0  . t o  15" of being p a r a l l e l  t o  a s i d e  surface  of t'ne specinen. 'Since 
. . : .  

$ 



t h e  twinning plane i n  copper i s  of t h e  (111) type t h e  s t r a i g h t ' t w i n  

t r a c e s  v i s i b l e  on the  surface  of the specimens a r e  p a r a l l e l  t c  t h e  (111) 

planes i n  t h e  ind iv idua l  g ra ins .  Hence, t h e  problem of f i n d i n g  a  g r e i n  

' having a (111) plane near ly  p a r a l l e l  t o  the  e x t e r n a l  su- 'face reduces 

t o  f ind ing  a  g ra in  having two t w i n '  t r a c e s  a t  an angle c l o s e  t o  60 degrees 

t o  each other .  Since most of t h e  gra ins  showed non-para l l e l  twin t r aces  

it was r e l a t i v e l y  easy t o  f i n d  t h e  required  type of g ra in .  bbkenever. 

possible,  gra ins  i n  t h e  c e n t r a l  region of t h e  e x t e r n a l  su r face  were . 

chosen s o  t h a t  g ra in  boundaries a l l  around t h e  s e l e c t e d  g r a i n  could bs 

observed. 

The exact  o r i e n t a t i o n  of the  g ra in  s e l e c t e d  as above was then 

determined by t h e  back r e f l e c t i o n  Laue method and a  s l i c e  (about 1 cm 

i n  th ickness)  with one face  p a r a l l e l  t o  end containing the  (111) plane 

of t h e  p a r t i c u l a r  g ra in  obtained by c u t t i n g  t h e  specimen on an a c i d  s a w .  3 

A goniometer was used t o  hold t h e  specime.n and tilt it t o  t h e  exact  (111) 

or ien ta t ion .  The r e s u l t i n g  s l i c e  was f u r t h e r  s u i t a b l y  c u t  on t h e  a c i d  

saw t o  g e t  specimens approximately 2 cx X 1 cm X 1 cm with a c e n t r a l  

g r a i n  on one of t h e  2 cm X 1 cm faces  having a (1111 plane p a r a l l e l  t o  

t h e  face.  The o r ien ta t ion  of t h e  gra in  was again checked by X-rays 

, and then polished t o  within 2' of ( I l l ]  on a chemical po l i sh ing  wheel 3 

using a so lu t ion  of t h e  fol lowing composition: - 
50% n i t r i c  acid,  25% a c e t i c  a c i d  and 25% phosphoric 

ac id .  

The o r i g i n a l  d i s loca t ion  substr i lcture i n  t h e  g ra in  iias observed by 

e lec t ropo l i sh ing  the  surface  i n  a  60% phosohoric a c i d  - 40% water 

so lu t ion  (a t  a  c e l l  vol tage  of 1.5V 2nd a  cur ren t  d e n s i t y  of 0.1 amps/cm2) 



4 
and etching in a solution of the following composition for aSout 10 

seconds. 

Etchant compositio~: - 

1 part bromine 

15 parts acetic acid 

25 parts hydrochloric acid and 

90 parts water 

The observations of etch pits were made with an optical bench 

metallograph. 

The specimens were then compressed across the 1 cm X 1 cn faces 

using an Instron machine at the three different temperatures,'viz. 

liquid nitrogen temperature, room temperature and 6 0 0 ' ~ .  The applied 

'c' 
stresses ranged fron 50 to 1000 g/mm . ( ~ t  stresses higher than these 

the density of dislocations near the boundaries often beczme too high 

and t'neir arrangement too complex to be studied profitably). After 

each successive deformation the specimens were electropolished just 

enough to get a pla,in surface and then etched to follow the na.ture of 

the dislocation distribution. Unless o'therwise stated, the mount of 

material removed between successive etchings was always of the order of 

5 microns. Low temperature deformation was a.ccoaplished by keepiag 

the specimen immersed, dur5ng compression, in liquid nitrogen in a 

styrofoam container. An ordinary split-core air fu-nece was employed 

for the high temperature compression. 



111. FESULTS AND DISCUSSIOX 

1. General Arrangement.of Dislocations 

The ' d i s t r ibu t ion  of e tch  p i t s  observed e f t e r  t h e  l i q ~ i d  n i t rogen 

temperature and room temperature conprzssions corresponded c l o s e l y  t o  

those observed i n  tens ion experiments on copper s i n g l e  c r y s t a l s  by 

6 
' h s i n s k i  and   as in ski^ a t  l i q u i d  helium tempereture end by Young and 

~ i v i n ~ s t o n ~  a t  room temperature. There Gas no rrarlced d i f fe rznce  i n  

t h e  d i s loca t ion  arrangements whether t h e  .compression w e s  c a r r i e d  ou t  a.t 

l i q u i d  n i t rogen temperature or  roo;;? temperature. Figures l ( a )  t o  l ( d )  

. . 
: a r e  photomicrogra,phs of an i n t e r i o r  region i n  a g r a i n  a f t e r  successive 

2 
compressions t o  s t r e s s e s  of 300, k00, 500 and 600 g / ~ m  , respec t ive ly ,  

a t  room temperature. At low s t r e s s e s  t h e  d i s t r i b u t i o n  of d i s l o c e t i o n s  

showed some alignment along d i r e c t i o n s  ' p a r a l l e l  t o  t'ne t r a c e  of t'ne 

primary s l i p  planes : Vith increas ing s t r e s s  such a l i w m e n t  became 

increas ingly  evident .  Occasionally, regions of high d i s l o c a t i o n  

dens i ty  were found t o  form even i n  t h e  e a r l y  s t ages  of deformation. 

Figure 2, which i s  another a r e a  of t h e  same gre in  s h o ~ m  i n  Fig.  1 

2 
, .  . a f t e r  loading t o  400 g/nim i s  a gcod example. The t h i c k  dense bends 

b 

I 

always were p a r a l l e l  t o  the  t r a c e  of' a secondary s l i p  system. , These 
I 

bands apparently formed i n  .regions where e a r l y  i n  t h e  deformatid11 a 

source on t h e  secondary system had s e n t  out loops. Even though no 
I - .  

f u r t h e r  a c t i v i t y  on the  secondary system had occurred, t h e  d i s l c b a t i o n  

. i n t e r a c t i o n s  represented enough of a b a r r i e r  t o  d i s loca t ions  of. khe 
. , 

primary system t o  s t a r t  t h e  growth of t ang les  t h a t  continued t o  develop 

. . 

:as t o t a l  s t r a i n  on vne primary system increased.  I n  EL f e v  cases t h e r e  
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was evidence f o r  equal ly  prominent ' s l ip  occurring on more than one s l i p  

system. Figure 3 shows such a region of f i n e  mult iple s l i p  i n  a semple 
. . 

2 
a l s o  deformed t o  about 400 g / m  compressive s t r e s s  a t  rocm temperatwe. 

A c e l l  s t r uc tu r e  a s  shown i n  Fig.  1: (0.2% compressive s t r e i n  a t  l i q u i d  

nitrogen temperatwe ) rias only occasionally evident a f t e r  low tempera- 

t u r e  compressions. However, a c e l l  s t r uc tu r e  was t h e  most prominent 

fea tu re  of the  d l s l o c a t i ~ n  arrangements a f t e r  high temperature cam- 

2 
pressions.  Figure 5 (200 g/vm compressive s t r e s s  a t  6 0 0 " ~ )  i s  a 

t yp i ca l  example. Another dis t inguishing fea ture  a t  t h e  high temperature 

2 was t h a t  a t  s t r e s se s  more than about 400 g / ~ m  the  few s l i p  t r ace s  

observed were always very short ,  waxy and d i f fuse  (Pi&. 6) a s  aga ins t  

t h e  comparatively longer, s t r a igh t e r  and more d i s t i n c t  s l i p  t r a ce s  

observed a t  lower temperatures ( e  . g.  Figs.  l ( a )  t o  l ( d )  ) . A t  high 

temperature t h e  s l i p  t r a ce s  were long and d i s t i n c t  only a t  s t r e s s e s  

2 l e s s  than about 100 g/mm (Pig. 7(a) ) . Alignment a long.  the  t r a c e  of the  

ac t ive  s l i p  plane disappeared a lnos t  completely a t  high s t r e s se s .  

Figure 7 (b)  shows the  sane region e f t e r  the  s t r e s s  has been r a i s ed  t o  

2 
only 200 g/mm . The s l i p  t races  a r e  much l e s s  d i s t i n c t ,  p s r t i c u l a r l y  

neer t he  g ra in  boundary. 

2. Dislocations Near Grain Boundaries 

One pa r t i cu l a r l y  s t r i k ing  fea ture  observed a t  the smal les t  s t r e s s e s  

f o r  a l l  the  th ree  temperatures was small d i s loca t ion  pile-ups a t  t h e  
I 
i 

boundaries. Figure 8 shows such a group of d i s loca t ions  near a! twin 
I 

. ,  
boundary i n  e sample compressed t o  only about 100 C/nm2 .st 60a0c. i 

I 
1 

Figures 9 and 10 show s imilar  arrangements a f t e r  com-pression to 'nbout  

2 '  i 
400 g/mm a t  l i qu id  nitrogen temperature. ~ i g m e  11 is  a n  exrmsle 



of a case i n  which such groxps wer? seen i n  a saaple  which had not  been 

i n t e n t i o n a l l y  deformed a t  a l l .  The formation of these  p i l e - c ~ s  shows 

t h a t  d i s l o c a t i o n  loops emanating f r o x  t h e  f i r s t  sources t o  become 

a c t i v e  more across  e s u b s t a n t i a l  por t ion  of the e n t i r ?  c ross  s e c t i o n  

of t h e  g ra in  without leaving any t r a c e .  Their  operat ion csn 5e  de tec ted  

only because of t h e  g ra in  boundary b a r r i e r s .  High sensiC5vity s t r a i n  

measurements have a l s o  suggested t h a t  t h e  f i r s t  d i s l o c a t i o n  t o  move 

8 
g l i d e  over long dis tances .  It i s  i n t e r e s t i n g  t o  note t h 2 t  i n  s i n g l e  

c r y s t a l  e t ch  p i t  experiments operat ion of these  f i r s t  sources might no t  - 
be detec ted  a t  a l l  because i n  t h e  absence of any b a r r i e r s  t o  s t o g  them 

- 
t h e  d i s loca t ion  loops might t r a v e r s e  t h e  e n t i r e  c r y s t a l  end pass out  

. a t  t h e  swfaces .  

An explanation f o r  ceses l i k e  Figure 8 where "pile-ups: '  a r e  seen 

a t  one boundsry, 5 u t  not  a t  the  o p ~ o s i t e .  one could be t h a t  s l i p  has 

been t ransmit ted  across  t h e  boundary. Such a t r z i smiss ion  of s l i p  

should be p a r t i c u l a r l y  easy i f  t h e  bomdary happens t o  be a coherent 

twin boundary (as  i s  perheps t h e  case i n  F ig .  8), s ince  an a c t i v e  

Burger 's  vector  could . then be cownon t o  both t h e  g r a i n s .  Another 

p o s s i b i l i t y  i s  t h a t  a considerable amount of p l e s t i c  deformation has  

taken place i n  t h e  neighboring gra,in (which i s  not i n  t h e  e tching 

o r ien ta t ion) ,  a,nd t h a t  pi le-ups at t h e  boundnry have a c t i v a t e d  sourc'es 

i n  t h e  etched g ra in  near t h e  boundary. . 

The operat ion of a Frank Read source a t  low s t r e s s e s  i s  c l e n r l y  

ind ica ted  i n  Figure 12(a) which shows both s e t s  of pi le-ups et t:le 

2 opposite  'boundaries i n  a specimen compressed t o  about 100 &/m a t  room 



temperature. It i s  i n t e r e s t i n g  t o  note t h a t  one s e t  of d i s l o c ~ t i o n s  

- 
appears as dark p i t s  vh i le  t he  other appeers as  l i g h t  p i t s .  ~t hes 

b'een previously shorrn by ~ i v i n ~ s t o n ~  t h a t  edge d i s loce t ions  of one sign 

a r e  revealed a s  dark y i t s  and.those of opposite s ign  are reveal& as 

l i g h t  p i t s  under appropriate l i gh t i ng  condit ions.  This pa r t i cu l a r  source 

, i n  Fig. 12 ( a )  wzs apperently a surface source, v l z .  one t h a t  operated 

very close t o  the  e x t e r n d  surface s ince  the  pile-ups ccmpletely 

disappeared a f t e r  two success'ive pclishings ( t o  remove about 50 microns 

of mate r ia l  each time) and re-etching'  ( ~ i g ' s .  12(b)  er.d l 2 ( c ) ) .  A 

calcula t ion of the  back s t r e s s  at  the  sou^rce due t o  t he  d i s ioca t ion  

pile-ups i n  Fig.  12(a )  'using t h e  formula 

S t r e s s  G nb 
= 2 i ) .  r 

6 
with G = shear modulus = ,4.22 x 10 g /m 2 

n = number of d is locat ions  i n  pile-up = 9 
a .  

b = Burger's vector = - <110> = 2.5& 2 

v = Poissons r a t i o  = 0.34 

and r = dis tance from source t o  pile-up = 100 p 

2 ., 

gave a value of 21.96 g/m- i n  c'lose agreement r ~ i t h ' t h e  resolved shear 

2 s t r e s s  of 22.13 g/mm on the  pa r t i cu l a r  s l i p  sys tea .  3t shoul8, 

however, be mentioned t h a t  the  ac tua l  s t r e s s  on t h e  s l i p  system might 

be c'onsiderably a f fec ted  by t he  unknown deforvations of t he  neighboring 

grains .  The agreen?ent.between the  two values cannot be tzken too  

ser iously .  ' 

Operation of a Frank Reed source deep b i t h i n  t h e  grain  i s  show11 i n  



Figs.  13(a )  . . t o  13(d) .  Figure 13(a )  shovs zn i s o l a t e d  61-ou-p 02 

d i s l o c a t i  ans a ~ ~ ~ a r e n t l y  p i l e d  up a t  a  twin Scundary a f t e r  coEpressic;l 

2 
of t h e  s2ecimen t o  about 75 g/ira a,t room t e ~ ~ p e r e t u r e .  Figure l 3 ( b )  

shows a s i m i l a r  group of d i s loca t ions  i n  the  i n t e r i o r  of t k e  ' g r l in  but  

apparent ly .a long t h e  same s l i p  plane a s  those d i s l o c a t i o n s  near t h e  

boundary i n  Fig .  1 3 ( a ) .  However, t h e r e  wzs no pronounced alignment 09 

e tch  p i t s  along the  same s l i p  plane i n  t h e  region i n  between these  

grouFs. Renoving.about 5.0 microns of m a t e r i a l  by chemical pol ishing 

and re-etching showed many more d i s loca t ions  z l igned along 'the ;pzrticul.ar 

s l i p  plane and. t h e  operat ion of e Frank Read source became qu i t e  ev izen t  

( ~ i g .  1 3 ( c ) ) .  T ~ i s  observation can be explained by t h e  f a c t  t h a t  on 

remova1,of m t e r i a i  more and more d i s l o c z t i o n  loops a l ready  generated 

from the  s k c e  i n t e r s e c t e d  tnd e x t e r n a l  surface .  Figure 13(d)  sgows 

both pi le-ups a t  a  lower magnification ... 

The apparent pi le-ups near t n e  g ra in  .boundaries i n  F igs .  8 t o  11 

1 and t h e  increase  i n  the  nwioer of e t ch  p i t s  observed along t h e  s l i p ,  

t r a c e  i n  Fig .  13(c )  could a l s o  be explained by assuming t h a t . t h e  

d i s l o c a t i o n  sources were .  a t  points  along t h e  g ra in  boundaries. 

However, the re  was no evidence t o  support t h e  i d e s  of g ra in  b o i ~ d s r y  

sources whereas i n  some cases,  l i k e  t h a t  shown i n  Fig .  12, t h e r e  was 

s t rong  ind ica t ion  t h a t  t h e  sou-rce had been loca ted  z t  t h e  sa r face .  

The increased spacing of t h e  d i s loca t ions  i n  tne  p i le-up i n  F ig .  12(b)  

and t'neir disappearance i n  F ig .  12(c ) ,  s t rong ly  s ~ l g g e s t  a su r face  

source. Also, because t h e  gro1i.n-in d i s loca t ions  . a r e  h ighiy  mobile i n  

copper, it might be expected t h a t  t h e  d i s l o c a t i o n  sources having t h e  



lowest c r i t i c a l  s t r e s s e s  f o r  opere t io r  18rould be s i n g l e  ended s u - f a c e  

sources.  

Altnough Vne pi le-ups  were mostly cbserved a t  t-tain boundaries 

r egu le r  g r a i n  boundaries, ' p a r t i c u l m l y  when a.~-prosimately perpendicular  

t o  t h e  s l i p  plane t r a c e ,  a l s o  a c t e d  a s  b a r r i e r s  t c  d i s l o c a t i o n s .  

Figures 1 4  and 15 show pile-ups a t  such bounderies i n  specimens com- 

2 
pressed t o  about 300 g / m  a t  roon temperature and l i q u i d  n i t rogen 

temperature, r e spec t ive ly .  A p e r t i c u l a r l y  i n t e r e s t i n g  featul-e of 

!L 
Fig.  14 i s  t h e  pronounced "g l ide  polygonization" ' near t i e  bacn8ary. 

The p l a s t i c  s t r e i n  a s soc ia ted  v i t i i  e s t r u c t u r e  l i k e  t i t  of F ig .  15, 

csn be ca lcu la ted  t o  be abou t  5 X i f  one assimes t h a t  t h e  d i s l c -  

-I ca t ions  have t r ave r sed  through t h e  e n t i r e  g r a i n .  i~ i s  i n t e r e s t i n g  

t h a t  even a t  t h e s e  r a t h e r  high s t r a i n s  t h e  d i s l o c a t i o n  d e m i t y  i n  t h e  

bulk of t h e  g r a i n  remains p r a c t i c a l l y  the  same a s  i n  t h e  undeformed 

sample, t h e  only regions of higher d i s l o c a t i o n  d e n s i t y  being those  

near  the boundaries. This tendency i s  found t o  p e r s i s t  even a t , h i g h e r  

s t r a i n s ,  t h e  regions of maximum d i s l o c a t i o n  d e n s i t y  s t i l l  being those  

near  the  boundaries. Figure 16 shows z region i n  a . saxple  deformed 

t o  about 0.05% s t r a i n  a t  room temperature a l r eady  Raving develoged a 

much higher d i s l o c a t i o n  dens i ty  near a twin boundery thsn  i n  t h e  c z n t r a l  

region of t h e  .g ra in .  - . 

I n  a few ins tances  where two neighboring grzi;-- f ls  of d i f f e r e n t  
. , 

o r i e n t a t i o n s  could be simultaneously etched t h e r e  vas 2. pronowced 

d i f fe rence  i n  t h e  d e n s i t y  and arrangement of d i s l o c a t i o n s  i n  t h e  t v o  

g ra ins  (Fig.  17, f o r  exenple) .  This can be due t o  t h e  f a c t  t h a t  one 



grain  i s  oriented f o r  duplex s l i p  vh i le  the  other i s  or iented f o r  

s ing le  s l i p .  The operative s l i p  system i n  a given grein  w i l l  20; only 

depend on t h e  or ienta t ion of the  grs.in w i t h  respect  t o  t he  ccxpressive 

axis, but also on the  orlentat iofi  of e l l  the  s u r r o u n d i ~ g  grzins .  
. . 

Beceuse of t h i s  f a c t  d i f f e r en t  s l i p  systems  onet times' operate i n  

d i f f e r en t  regions of the  ' sme  grain.  : 
! 

, I V .  Co~TCLuSIONS 

1. .Motion and mul t ip l i ca t ion  of d is locat ions  begins i n  -polycrystal l ine 

2 
copper a t  resolved shear s t r e s se s  below 20 $mi as  i n  s ing le  c ry s t s l s . '  

2. Dislocation loops t h a t  emmate from the  f i r s t  operating Frank Read 

sources g l ide  e e s i l y  through tee grain  and form smali pi le-cps of 

th ree  t o  t en  dis locat ions  et the grain  boundaries. 

3. The motion of t he  f i rs t  f i v e  or t en  loops across  a given g l i de  plzne 

leaves few,defects  behind t'nat can be detected by etching.  Only t h e  

pile-ups a t  t h e  grain  bocndaries sho1.r t h a t  a Frank Read source hss 

operated. 

4. As p l a s t i c  s t r a i n  increeses the  d i s loca t ion  arrangement develops 

d i f f e r en t l y  a t  low and high temperature. A t  - 1 9 6 0 ~  end a t  20°C 

t h e  ac t ive  s l i p  plane become marked v i t h  increasing c l a r i t y  by 

l i n e s  of p i t s .  In  specimens compressed a t  6 0 0 " ~  alignment of p i t s  

along ac t ive  g l ide  planes diseppears a f t e r  small  s t r a i n s  i n  Savor 

of a network of d is locat ion tangles forixing e , c e l l  s t r uc tu r e .  

.. . 5 .  A small  amcunt of s l i p  on a  s.econdary system occuring c l l x i n ~  

t he  e a r l i e s t  s tage of deform~t ion  cen very grezi;ly increase  ' c ~ e  



I? l o c a l  d e n s i t y  of d i s loca , t ions  l e f t  i n  sne c r y s t a l  a f t e r  e given 

s t r a i n  even  hen e s s e n t i a l l y  a l l  of t h e  t o t a l  s t r a i n  he.s been on 

t h e  primary system. 

6 .  I n  d o p ~ e r  t h e  pr imary r o l e  of the g r a i n  b o w b a r i e s  6 u r i n g  fqe e z r l y  

s t e k e s  of s l i p  i s  t o  a c t  as b a r r i e r s  t o  d i s l o c a t i o n s  and n o t  es 

sources  of d i s l o c a t i o n s .  

The a u t h o r  wishes'  t o  express  h i s  g ~ e t i t u s e  t o  p ro fe s so r  Jack 

Washburn f o r  h i s  encouregenent,  guidance azd con.tinued i n t e r e s t  i n  t'ne 

. p r e s e n t  work. This  work a e s  supported by t h e  ausp ices  of t h e  United 

. S t a t e s  Atomic Energy Ccm-iss i o n  through the Ino rgen ic  &'i..er ials 

fiesearch Div i s ion  of t'ne Le?.rrence 3.?diatior. Laboratory,  Depertment of 

Minera l  Technclogy, College of Engineering, '  Universi'iy of Ce l i fo rn i a ,  

Berkeley, Cal i fornia . .  
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FIC-IJE CAPTICBS 

F i z .  1 a ?  b, c ?  d: ' Fhotomicrographs sho~.ring c h a n ~ e s  i n  d i s l o c a t i c n  

. . 
' arra.ngements i n  t h e  i n t e r i o r  region of a gl-a,in a f t e r  S U C C ~ S S ~ ~ . ~ ~  

compre~sions  of' t h e  spciD;?en t o  s t r e s s e s  GI" 300, 490, 500 el?< 

2 .' 
600 g/mm , res~ac+; ively ,  ~t rooin? t e n ~ p e ~ - e t . ~ e .  

Fig.  2 . A  p a r t i c u l a r l y  good region shoving dense bands of d i s l ~ c a t i o n  

along t r e c e s  of a secon2ary s l 2 p  system i n  t h e  sane spscinan 

2 .  
' a s  i n  F ig .  i a f t e r  losding t o  400 g/im EZ roon temperaturz . 

2 
Fig.  3 F i r e  Cuplex s l i p  i n  a specimen loaded %o about 400 g/ri a t  

room temperature. 

Fig.  4 h u s u a l  a r e a  showing a c e l l  s t r u c t c r e  i n  a specimen fieformzd 

t o  about 0.2% compressive s t r a , i r  a t  l iquici nitrogeu! ten~pers t i l re .  

Fig.  5 Ty-picel a r e a  showing c e l l  s t r u c t u r e  i n  E specimen loaded t o  

about 200 g/nm2 a t  6 0 0 " ~ .  

Fig.  6 Short ,  wavy aind d i f f u s e  s l i p  t r a c e s  a f t e r  leading of a spec- 

2 .  imen t o  about 600 e / ~ ~ n  aat 6 0 0 " ~ .  Q e r a t i o n  of two s l i p  

s y s t e m  can be not iced.  

Fig .  7 ( a )  Long d i s t i n c t  s l i p  t r e c e s  i n  a specimen loaded Lo about 

(b). Same region as i n  Fig .  7 ( a )  a f t e r  i n ~ r e ~ s i n g ' t h e  

2 loading t o  200 g/mn . Rote Ynat s l i p  t r a c e s  and pi le-ups  

have become much l e s s  obvious. 

. . Fig.  8 Groups of d i s loca t ions  naer a twin Sonrdzry in a spzcimtn . .  . . 
loadef t o  100 g/m:~2 a t  600°C. 

Fig .  9 Similar  d i s l o c a t i o n  arrangements as  i n  lig. 8 i n  a specixen 
and 10 



2 . '  
loaded t o  about 400 g/mii ax l i w i d  nitrogen temperetur?. 

F i .  1 Pi led  up dis locat ions  et t v i n  boundary i n  E syecimec i:kic:il 

had not been scbjected t o  eny i n t en t i ona l  deformztion 2% e l l .  

Fig.  12 ( a )  D i s l o c ~ t i o n  p i l e -uG of oppcsite s ign  5e ld  up a?, 

2 
opposite bou.x.xda,r.ies i n  9 s~ec imen  loaded t o  100 g/:m 8.t room 

temperature. 

(b )  and ( c )  Sa,me region a s  i n  Fig .  12 (a )  e f t e r  successive 

renovals of about 50 microns of me<erial  each t i ~ n z  and 'e- 

etching. Note t h a t  t he  d i s loca t ion  loops heve been coixpletely 

polished away i n  Fig.  12 (c ) .  1 

I 
I 

Fig. 13 ( a )  Group of d is locat ions  p i l ed  up 2% a twir. b o ~ n c i a ~ y  s.f ter  ~ 
2 loading of a speclne?? t o  about 75 G/~a et room temneretu-re. 

( b )  Group of d is loc&tions  found neer t he  center of the  

grain  on, tine t r a c e , o f  the  same g l i e e  plane es the  grot?. . . 

( c )  Same region a s  i n  Fig.  13(2)  a f t e r  renovine about 50 

microns of mater ia l  and re-etching. \ 
. , 

(d )  Sme area' as  Fig .  13(c )  shoving both gro-GTs a t  lcrjer 

' magnification. / 

/' 

Fig. 1 4  Dislocations p i led  up a t  a bou.ndary approximately p e r p e n d i c u l ~ r  

2. t o  the s l i p  t r a ce  i n  2 specimen loaded t o  300 g/;;l_.r! a t  r.oa;n 

I : 
temperature. 

I . . .  . .  , . , 
Fig. 15 ' Pile-up and g l ide  polygonization a t  a SoundSry 'perpendicular 

. . 2 t o  the  s l i p  t r a ce  i n  a specimen loaded t o  300 g / m  a t  l i q c i d  

I . . '  nitrogen temperature. 

Fig. 16 Photomicrograph showing regions of high d i s loca t ions  dqns ii;y 
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near the·boundaries after compression to 0. 05% strain at

room temperature.

Fig. 17 Difference in density and arrangement of dislocations in two

+  0  . Agrains of different orientations after aoouu u.i70 s-Crain at

liquid nitrogen temperature.

1
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T h i s  r e p o r t  w a s ' p r e p a r e d  a s  a n  a c c o u n t  o f  G o v e r n m e n t  
s p o n s o r e d  w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r ' t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  C o m m i s s i o n :  

A .  Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages  r e s u l t i n g  f rom t h e  u s e  o f  a n y  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  u s e d  i n  t h e  a b o v e ;  " p e r s o n  a c t i n g  o n  b e h a l f  o f  t h e  
Commiss ion"  i n c l u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  C o m m i s s i o n ,  o r  e m p l o y e e  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  a n y  i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment  o r  c o n t r a c t  
w i t h  t h e  C o m m i s s i o n ,  O F  h i s  employment  w i t h  s u c h  c o n t r a c t o r .  




