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B a k e r i a n  L e c t u r e  : The Distortion o f  an A lum iniu

during a Tensile Test.

B y  G-. I .  Ta y l o r , F .R .S ., a n d  C. F . E l a m .

(R eceived  D ecem ber 16, 1922,— L e c tu re  de liv ered  F e b ru a ry  22, 1923.)

T h e  w o rk  d e sc rib e d  in  th e  fo llo w in g  p a g es  w a s in s p ire d  b y  a  p a p e r  in  w h ic h  

P ro f. C a rp e n te r*  a n d  M iss  E la m  d e sc rib e d  th e  r e s u l t  o f a p p ly in g  te n s i le  te s t s  

to  sp ec im e n s of a lu m in iu m  w h ic h  h a d  b e e n  t r e a te d  in  su c h  a  w ay  t h a t  th e y  

a p p e a re d  to  tu r n  in to  s in g le  c ry s ta ls . T h e  r e s u l t in g  d is to r t io n s  of th e  t e s t  

p ieces  w e re  v e ry  r e m a rk a b le  a n d  c le a r ly  s u g g e s te d  t h a t  th e  c ry s ta l  a x e s  w e re  

n o t  o r ie n ta te d  in  th e  sam e  d ire c tio n  in  d if fe re n t sp e c im e n s. T h e  u n ifo rm ity  

of th e  d is to rt io n  in  d if fe re n t p a r ts  of th e  sam e  sp e c im e n  m a d e  i t  seem  lik e ly  

th a t  i t  w o u ld  be a  s tr a ig h tfo rw a rd , th o u g h  p o s s ib ly  la b o rio u s , m a t te r  to  

d e te rm in e  th e  r e la tio n s h ip  b e tw e e n  th e  o r ie n ta t io n  of th e  a x e s  a n d  th e  

d is to rt io n  p ro d u c e d  in  a  te n s i le  te s t .  A n d  i t  se e m e d  p o ssib le  t h a t  b y  

e x a m in in g  a  n u m b e r  of sp e c im e n s  som e g e n e ra l r e s u l ts  m ig h t  b e  o b ta in e d  

a b o u t th e  fo rces n e c e ssa ry  to  p ro d u c e  d is to r tio n s  of th is  ty p e .

O n d iscu ss in g  th e  m a t t e r  w ith  P ro f.  C a rp e n te r  a n d  M iss  E la m  i t  w as fo u n d  

t h a t  i t  w o u ld  n o t  be p o ssib le  to  d e te rm in e  th e  d is to r t io n  fro m  th e  m e a s u re 

m e n ts  th e y  h a d  a lre a d y  m a de . M o re o v e r, n o  m e a s u re m e n ts  of th e  o r ie n ta 

t io n  o f th e  c ry s ta l  a x e s h a d  b e e n  m a d e, th o u g h  S ir  W . B ra g g  h a d  m a d e  a  few  

o b s e rv a tio n s  in d ic a tin g  t h a t  th e  m a te r ia l  r e ta in e d  i ts  c ry s ta l l in e  c h a ra c te r  

a f te r  i t  h a d  b ee n  d is to r te d . U n d e r  th e s e  c irc u m sta n c e s , i t  w a s d e c id e d  to  

c a r ry  o u t  a  te s t ,  m a k in g  a ll th e  n e c e s sa ry  m e a s u re m e n ts  a t  v a rio u s  s ta g e s  

d u r in g  th e  e x te n s io n  of a  sp ec im e n .

B efo re  d e sc rib in g  th e  te s t , h o w e v e r, i t  is  n e c e s sa ry  to  r e fe r  to  th e  w o rk  of 

p re v io u s  e x p e r im e n te rs  on  th e  su b je c t.

Previous Work A

W h e n  a m e ta l is  s t r a in e d  b e y o n d  th e  e la s tic  l im it  a  m icro sco p ic  e x a m in a 

tio n  of th e  su rfa ce s  of c ry s ta ls  in  i t  f r e q u e n tly  sh o w s  th e  e x is te n c e  of lin e s  

k n o w n  as  s lip  b a nd s. T h e se  b a n d s  h a v e  b e e n  sh o w n  to  c o n s is t of sm all 

s tep s , a n d  th e  c on c lus io n  is  n a tu r a l ly  d ra w n  th a t  th e re  a re  p la n e s  in s id e  th e  

c ry s ta l , p re s u m a b ly  c ry s ta l  p la n e s, on w h ic h  s lip p in g  ta k e s  p lace . T h e  b a n d s 

w ould  th e n  m a rk  th e  in te rs e c tio n  of th e  face of th e  sp ec im e n  w ith  th e se  

c ry s ta l p la nes .

*  T h e s e  ‘ P r o c e e d i n g s , ’ v o l .  1 0 0  ( N o .  A  7 0 4 ,  D e c e m b e r ,  1 9 2 1 ) .

t  S e e  N o t e  a d d e d  a t  e n d  o f  P a p e r .

V O L . C II .— A . 2  X
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6 4 4 M r .  G .  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

U p  to  th e  p re s e n t, h o w e v er, th e  e v id e nc e  on  s lip p in g  is  p u re ly  q u a lita tiv e . 

I t  h as  n o t  b e en  sh ow n  th a t  th e  d e fo rm a tio n  of a m e ta ll ic  c ry s ta l  w h e n  th e  

m a te ria l is s t r a in e d  is  s u c h  as  co u ld  be p ro d u c e d  b y  s lip p in g , n o r h a s  the  

re la tio n s h ip  b e tw e e n  th e  c ry s ta l  a x e s a n d  th e  s lip  p la n e s  b e en  d e te rm in e d .

A  n u m b e r of e x p e r im e n ts  h a v e  b e en  m a d e  on  th e  d ire c tio n  of th e  c ry s ta l 

axes in  d ra w n  w ires, a n d  c e r ta in  c on clu s io n s h a v e  b e e n  re a c h e d  b y  P o la n y i*  in  

re g a rd  to  th e  o r ie n ta t io n  of th e  c ry s ta l  a x e s  w ith  re s p e c t to  th e  ax is  of th e  

w ire . R e fe re n c e s  a re  g iv e n  in  P o la n y i’s p a p er.

General Description o f Test.

B efore  th e  te s t  c o n te m p la te d  c o u ld  be c a r r ie d  o u t, i t  w as n e c e ssa ry  to  e n lis t 

th e  h e lp  of a n  e x p e r t  in  c ry s ta l  a n a ly s is  by  X -ra y s . F o r tu n a te ly ,  D r. A lex  

M u lle r  to o k  u p  th e  w o rk  a n d  su cc eed e d  in  d e v is in g  a  sa tis fa c to ry  m e th o d  of 

d e te rm in in g  th e  o r ie n ta t io n  of th e  c ry s ta l  ax es. T h is  m e th o d  a n d  som e of 

h is  re s u lts  w ill be  d e sc rib e d  e lsew h e re .

T h e r e s u l ts  of h is  a n d  M iss  E la m ’s X -ra y  a n a ly s is  of th e  spe c im e n  w ith  

w h ich  th e  p re s e n t  w o rk  is  c o n c e rn e d  a re  g iv e n  in  T ab le  V .

M o st of th e  sp e c im e n s  w ith  w h ic h  P ro f. C a rp e n te r  a n d  M iss  E la m ’s 

e x p e r im e n ts  h a d  b e e n  c a r r ie d  o u t  w e re  fla t s tr ip s , a b o u t in c h  th ic k  x  1 in c h  

b ro a d . T h e se  s t r ip s  w ere  u n s u ita b le  fo r  th e  p re s e n t  p u rp o se , p a r t ly  because  

o f  th e  d iff ic u lty  of m a k in g  a c c u ra te  m e a s u re m e n ts  on  th e  n a rro w  faces a n d  

p a r t ly  b eca use  th e y  w e re  so b ro a d  in  c o m p a riso n  w ith  th e i r  le n g th  th a t  i t  

w as n o t  p o ssib le  to  m a k e  s u re  of g e t t in g  a n  e v e n ly  s tr e tc h e d  p a ra lle l p iece  in  

th e  m id d le .

S p e c im e n s c o u ld  be  p ro d u c e d  w ith  c irc u la r , b u t  n o t  w ith  s q u a re  sec tio n s . 

O n  th e  o th e r  h a n d , th e re  see m e d  to  be  no  v e ry  s im p le  w ay of m a k in g  on  a 

ro u n d  sp e c im e n f  th e  m e a s u re m e n ts  w h ic h  a re  n e c e ssa ry  for c a lc u la tin g  i ts  

d is to r t io n . F o r  th is  re a so n , th e re fo re , a  ro u n d  spe c im e n  w as m a c h in e d  dow n 

t i l l  it s  se c tio n  w as sq u are . I t s  d im e n s io n s  w ere  th e n  a p p ro x im a te ly  

1*0 x  PO x  20*0 cm . E a c h  face  w as m a rk e d  by  a  s c ra tc h  p a ra lle l to  th e  le n g th  

o f  th e  sp ec im e n  o r a x is, as i t  w ill be  c a lled , a n d  b y  cross sc ra tch e s. T h e  

a p p e a ra n c e  of th e  sp ec im e n s so m a rk e d  is  sho w n  in  fig. 1. T h e  faces w ere  

n u m b e re d  1, 2, 3, 4, so th a t  w h e n  th e  sp e c im e n  w as p la c e d  u p r ig h t  in  th e  

te s t in g  m a ch in e , th e  faces a p p e a re d  in  th is  o rd e r  w h e n  th e  o b serv er  m oved  

ro u n d  th e  m a c h in e  in  a n  a n ti-c lo c k w ise  d ire c tio n . F ig . 1 re p re se n ts  th e  

sp ec im e n  ly in g  w ith  it s  to p  e n d  to  th e  r ig h t .

A t  each  su ccessiv e  s ta g e  o f th e  te s t  th e  e x te n s io n  b e tw e en  each  p a ir  of 

c ro ss  m a rk s  w as m e a su re d  on e a c h  face. T h e  ra tio  of th e  le n g th  a t  a n y  s tag e

*  P o l a n y i ,  1 D i e  N a t u r w i s s e n s c h a f t e n , ’ A p r i l ,  1 9 2 2 .  

t  T h i s  d i f f i c u l t y  h a s  n o w  b e e n  o v e r c o m e .
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to  th e  in i t ia l  le n g th  w ill be  d e n o te d  b y  th e  sy m b o l e. A t  th e  sa m e  t im e  th e  

a n g le s  b e tw e e n  th e s e  c ro ss  s c ra tc h e s  a n d  th e  lo n g i tu d in a l  s c r a tc h  w e re  

m e a su re d  in  e a c h  case. T h e se  w ill be  d e n o te d  b y  /3 o n  face  1 a n d  y  o n  face  4 .

Distortion of an Aluminium Crystal during a Tensile Test. 6 4 5

T h e th ic k n e ss  of th e  sp e c im e n  b e tw e e n  p a ir s  of o p p o s ite  faces, 3 a n d  4, a n d  

th e  a ng les, X, b e tw e e n  n e ig h b o u r in g  faces w e re  a lso  m e a s u re d . T h ese  

m e a s u re m e n ts  a re  su ffic ie n t to  d e te rm in e  th e  n a tu r e  of th e  d is to r tio n . T h e  

sch em e  is  i l lu s t r a te d  in  fig. 1.

T h e m e a s u re m e n ts  of e x te n s io n  w e re  m a d e  w ith  a  re a d in g  m icro sco p e , a n d  

th e  m e a s u re m e n ts  of th ic k n e s s  b e tw e e n  o p p o s ite  faces  w ith  a  m ic ro m e te r .  

T h e  a n g le s  b e tw e e n  th e  c ro ss  lin e s  a n d  th e  a x is  o f th e  sp e c im e n  w e re  

m e a su re d  w ith  a  c ry s ta l lo g ra p h e r ’s m ic ro sco p e , w ith  ro ta t in g  e yep iece , c o n 

ta in in g  c ro ss  w ire s, w h ic h  w as k in d ly  le n t  u s b y  M r. A . H u tc h in s o n , F .E .S . 

T h e  a n g le s  b e tw e e n  th e  faces w e re  m e a s u re d  b y  s t ic k in g  s m a ll p ie ce s  o f 

c o v e r-s lip  g la ss  to  th e m  w ith  g u m , s e t t in g  th e  sp e c im e n  u p r ig h t  in  a  g o n io 

m e te r , a n d  o b se rv in g  th e  re fle c tio n  in  th e  g la ss  o f  a  d is ta n t  so u rc e  of lig h t.

I f  th e  d is to r t io n  of th e  sp e c im e n  h a d  b e e n  u n ifo rm  th ro u g h o u t  i t s  e n t i r e  

v o lu m e , a n d  if  th e  se c tio n  h a d  b e en  a c c u ra te ly  r e c ta n g u la r  to  b e g in  w ith ,  th e  

a n g le s  of th e  cro ss s c ra tc h e s  m e a s u re d  on  p a ir s  of o p p o s ite  faces w o u ld  h a v e  

b ee n  th e  sam e, th e  e x te n s io n s  m e a s u re d  on  a l l  fo u r faces w o u ld  h a v e  b e en  

th e  sam e, a n d  th e  a n g les  b e tw e e n  a n y  p a ir  of faces w o u ld  h a v e  b e e n  th e  sam e 

a s  th a t  b e tw e e n  th e  o p p o s ite  p a ir .

I t  tu rn e d  o u t t h a t  n e a r  th e  e n d s of th e  sp ec im e n , w h e re  i t  w as h e ld  in  th e  

g rip s  of th e  te s t in g  m a c h in e , th e  m e a s u re m e n ts  w ere  n o t  q u i te  th e  sam e  as 

th o se  n e a r  th e  m id d le , b u t  t h a t  th e  c e n tr a l  p o r tio n  w as n e a r ly  u n ifo rm ly  

s tra in e d . T h e  d e g ree  of u n ifo rm ity  c an  be  ju d g e d  fro m  th e  f ig u res  g iv e n  in  

T ab le  I ,  w h ic h  re p re s e n t th e  ra tio  of th e  e x te n d e d  to  th e  in i t ia l  le n g th s

F ig . 1 .— S c h e m e  f o r  m a r k i n g  a n d  m e a s u r in g  s p e c im e n .

Methods o f Measurement.

Degree o f Uniformity o f Measurements.

2 x 2
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6 46 M r .  G .  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

in* eac h  of th e  five c o m p a r tm e n ts  in to  w h ic h  th e  faces w ere  d iv id e d  by 

th e  six  cro ss lin e s. T h e  r a t io  w ill be  re p re s e n te d  b y  th e  sy m b o l e ,e — 1 being 

th e  e x ten s io n .

I n  T a b le  I  th e  f ig u res  in  e a c h  v e rt ic a l c o lu m n  re p re s e n t  th e  v a lu e s  of e for 

one of th e  e ig h t  s ta g e s  o f th e  te s t  a t  w h ic h  th e  sp ec im e n  w as m easured . 

T h ese  s tag e s c o rre sp o n d  ro u g h ly  w ith  5, 10, 15, 20, 30, 40 , 60 p e r cent, 

e x te n s io n , a n d  th e  la s t  c o lu m n  re p re s e n ts  th e  e x te n s io n  a f te r  th e  specim en 

h a d  b ro k e n  a t  78 p e r  c en t, e x te n s io n .

S im ila r  ta b le s  w e re  p re p a re d  fo r  th e  o th e r  m e a s u re m e n ts , b u t  i t  seem s 

u n n e c e s sa ry  to  p r in t  th e m  in  d e ta i l  as th e y  show  a  s im ila r  ty p e  of u n ifo rm ity  

a m o n g  th e  m e a s u re m e n ts  ta k e n  in  th e  c e n tr a l  p a r t  of th e  sp ec im e n .

I n  fig. 2 is  sh ow n  a  p h o to g ra p h  of p a r t  of th e  sp ec im e n  a f te r  i t  h a d  b roken . 

I t  w ill be  see n  t h a t  i t s  a p p e a ra n c e  su g g e s ts  t h a t  th e  d is to r t io n  is  d u e  to 

a  u n ifo rm  s t r a in  a t  a ll  p o in ts , e x c e p t th o s e  w h ic h  lie  in  a  sm a ll re g io n  close 

to  th e  p o in t  w h e re  th e  b re a k a g e  o ccu rred .

F ig . 2.

Dimensions o f Mean Parallelepiped.

O n lo o k in g  a t  T ab le  I  i t  w ill be  see n  th a t  th e re  is  a  h ig h  d eg ree  of 

u n ifo rm ity  am o n g  th e  m e a s u re m e n ts  of e x te n s io n  in  th e  th re e  m id d le  c om 

p a r tm e n ts  on each  face, e sp e c ia lly  in  th e  e a r lie r  s tag e s  of th e  te s t .

S im ila r  c on clu s io n s  w ere  re a c h e d  b y  in sp e c tio n  o f th e  o th e r  m e a su re m e n ts  ;
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Distortion of an Aluminium Crystal during a Tensile Test. 

T ab le  I .— E a tio  of E x te n d e d  to  I n i t i a l  L e n g th  in  e a c h  o f  th e  F iv e  C o m 

p a r tm e n ts  in to  w h ic h  e a c h  F a c e  w as D iv id e d .

A p p r o x im a t e  f 5 1 0 1 5 2 0 3 0 4 0 6 0 7 8

e x t e n s io n  \ p e r  c e n t . p e r  c e n t ,  p e r  c e n t . p e r  c e n t . p e r  c e n t . p e r  c e n t . p e r  c e n t . p e r  c e n t .

r 1 -0 4 9 1 -1 0 3 1 '1 5 7 1 -1 9 6 1 - 3 0 0 1 - 4 0 1 1 - 6 2 3 _

1 -0 4 7 1 -1 0 8 1 - 1 6 0 1 1 9 9 1 -3 0 9 1  - 4 1 4 1 -6 4 5 1 -8 3 4

F a c e  1 . . . . . . . . . . . . . .*{
i

1 - 0 5 8 1 -1 1 6 1 - 1 6 4 1 -2 0 0 1 -3 0 3 1 - 3 9 8 1 - 6 0 4 1 -7 5 6

1 -0 5 2 1 -1 0 9 1 -1 6 0 1 -1 9 9 1 -3 0 0 1 -3 9 4 1 -5 9 5 1 - 7 3 9

i 1 -0 5 2 1 - 1 0 9 1 1 5 3 1 -2 7 8 * 1 -2 9 7 1 - 3 9 0 1 -5 8 2 1 - 6 9 2

r 1 * 0 4 3 1 -1 0 0 1 1 4 1 1 - 1 8 5 1 - 2 8 3 1 - 3 8 4 1 - 5 9 9 —

1 -0 4 8 1 -1 0 6 1 - 1 6 0 1 - 1 9 9 1 -3 0 0 1 - 4 0 3 1 - 6 2 8 1 - 8 0 5

F a c e  2  . . . . . . . . . . . . . . H

|

1 - 0 5 3 1 -1 1 2 1 1 6 2 1 -2 0 1 1 - 3 1 1 1 - 4 1 2 1 - 6 4 5 1 -8 4 5

1 -0 5 1 1 - 1 0 7 1 -1 6 1 1 - 1 9 8 1 - 2 9 5 1 -3 9 3 1 - 6 4 9 1 - 7 2 0

t 1 -0 5 2 1 -1 0 9 1 1 6 1 1 - 2 0 2 1 -3 0 8 1 -4 0 6 1 - 5 6 1 1 -7 3 5

r
■

1 -0 4 6 1 -0 9 9 1 - 1 5 3 1 -1 9 1 1 -2 9 6 1 -3 9 2 1 -6 1 8 1 -8 2 8

1 - 0 5 1 1 - 1 1 1 1 -1 6 2 1 -2 0 2 1 -3 1 1 1 -4 2 4 1 -6 5 0 1 -8 4 5

F a c e  3  . . . . . . . . . . . . . . ^ 1 -0 5 9 1 1 1 2 1 -1 6 3 1 -2 0 1 1 -3 0 4 1 *401 1 -6 1 3 1 -7 6 0

1 - 0 5 4 1 110 1 -1 6 3 1 -2 0 1 1 -298 1 - 3 9 7 1 -5 9 6 1 - 8 0 0

V. 1 -0 5 6 1-111 1 -1 5 0 1 -1 9 8 1 -3 0 0 1 -3 9 0 1 -5 8 1 1 -6 1 1

r
i

1 -0 5 1 1 -1 0 3 1 - 1 5 7 1 -2 0 0 1 -3 0 4 1 - 4 1 0 1 - 6 4 1 _

1 0 5 0 1 -111 1 -1 6 9 1 - 2 0 3 1 -3 1 6 1 -4 2 0 1 -6 4 8 1 - 8 3 0

F a c e  4  . . . . . . . . . . . . . . ^

i

1 - 0 5 6 1 -1 1 2 1 -1 5 2 1 -2 0 0 1 -3 0 0 1 - 4 0 0 1 - 6 1 5 1 -7 7 2

1 -0 5 4 1 - 1 0 9 1 -1 5 9 1 -1 9 8 1 - 2 9 9 1 -3 9 4 1 - 5 9 4 1 -7 2 0

i 1 -0 5 8 1 -111 1 -0 8 0 1 -2 0 1 1 -3 0 0 1 -3 9 3 1 -5 9 1 1 - 7 0 5

M e a n s  o f  m id d le 1 - 0 5 3

!

1  -n o 1 1 6 1 1 -2 0 0 1 - 3 0 4

1
1 - 4 0 4 1 -6 2 3 1 -7 8 5

t h r e e

i

# P r o b a b ly  a n  e r r o r  in  m e a s u r e m e n t .

a c c o rd in g ly , th e  m e a n  h a s  b e e n  ta k e n  in  e a c h  case  of th e  m e a s u re m e n ts  m a d e  

in  each  of th e  th re e  c e n tr a l  c o m p a r tm e n ts . T h e  m e a n  e x te n s io n , fo r  in s ta n c e , 

a t  a n y  s ta g e  is  th e  m e a n  of th e  tw e lv e  f ig u res  o b ta in e d  on  a ll fo u r faces. 

T hese  a re  g iv e n  a t  th e  b o tto m  of T a b le  I .

T h e m e a n  a n g le  of th e  c ro ss lin e  w ith  th e  a x is  of th e  sp ec im e n  is  fo u n d  by  

ta k in g  th e  m e a n  of th e  e ig h t m e a s u re m e n ts  m a d e  o n  th e  fo u r m id d le  c ross 

m a rk s  on tw o o p p o s ite  faces.

I n  th is  w ay  th e  d im e n s io n s  a n d  a n g le s  o f a  se ries  of m e a n  p a ra lle le p ip e d s  

h a v e  b e en  d ra w n  u p , a n d  th e se  h a v e  b e e n  u se d  in  c a lc u la tin g  th e  s tra in ,  o r  

d is to rtio n , of th e  sp ec im e n  a t  a n y  s tag e . T h e y  a re  g iv e n  in  T ab le  I I .

I t  is  k n o w n  t h a t  w h e n  a lu m in iu m  is w o rk e d  th e  c h a n g e  in  d e n s i ty  is  sm all, 

a t  a n y  r a te  i t  is less th a n  1 p e r  c e n t. T h e  v o lu m e s  of th e  s tr a in e d  figu res 

sh ou ld  d iffer by  less  th a n  1 p e r  c e n t, fro m  th e  v o lu m e s  of th e  u n s tra in e d  

figure. T h e ra t io  of th e  s tr a in e d  to  u n s tra in e d  v o lu m e s  h a s  b e en  c a lc u la te d  

from  th e  figures in  T a b le  I I .  T h e y  a re  g iv e n  a t  th e  b o tto m  of T a b le  I I ,  and  

on in sp e c tin g  th e m  i t  w ill be seen  th a t  n o n e  of th e m  d iffer from  1 b y  m o re
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648 M r .  G .  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

th a n  1 p e r c en t., e x c e p t th e  f ig u re  in  th e  la s t  c o lu m n  b u t  o n e  co rresp o n d ing  

to  a n  e x te n s io n  of 62 p e r  c e n t. T h is  d iffers fro m  1 b y  n e a r ly  8 p e r  cent. 

I t  seem s p ro b ab le , th e re fo re , t h a t  som e m is ta k e  h a s  b e e n  m a d e  in  th is  

case, a n d  a l l  th e  m e a s u re m e n ts  fo r  th is  s ta g e  h a v e  a cc o rd in g ly  b e e n  re jected .

T a b le  I I .— D im e n s io n s  of M e a n  P a ra lle le p ip e d .

E x t e n s io n  . . . . . . . . . . . . . . . . . . . . . . . . . 0 1 0 5 3 1 - n o 1 "161 ' 1 -200 1 -3 0 4 1 - 4 o J 1 -6 2 3 1 -785

r<B -
T h ic k n e s s  in  m m . <

1 0 - 1 6 9 - 6 8 9 - 1 7 8 - 8 2 8 - 5 5 7 - 9 0 7 - 3 8 6 - 5 7 6 - 0 3

u 4 . . . 1 0 - 3 5 1 0  -3 3 1 0 - 3 1 10 -2 8 10 2 6 1 0 -1 2 10 -o o 1 0 - 1 7 9 - 2 9

A n g le  b e t w e e n  F a c e s  1 9 0  -6 88  -8 8 7  -2 86  -7 8 4  -9 8 1  -8 7 9  -2 7 3 - 1 7 0 - 8

a n d  4 , \ °

A n g le  b e tw e e n  f F a c e  1 , # ° 9 0  -0 88  -5 8 7 - 3 86  -7 8 5  -7 8 4 - 2 8 3  -0 8 0  -2 7 8  -0
c r o ss  m a r k s  ^

a n d  a x is  [ F a c e  4 ,  7 0 9 0 - 0 9 0  -3 8 9  -7 8 9  -3 8 8 - 5 8 5  -2 8 2 - 1 7 3  -2 6 5  -5

V o l u m e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 -000 1 -002
I

0 - 9 9 0 1 -0 0 3
!

1 -0 0 5 1 -002 1 - 0 0 3 1 -0 7 8 1 -007

Analysis o f Strain  in  Mean Parallelepiped.

I t  is o b v io u s  t h a t  th e  m e a s u re m e n ts  g iv e n  in  T a b le  I I  a re  su ffic ien t to  

d e te rm in e  th e  s t r a in  c o m p le te ly . A  u n ifo rm  s t r a in  c an  be specified  by  

g iv in g  th e  d ire c tio n s  a n d  m a g n itu d e s  of th e  a xes  of th e  e llip so id  in to  

w h ich  a  s p h e re  of u n i t  ra d iu s  in  th e  u n s tra in e d  m a te r ia l is  tra n s fo rm e d  

b y  th e  s tr a in . T h is  e llip so id , k n o w n  as th e  “ s t r a in  e llip so id ,” c an  be  

fo u n d  from  th e  m e a s u re m e n ts  of T a b le  I I ,  b u t  i t  is n o t  a t  once obv ious 

h ow  th e  a xes  of th e  s t r a in  e llip so id  w o u ld  be re la te d  to  th e  c ry s ta l axes, 

th o u g h  th e re  w o u ld  p ro b a b ly  be som e in d ir e c t  c o n n e c tio n  b e tw e e n  th e  

tw o. O n  th e  o th e r  h a n d , th e re  a re  o th e r  p o ssib le  w ays in  w h ic h  a  u n ifo rm  

s t r a in  co u ld  be specified , a n d  som e of th e se  m a y  be m o re  lik e ly  to  th ro w  l ig h t  

on th e  p re s e n t  p ro b le m  th a n  o th e rs .

F o r  th is  re a so n  i t  seem s d e s ira b le  to  c o n sid e r  w h a t ty p e s  of s tr a in  c an  be  

c on ce iv ed  w h ic h  w o u ld  sa tis fy  th e  c o n d itio n s  in d ic a te d  by  e x p e r im e n t , n a m e ly , 

t h a t  th e  m a te ria l re m a in s  a  c ry s ta l, so t h a t  a ll m o lec u les  a re  o rie n ta te d  in  th e  

sam e d ire c tio n  a t  a n y  s ta g e  in  th e  s tra in , a n d  t h a t  th e  d e n s ity  is  p ra c tic a lly  

u n ch a n g e d . I n  th e  f ir s t  p lace , i t  seem s  c le a r  th a t  th e  re la tiv e  d is p la c e m e n ts  

of n e ig h b o u r in g  m o le cu les  c a n n o t be th e  sam e  as  th e  re la tiv e  d isp la c e 

m e n ts  of p a rtic le s  in  a  s im ila r  p o s itio n  in  th e  m a te ria l in  b u lk . I f  th e y  

w ere  th e  sam e, t h a t  is, if th e  s t r a in  w ere u n ifo rm  e ven  w he n  p o rt io n s  of 

m a t te r  of m o le c u la r  d im en s io n s  w e re  e x a m in e d , th e  m a te ria l w o u ld  re m a in  

c ry s ta ll in e  w he n  su b je c te d  to  a n y  u n ifo rm  s tr a in  ( i t  is t ru e )  b u t  th e  c ry s ta l 

s y m m e try  w o u ld  be a lte re d  b y  th e  s t ra in . A  p la n e  of m o lecu les w h ich  la y  

in  a  c ry s ta l p la n e  in  th e  u n s tra in e d  m a te r ia l  w o u ld  c o n tin u e  to  do so in  th e
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s tr a in e d  m a te ria l,  a n d  th e  a n g le  b e tw e e n  tw o  s u c h  p la n e s  o f m o le c u le s  w o u ld  

a l te r  c o n tin u o u s ly  d u r in g  a n y  c o n tin u o u s ly  v a ry in g  s t r a in .  T h is  s t a te  of 

affa irs  is  m a th e m a tic a l ly  c o n c e iv a b le , b u t  i t  is c o n tra ry  to  a l l  p h y s ic a l 

e x p e r ie n c e ;  m o reo v er, m e a s u re m e n ts  of th e  in c l in a t io n  o f tw o  d if fe re n t 

c ry s ta l  p la n e s  d u r in g  th e  p r e s e n t  e x p e r im e n ts  sh o w e d  t h a t  th e  a n g le  b e tw e e n  

th e m  re m a in e d  p ra c t ic a l ly  c o n s ta n t  d u r in g  th e  w h o le  c o u rse  of th e  d is to r tio n . 

(S ee  la s t  c o lu m n  T a b le  V .)

T h e fa c t t h a t  th e  m a te r ia l  p re s e rv e s  i ts  c u b ic  c r y s ta l  s y m m e try  d u r in g  th e  

d is to rt io n , le ad s  to  th e  c o n c e p tio n  t h a t  th e  a p p a r e n t ly  u n ifo rm  s t r a in  of th e  

m a te ria l in  b u lk  m u s t b e  m a d e  u p  o f  a  la rg e  n u m b e r  of n o n -u n if o rm  s t r a in s  

o r r e la t iv e  d is p la c e m e n ts  b e tw e e n  n e ig h b o u rin g  m o lec u les .

I n  o rd e r  t h a t  c ry s ta l  s y m m e try  m a y  b e  p re s e rv e d , th e  d is p la c e m e n t of a n y  

m o lec u le  r e la tiv e  to  a  n e ig h b o u rin g  m o le c u le  m u s t  be a t  le a s t  a s  g r e a t  as th e  

d is ta n c e  b e tw e e n  n e ig h b o u r in g  m o le c u le s  in  th e  d ir e c tio n  of i t s  d is p la c e m e n t. 

A  sm all s t r a in  in  th e  m a te r ia l  in  b u lk  m u s t  th e re fo re  b e  d u e  in  som e w a y  to  

th e  o c cu rre n c e  of a  s m a ll n u m b e r  of th e s e  re la t iv e ly  la rg e  d is p la c e m e n ts , 

th e  g r e a te r  p a r t  of th e  m o le c u le s  p re s e rv in g  th e ir  r e la t iv e  p o s itio n s  

u n c h an g e d .

W h e n  a  m o le c u le  is  d isp la c e d  a lo n g  a n y  lin e  in to  th e  p o s itio n  of a  

n e ig h b o u rin g  m o lec u le , th e  m o le c u le  w h ic h  p re v io u s ly  o c c u p ie d  t h a t  sp ac e  

m u s t  d isp la ce  in  i ts  t u r n  a  th i r d  m o le c u le  a n d  so on. O w in g  to  th e  fa c t t h a t  

th e  s tre ss  in  a  m a te ria l u n d e r  a  u n ifo rm  te n s io n  is c o n s ta n t  a lo n g  a n y  lin e , i t  

seem s  lik e ly  th a t  a ll  th e  m o le c u le s  in  a  lin e  w o u ld  be d isp la c e d  to g e th e r .  

B y  m a k in g  a p p ro p r ia te  c o m b in a tio n s  o f d is p la c e m e n ts  o f l in e s  of m o lec u les  

p a ra lle l to  a  g iv e n  lin e  in  th e  c ry s ta l,  th e  m a te r ia l  in  b u lk  m ig h t  be  

co n ce iv ed  to  a ssu m e  a  g re a t  v a r ie ty  of sh ap es , b u t  th e y  w o u ld  a ll be  c h a ra c 

te r is e d  b y  th e  fa c t t h a t  lin e s  of p a rt ic le s  p a ra l le l  to  th is  d ire c tio n  w o u ld  be  

u n c h a n g e d  in  le n g th  d u r in g  th e  d is to rt io n .

T h e se  c o n s id e ra tio n s , th o u g h  a d m it te d ly  h y p o th e tic a l,  su g g e s t t h a t  i t  

w ou ld  be m o re  p ro m is in g  to  a n a ly s e  th e  s tra in ,  w ith  a  v iew  to  fin d in g  th e  

d ire c tio n s  in  th e  m a te r ia l  w h ic h  a re  u n c h a n g e d  in  le n g th  th a n  to  find  th e  

s tr a in  e llip so id . I n  a  u n ifo rm  s tra in , th e  d ire c tio n s  w h ic h  re m a in  u n c h a n g e d  

in  le n g th  lie  on  a  q u a d ric  c on e  in  th e  s tr a in e d  m a te ria l.  T h is  c on e  e v id e n t ly  

passes th ro u g h  th e  c u rv e d  lin e  of in te rs e c t io n  o f th e  s t r a in  e llip so id  a n d  th e  

u n i t  sp h e re  w h e n  th e se  tw o  a re  p la ce d  c o n c e n tr ic a lly . T h e  p rin c ip a l a x e s of 

th is  cone th e re fo re  co inc id e  in  d ire c tio n  w ith  th o se  of th e  s tr a in  e llip so id .

T h e  p a rt ic le s  o f th is  “ u n s tre tc h e d  cone ” h a v e  e v id e n tly  tw o  p o s itio n s  

c o rre sp o n d in g  w ith  th e  u n s tra in e d  a n d  th e  s tra in e d  m a te r ia l  re sp ec tiv e ly . 

I t  is  n e ce ssa ry  to  d e te rm in e  b o th  of th e m .

Distortion of an Aluminium Crystal during a Tensile Test. 6 4 9
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Determination o f the Cones o f TJnextended Directions.

T h e m e th o d  a d o p te d  w as to  fin d  f ir s t a  se ries  of c o rre sp o n d in g  p o s itio n s  in 

th e  s tr a in e d  a n d  u n s tra in e d  m a te r ia l  re s p e c tiv e ly  of p la n es  of pa rtic le s 

w h ich  p ass th ro u g h  o n e  e dg e  of th e  s p e c im e n ; a c tu a l ly  th e  in te rse c tio n  of 

faces 1 a n d  4  w as chosen . T h is  w as a cc o m p lishe d  as fo l lo w s :—

T h e c ro ss-sec tio n s  o f th e  s tr a in e d  a n d  u n s tra in e d  spe c im e n  w ere  s e t o u t on 

a  p iece  of p a p e r  in  su c h  a  w a y  th a t  th e  lin e s  r e p re s e n tin g  face 1 co incided  in  

d ire c tio n , w h ile  th e  p o in ts  re p re s e n tin g  th e  edge of in te rs e c tio n  of faces 1

a n d  4  c o inc id ed . T h e  figure  p rod u ced  

in  th is  w a y  is  sh o w n  in  fig. 3 ;  O P Q R  

is  th e  c ro ss-se c tio n  of th e  u n s tre tc h e d  

sp e c im e n , w h ile  O S T U  is  th a t  of th e  

s tr e tc h e d  sp ec im e n . E v id e n tly , OR, 

O U , w h ic h  a re  th e  tr a c e s  of face 1, 

a n d  O P , O S, w h ic h  a re  th e  tra c e s  of 

face  4, a re  th e  tra c e s  of tw o  p a ir s  of 

c o rre sp o n d in g  p l a n e s ; th e  d iag o n als  

O Q , O T a re  a n o th e r  p a ir . To find 

o th e rs , ta k e  a n y  p o in t  Y  in  Q R , a n d  le t  n  r e p re s e n t  th e  ra tio  R Y : RQ . 

D iv id e  U T  so t h a t  U W  == wUT. T h e n  O Y  a n d  O W  a re  th e  tra c e s  of 

c o rre sp o n d in g  p la nes .

L e t  \ i  a n d  \ 2 be th e  a n g le s  b e tw e e n  face  1 a n d  face  4  b efo re  a n d  a f te r  

s tr a in in g , n a m e ly , P O R  a n d  S O U  in  fig. 3, le t  b2 r e p re s e n t  th e  b re a d th  of 

th e  face  1 b efo re  a n d  a f te r  s tr a in in g , so t h a t  O R  is  b\ a n d  O U  is b2> a n d  le t  

Ci, c2re p re s e n t  th e  c o rre sp o n d in g  b re a d th s  of face  4. I f  0 i  a n d  0 2 a re

th e  a n g le s  b e tw e e n  c o rre sp o n d in g  p la n e s  in  th e  u n s tra in e d  a n d  s tra in e d  

m a te r ia l  a n d  face 1 in  e a c h  case, a n d  if  d\, d2 r e p re s e n t O Y , O W , th e  

b re a d th s  of th e  c o rre sp o n d in g  lo n g itu d in a l sec tion s , th e n

d f  =  b\ + n2Ci2 +  2nb\C\ 

d f  =  b2’ + n2c22 +  2 cos X2 j

C'
s in  — nc\ s in  \ i / d i

s in  0 2 =  nc2s in  \ 2/r f2 d

Y a ry in g  n  from  — oo to  + o o ,  a ll p o ssib le  p a irs  of c o rre sp o n d in g  p la n e s 

th ro u g h  th e  edge w h e re  faces 1 a n d  4 in te r s e c t  a re  found .

T h e n e x t  s te p  is to  find  th e  d ire c tio n s  in  c o rre sp o n d in g  p la n e s  w h ich  a re  

u n c h a n g e d  in  le n g th  by  th e  s tr a in . T h ese  a re  e v id e n tly  th e  in te rse c tio n s  

of th e  cones of u n s tre tc h e d  d ire c tio n s  w ith  th is  p a ir  of c o rre sp o n d in g  

p la nes .

F ig . 3.
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A t  th is  s ta g e  i t  is  n e c e s sa ry  to  m a k e  u se  o f th e  o b s e rv e d  a n g le s  b e tw e e n  

th e  cross lin e s  o n  fac es  1 a n d  4  a n d .  th e  a x is  of th e  sp e c im e n . I f  c o r r e 

sp o n d in g  v a lu e s  of th e s e  a re  /?i, /32 o n  face  1 a n d  y i, y 2 on  face  4 , i t  is  

p o ss ib le  to  find , g e o m e tric a lly  o r 

a n a ly t ic a lly , th e  a n g le s  a\, a 2 b e tw e e n  

th e  a x is  of th e  sp e c im e n  a n d  th e  lin e s  

of in te rs e c t io n  of th e  p la n e s  c o n ta in in g  

th e  c ro s s - l in e s  on  faces 1 a n d  4  a n d  

a n y  p a ir  o f c o rre sp o n d in g  p la n e s  

th ro u g h  th e  edge w h e re  faces 1 a n d  4  

in te rs e c t.  T h e  re la t io n  b e tw e e n  a, /3, 

y, </>, a n d  \  is  sh o w n  in  fig. 4.

N e x t  by  ro ta t io n , a b o u t  th e  lin e  of 

in te rs e c tio n  of faces 1 a n d  4 , b r in g  th e  

tw o  c o rre sp o n d in g  p la n e s  in to  c o in c i

dence . O n th e se  tw o  c o in c id e n t p la n e s  

c o n s tr u c t tw o  c o rre sp o n d in g  p a ra l le lo 

g ra m s , A B C D , A E F G  (see  fig. 5 ) ,  as 

fo l lo w s :—

D ra w  tw o  lin es , B C , E F , p a ra l le l  to  

A D  (w h ic h  is  on  th e  lin e  o f i n t e r 

se c tio n  of faces 1 a n d  4), a n d  a t  

d is ta n c e s  d\ a n d  d2 f ro m  it . A t  th e  

p o in t A  d ra w  tw o  lin e s , A B , A E , a t  

-angles a i a n d  a 2, to  A D , so t h a t  

B A D  =  ai, E A D  =  a 2. O n  A D  ta k e  

a n y  le n g th  A D  in  th e  u n s tra in e d  

p la n e . T h e le p g th  A G  of th e  c o r re 

sp o n d in g  sid e  of th e  s tr a in e d  re c ta n g le  is  fo u n d  b y  ta k in g  A G  =  e (A D ) , 

w h e re  e is  th e  ra tio  of th e  le n g th s  of th e  s p e c im e n  a f te r  a n d  b efo re  

s tre tc h in g . A B C D  a n d  A E F G  a re  th e  u n s tr a in e d  a n d  s t r a in e d  sh a p e s  of a 

p a ra lle lo g ra m  of p a rt ic le s  in  th e  m a te ria l.

To find  th e  p a irs  of lin e s  w h ic h  a re  u n s tre tc h e d  b y  th e  s t r a i n :—

J o in  B E  a n d  C F , fig. 5, a n d  le t  th e m  c u t  in  H . A n y  s t r a ig h t  lin e  th ro u g h  

H  c u ts  th e  lin e s BC  a n d  E F  in  tw o  p o in ts , K x a n d  K 2 say , w h ic h  a re  s u c h  

th a t  A K i A K 2 a re  c o rre sp o n d in g  lin es  of p a r t ic le s  in  th e  u n s tra in e d  a n d  

s tr a in e d  fig u res  re sp e c tiv e ly .

To find  th e  p o s itio n s  of K i  a n d  K 2 w h ic h  a re  su c h  th a t  A K i =  A K 2, d ra w  

a lin e  m id w a y  b e tw ee n  B C  a n d  E F  a n d  p a ra lle l to  t h e m ; le t  i t  c u t a  c irc le  

d esc rib e d  on H A  as d ia m e te r  in  I  a n d  J .  J o in  H I ,  H J ,  a n d  le t  th e se  lin e s

Distortion of an Aluminium Crystal during a Tensile Test. 6 5 1

F ig . 4 .— D ia g r a m  s h o w in g  h o w  a a n d  (f>

a r e  r e l a t e d  to  t h e  f a c e s  o f  t h e  sp e c im e n .
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6 5 2 M r .  G .  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

c u t BC, E F  in  L i, L 2, a n d  M i, M 2. E v id e n tly  A L X =  A L 2 a n d  A M i =  A M 2, 

so th a t  th e se  lin e s  a re  in  th e  r e q u ire d  d irec tio n s .

T hese  o p e ra tio n s  c an  be p e rfo rm e d  a n a ly t ic a lly , a n d  i t  is so m e tim e s m ore 

c o n v e n ie n t to  do so. D e te rm in in g  d\, d 1, </>2 fro m

bj, b2> ci, c2, \i,\2 b y  m e a n s  of e q u a tio n  ( 1 ), th e  a n g le s  oth «2 a re  g iv e n  b y

d\ c o t u\ 

cl2 c o t a 2

h

h

c o t fii + nci co t 71 

c o t fi2 + nc2 c o t 7 2}• (2)

I f  th e  a n g les  L jA D , M iA D  of th e  tw o  u n s tre tc h e d  lin e s  of p a rt ic le s  in  th e  

u n s tra in e d  m a te r ia l  be  d\, 9\ ,a n d  if 

L 2A G , M 2A G  in  th e  s t r a in e d  m a te ria l,  Oi, a re  th e  tw o  v a lu e s  of 

g iv e n  by

co t 6\ =  - —— (e c o t a.\ —f  c o t a 2) 
e2— 1

± a/ ( e2 — 1) (1  — + (e c o t ax —/ c o t  a 2)2, (3 a )

a n d  62, d2 a re  th e  tw o  v a lu e s  of 02 g iv e n  b y

c o t 02 A■— e—- ( e c o t  a i—/ c o t a 2) 
e /  L.e — 1

± ^ 3 J V /  (e2 — 1 ) ( 1 —/ 2) +  ( e c o t  a i —/ c o t  a2)2j " ,  (3&)'

w h e re  / r e p r e s e n t s  th e  ra t io  d2/d i.

T h u s  w e c an  d e te rm in e  th e  sp h e r ic a l p o la r  c o -o rd in a te s  (0\, i)  a n d  (0i ,  (fn) 

of tw o  d ire c tio n s  in  th e  u n s tra in e d  m a te r ia l  w h ic h  a f te r  s tra in in g  a re

u n e x te n d e d . T h e ir  n e w  c o -o rd in a te s  a re  th e n  ( <£2) a n d  ( ). B y ta k in g

a ll p o ssib le  v a lu e s  of n  in  fo rm ulae ( 1 ) a n d  ( 2 ) w e c a n  m a p  o u t th e  tw o

c o rre sp o n d in g  c ones of u n s tre tc h e d  d ire c tio n s .

Representation o f JJnstretcJied Cones.

T h e n a tu r a l  w ay  to  r e p re s e n t  th e se  cones is  on  a  sp h ere , b u t  fo r co n v en ie nc e  

i t  is  n e c e ssa ry  to  u se  som e f la t r e p re s e n ta t io n  of th e  sp h e re . T h e  m o s t 

c o n v e n ie n t of th e s e  is  th e  s te re o g ra p h ic  p ro je c tio n , w h ic h  is  th e  p ro je c tio n  

fro m  a  p o in t  on  th e  su rfa c e  of th e  sp h e re  on to  th e  p la n e  th ro u g h  th e  c e n tr e  

p a r a l le l  to  th e  ta n g e n t  p la n e  a t  th e  p o in t  of p ro je c tio n .

T h e  p la n e  of p ro je c tio n  is d iv id e d  b y  th e  sp h e re  in to  tw o  p a rts .  T h e  in n e r  

p a r  t  re p re s e n ts  th e  h e m isp h e re  w h ich  lies  on th e  o p p o site  s ide  of th e  p la n e  of 

p ro j e c tio n  to  th e  p o in t  of p ro je c tio n . A s  a  ru le , a  c o n v e n tio n  is  a do p ted  

w h ic h  e n a b le s  th e  w h o le  sp h e re  to  be  re p re s e n te d  b y  th e  a re a  in s ide  th e
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Distortion of cm Aluminium Crystal during a Tensile Test. 6 5 3

c irc le  of in te r s e c t io n  of th e  s p h e re  a n d  p la n e  of p ro je c tio n . A s s u m in g  t h e  

p la n e  to  be h o riz o n ta l,  a ll  p o in ts  of th e  h e m is p h e re  a b o v e  th is  a re  p ro je c te d  

fro m  th e  lo w e s t p o in t  of th e  sp h e re , w h ile  a ll  p o in ts  o f th e  lo w e r h e m is p h e re  

a re  p ro je c te d  fro m  th e  h ig h e s t p o in t  of th e  sp h e re . T h e  r e p re s e n ta t io n s  of 

th e  tw o  h e m isp h e re s  th e n  c o v e r th e  sam e  a re a , a n d  th e y  a re  d is tin g u is h e d  b y  

re p re s e n tin g  p o in ts  of th e  u p p e r  h e m is p h e re  w ith  a  d o t, a n d  p o in ts  of th e  

lo w e r h e m is p h e re  w ith  a  cross. I n  th e  d ia g ra m s  w h ic h  fo llow , c u rv e s  on  th e  

u p p e r  h e m is p h e re  a re  re p re s e n te d  b y  fu ll  lin e s  th ro u g h  th e  d o ts , w h ile  c u rv e s  

on  th e  lo w e r h e m is p h e re  a re  re p re s e n te d  b y  d o t te d  lin e s  th ro u g h  th e  c ro sses. 

W i th  th e se  c o n v e n tio n s  a  g re a t  c irc le  on th e  s p h e re  is  re p re s e n te d  b y  a  le n s 

sh a p e d  figure , c o n s is tin g  of tw o  e q u a l c i r c u la r  a rc s , w h ic h  p a ss  th ro u g h  

o p p o site  e n d s of a  d ia m e te r  of th e  b o u n d in g  c irc le  o f th e  p ro je c tio n , a n d  l i e  

on o p po site  s ides o f it .  O n e  of th e se  a rc s  is a  fu ll  lin e  a n d  th e  o th e r  is  

d o tte d . S e v e ra l of th e m  w ill be  se e n  in  figs. 7 a n d  8.

T h e  u se fu ln e ss  of th e  s te re o g ra p h ic  p ro je c tio n  is  g r e a t ly  in c re a s e d  if  a  

figure  k n o w n  as  a  “ s te re o g ra p h ic  n e t  ” is  u sed . T h is  c o n s is ts  of th e  r e p r e 

s e n ta tio n  of a  se rie s  of m e r id ia n  c irc le s  a n d  p a ra lle ls  o f la t i tu d e  p ro je c te d  

from  a p o in t  on  th e  e q u a to r , so th a t  th e  tw o  p o le s  o f th e  s y s te m  lie  on  t h e  

b o u n d in g  c irc le  of th e  p ro je c tio n . S u c h  a  n e t  is  sh o w n  in  fig. 6.

F ig . 5.—C o n s t r u c t i o n  f o r  f i n d i n g  d i r e c t i o n s  ■w h ich  a r e  

u n c h a n g e d  i n  l e n g t h  b y  s t r a i n .

F ig . 6.— S t e r e o g r a p h i c  N e t .

To se t  o u t a  p o in t on  a  s te re o g ra p h ic  p ro je c tio n  w h e n  i ts  s p h e r ic a l p o la r  

c o -o rd in a te s  {6\, fa )  a re  g iv e n , le t  th e  po le  of th e  sp h e ric a l c o -o rd in a te s , i.e., th e

p o in t 6 =  0, be r e p re s e n te d  by  th e  c e n tr e  of th e  s te re o g ra p h ic  figure. D ra w  

a c irc le  on  a  p iece  of t ra c in g  p a p e r  e q u a l  to  th e  b o u n d in g  c irc le  of th e  s te re o 

g ra p h ic  n e t, a n d  m a rk  a  ra d ia l lin e  on  i t  to  re p re s e n t th e  m e rid ia n  c irc le  

4> — 0. N e x t  d ra w  a n o th e r  ra d ia l lin e  a t  a n g le  w ith  th e  lin e  to  re p re s e n t  

th e  m e rid ia n  <f) =  fa. T h e n  la y  th e  tr a c in g  p a p e r o v e r th e  s te re o g ra p h ic  n e t
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6 54 M r .  G .  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

so th a t  th e  lin e  (f> =  (f>ic o in c id es  w ith  one  of i t s  tw o  p rin c ip a l d ia m e te rs , 

m a rk  oft' a  p o in t to  r e p re s e n t  th e  a n g le  6 =  6\, u s in g  a  d o t if is less  th a n  | 7r 

a n d  a  cross if i t  is  g re a te r . T h e  p o in ts  in  figs. 7 a n d  8 a re  p lo tte d  in 

th is  w ay.

Face 1

F ig . 7 . — S t e r e o g r a p h i c  p r o j e c t i o n  o f  p o s i t i o n s  i n  unstrained  m a t e r i a l  o f  c o n e  o f  d i r e c t i o n s  

w h i c h  a r e  u n s t r e t c h e d  a f t e r  t h e  m a t e r i a l  h a s  s t r e t c h e d  b y  3 0  p e r  c e n t .

Face 7

-  - v — -

F ig . 8.— Strained  p o s i t io n  o f  c o ne  s h o w n  in  fig . 7.

Application o f the Method the present Case.

To a n a ly se  a  s tr a in  b y  th is  m e th o d , tw o  s te re o g ra p h ic  figures m u s t be m ade, 

sh o w in g  th e  u n d is to r te d  a n d  th e  d is to r te d  p o s itio n s  of th e  u n s tr e tc h e d  cone.
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I n  th e  f i r s t in s ta n c e  th e  d is to r t io n  p ro d u c e d  b y  a  3 0 -p e r -c e n t,  e x te n s io n  of 

th e  sp e c im e n  w as a n a ly se d . U s in g  th e  fo llo w in g  v a lu e s  fro m  T a b le  I I ,

=  f a / s i n M  =1-035, b2 =  *18/ s i n  X 2 =  1*022, a  =  1*016, 

Xi =  90° 3 5 ',  X 2 =  81° 5 0 ', fa  =  90°, f a  =  8 4 °  1 0 ',  7 i =  90°,

a n d  ta k in g  n  su cc e ss iv e ly  as  0, 1, 2, o o , — 2, — 1, — £, th e  v a lu e s  g iv e n  in

T a b le  I I I  w e re  c a lc u la te d  fo r  fa, fa, 0h 6 \ ,  T h e se  v a lu e s  w ere  th e n  s e t

o u t on  th e  tw o  s te re o g ra p h ic  d ia g ra m s  sh o w n  in  figs. 7 a n d  8.

Distortion of an Aluminium Crystal during a Tensile Test. 6 5 5

T ab le  I I I . — S p h e ric a l  P o la r  C o -o rd in a te s  o f D ire c t io n s  w h ic h  a re  u n e x te n d e d  

d u r in g  a n  in c re a se  of 30  p e r c e n t,  in  le n g th  of th e  S p ec im e n .

n.

U n s t r a in e d  m a t e r ia l . S t r a in e d  m a t e r ia l .

<pi C < v °. </)2°- o2°. < v °.

- 2 - 6 2  *6 5 2  -0 1 2 6  *2 - 6 3 * 3 3 7  -4 1 4 1  -4

- 1 - 4 4 - 2 5 7  *8 1 2 5  -9 - 4 2 - 1 4 4  3 1 3 8  -0

-  i - 2 5  7 6 7 - 7 1 2 2  -5 - 2 2  -7 5 6 * 5 1 3 0  -5

0 0 8 7  *3 1 1 2  -9 0 8 0 - 7 1 1 4  -5

i 2 5  -8 1 1 1  -6 9 3  -0 2 0  -5 1 1 1  -6 8 7 * 0

1 4 4 - 7 1 2 1  -0 8 1  -1 3 5  -2 1 2 4  7 7 1  *4

2 6 3  -4 1 2 7  *5 6 9  -4 5 1  *6 1 3 5  -3 5 6  -1

oo 9 0  6 1 3 1  -0 5 8 - 1 8 1 - 8 1 4 3  -7 4 1  -8

I t  w as n o tic e d  th a t  th e  p o in ts  of th e s e  d ia g ra m s  a p p e a re d  to  lie  on  tw o  

g re a t  c irc les , a n d  on p la c in g  th e  t r a c in g  p a p e r  on  w h ic h  th e  d ia g ra m s  w e re  

d ra w n  on  th e  s te re o g ra p h ic  n e t  i t  w a s fo u n d  th a t  tw o  g re a t  c irc le s  c o u ld  b e  

d e sc rib e d  to  p a ss  v e ry  close to  a l l  th e  p o in ts .  T h e se  g re a t  c irc le s  a re  m a rk e d  

in  figs. 7 a n d  8. T h e  u n e x te n d e d  c on e  is  th e re fo re  a  d e g e n e ra te  fo rm , 

c o n s is tin g  of tw o  p la n e s  in  th is  case.

T h is  is  v e ry  d iffe re n t fro m  th e  fo rm  w h ic h  w o u ld  a ris e  w h e n  a  b a r  w as  

s tre tc h e d  w h ic h  c o n sis te d  of a  n u m b e r  of sm a ll c ry s ta ls  o r ie n ta te d  a t  ra n d o m . 

T h e  “ u n e x te n d e d  cone ” w o u ld  in  t h a t  case  b e  a c ir c u la r  cone w hose  a x is  

c o incided  w ith  th e  a x is  of th e  sp ec im e n .

B efore  p ro c e e d in g  f u r th e r  i t  m a y  be  w e ll to  n o tic e  th e  n a tu r e  of th e  s t r a in  

w h ic h  cau ses  th e  u n e x te n d e d  cone to  ta k e  th e  fo rm  of tw o  p la n es . A ll  

figures d e sc rib e d  on  e i th e r  of th e s e  p la n e s  a re  u n c h a n g e d  b o th  in  d im e n s io n s  

a n d  in  sh ap e  b y  th e  s t r a i n ; t h a t  is to  say , th e  s t r a in  does n o t  a ffec t th e  

re la tiv e  p o s itio n s  of p a rt ic le s  in  e i th e r  of th e m . S in ce  th e  d e n s i ty  of th e  

m a te ria l is  p ra c tic a lly  u n c h a n g e d  b y  th e  s tr a in ,  th e  d is ta n c e  a p a r t  of a n y  

tw o  p la n e s  of p a r tic le s  w h ic h  a re  p a ra l le l  to  e i th e r  o f th e se  p la n e s  is  a lso  

u n c h a n g e d  by  th e  s tra in . T h e  s tr a in  b ro u g h t  a b o u t b y  th e  e x te n s io n  o f 

30 p e r  c en t, c an  th e re fo re  be re g a rd e d  as  b e in g  d u e  to  a s im p le  s h e a r  p a ra lle l 

to  e i th e r  of th e  tw o  u n s tre tc h e d  p la nes .
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65 6

A t  a  la te r  s tag e  w e s h a ll see t h a t  th e  X - ra y  a n a ly s is  show s th a t  the 

o r ie n ta tio n  of th e  m o le c u le s  re m a in s  c o n s ta n t w ith  re s p e c t to  one o f them , 

b u t  n o t w ith  re s p e c t to  th e  o th e r . F ro m  th e  e x te r n a l  m e a s u re m e n ts  taken  

a t  o n ly  tw o  s ta g e s  of th e  e x te n s io n , h o w e v er, w e c a n n o t d is tin g u is h  betw een  

th e m  a n d  say  th a t  th e  s h e a r  is  d u e  to  s lip p in g  on  one  p la n e  r a th e r  th a n  on 

th e  o th e r .

M r .  G .  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

Application o f the Method to other Stages o f the Extension.

T h e sam e m e th o d  w as a p p lie d  to  th e  o th e r  s ta g e s  in  th e  e x ten s io n . I t  was 

fo u n d  t h a t  in  th e  c ases  0 -1 0 , 0 -1 5 , 0 -2 0 , a n d  0 - 4 0  p e r  c e n t, e x te n s io n , th e  

;sam e r e s u l t  w a s o b ta in e d  as in  th e  case  of 0 -3 0  p e r  c en t., w h ic h  has 

a lr e a d y  b e e n  s tu d ie d . I n  e a c h  case  th e  cone of u n s tr e te h e d  d ire c tio n s  was 

fo u n d  to  c o n s is t of tw o  p la n e s . I n  th e  case  of th e  fina l e x te n s io n  78 per 

c en t., h ow e ver, i t  w as fo u n d  t h a t  th is  w as n o t  th e  case. W e  sh a ll th e re fo re  

s tu d y  f ir s t  a ll  th e  s ta g e s  of th e  e x te n s io n  u p  to  40  p e r  c e n t.

O n  c o m p a r in g  th e  s te re o g ra p h ic  d ia g ra m s  sh o w in g  th e  p o s itio n s  in  th e  

u n s tra in e d  m a te r ia l  o f th e  p la n e s  w h ic h  a re  u n s tra in e d  a t  th e  v a riou s  

s ta g e s  of th e  e x te n s io n  u p  to  4 0  p e r  c en t., i t  w as fo u n d  th a t  one of th e  

p la n e s  in  e a c h  case  c o n s is te d  a lw a y s  of th e  sam e  p a rtic le s .

T a b le  I Y .— S p h e ric a l  P o la r  C o -o rd in a te s  of D ire c tio n s  in  u n s tr a in e d  

M a te r ia l  w h ic h  re m a in  u n s tr e tc h e d  a t  fo u r s ta g e s  of th e  te s t , n a m ely , 

0 -1 0 , 0 -2 0 , 0 -3 0 , 0 -4 0  p e r c e n t , e x te n s io n .

n. <Pi°-

V - 0 / ° .

0 - 1 0 . 0 - 2 0 . 0 - 3 0 . | 0 - 4 0 . 0 - 1 0 . 0 - 2 0 . 0 - 3 0 . 0 - 4 0 .

0 0 8 6 - 5 8 7  -5 8 7 - 3 8 7  -0 1 1 4 1 1 3 1 1 3 I l l

1 4 5 1 2 2  -3 1 2 0  -5 1 2 1  -0 1 2 0  2 7 4 - 3 7 8  -2 8 1  -3 8 2  -2

OD 9 0  -6 1 3 2  -5 1 3 1  -3 1 3 1  -3 1 3 0  0 4 8  -8 5 3  -0 5 8  -0 6 0  -2

- 1 - 4 5 5 7  -2 5 8 - 5 5 8  -2 5 8  -5 1 3 3 - 3 1 2 9  2 1 2 5  -8 1 2 3 - 2

I n  T ab le  I Y  a re  g iv e n  th e  sp h e r ic a l p o la r  c o -o rd in a te s  of e ig h t d irec tio n s  

w h ic h  re m a in  u n e x te n d e d  a t  e ac h  of th e  fo u r s tag e s, 10, 20, 30, an d  

4 0  p e r  c e n t , e x ten s io n . I t  w ill be  see n  th a t  th e  figures u n d e r  h e a d in g  6\, 

w h ic h  g ive  th e  p o s itio n  b e fo re  s tr a in in g  of one of th e  u n e x te n d e d  p lan es , a re  

p ra c tic a lly  id e n tic a l fo r  a ll fo u r s ta g e s  of th e  te s t .  T h e  figures u n d e r th e  

h e a d in g  6 \ , w h ic h  g iv e s th e  p o s itio n s  of th e  o th e r  p lan es , v a ry  acc o rd in g  to 

th e  p a r t ic u la r  s tag e  c on ce rn e d . I t  a p p e a rs , th e re fo re , t h a t  if th e  sh e a r  w hich  

p ro d u c e s  th e  e x te n s io n  be c o n s id e red  as d u e  to  s lip p in g  on th e  p la n e  g iven  

by  th e  c o lu m n s  u n d e r h e a d in g  6\ (T a b le  IV ) , th is  p la n e  o f p a rt ic le s  re m a in s
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u n d e fo rm e d  a n d  u n e x te n d e d  th ro u g h o u t  th e  w h o le  e x te n s io n  fro m  0 to  4 0  p e r  

c e n t. If , h o w e v e r, th e  o th e r  p la n e s  d e te rm in e d  b y  th e  f ig u res  u n d e r th e  

h e a d in g  6\ be  c o n s id e re d  a s  p la n e s  of s l ip p in g , th e se  p la n e s  w il l c o n s is t of 

d iffe re n t p a r t ic le s  a t  d if fe re n t s ta g e s  of th e  e x te n s io n .

I t  is  e v id e n t  t h a t  th e  fo rm e r is  a  s im p le r  p h y s ic a l c o n c e p tio n , b u t  o n e  

c a n n o t  be su re  t h a t  i t  is  th e  c o r r e c t  o n e  t i l l  one  s tu d ie s  th e  d ir e c tio n s  of th e  

c ry s ta l  a x e s. B efo re  p ro c e e d in g  to  do  th is ,  h o w e v e r, th e r e  is  s t i l l  som e  m o re  

in fo rm a tio n  to  b e  g o t o u t  of th e  m e a s u re m e n ts  o f  th e  e x te r n a l  s h a p e  o f th e  

sp ec im e n , th e  d ire c t io n  of th e  s h e a r  on  th e  s lip p in g  p la n e  c a n  b e  d e te rm in e d .

Direction o f Slipping on Unextended Planes.

L e t u s  n o w  c o n s id e r  ho w  th e  u n e x te n d e d  p la n e s  w o u ld  be  s i tu a te d  in  th e  

case  o f a  s im p le  s h e a r  on  a  g iv e n  p la n e  of p a rt ic le s . L e t  A B C D  (fig. 9 ) be a  

re c ta n g le  in  th e  p la n e  p e rp e n d ic u la r  

to  th e  p la n e  of s lip , a n d  le t  A D  b e  in  ^  

th e  p la n e  o n  w h ic h  th e  s lip p in g  ta k e s  

p lace . L e t  th e  s h e a re d  p o s it io n  of B C  \ 

be  B 'C '.  A ll  p a r t ic le s  in  th e  lin e  \

B B 'C C ' s h if t  th ro u g h  d is ta n c e  e q u a l to

B B '.  O n e  of th e  u n e x te n d e d  lin e s  of „  , . . , .
1) ig . 9 . — s e c t i o n  o r  m a t e r i a l  s h e a r i n g  o n

p a r tic le s  is  e v id e n t ly  A D . T h e  o th e r  a s l ip p in g  p la n e ,

is  fo u n d  b y  ta k in g  tw o  p o in ts  E , E '  a t

d is ta n c e s  e q u a l  to  \  B B ' o n  o p p o s ite  s id es  of B . T h e  l in e  E A  in  th e  

u n s tr a in e d  m a te r ia l  m o ve s to  E 'A  in  th e  s t r a in e d  m a te r ia l  a n d  A E  =  A E ',  

so th a t  A E , A E ' a re  th e  tra c e s  of th e  sec on d  u n e x te n d e d  p la n e s .

F ro m  th e s e  c o n s id e ra tio n s  i t  w ill be  see n  t h a t :—

(a) T h e  d ire c t io n  of s h e a r  is  in  th e  lin e  a t  r ig h t  a n g le s  to  th e  lin e  of i n t e r 

se c tio n  of th e  tw o  u n s tr e tc h e d  p la n e s .

(b) In  a f in i te  sh e a r , d u e  to  s lip p in g  on  o n e  p la n e , th e  s t r a in e d  a n d  

u n s tra in e d  p o s itio n s  of th e  o th e r  p la n e  o f p a r tic le s , w h ic h  is u n d e fo rm e d , lie  

a t  e q u a l a n g les  on o p p o s ite  s id e s  of th e  p la n e , w h ic h  is  p e rp e n d ic u la r  to  th e  

p la n e  of s lip  a n d  th e  d ire c tio n  of s lip , i.e., th e  p la n e  w hose  tr a c e  is  A B . I f  

th e  s lip  be re g a rd e d  as b e in g  m e a s u re d  b y  t a n  B A B ',  fig. 9, th is  is  e q u a l to  

2 ta n  B A E , i.e., w h e re  B A E  is th e  a n g le  b e tw e e n  th e  tw o  u n d e fo rm e d  

p la nes .

(c) T h e  o n ly  p la n e  w h ich  re m a in s  u n d e fo rm e d  d u r in g  th e  w h o le  c ou rse  of 

a  fin ite  s h e a r  is  th e  p la n e  of s lip .

To d e te rm in e  th e  d ire c tio n  of sh e ar , th e re fo re , i t  is  n e c e ssa ry  to  find  th e  

lin e  of in te rs e c tio n  of th e  tw o  p la n e s  w h ic h  c o n s t i tu te  th e  “ cone of u n e x te n d e d  

d irec tio n s."  I n  th e  p re s e n t  case th is  w as a cc o m p lish e d  by  c o n s tr u c tin g  a

Distortion of an Aluminium Crystal during a Tensile Test. 6 5 7
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658 M r .  G .  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

s te re o g ra p h ic  d ia g ra m  in  w h ic h  th e  p la n e  of s lip p in g , i.e., th e  p la n e  w h ich  was 

u n d is to r te d  th ro u g h o u t  th e  e x te n s io n  fro m  0 to  40  p e r c en t., w as re p re se n te d  

b y  th e  o u te r  c irc le  of th e  d ia g ra m , th e  n o rm a l to  th e  p la n e  of s lip p in g  being 

th e  c e n tre .

I n  th e  case  of th e  f ig u re  c o rre sp o n d in g  w ith  th e  u n s tra in e d  m a te r ia l  th is  

a m o u n ts , in  th e  p re s e n t  case, to  r o ta t in g  th e  figu re  th ro u g h  4 0 °  a b o u t th e  

lin e  of in te r s e c t io n  of th e  s lip  p la n e  w ith  th e  p la n e  p e rp e n d ic u la r  to  th e  axis 

of th e  spec im en . T h is  o p e ra tio n  c an  e a s ily  b e  p e rfo rm e d  w ith  th e  s te re o 

g ra p h ic  n e t. I n  th e  case  of th e  30  p e r  c e n t,  e x te n s io n  d ia g ra m , fo r  in stan ce , 

th e  n e t  is p la c e d  w ith  i ts  po les on  th e  p o in ts  L , M ffig . 7). T h e  n e w  p o s itio n s  

of th e  p o in ts  of th e  d ia g ra m  a re  th e n  fo u n d  b y  m o v in g  th e m  4 0 °  ro u n d  on a 

la t i tu d e  c irc le  of th e  n e t.

I n  th e  case  o f th e  f ig u re  fo r  th e  s t r a in e d  m a te r ia l  th e  sam e  p ro c e d u re  is 

a d o p te d , b u t  in  th is  case  th e  a n g le  th ro u g h  w h ic h  th e  d ia g ra m  h a s  to  be 

r o ta te d  is  d if fe re n t fo r  d if fe re n t e x te n s io n s . I n  e a c h  case th e  b o u n d a ry  

c irc le  of th e  figu re  r e p re s e n ts  th e  sam e  p la n e  of p a rt ic le s ,  a n d , in  o rd e r  to  

m a k e  i t  e asy  to  su p e rp o se  th e  d if fe re n t figu res, th e  d ire c tio n s  of th e  lin es  of 

in te rs e c tio n  of th e  s lip  p la n e  w ith  th e  faces a n d  w ith  th e  a x ia l p la n e s  w h ich  

a re  p a ra lle l to  th e  d ia g o n a ls  of th e  c ro ss-se c tio n s  a re  m a rk e d  as d o ts  on th e  

edge of th e  s te re o g ra p h ic  d ia g ra m  fo r  e a c h  e x te n s io n . T h e  fa c t t h a t  th e se  

d o ts  c a n  b e  su p e rp o se d  w ith  d ia g ra m s  o b ta in e d  from  m e a s u re m e n ts  ta k e n  a t  

d iffe re n t s ta g e s  of th e  e x te n s io n  is  c o n f irm a to ry  e v id e n c e  th a t  th e  s lip  p la n e  

is  u n d is to rte d .

I n  fig. 10 is  sh ow n  th e  p o s itio n  in  th e  u n s tr a in e d  m a te r ia l  of th e  second 

s e t of p la n e s , w h ic h  a re  u n d is to r te d  a t  fo u r s ta g e s  of th e  e x te n s io n , n a m ely , 

10, 20, 30 a n d  40  p e r c e n t. I n  fig. 11 is  sh ow n  th e  p o s itio n s  o f th re e  of 

th e se  sam e p la n e s  in  th e  s tr a in e d  m a te ria l.*  I t  w ill  be  seen  th a t  in  b o th  

cases a ll  th e  g re a t  c irc le s  w h ic h  re p re s e n t  th e  seco n d  se t of p la n e s  c u t th e  

b o u n d a ry  of th e  d ia g ra m  n e a r  th e  sam e  tw o  p o in ts . T h e  d ire c tio n  of s lip , 

w h ic h , as  c an  b e  seen  fro m  c o n s id e ra tio n  (a) above, is  re p re s e n te d  by  th e  

p o in t  on  th e  b o u n d a ry  a t  9 0° fro m  th e se  p o in ts , is th e re fo re  practically the 

same fo r  all the stages o f the test up to 4 0  per cent, elongation o f the specimen.

I t  w ill be  n o tic e d  th a t  th e  re la t io n  b e tw e e n  figs. 10 a n d  11 is  w h a t we 

sh o u ld  e x p e c t from  c o n s id e ra tio n  (b) above. T h e  fa c t t h a t  th e  d o tte d  lin es  in  

fig. 10 c o rre sp o n d  w ith  th e  fu ll  lin e s  in  fig. 11 a n d  vice versd, show s th a t  th e  

seco n d  s e t of p la n e s  m a k e  e q u a l a n g le s  on  o p p o site  s ides of th e  p la n e  

p e rp e n d ic u la r  to  th e  d ire c tio n  of sh ear.

*  T h e  p o s i t i o n  o f  t h e  s e c o n d  u n d i s t o r t e d  p l a n e  f o r  1 0  p e r  c e n t ,  e x t e n s i o n  h a s  n o t  b e e n  

s h o w n  i n  t h i s  f i g u r e  b e c a u s e  i t  c o n f u s e d  t h e  c e n t r a l  p a r t  o f  t h e  d i a g r a m .
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To s u m m a ris e , w e h a v e  sh o w n  th a t ,  u p  to  40  p e r  c e n t, e lo n g a tio n , th e  

d is to r t io n  o f  th e  sp e c im e n  is  d u e  to  s im p le  s h e a r  in  o n e  d ire c tio n  o n  a

Distortion of an Aluminium Crystal during a Tensile Test.

F ig . 1 0 . — P r o j e c t i o n  o n  t o  t h e  p l a n e  o f  s l i p  o f  c r y s t a l  a x e s  a n d  o f  s e c o n d  u n s t r e t c h e d  

p l a n e s  f o r  e x t e n s i o n s  0 - 1 0 ,  0 - 2 0 ,  0 - 3 0 ,  0 - 4 0  p e r  c e n t .  Unstretched  m a t e r i a l .

F ig . 11.—P o s i t i o n s  i n  strained  m a t e r i a l  o f  t h e  a x e s  a n d  p l a n e s  s h o w n  i n  f ig .  1 0 . T h e  

p o s i t i o n s  o f  t h e  a x i s  a t  0 ,  2 0 ,  3 0  a n d  4 0  p e r  c e n t ,  e x t e n s i o n  a r e  a l s o  s h o w n .

c e r ta in  p la n e . W e  h a v e  d e te rm in e d  th e  p la n e  a n d  th e  d ire c tio n . I t  now  

re m a in s  to  d e te rm in e  th e  re la tio n  b e tw e e n  th is  p la n e  a n d  th e  c ry s ta l axes.

2 Yvo l . o n — A.
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6 60 M r .  G .  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

Relation between Plane o f Slip and Crystal Axes.

T h e  c o -o rd in a te s  of th e  c ry s ta l  a xes  w ere  m e a su re d  b y  D r. M u lle r  a n d  

M iss E lam  a t  e ach  s tag e  d u r in g  th e  e x te n s io n . T h e y  a re  g ive n  in  T ab le  V .

T ab le  V .— S p h e ric a l  P o la r  C o -o rd in a te s  o f (1 1 1 ) a n d  (1 0 0 ) A x e s a t  v a rio u s

S tag e s  of th e  T e st.

6. ^100°* i°.

1 - 0 0 0 ] 3 1 2 6 9  -3 7 9  -0 2 6 2  -2 5 2 - 3

1 -0 5 3 1 2 7  -4 2 7 0  2 7 5  -0 2 6 3  -8 5 2  -5

1 - n o 1 2 6  -0 2 7 0 - 3 7 3  3 2 6 3  -2 5 3  -2

1 -1 6 1 1 2 3 - 5 2 7 0  -9 7 0 - 2 2 6 3  -8 5 3  -6

1 *200 1 2 3  -2 2 7 0  -5 6 9  -7 2 6 3  2 5 4  -0

1 -3 0 4 1 1 8 - 9 2 2 1 6 9  -5 2 6 2 - 2 5 0 - 2

1 -4 0 4 1 1 8  2 2 7 2  -2 6 6  -0 2 6 0  -5 5 3  -4

1 -623 1 1 3 - 9 2 7 4  -0 6 2  -0 2 6 0  -6 5 2  -8

1 -7 8 5 1 1 4 - 7 2 7 2  -8 6 2  -4 2 5 7  -7 5 4  -5

N o t e .—i  is a n g le  b etw een  (111) an d  (100) axes. I t  sh o u ld  be 54*7°

I t  w ill be  see n  t h a t  one of th e  (1 1 1 ) p la n e s  a n d  one of th e  (1 0 0 ) p lan e s  

w e re  d e te rm in e d . I n  o rd e r  to  te s t  th e  a c c u ra c y  of th e  d e te rm in a tio n s , th e  

ang le s  b e tw e e n  th e s e  tw o  d ire c tio n s , w h ic h  sh o u ld  be 54° 4 4 ', w e re  w o rk e d  

o u t . T h e se  ang les , w h ic h  a re  re p re s e n te d  b y  th e  sy m b o l i  in  T ab le  Y , a re  

g iv e n  in  th e  la s t  co lu m n . I t  w as fo u n d  th a t  in  som e cases th e re  w as a n  

e r ro r  of 2°, a n d  in  o n e  of th e m  a n  e r ro r  of 4°.

W h e n  th e  pos itio n s  of tw o  of th e  a x e s  a re  fou n d , i t  is  possib le  to  u se  o u r 

k n o w le d g e  of th e  ty p e  o f s y m m e try  w h ic h  th e  c ry s ta l  possesses to  d e te rm in e  

th e  p o s itio n s  of th e  o th e rs , b u t  w h e n  th e  m e a s u re d  a n g le  b e tw e e n  th e se  tw o  

a x e s  is  n o t w h a t w e sh o u ld  e x p e c t fro m  th e  k n o w n  s y m m e try  of th e  c ry s ta l,  

th e re  is  a  c o n s id e ra b le  d e g re e  of u n c e r ta in ty  in  p la c in g  th e  o th e r  axes. I n  

p la c in g  th e  axes, I  h a v e  a c c o rd in g ly  a d o p te d  th e  fo llo w in g  sy s te m  :— I  h a v e  

ta k e n  th e  g re a t  c i r c le . th ro u g h  th e  tw o  m e a s u re d  a x es  as b e in g  c o rre ct. 

I  h a v e  th e n  ta k e n  th e  m id  p o in t b e tw e e n  th e  tw o  m e a s u re d  a x e s as c o rre c t, 

a n d  h a v e  sh if te d  b o th  a x e s by  e q u a l a m o u n ts  in  o p p o s ite  d ire c tio n s  a lo n g  th e  

g re a t  c irc le  jo in in g  th e m  t i l l  th e ir  d is ta n c e  a p a r t  is  54° 4 4 '. T h is  is 

e q u iv a le n t to  s h if tin g  each  of th e m  th ro u g h  a n  a n g le  e q u a l to  h a lf  th e  

e r ro r  in  th e  d e te rm in a tio n  of th e  a n g le  b e tw e e n  th e m . I t  is  th e n  possib le  to  

find  th e  p o sitio n s  of th e  re m a in in g  ax es. S u c h  a  p ro c e e d in g  is v e ry  a rb it ra ry , 

b u t  so m e th in g  of th e  k in d  is  n ece ssa ry , a n d  a n y  sy s te m  a d o p te d  m u s t be 

a rb i t r a ry .  T h e  m a x im u m  a n g le  th ro u g h  w h ic h  e i th e r  of th e  a xe s is sh ifte d  

by th is  sch em e of a v e ra g in g  is 2 ,2° in  th e  case of th e  30  p e r c en t, e x ten s io n . 

T h e  sh if ts  in  a ll o th e r cases a re  less  th a n  th is , th e  ave rag e be ing  1*0°.
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F o r tu n a te ly ,  th e  d is to r t io n  o f th e  m a te r ia l  is  so g re a t  t h a t  v e ry  la rg e  c h a n g e s  

in  th e  o r ie n ta t io n  o f th e  c ry s ta l  a x e s  r e la t iv e  to  some p la n e s  o f p a r t ic le s  

m u s t  ta k e  p lace .

To fin d  th e  r e la t iv e  p o s itio n s  of th e  a x e s  a n d  th e  s lip  p la n e , th e  p a r t ic u la r  

t r ia d  (1 1 1 ) a x is  w h ic h  w as m e a s u re d  a n d  th e  th r e e  t e t r a d  (1 0 0 ) a x e s  h a v e  

b e e n  m a rk e d  on  th e  s te re o g ra p h ic  d ia g ra m s  (tigs. 10 a n d  11). F ig . 1 0 , 

w h ic h  a p p lie s  to  th e  u n s tra in e d  m a te r ia l ,  o f c o u rse , h a s  o n ly  o n e  s e t of a x e s  

m a rk e d  o n  it , b u t  fig. 11 h a s  a  se t of a x e s  fo r  e a c h  s ta g e  of th e  e x te n s io n .

O n lo o k in g  a t  th e s e  d ia g ra m s  th e  fo llo w in g  fa c ts  w ill  b e  n o tic e d  :—

(1 ) T h e  (1 1 1 ) a x is  is  c lose  to  th e  p o le  o f th e  d ia g ra m . T h a t  is, th e  p la n e  

of s lip  is  n e a r ly  c o in c id e n t w ith  a  (1 1 1 ) p la n e  of th e  c ry s ta l.

(2 )  T h e p o s itio n s  of a ll th e  a x e s  a re  fixed  r e la t iv e ly  to  th e  p la n e  of s lip  

d u rin g  th e  w ho le  c o u rse  of th e  d is to r t io n , th o u g h , of co u rse , th e  lin e s  of 

p a rt ic le s  w h ich  o r ig in a l ly  o c cu p ie d  p o s itio n s  a lo n g  th e  a x e s  m o v e  th ro u g h  

v e ry  co n sid e ra b le  a n g le s  w ith  re s p e c t to  it .  T h e  v a r ia t io n  in  th e  p o s itio n  of 

th e  n o rm a l to  th e  (1 1 1 ) p la n e , fo r  in s ta n c e , is  o n ly  a b o u t  4°.

(3 ) T h e g re a t  c irc le  th ro u g h  tw o  o f th e  (1 0 0 ) p la n e s  is  v e ry  n e a r ly  p a r a l le l  

to  th e  d ire c tio n  of s lip . T h e  a n g le  w h ic h  th e  lin e  o f in te rs e c t io n  o f  th e  

(1 0 0 ) p la n e  c o n ta in in g  th e s e  tw o  (1 0 0 ) ax e s  a n d  th e  p la n e  o f s lip  m a k e s  

w ith  th e  d ire c tio n  of s lip  is  less  th a n  th e  m a rg in  of e x p e r im e n ta l  e rro r .

I f  th e  p la n e s  r ep re s e n te d  b y  th e  sy m b o ls  ( +  1 +  1 ± 1 )  be  r e g a rd e d  as 

fo rm ing  a  re g u la r  o c tah e d ro n , th e  s lip  is  th e n  on  a  p la n e  w h ic h  is  v e ry  

n e a r ly  p a ra lle l to  one  face, a n d  is  a lm o s t e x a c t ly  in  th e  d ire c tio n  of one  edge.

T h e fa c t t h a t  th e  p o s itio n  of th e  s lip  p la n e  d e te rm in e d  b y  e x te r n a l  

m e a su re m e n ts  is  so c lose  to  th e  (1 1 1 ) p la n e  d e te rm in e d  b y  X -ra y  a n a ly s is  

m a k es  one su sp e c t t h a t  th e y  re a l ly  c o in cide , a n d  t h a t  th e  d ifferen c e  b e tw e e n  

th e ir  m e a su re d  po s itio n s  is  d u e  to  e x p e r im e n ta l  e rro r . T h is  id e a  is  c o n 

firm ed  b y  th e  fa c t t h a t  th e  d ire c tio n  o f s lip  is  so e x a c t ly  p a ra l le l  to  o n e  of 

th e  th re e  p rin c ip a l lin e s  of a tom s in  th e  (1 1 1 )  p lan e . I t  m ay  be, h o w e v e r, 

th a t  th e  d ifferen c e  b e tw e e n  th e  m e a su re d  po s itio n s  of th e  s lip  p la n e  a n d  

th e  (1 1 1 ) p lan e  is  d u e  to  som e s lig h t s lip p in g  on  som e o th e r  p lan e . D u r in g  

th e  te s t ,  tw o  se ts  of s lip  b a nd s  a p p e a re d  on  th e  faces  o f th e  spec im e n . I t  is 

hoped  to  se tt le  th is  p o in t  in  a n o th e r  te s t ,  in  w h ic h  im p ro v e d  m e th o d s  of 

m e a s u re m e n t w ill b e  used .

I n  th e  re m a in in g  p a r t  of th is  p a p e r  w e s h a ll  a ssum e  t h a t  th e  s lip  w as 

a c tu a lly  on  th e  (1 1 1 ) p la n e , a n d  sh a ll  d iscu ss  som e p o ssib le  c on seq u en ce s  of 

th is  a ssu m p tio n .
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Changes in  Orientation o f Specimen relative to Crystal Axes during Extension.

T h e effect of a  s h e a r  in  a n y  d ire c tio n  on  a  f ixed  p la n e  of p a rt ic le s  is  to  m ove 

a n y  g iv en  lin e  of p a rt ic le s  in  such  a  w ay  th a t  i t  re m a in s  p a ra lle l to  th e  p lane  

c o n ta in in g  i ts  o rig in a l d ire c tio n  a n d  th e  d ire c tio n  of slip. I n  fig. 11, for 

in s tan c e , th e  po s itio n s  of th e  a x is  of th e  sp ec im e n  re la tiv e  to  th e  s lip  p lane  

a t  su ccess iv e  s tag e s  o f th e  e x te n s io n  is  show n. T h e se  a re  m a rk e d  0, 20, 

30, 40 . I t  w ill be  seen  t h a t  a  g re a t  c irc le  c an  be d ra w n  to  pass  th ro u g h  

th e m  a n d  th ro u g h  th e  d ire c tio n  of slip.

A s  th e  p o in t re p re s e n t in g  th e  d ire c tio n  of th e  a x is  m oves a long  th is  c irc le  

th e  a n g les  b e tw e e n  th is  d ire c tio n  a n d  a ll  th e  fo u r o c ta h e d ra l p la n e s  v a ry  

c o n tin u o u s ly . A f te r  a  tim e , i t  seem s  l ik e ly  t h a t  th e  a x is  of th e  sp ec im e n  

w ill m o v e  in to  a  p o s itio n  in  w h ic h  i t  m a k e s  a n  a n g le  w ith  one  of th e  o th e r  

o c ta h e d ra l p la n e s  w h ic h  is  e q u a l to  th e  a n g le  i t  m a k e s  w ith  th e  p a r t ic u la r  

o c ta h e d ra l p la n e  on  w h ic h  th e  s lip p in g  is  ta k in g  p lace . A t  th is  s ta g e  th e  

fo rce  te n d in g  to  p ro d u c e  s lip p in g  on  one  p la n e  is  e q u a l to  th a t  te n d in g  to  

p ro d u c e  s lip p in g  on  th e  o th e r . I t  is  p o ssib le , th e re fo re , t h a t  a t  th is  s ta g e  

s l ip p in g  m a y  ta k e  p la c e  on  b o th  p la n e s . P o s s ib ly  th is  is  th e  re a so n  w h y  th e  

cone of u n s tre tc h e d  d ire c tio n s  in  th e  case  o f th e  7 8 -p e r-c e n t , e x te n s io n  no 

lo n ge r c o n s is ts  of tw o  p la n e s .

T o e x a m in e  th is  p o in t,  f i r s t  t u r n  th e  a x e s ro u n d  so th a t  one of th e  cub ic  o r 

te t r a d  a x e s is  in  th e  c e n tre  of th e  fig u re. T h e  tw o  re m a in in g  cu b ic  a x e s w ill 

th e n  be fou n d  on  th e  c irc u m fe re n c e , a n d  th e  fo u r o c ta h e d ra l a x e s w ill be  

d ispo sed  s y m m e tr ic a lly  ro u n d  th e  c e n tr a l  c u b ic  ax is.

6 62  M r .  G .  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

D

F ig . 12.— F ig u re  s h o w in g  p o s i t io n  o f  a x is  o f sp e c im e n  r e la t iv e  to  c r y s ta l  a x e s  a t  0, 20,

3 0 ,  4 0  p e r  c e n t ,  e x t e n s i o n .

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



I n  fig. 12  th e  a x e s  h a v e  b e e n  ro ta te d  so t h a t  th e  c u b ic  a x is  d e n o te d  b y  (0 1 0 ) 

in  fig. 11 is  in  th e  c e n tr e . T h e  s lip  p la n e  is  th e n  re p re s e n te d  b y  th e  g r e a t  

c irc le  D B E  (fig. 12), a n d  th e  p o in t  B  re p re s e n ts  th e  d ir e c tio n  o f s lip , c o rre -  

p o n d in g  w ith  th e  p o in t  B  in  fig. 11.

W e  h a v e  a lre a d y  sh o w n  t h a t  th e  p o in ts  r e p re s e n t in g  th e  a x is  of t h e  

sp e c im e n  lie  on  a  g re a t  c irc le  th ro u g h  B. A n  a rc  of th is  c irc le  is  s h o w n  in  

fig. 12 as F G B , w h e re  G  is  on  th e  lin e  D E  w h ic h  re p re s e n ts  th e  (1 0 1 )  p la n e .

A s  th e  s lip p in g  on  th e  p la n e  D B E  p ro c ee d s , th e  p o in t  r e p r e s e n t in g  th e  

a x is  of th e  sp e c im e n  m o v e s a lo n g  th e  a rc  F G B  t i l l ,  a t  a b o u t  50 p e r  c e n t, 

e x te n s io n , i t  g e ts  to  th e  p o in t  G . A t  th is  p o in t ,  G , i t  is  in  su c h  a  p o s it io n  

t h a t  i t  is  e q u a lly  in c lin e d  to  th e  tw o  o c ta h e d ra l  p la n e s  D B E , D B 'E ,  w h ic h  

a re  p e rp e n d ic u la r  to  th e  tw o  a x e s  (1 1 1 ) a n d  (1 1 1 ).*

I t  sh o u ld  n ow  b e  n o tic e d  t h a t  u p  to  th is  s ta g e  o f th e  e x te n s io n  th e  s l ip p in g  

h a s  a lw a y s  b e e n  a lo n g  th a t  o n e  of th e  tw e n ty - fo u r  c ry s ta l lo g ra p h ic a l ly  s im ila r  

p o ssib le  d ire c tio n s  of s h e a r  w h ic h  h a s  th e  m a x im u m  c o m p o n e n t of s h e a r in g  

fo rce  te n d in g  to  s e t  i t  go ing . I f  th is  c o n d it io n  c o n tin u e s  to  ho ld , t h e n  

d ire c t ly  th e  p o in t re p re s e n tin g  th e  a x is  h a s  m o v e d  b e y o n d  G  a lo n g  i t s  p a t h  

F G B , th e  fo rce  te n d in g  to  p ro d u c e  a  s lip  on  th e  p la n e  D B 'E  in  th e  d ir e c t io n  

of B ' is  g r e a te r  th a n  th e  fo rc e  te n d in g  to  c o n tin u e  th e  s lip  on  D B E . S lip p in g  

w ill  th e n  b e g in  on  D B 'E ,  a n d  th e  a x is  w ill s t a r t  m o v in g  a lo n g  a  g r e a t  c ir c le  

to w a rd s  B '.

I t  can  e a s ily  be see n  t h a t  th e  r e s u l t  of su cc ess iv e  s lip s  to w a rd s  B  a n d  B ' 

w ill be  th a t  th e  p o in t  r e p re s e n tin g  th e  a x is  w ill m o v e  a lo n g  th e  lin e  D G E  

to w a rd s  th e  p o in t  w h e re  th e  g re a t  c irc le  th ro u g h  B  a n d  B ' c u ts  it .  A t  th is  

p o in t  n o  f u r th e r  m o v e m e n t of th e  a x is  w ill ta k e  p lace , h o w e v e r m u c h  th e  

sp ec im e n  e x te n d s .

T h e se  c o n s id e ra tio n s  le a d  to  th e  p re d ic tio n  th a t  th e r e  w ill be  a  te n d e n c y  

fo r th e  a xe s to  o r ie n ta te  th e m se lv e s , so t h a t  tw o  of th e  o c ta h e d ra l p la n e s  

m a k e  e q u a l a n g les  of 61° 5 2 ' w ith  th e  a x is  of th e  sp e c im e n , w h ile  th e i r  lin e  

of in te rs e c tio n  m a k es  a n  a n g le  o f 5 4° 4 4 ' w ith  th e  ax is.

I t  is  h o p e d  to  e x a m in e  th is  p o in t  la te r ,  w h e n  th e  d is to r tio n s  a n d  c ry s ta l  

a xes  o f m o re  sp ec im e ns  h a v e  b e en  d e te rm in e d .

i f i c a t i o n  that S l ic in g  in  the Last Stage o f the Distortion occurs

simultaneously on Two Octahedral Planes.

T h o u g h  no  v e ry  sa ti s fa c to ry  m e th o d  h a s  y e t  b e en  d e v ise d  fo r  d e te rm in in g  

th e  d is to rtio n  d u e  to  s im u lta n e o u s  s lip p in g  o n  tw o  p la n e s , i t  is  p o ssib le  to  

a p p ly  th e m e th o d s  u se d  in  th e  e a r ly  p a r t  of th is  p a p e r  to  te s t  w h e th e r  th e  

d is to rt io n  of th e  spec im e n  a t  i t s  b re a k in g  p o in t (7 8  p e r  c e n t, e x te n s io n )

*  N o  d i s t i n c t i o n  i s  m a d e  h e r e  b e t w e e n  t h e  p l a n e s  ( i l l )  a n d  ( T i l ) .
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co u ld  h a v e  b e en  p ro du c e d  b y  s lip p in g  on  th e  tw o  o c ta h e d ra l p la n es  which 

a re  a t  e q u a l a n g le s  to  th e  a x is  w he n  th e  e x te n s io n  is  a b o u t 50 p e r  cen t.

T h e  cones of u n e x te n d e d  d ire c tio n s  in  th e  d is to rt io n  of th e  specim en  

d u rin g  i ts  e x te n s io n  fro m  40  to  78 p e r  c e n t, w e re  f ir s t  d e te rm in e d  by the

Face

------

F ig . 1 3 .— P o s i t i o n s  i n  m a t e r i a l  e x t e n d e d  4 0  p e r  c e n t ,  o f  u n s t r e t c h e d  c o n e  f o r  e x t e n s i o n  

f r o m  4 0  t o  7 8  p e r  c e n t . ,  a n d  o f  s l i p  p l a n e  f o r  e x t e n s i o n  0  t o  4 0  p e r  c e n t .

’( n p ^ V -F

Fig . 1 4 . — P o s i t i o n  i n  m a t e r i a l  e x t e n d e d  7 8  p e r  c e n t ,  o f  u n s t r e t c h e d  c o n e  s h o w n  i n  fig. 1 3 .

e q u a tio n s  (1 ), (2 ), an d  (3). T he  tw o  po s itio n s  of th is  cone a re  p lo tte d  on th e  

s te reog ra ph ic  figures 13 an d  14. F ig . 13 show s th a t  th e  pos ition  of th e  cone 

in  th e  m a te r ia l a t  40  p e r c e n t, e x ten s io n , w h ile  fig. 14  show s  i ts  po s ition  a t  

78 p e r c e n t , e x te n s io n . I n  b o th  th e se  figu res  th e  c e n tr e  sp o t re p re se n ts  th e
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a x is  of th e  sp ec im e n , as  i t  does in  figs. 7 a n d  8. I t  w il l be  se e n  th a t  th e  co n e  

is  n ow  v e ry  d iff e re n t from  th e  p a ir  of p la n e s  w h ic h  w ere  c h a r a c te r i s t ic  o f th e  

f irs t 4 0  p e r c e n t , o f e x te n s io n . T h e  d is to r t io n  is, th e re fo re , n o  lo n g e r d u e  to  

s lipp in g  on  one  p lan e .

W e h a v e  seen  t h a t  d u r in g  th e  la s t  s tag e  of th e  e x te n s io n  i t  see m s  l ik e ly  

t h a t  s l ip p in g  m ig h t  ta k e  p lace  o n  th e  sec o n d  o c ta h e d ra l  p lan e , D B 'E  (fig. 12). 

I f  th is  is  a c tu a l ly  th e  case, th e n  th e r e  is  o n e  lin e  of p a r t ic le s  in  th e  sp e c im e n  

w h ic h  w ill n o t  s t r e tc h  d u r in g  th e  w h o le  e x te n s io n  fro m  0 to  78 p e r  c e n t., 

n a m ely , th e  lin e  o f in te r s e c t io n  of th e  tw o  o c ta h e d ra l p la n e s  (1 1 1 ) a n d  (1 11 ). 

T h e p o s itio n  of th is  c ry s ta l  a x is, w h ic h  is  r e p re s e n te d  b y  th e  sy m b o l ( 1 0 l ) ,  

c a n  b e  fo u n d  from  th e  c ry s ta l  m e a s u re m e n ts . I t  is  a  lin e  w h ic h  m a k e s  4 5 °  

w ith  th e  p la n e  (1 0 0 ) a n d  9 0° w ith  th e  p la n e  (111)- U s in g  th e  s p h e r ic a l 

p o la r  c o -o rd in a te s  ( 6, <£), p re v io u s ly  u se d  in  T a b le  V  fo r  g iv in g  th e  p o s itio n s  

th e  c ry s ta l axes, i t  w as fo u n d  t h a t  th e  c o -o rd in a te s  of th is  c ry s ta l  a x is  w e re  

(0 =  56 '5°, <£ =  2 0 9 -6°) in  th e  m a te r ia l  a t  4 0  p e r  c e n t,  e x te n s io n , a n d  

(0 =  5 T 5 ° , (j> =  204-8°) in  th e  m a te r ia l  a t  78  p e r  c e n t,  e x te n s io n .

To find  th e  d ire c tio n s  w h ic h  w e re  u n e x te n d e d  d u r in g  th e  e x te n s io n  0 - 4 0  

p e r  c en t., a n d  re m a in e d  u n e x te n d e d  a t  78  p e r  c e n t, e x te n s io n , th e  p o s itio n s  in  

th e  m a te r ia l a t  4 0  p e r  c e n t, e x te n s io n  of b o th  th e  s lip  p la n e  fo r  th e  e x te n s io n  

0 to  4 0  p e r  c en t., a n d  th e  “ u n e x te n d e d  c on e  ” fo r  th e  e x te n s io n  40  to  78  p e r  

c en t., w ere  m a rk e d  on  th e  sam e  d ia g ra m  (see  fig. 13). T h e  p o in ts  P  a n d  P '  

w h e re  th e se  c u t  th e n  r e p re s e n t  th e  d ire c tio n s  re q u ire d . I t  is  c le a r  t h a t  one 

o f th e m  m u s t  h a v e  re m a in e d  u n e x te n d e d  d u r in g  th e  w h o le  of th e  s t r e tc h in g  

from  40  to  78  p e r  c e n t., w h e re a s  th e  o th e r  is  m e re ly  a  lin e  of p a r t ic le s  w h ic h  

h a p p e n s  to  be u n e x te n d e d  a t  th e  p a r t ic u la r  s tag e , 78  p e r  c e n t, of e x te n s io n ; 

h u t  i t  is n o t  p o ssib le  to  p ro v e  t h a t  th is  is  th e  case, b e c au se  th e re  a re  n o  

re lia b le  m e a s u re m e n ts  a v a ila b le  fo r  s ta g e s  in te rm e d ia te  b e tw e e n  40  a n d  

78 p e r  c e n t.

O ne of th e se  tw o  d ire c tio n s  sh o u ld  th e re fo re , if  o u r th e o ry  is  c o rre c t, c o in cide  

w ith  th e  d ia d  a x is  w h o se  p o s itio n  in  th e  40  p e r  c e n t, m a te r ia l  is  5 6 ’5° 

cf) =  209-6°).

O n  m e a s u r in g  u p  fig. 13 i t  w as fo u n d  t h a t  th e  c o -o rd in a te s  of P  w e re  

(0 =  57°, <f) =  213°), a n d  th e  c o -o rd in a te s  of P '  w e re  ( =  73°, (f> =  355-5°).

T h e d ia d  ax is  ( 1 0 l )  is m a rk e d  a t  th e  p o in t E  (fig. 13). I t  is c le a r  t h a t  i t  is  

v ery  n e a r  to  it s  p re d ic te d  p o s itio n .

Verification o f Relation between TJnstretched Lines and Crystal

Axes in  Material at Breaking Point.

T h e p os itio n s in  th e  78  p e r  c e n t, m a te r ia l  o f th e  u n e x te n d e d  lin e s  of 

p a rt ic le s  P  a n d  P '  a re  m a rk e d  on  th e  d ia g ra m  (fig. 14). T h e  c o -o rd in a te s  of
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6 66 M r .  G.  I .  T a y l o r  a n d  M i s s  C .  F .  E l a m .

th e  d ia d  a x is , w h ic h  lie s  on th e  in te rs e c tio n  of th e  (1 1 1 ) a n d  th e  ( i l l )  

p la n es , w ere  c a lc u la te d  from  th e  c ry s ta l  m e a s u re m e n ts  given  in  th e  la s t lin e  of 

T ab le  Y ; th e y  a re  ( 0 =  5 T 5 ° , </> =  204-8°). T h is  d iad  ax is  is m

d iag ram  (fig. 4 )  a t  th e  p o in t  E .

T h e c o -o rd in a te s  of th e  p o in t  P  (fig. 14 ) w e re  d e te rm in e d  b y  m e a su r in g  the  

d ia g r am ; th e y  a re  (0 =  53°, <f> =  206-6°).

T h e c o -o rd in a te s  of th e  d ia d  ax is  a n d  th e  u n s tr e tc h e d  lin es  P  a re  g iven  in  

T a b le  Y I.

T a b le  Y I .— Sph e ric a l P o la r  C o -o rd in a te s  o f D iad  A x is  a n d  u n e x te n d e d

D ir e c tio n .

E xte n s io n  of m a te r ia l  ..................... 40 p e r c en t. 78 pe r ce n t.

C o -ord ina te s ................ = ................. e <P e <P

D iad  ax is  ........................................ 56 -5° 2 09 -6 51 -5° 204 -8°

U n e x te n d e d  d ire c tio n  ..................... 57° 2 1 3 -0 53° 206 -6°

T h e ag re e m e n t b e tw e e n  th e se  tw o  is  s t r ik in g , w h e n  i t  is  re m e m b e re d  th a t  

th e  d ia d  a x is  w as d e te rm in e d  in  e a c h  case  b y  X - ra y  a n a ly s is  of th e  c ry s ta l a t  

one  s tag e  o n ly , w h ile  th e  d ir e c tio n  of th e  u n e x te n d e d  lin e  of p a rt ic le s  w as 

fo u n d , u s in g  o n ly  e x te r n a l  m e a s u re m e n ts  o f th e  sp ec im e n  a t  a  se r ies  of 

successiv e  s tag e s  of th e  d is to rt io n .

I t  w ill b e  n o tic e d  th a t  th is  ag re e m e n t d e p e n d s  o n ly  on  th e  fa c t th a t  th e  

s lip p in g  is  on  th e  tw o  o c ta h e d ra l p la n e s  (1 1 1 ) a n d  (111). I f  th e  s lip p in g  on 

th e  tw o  p la n es  w ere  of e q u a l  a m o u n ts  (a s c o n te m p la te d  on  p. 665 ab o v e) we 

sh o u ld  exp e c t th e  tw o  o c ta h e d ra l p la n e s  on  w h ic h  th e  s lipp in g  ta k e s  p lace  to  

rem a in  a t  e q u a l a n g les  to  th e  a x is  of th e  spe c im e n  d u r in g  th e  la s t  p a r t  of th e  

s tr e tc h in g . O n  c a lc u la tin g  th e se  a n g le s  from  th e  X - ra y  m e a s u re m e n ts  i t  w as 

fo u n d  t h a t  th e y  w e re  6 6 T °  a n d  6 3 '5 °  in  th e  m a te r ia l  a t  60 p e r  cen t, 

e x te n s io n , a n d  65° an d  61*5° in  th e  m a te r ia l  a t  78  p e r c e n t, e x ten s io n . T he  

lim it in g  v a lu e  sh o u ld , a c c o rd in g  to th e  th e o ry , be 61° 52 '. I t  w ill be seen 

t h a t  th e  ag re e m e n t is  as  good as c o u ld  b e  exp ec te d  in  v iew  of th e  u n c e r ta in ty  

of th e  X -ra y  m e a su re m e n ts . T h e  s y m m e try  of th e  o c ta h e d ra l p lan e s  w ith  

re sp e c t  to  th e  ax is  of th e  sp ec im e n s d u r in g  th e  la s t s tag es of th e  e x te n s io n  is 

sh ow n  in  fig. 14, w h e re  th e  fo u r t r ia d  a x e s, w h ic h  a re  n o rm a l to  th e  fo u r 

o c ta h e d ra l p lane s, h a v e  b e en  m a rk e d  as sp o ts  s u rro u n d e d  by  tr ian g le s .

I t  w ill be  see n  th a t  th e  tw o  p la n e s  (1 1 1 ) a n d  (1 1 1 ) a re  a t  n e a r ly  e q u al 

a n g les  to  th e  ax is , a n d  th a t  th e  o th e r  tw o  t r ia d  axes lie  on  a p la n e  w h ich  

v e ry  n e a r ly  p asses  th ro u g h  th e  a x is  of th e  sp ec im e n .

T h e  cone of u n e x te n d e d  d ire c tio n s  fo r  th e  e x te n s io n  40  to  78 p e r c en t, is
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n o t  s y m m e tr ic a l  w i th  r e sp e c t  to  th is  p la n e , b e c a u se  in  th e  e a r ly  p a r t  o f th is  

ran g e  of e x te n s io n  th e  s l ip p in g  w as o n ly  on  th e  o r ig in a l s lip  p la n e , b u t  if  th e  

e x te r n a l  m e a s u re m e n ts  a t  62 p e r  c e n t, e x te n s io n  h a d  b e e n  s a t i s fa c to ry  

I  sh o u ld  h a v e  e x p e c te d  th e  c on e o f u n e x te n d e d  d ir e c tio n s  fo r  th e  e x te n s io n  

62 to  78  p e r  c e n t , to  be s y m m e tr ic a l  w i th  r e sp e c t  to  th e  (1 0 1 ) p lan e . I n  

th is  w ay  i t  is  h o p e d  t h a t  i t  w ill  be  po ss ib le  to  t e s t  w h e th e r  th e re  is  a n  e q u a l  

a m o u n t  of s lip  on  th e  tw o  s lip  p la n e s  d u r in g  th e  f in a l s tag e  of th e  ex ten s io n . 

T h e  fa c t  t h a t  th e  (1 1 1 ) p la n e  a n d  th e  (1 1 1 )  p la n e  a re  n e a r ly  e q u a lly  in c lin e d  

to  th e  a x is  b o th  in  th e  case  of 60 p e r  c e n t,  e x te n s io n  a n d  in  th e  case  of 

7 8  p e r  c e n t, e x te n s io n  su g g es ts  t h a t  th is  m u s t  be th e  case, b u t i t  c an n o t  be  

p ro v e d  w ith o u t  f u r th e r  e x te r n a l  m e a s u re m e n ts .

[Note added, February  8 , 1 923 .— S in c e  th is  p a p e r  w as c o m m u n ic a te d , a n  

a c c o u n t of som e s im ila r  w o rk  b y  M ark , P o la n y i  a n d  S c h m id  h a s  a p p e a re d  

in  th e  ‘ Z e i ts c h r if t  f u r  P h y s ik ,’ D e c e m b e r, 1 922 . T h e  d is to r t io n  o f a  z in c  

c ry s ta l  is  d iscu sse d . T h e  m e th o d  u se d  is  b a se d  c h iefly  o n  m e a s u re m e n ts  

of s lip  b a nd s  (w h ic h  in  th e  c ase  o f a lu m in iu m  w e re  fo u n d  to  b e  n e a r ly  

u se less as a  b as is  fo r  d is to r t io n  m e a s u re m e n ts ) .  T h e  r e s u l ts  o b ta in e d  a re  

s im ila r  to  th o s e  d e sc r ib e d  in  th e  p re s e n t  w o rk , b u t , o w in g  to  th e  fa c t t h a t  

z in c  h a s  h e x ago n a l in s te a d  of c u b ic  s y m m e try , th e  c o m p lic a t io n  in tro d u c e d  

b y  th e  e x is te n c e  o f a  la rg e  n u m b e r  of c ry s ta l lo g ra p h ic a l ly  s im ila r  s lip  p la n e s  

does n o t  a rise .]
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