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A b s tra c t

In  P a r t  A o f th e  t h e s i s ,  th e  co n cep t o f  

h a rd n e ss  and i t s  m easureuients a re  b r i e f l y  rev iew ed  

a t  tlie  b e g in n in g . M ic ro -h a rd n e ss  and i t s  r e l a t i o n  

to  c r y s t a l  p r o p e r t i e s  i s  a l s o  d is c u s s e d . M ic ro -h a rd n e ss  

t e s t  in d e n ta t io n s  w ith  th e  do u b le  cone made on th e  (0001) 

p la n e  o f  c le a v e d  s in g le  c r y s t a l s  o f  z in c  a r e  m easured  

and th e  v a r i a t i o n  o f  h a rd n e ss  w ith  d i r e c t i o n  i s  s tu d ie d .

The v a lu e  o f  h a rd n e s s  r e p e a t s  i t s e l f  f o r  e v e ry  60 d e g re e s  

due to  th e  s ix f o ld  syrmnetry o f  th e  b a s a l  p la n e .  The

o b s e rv a t io n s  a r e  n o t i n  c o n fo rm ity  w ith  th e o ry .  The

d i s t o r t i o n  aro u n d  th e  im p re s s io n s  i s  s tu d ie d  by  r a u l t ip le -  

beam in te r f e ro r a e tr y  u s in g  th e  m ic r o f la t  te c h n iq u e .

K ink t r a c e s  on a m ic ro sc o p ic  s c a le  a re  v e ry  

c l e a r ly  shown by  p h ase  c o n t r a s t  m ic ro sco p y . The e x te n t  

o f th e  re g io n  o f  k in k  t r a c e s  b e lo n g in g  to  d i f f e r e n t  k in k  

sy stem s, w ith  th e  d i f f e r e n t  p o s i t i o n s  o f  th e  in d e n te r  i s

re v e a le d  and d is c u s s e d .  M ic ro -tw in s  a re  o b se rv e d  a t
I

th e  t i p s  o f  th e  im p re ss io n  f o r  c e r t a i n  p o s i t io n s  o n ly .

An X -ray  s tu d y  o f  th e  d is o rd e re d  re g io n  around 

th e  im p re ss io n  was a ls o  made and i s  d is c u s s e d . C le a r  

ev idence  f o r  th e  p ro c e s s  o f  p o lygo n iz  a t  io n  i s  seen  a f t e r

a n n e a lin g  a t  38000 f o r  2 h o u rs .

I n  P a r t  B, th e  e q u i l ib r iu m  d iag ram s o f  b in a ry  

a l lo y s  i s  b r i e f l y  rev iew ed . The d i f f e r e n t  t h e o r i e s  o f

I I B R A R T



ca th o d e  s p u t t e r in g  a re  d is c u s s e d . T h is  te c h n iq u e  o f  

e tc h in g  by th e  bombardment o f  p o s i t i v e  io n s  u s in g  th e  

m e ta l to  be e tc h e d  a s  th e  ca th o d e  in  a  glow d is c h a rg e ,  

i s  d e s c r ib e d . T in  and t in - in d iu m  a l lo y s  o f  low indium  

p e rc e n ta g e s  a re  e tc h e d  a f t e r  d i f f e r e n t  h e a t  t r e a tm e n ts  

and a m e ta l lo g ra p h ic  s tu d y  i s  made. The d i f f e r e n t  

p h ase s  o b se rv e d  a re  d is c u s s e d .  The r e s u l t s  do n o t 

ag ree  w ith  th e  e q u ilib r iu m  diagram  d e te rm in e d  by R h in e s , 

U rq u h a rt and Hoge. Many i n t e r e s t i n g  f e a t u r e s  a re  

ob served  d u r in g  th e  c o u rse  o f th e  m ic ro sc o p ic  ex am in a tio n  

and th e s e  a re  d is c u s s e d .

An o p t i c a l  method f o r  d e te rm in in g  th e  r a t e  o f  

e tc h in g  i s  g iv e n .
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PART A.

SXAMIKATIOH OP HARDNESS TEST INDENTATION



CHAPTER I .

HARDNESS.

1*1 INTRODUCTION

H ardness a s  a p p l ie d  to  m e ta ls  h a s  lo n g  been  

th e  s u b je c t  o f  d is c u s s io n  among e n g in e e r s ,  p h y s i c i s t s ,  

m e ta l l u r g i s t s  and m in e r a lo g is ts  and th e r e  a r e  a l l  s o r t s  

o f  c o n c e p tio n s  a s  to  w hat c o n s t i t u t e s  h a rd n e s s . The 

overwhelm ing d i f f i c u l t y  o f  d e f in in g  h a rd n e ss  i s  t h a t  i t  

i s  n o t a fundaznen tal p ro p e r ty  o f  th e  m a te r i a l .  T here 

i s  h a rd n e ss  a s  m easured  by r e s i s t a n c e  to  c u t t i n g ,  by  

s c r a tc h in g ,  by  p e n e t r a t io n ,  b y  e l e c t r i c a l  and m agnetic  

p r o p e r t i e s ,  by  r e s i l i e n c e  and by  v a r io u s  o th e r  r e l a t e d  

p h y s ic a l  p r o p e r t i e s .  L .B .Tuckerraan (1929) h a s  r i g h t l y  

p u t "H ardness i s  a  h a z i ly  co n c e iv e d  c o n g lo m era tio n  o r 

a g g reg a te  o f  p r o p e r t i e s  o f  m a te r ia l  more o r l e s s  r e l a t e d  

to  each  o th e r . "  However, th e  h a rd n e ss  m easurem ents a re  

o f v e ry  g r e a t  p r a c t i c a l  im p o rtan ce  and i t  w i l l  be 

i n s t r u c t i v e  t o  make a c l o s e r  su rv ey  o f  th e  m eaning and 

m easurem ent o f h a rd n e s s .

1»2 DEFINITIONS AND MEASUREMENTS

A ll  d e f i n i t i o n s  o f  h a rd n e s s  im ply  a r e s i s t a n c e  

to  d e fo rm a tio n . T here a re  many ways o f  defo rm ing  a body 

and hence any r e s i s t a n c e  to  d e fo rm a tio n  in v o lv e s  many 

f a c t o r s .

S c ra tc h  H ard n ess .

The a b i l i t y  o f one m a te r ia l  to  s c r a t c h  a n o th e r  

o r be s c ra tc h e d  by  a n o th e r ,  a s  a  m easure o f  h a rd n e s s , was
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p ro b a b ly  th e  e a r l i e s t  ty p e  o f  t e s t  em ployed. T h is  

goes b ack  to  Reauiner (1722) who p ro d u ced  a m e ta l boar 

whose h a rd n e s s  in c re a s e d  from  one end to  th e  o th e r .

The h a rd n e s s  was d e te rm in ed  by th e  p o s i t i o n  on th e  

b a r  w hich th e  m e ta l  b e in g  t e s t e d  w ould s c r a tc h .

Mohs (1822) in tro d u c e d  a s c a le  o f  h a rd n e s s  f o r  m in e ra ls  

by s e l e c t i n g  t e n  m in e ra ls  a s  s ta n d a rd s  b e g in n in g  w ith  

t a l c  (h a rd n e ss  1 ) and en d in g  w ith  diam ond (h a rd n ess  10 ) .  

Each m in e ra l  i n  th e  s c a le  would s c r a t c h  a l l  th o se  below  

i t .  T h is  h a rd n e ss  s c a le  h a s  se rv e d  th e  m in e r a lo g is ts  

w e ll  b u t  i s  n o t ® i i ta b le  f o r  m e ta ls  s in c e  th e  i n t e r v a l s  

a re  n o t  o f  e q u a l v a lu e  in  th e  h ig h e r  ra n g e s  o f  h a rd n e s s . 

M oreover th e  t e s t  depends to  a v e ry  l a r g e  e x te n t  on th e  

shape o f  th e  p o in t  and i t s  i n c l i n a t i o n  to  th e  su r fa c e  

under t e s t .

A modern developm ent o f  s c r a t c h  h a rd n e ss  i s  th e  

m ic ro c h a ra c te r .  I t  c o n s i s t s  o f  a sh a rp  diamond s ty lu s  

and i s  drawn a c ro s s  th e  s u r fa c e  to  be t e s t e d ,  u n d e r a 

f ix e d  p r e s s u r e  and th e  w id th  o f  th e  s c r a tc h  d e te rm in e s  

th e  h a rd n e s s . The s c r a tc h in g  p ro c e s s  depends in  a 

co m p lica ted  way on th e  e l a s t i c ,  p l a s t i c  and f r i c t i o n a l  

p r o p e r t i e s  o f  th e  su iT ao e . Hence th e  t e s t  h a s  ach iev ed  

no w id e ^ r e a d  u s e .

A b ra s iv e  H ard n ess .

A b ra s iv e  h a rd n e ss  i s  d e f in e d  a s  th e  r e s i s t a n c e
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to  m ech a n ic a l w ea r, a  m easure o f  w hich  i s  th e  amount 

o f  m a te r i a l  removed from  th e  s u r fa c e  u n d e r  s p e c i f ie d  

c o n d i t io n s .  A b ra s io n  betw een  two s u r f a c e s  depends 

on many f a c t o r s  su ch  a s  th e  c o e f f i c i e n t  o f  f r i c t i o n ,  

s u r fa c e  c o n d i t io n s ,  c o ld  w ork ing , t e s t i n g  speed  and 

o th e r  f a c t o r s .  Hence i t  i s  n o t  p o s s ib le  to  d e f in e  

a m ethod o f  m easu rin g  a b ra s iv e  h a rd n e s s  w hich  w i l l  be 

s u i t a b l e  f o r  a l l  th e  p r a c t i c a l  a p p l i c a t i o n s  f o r  w hich 

such  a q u a n t i ty  i s  r e q u i r e d .

S t a t i c  in d e n ta t io n  h a rd n e s s .

Resumer i n  1722 p erfo rm ed  th e  f i r s t  s t a t i c  

in d e n ta t io n  h a rd n e ss  t e s t  by  a p p ly in g  p r e s s u r e  to  two 

t r i a n g u l a r  p r ism s  whose cones w ere a t  r i g h t  a n g le s  to  

each  o th e r .  From th e  d e p th  o f  th e  two in d e n ta t io n s  

made he judged  th e  r e l a t i v e  h a rd n e ss  o f  th e  two 

m a te r i a l s .  A s i m i l a r  p ro c e d u re  was fo llo w e d  by 

P o ep p l (1897) and H aigh  (1 9 2 0 ).

S in c e  1900, th e  s t a t i c  in d e n ta t io n  h a rd n e s s  

has b een  m easured  by  p r e s s in g  a h a rd  in d e n te r  o f  known 

g e o m e tr ic a l  sh ap e , u n d e r  a g iv e n  lo a d ,  i n to  th e  f l a t  

s u r fa c e  o f  th e  specim en and m easu rin g  th e  r e s u l t i n g  

im p re s s io n . The s t r e s s i n g  fo r c e  p ro d u c in g  th e  

in d e n ta t io n  i s  a p p l ie d  s lo w ly  and a f t e r  a  c e r t a i n  

tim e o f  a p p l i c a t i o n ,  i s  c a r e f u l l y  rem oved. The 

h a rd n e ss  o f  th e  m a te r i a l  i s  th e n  d e f in e d  a s  th e  r a t i o
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o f  th e  a p p l ie d  fo rc e  to  th e  s u r fa c e  a r e a  o f  th e  

in d e n ta t io n .  The h a rd n e s s  v a lu e s .s o  o b ta in e d  v a ry  

w ith  th e  in d e n te r  and th e  m ethod o f  c a l c u l a t i o n .

T h is  h a s  l e d  to  th e  c o m p ila t io n  o f  many h a rd n e s s  

c o n v e rs io n  t a b l e s  c o n n e c tin g  one s c a le  w ith  a n o th e r .

They a re  n o t  s a t i s f a c t o r y  f o r  a l l  m a te r i a l s  and a re  

a l l  b a se d  on e n ^ i r i c a l  r e s u l t s .

Dynamic h a rd n e s s .

I n  th e  m ost d i r e c t  c a se  a h a rd  in d e n te r  i s  

dropped o n to  th e  s u r f a c e  o f  th e  specim en and th e  

h a rd n e ss  i s  e x p re s se d  i n  te rm s o f  th e  en e rg y  o f  im pact 

and th e  s i z e  o f  th e  r e s u l t i n g  in d e n ta t io n  p ro d u ced  on 

th e  s u r f a c e .  A lso  th e  h a rd n e s s  may b e  e% )ressed  in  

term s o f  th e  h e ig h t  o f  rebound  o f  th e  in d e n te r  a s  i n  

th e  S hore  S c le ro sc o p e  (S hore 1918).

The v a lu e  o f  dynamic h a rd n e s s  depends on th e  

way in  w hich  i t  i s  d e f in e d  and  th e  v e l o c i t y  o f  izqpact o f  

th e  in d e n te r .  U nder o rd in a r y  e ^ e r i m e n t a l  c o n d i t io n s  

the  dynam ic y i e l d  p r e s s u r e  ( th e  r a t i o  o f  th e  en e rg y  o f  

im pact to  th e  voltime o f  in d e n ta t io n )  i s  o f  th e  same 

o rd e r  o f  m agnitude a s  th e  s t a t i c  y i e l d  p r e s s u r e  ( th e  

r a t i o  o f  th e  lo a d  to  th e  p r o je c te d  a r e a  o f  th e  

in d e n ta t io n )  and th e  dynam ic y i e l d  p r e s s u r e  w i l l  

in v a r ia b ly  b e  s l i g h t l y  h ig h e r  th a n  th e  s t a t i c  y i e l d  

p r e s s u r e .  W ith  s o f t  m e ta ls  th e  d i f f e r e n c e  i s  v e ry  much
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more m arked and w i l l  in c r e a s e  w ith  th e  v e lo c i ty  o f  

im p ac t.

I n  c o n c lu s io n  i t  i s  w o rth  m en tio n in g  th e  

o p in io n  o f  two e x p e r t s .  R oudie (1930) h a s  s a id  t h a t  

" e l a s t i c i t y  and h a rd n e s s  a re  two in s e p a r a b le  m a n ife s t­

a t io n s  o f  m o le c u la r  en e rg y  w hich  dynamic m ethods a lo n e  

can d e f in e  and m e a su re ."  B ut Meyer whose re s e a rc h e s  

on in d e n ta t io n  h a rd n e s s  a re  u n iv e r s a l l y  a c c e p te d  was 

o f o p in io n  t h a t  dynam ic e f f e c t s  sh o u ld  be  e l im in a te d  

from th e  co n cep t o f  in d e n ta t io n  h a rd n e s s .

M agnetic  h a rd n e s s .

The m ag n e tic  p r o p e r t i e s  o f  fe r ro -m a g n e tic  

m a te r ia l s  have b een  o f  c o n s id e ra b le  v a lu e  from  th e  

h a rd n e ss  m easurem ent p o in t  o f  v iew , f o r  i t  i s  g e n e ra l ly
' ^  - I

found t h a t  m a te r ia l s  w ith  la r g e  m ag n e tic  c o e rc iv e  fo rc e  

a re  a l s o  m e c h a n ic a lly  h a rd . I f  th e y  a re  su b se q u e n tly  

h e a t t r e a t e d  o r  m e c h a n ic a lly  deform ed, so t h a t  th e  

c o e rc iv e  fo rc e  i s  changed , th e  m ech a n ic a l h a rd n e ss  i s  

changed in  th e  same s e n s e . M agnetic  m ethods p ro v id e  

h a rd n ess  t e s t s  f o r  s u i t a b l e  m a te r i a l s  w ith o u t c a u s in g  

damage to  th e  sp ec im en s. N o n -fe rro u s  m e ta ls  and a l lo y s  

on c o ld  w ork ing  and a l lo y in g  p roduce  iiq p o rta n t changes
I - ( 1 ■

in  t h e i r  m agnetic  s u s c e p t i b i l i t i e s  w hich  may in  tu r n  be 

c o r r e l a t e d  w ith  t h e i r  h a rd n e ss  b e h a v io u r .
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HarânesB may a ls o  be c o n s id e re d  in  r e l a t i o n  to  

e l e c t r i c a l  p r o p e r t i e s .  F o r  exam ple th e  e l e c t r i c a l  

r e s i s t i v i t y  o f  a m e ta l a t  room te m p e ra tu re  i s  changed 

when a n o th e r  e lem en t i s  a l lo y e d  w i th  i t  and i t  i s  found  

t h a t  th e  iia rd n e ss  v a r ie s  g e n e r a l ly  in  th e  same way as 

th e  r e s i s t i v i t y .  A gain th e  e l e c t r i c a l  r e s i s t i v i t y  

and h a rd n e ss  b o th  in c re a s e  i n  m ost m e ta ls  when 

m ech a n ic a lly  deform ed. I t  m ust be  remembered t h a t  th e  

p a r a l le l i s m  betw een  r e s i s t i v i t y  and h a rd n e ss  c e a s e s  

w ith  r e s p e c t  to  change i n  te m p e ra tu re .

The above su rv ey  o f  m easu rin g  h a rd n e ss  s e rv e s  to  

i l l u s t r a t e  th e  co m p lex ity  o f  th e  co n cep t o f  h a rd n e s s . 

F u r th e r  c o m p lic a tio n s  a r i s e  how ever when one c o n s id e r s  

th e  s t r u c tu r e  and p r o p e r t i e s  o f  th e  m a te r ia l  u n d er w hich 

t e s t s  a re  made. The m a te r ia l  u n d e r t e s t  may be 

c r y s t a l l i n e  o r  am orphous, i s o t r o p i c  o r  a n i s o t r o p ic ,  a l l  

o f  w hich r a i s e  new q u e s t io n s  o f  i n t e r ?  re  t  a t  io n . The 

n a tu re  o f  th e  p l a s t i c  p r o p e r t i e s  o f c r y s t a l l i n e
' r  •

m a te r ia l s ,  i n  r e l a t i o n  to  p a r t i c u l a r  p la n e s  o f  c r y s t a l  

l a t t i c e  le a d s  to  a d i r e c t i o n a l  e f f e c t  on th e  h a rd n e s s  

v a lu e s  o f  s in g le  c r y s t a l s .

U n t i l  r e c e n t ly  h a rd n e s s  t e s t s  w ere made o n ly  on a 

m ic ro sco p ic  s c a l e ,  c o n s id e r in g  th e  specim en to  be 

i s o t r o p i c .  V ery r e c e n t ly  m icro  h a rd n e ss  t e s t s  have



been  d ev e lo p ed  and d i r e c t i o n a l  e f f e c t s  a re  becom ing 

more e v id e n t .

In  th e  p r e s e n t  w ork , th e  change in  h a rd n e s s , on 

a m ic ro sc o p ic  s c a le ,  w ith  d i r e c t i o n  on a p a r t i c u l a r  

p lan e  o f  a  s in g le  c r y s t a l  i s  s tu d ie d .

1* 3 MgCROSGOPIO IinSSITTATION HARBHSSS

I n  t h i s  s e c t io n  a rev iew  o f th e  developm ent 

o f th e  s t a t i c  in d e n ta t io n  h a rd n e ss  m easurem ents and 

th e  n a tu re  o f  th e  d e fo rm a tio n s  o c c u rr in g  around  th e s e  

In d e n ta t io n s  w i l l  b e  g iv e n . When r e f e r e n c e  i s  made 

in  s c i e n t i f i c  l i t e r a t u r e  to  h a rd n e s s , i t  Im p lie s  s t a t i c  

in d e n ta t io n  h a rd n e s s , u ^ e s s  i t  i s  o th e rw ise  s t a t e d ,  a s  

t h i s  h a s  become th e  m ost w id e ly  u sed  tj 'p e  o f  t e s t .

F u tu re  r e f e r e n c e s  to  h a rd n e s s  i n  th e  p r e s e n t  work means 

hard n ess  a s  m easured by s t a t i c  in d e n ta t io n  m ethods.

The S p h e r ic a l  I n d e n te r

J .A .B r in e l l  (1900) p ro p o sed  th e  f i r s t  im p o rta n t 

in d e n ta t io n  h a rd n e ss  t e s t  w hich  h as s e rv e d  a s  a b a s i s  f o r  

a l l  su b seq u en t t e s t s  o f  t h i s  ty p e . The B r i n e l l  method 

c o n s is t s  o f  in d e n tin g  th e  m e ta l w ith  a h a rd  s p h e r ic a l  

in d e n te r  o f  d iam e te r  10 mm. u n d e r a  f ix e d  norm al lo a d .

The t e s t i n g  lo a d  i s  k e p t  a t  3000 kg. th o u g h  f o r  s o f t  

m e ta ls  t i i i s  i s  red u ced  to  500 k g . to  av o id  to o  deep an \

in d e n ta t io n .  The lo a d  i s  a p p l ie d  s lo w ly  to  f u l f i l  th e

c o n d it io n s  o f  a  s t a t i c  t e s t .  When e q u i l ib r iu m  has b een

\
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re ach ed  a f t e r  1 5 - 3 0  seconds th e  lo a d  and th e  

in d e n te r  a re  removed and th e  d ia m e te r  o f th e  perm anent 

I n d e n ta t io n  m easu red . The B r i n e l l  h a rd n e ss  number 

(B .H .N .) i s  th e n  e x p re s se d  a s  th e  r a t i o  o f th e  lo a d  to  

th e  s u rfa c e  a r e a  o f  th e  in d e n ta t io n .

Thus

B.H.W. 1

’Where W i s  th e  lo a d  in  kgras, D i s  th e  d ia m e te r  

o f th e  in d e n te r  i n  mm. and d th e  d ia m e te r  o f  th e  

in d e n ta t io n  in  ran. The d ia m e te r  o f  th e  im p re ss io n  

shou ld  be th e  av e rag e  o f th e  two re a d in g s  a t  r i g h t  

a n g le s . The B .H .N . i s  n o t  c o n s ta n t  f o r  a  g iv e n  m e ta l ,  

b u t  v a r ie s  w ith  th e  lo a d  and th e  s i z e  o f  th e  in d e n te r .

The r a t i o  W/A where A i s  th e  s u r fa c e  a re a  o f  

the  in d e n ta t io n  in  s q .m i l l im e t r e s ,  i s  c o n s ta n t  f o r  a 

g iv en  m a te r ia l  o n ly  when th e  a p p l ie d  lo a d  i s  th e  same 

th ro u g h o u t and th e  d ia m e te r  o f  th e  b a l l  i s  alw ays th e  

same. \fh a te v e r  th e  a c tu a l  s i z e ,  f o r  g e o m e tr ic a l ly  

s im i la r  i n d e n ta t io n s ,  th e  h a rd n e s s  number sh o u ld  be 

c o n s ta n t  and t h i s  i s  found to  be  t r u e .  T hat i s  i f  an 

in d e n te r  o f  d ia m e te r  p ro d u c es  an  in d e n ta t io n  o f

d iam e te r  d^ and a n o th e r  in d e n te r  o f  d ia m e te r  Dg p ro d u c es  

an in d e n ta t io n  o f  d ia m e te r  dg , th e  h a rd n e s s  number w i l l  

be th e  same i f  th e  two in d e n ta t io n s  a r e  g e o m e tr ic a l ly
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s i in i l a r  in  w hich ca se

dg
— Thi s  i s  i l l u s t r a t e d .

^1 "2
d .ia .g ram a tica lly  in  f i g  ( l ) . ,

F u r th e r  B .H .N. i s  n o t a s a t i s f a c t o r y  p h y s ic a l  

concep ts f o r  th o u g h  a t  f i r s t  s i g h t  i t  would, seem t h a t  

th e  r a t i o  o f  th e  lo a d  to  th e  s u r fa c e  a r e a  o f  th e  

in d e n ta t io n  i s  e q u a l to  th e  mean p re s s u r e  o v er th e  

s u r fa c e ,  in  f a c t  i t  i s  n o t .  T abor (1951) h as  shown 

t h a t  th e  mean p r e s s u r e  i s  e q u a l t o  th e  r a t i o  o f  th e
wlo ad  to  th e  p r o je c te d  a re a  o f in d e n ta t io n  P = ■

where 2 a = d^ th e  c h o rd a l d ia m e te r  o f  th e  in d e n ta tio n #  

E# Meyer (1908) p ro p o sed  t h i s  mean p r e s s u r e  a s  a m easure 

o f the  h a rd n e ss  and i s  r e f e r r e d  to  as  th e  Meyer h a rd n e ss  

number

M.H.ÎI =
TT d^

Meyers Lav/. T h is  law  s t a t e s  t h a t  f o r  a b a l l  o f  f ix e d

d iam ete r W = c td ’̂

where W = lo a d  in  kg .

d = d ia m e te r  o f  in d e n ta t io n  in  mm.

and ot and n  a re  c o n s ta n ts  f o r  m a te r ia l  u n d e r t e s t .

In  an e x te n s iv e  s e r i e s  o f  i n v e s t i g a t io n s ,  Meyer (1908) 

found t h a t  th e  in d e x  t v  was a lm o s t in d ep en d e n t o f  th e  

d iam e te r (D) o f  th e  in d e n te r  b u t  oc d e c re a se d  w ith  

in c re a s in g  D su ch  t h a t



fi , . ,

W ork^hardened
Copper

| 6 0

Annealed Copper

g  40
(/>

^30
  Meyer Hardness

—  Brinell Hardness20]

Chordal diameter of inden tation  (mm) for Indenter of lOmm diameter.

A , Brinell hardness and M i^er hardness values for annealed and work-
I .  ^ 9 . 1 . —.. . j  -  - -—  — _  _  f  ^   1  _J ~ ^ ^  A 1 ^  r f^ t.  A  A f  l i  r> nr le if fcrtm

values lie on a monotonie curve. The Brinell hardness values first increase and 
then decrease for large indentations as a  result of the increasing area of the 
curved surface of the indentation. The Brinell values thus make it appear tha t 

for large indentations the metal is softer than for small indentations.
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•n-a. 'w-a. .A =

F o r t a i l s  o f  d ia m e te rs  D^» Dg • • •  g iv in g  im p re ss io n s  o f 

d ia m e te rs  d^ , dg , d^ . . .  a s e r i e s  o f  r e l a t i o n s  i s  o b ta in e d  

o f th e  ty p e

W = Ût-i *1 ; “a. - " ■ ■

The g e n e ra l  e q u a tio n  th e n  becomes

W = ^ - - . • . and may
Da"'*-

W /  d \ ^be w r i t t e n  i n  th e  form  ^  = A ( g  )
D

F o r g e o m e tr ic a l ly  s im i la r  in d e n ta t io n s  g  m ust be c o n s ta n t
wand c o n se q u e n tly  ^  m ust be c o n s ta n t .  Thus a b a l l  o f
D"̂

d iam e te r  10 ram. and w ith  a lo a d  o f  3000 k g . w i l l  p roduce  an 

I n d e n ta t io n  g e o m e tr ic a l ly  s im i l a r  to  th o se  o b ta in e d  w ith  a 

5 mm. b a l l  and a lo a d  o f  750 kg . o r a 1 nan. b a l l  and a lo a d

o f 30 kg . In  a l l  th e s e  th r e e  c a s e s  th e  h a rd n e ss  v a lu e s  a re

th e  same and t h i s  c o n c lu s io n  i s  v e ry  u s e f u l  in  p r a c t i c a l  

h a rd n ess  m easurem ents. Thus M.H.II. i s  a more s a t i s f a c to r y  

and fu n d am en ta l c o n c e p t. F i g . (?) g iv e s  a c o n ^ a r iso n  o f

B.H.KT. and M.H.N. f o r  co p p e r specim ens a n n e a le d  and h ig h ly  

deform ed a s  q u o ted  by  Tabor (1951)•

S h a llo w in g  e f f e c t .

The e l a s t i c  re c o v e ry  and th e  work h a rd en in g  

o f  th e  m a te r ia l  b r in g s  in  more p r a c t i c a l  d i f f i c u l t i e s  

i n  th e s e  h a rd n e s s  t e s t s .  When th e  lo a d  and in d e n te r  

a re  removed i t  i s  found t h a t  th e  in d e n ta t io n  l e f t  i n
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th e  t e s t i n g  s u r fa c e  has a l a r g e r  r a d iu s  o f  c u rv a tu re  

th a n  t h a t  o f  th e  in d e n tin g  sphere*  F oxsand  B ru n ifie ld  

(1922) have shovm "by c a r e f u l  m easurem ents t h a t  th e  

form o f  th e  in d e n ta t io n  i s  s p h e r ic a l  and sy m m etrica l 

b u t t h a t  i t s  r a d iu s  o f  c u rv a tu re  f o r  h a rd  m e ta ls  may 

be th re e  tim e s  l a r g e r  th a n  t h a t  o f  tlie  in d e n te r*

S hallow ing  b e h a v io u r  o f in d e n ta t io n s  w ere s tu d ie d  

r e c e n t ly  by  Be Ik  (1954) u s in g  m u l t ip le  beam i n t e r -  

fe ro m e try  and showed t l i a t  re c o v e re d  b a l l  in d e n ta t io n s  

were only  s p h e r i c a l  i f  th e y  were made w ith  lo a d s  l a r g e r  

th a n  th e  c r i t i c a l  lo a d  f o r  f u l l  p l a s t i c i t y .

’p i l i n g  u p ’ and ’ s in k in g  in * .

The d i s t o r t i o n s  o f  th e  m e ta l s u r fa c e  around 

th e  in d e n ta t io n s  a re  c a l l e d  ’p i l i n g  u p ’ and ’ s in k in g  i n ’ , 

’p i l i n g  u p ’ d e n o te s  th e  d i s t o r t i o n  o f  th e  m e ta l  above 

th e  o r i g in a l  l e v e l  o f th e  s u r fa c e  c lo s e  to  th e  

in d e n ta t io n  ( f i g .  3a) w h ile  ’ s in k in g  i n ’ d e n o te s  a 

d i s t o r t i o n  below  th e  o r i g i n a l  l e v e l  ( f i g .  3 b ) . The 

* s in k in g  i n ’ e f f e c t  i s  o b serv ed  c lo s e  to  th e  rim  o f  th e  

in d e n ta t io n  and a t  d is ta n c e  w e ll  removed from  th e  

in d e n ta t io n  a s l i g h t  e le v a t io n  o f th e  s u r fa c e  i s  g e n e ra l ly  

o b se rv ed . I t  h a s  lo n g  been  e s t a b l i s h e d  t h a t  th e s e  

e f f e c t s  a re  due to  d i f f e r e n t  d e g re e s  o f work h a rd e n in g  i n  

th e  m e ta l .



(a) (b)
3 -Deformation around the indentation produced by a spherical indenter: 

(«) piling-up’ which is observed with highly worked materials, (6) "sinking-in’ 
which is observed with annealed materials. The effects have been exaggerated 
to show more clearly the deformation relative to the original level (dotted line).

W w

(b)
• ^  - io) For highly woi^ked metals the flow of metal around the indentOT
produces ‘piling-up’, (6) for annealed metals the displacement o f metal occurs 
at regions at a small distance from the indenter so that ‘sinking-in* occurs.
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O o n s ld e ra t io n  o f  th e  p l a s t i c  r e g io n  g iv e s  a ' 

siinp le  e x p la n a t io n  f o r  th e s e  e f f e c t s .  . The re g io n  

over vfhioh m ajo r p l a s t i c  d e fo rm a tio n  o c c u rs  i s  shown 

in  f i g  (h ) .  F o r  a w ork -h ard en ed  m e ta l ,  th e  m e ta l 

when d is p la c e d  by  th e  in d e n te r  f lo w s o u t from  c lo s e  

to  th e  in d e n te r  (ac and hd) so t h a t  th e  m a te r ia l  i n  

t h i s  r e g io n  i s  r a i s e d  above th e  g e n e ra l  l e v e l ,  ( f i g  4&). 

There i s  a l s o  a m arked l a t e r a l  movement n e a r  a  and b 

b ecau se  o f  th e  in c r e a s in g  d ia m e te r  o f  th e  in d e n te r  a s  

i t  d e sc e n d s . T h is  i s  th e  b e h a v io u r  o f  an  i d e a l  p l a s t i c  

m a te r i a l .  I f  th e  m a te r i a l  i s  i n  th e  an n e a led  s t a t e ,  

th e  e a r l y  d isp la c e m e n t o f  th e  m e ta l i n  th e  p l a s t i c  

re g io n  p ro d u c es  work h a rd e n in g  and i t  becomes e a s i e r  

to  d is p la c e  th e  m e ta l w hich  l i e s  d e e p e r below  th e  

in d e n ta t io n ,  and th e  d i i^ la c e d  m a te r i a l  f lo w s o u t a t  

th e  r e g io n  o u ts id e  c and d ( f i g .  h b ) .  Once t h i s  

m a te r ia l  h a s  y ie ld e d  i t  a ls o  work h a rd e n s  and f u r t h e r  

d isp la c e m e n t o c c u rs  a t  a  s t i l l  g r e a t e r  d ep th .

S t r a i n l e s s  in d e n ta t io n .

D uring  a h a rd n e s s  t e s t  th e  fo rm a tio n  o f  

th e  in d e n ta t io n  i t s e l f  le a d s  to  an  in c r e a s e  in  th e  

e f f e c t i v e  h a rd n e ss  o f  th e  m e ta l so  t h a t  th e  h a rd n e ss  

number o b ta in e d  i s  n o t  th e  a c tu a l  h a rd n e s s  o f  th e  m e ta l  

i n  th e  i n i t i a l  s t a t e .  T h is  i s  due to  work h a rd en in g  

o f  th e  m e ta l  d u r in g  th e  p ro c e s s  o f  in d e n ta t io n .
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A ttem p ts  have heen  made to  d e te rm in e  th e  a b s o lu te  

hariflness by e l im in a t in g  w o rk -h a rd en in g . T h is  can 

o n ly  be done i f  th e  method does n o t  a p p re c ia b ly  

deform  tlie  m e ta l p l a s t i c a l l y .  Two m ethods have been  

a t t e i # t e d  f i r s t  by  H a r r is  (1922) and l a t e r  by Mahin 

and F o ss  (193 9 ). The;r found  t h a t  th e  ’ a b s o lu te ’ 

h a r in e s s  v/as abou t one t h i r d  o f th e  ’ n o rm al’ h a rd n e s s .

C o n ic a l I n d e n te r s .

A c o n ic a l  in d e n te r  f o r  h a rd n e ss  m easure­

ment v/as f i r s t  u se d  by  Ludwik i n  1908. He em ployed 

a sharp  p o in te d  diamond cone o f  in c lu d e d  an g le  90° 

and d e f in e d  th e  h a rd n e ss  a s  th e  r a t i o  o f  th e  lo a d  to  

th e  a r e a  o f  th e  cu rv ed  s u r fa c e  o f  th e  in d e n ta t io n .

Thus i f  f o r  a lo a d  w th e  d ia m e te r  o f  th e  Im p re ss io n  

i s  d th e n  th e  Ludwik h a rd n e ss  number i s  g iv e n  by

= h  w  The Ludwik h a rd n e s s  i s  in d ep en d en t

72 TT d^
o f lo a d , a s  a l l  th e  in d e n ta t io n s  a re  g e o m e tr ic a l ly  

s im i l a r ,  b u t  v a r i e s  c o n s id e ra b ly  w ith  th e  an g le  o f  

th e  cone . T h is  i s  p ro b a b ly  b ec au se  f r i c t i o n  becomes 

in c r e a s in g ly  im p o rta n t a s  th e  in c lu d e d  an g le  o f  th e  

cone d e c re a s e s .  The ’p i l i n g  u p ’ and ’ s in k in g  in* 

e f f e c t s  m en tio n ed  b e fo re  o ccu r to  a much g r e a t e r  e x te n t  

c a u s in g  e r r o r s  i n  d e p th  and d ia m e te r  m easurem ents.
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Rockwell test.
T h is  t e s t  i s  b ase d  on th e  m easurem ent o f  

th e  d e p th  o f  p e n e t r a t io n .  A m inor lo a d  i s  f i r s t  

a p p lie d  fo llo w e d  by  a  m ajo r lo a d  w hich  i s  th e n  removed 

and w ith  th e  m inor lo a d  s t i l l  a p p l ie d  th e  a d d i t io n a l  

d ep th  o f  p e n e t r a t io n  i s  m easured d i r e c t l y  on a d i a l  

gauge. The v a lu e  o b ta in e d  may be c o r r e l a t e d  w ith  

V ic k e rs  or B r i n e l l  h a rd n e s s  v a lu e s .  There a r e  two 

s c a le s  o f R ockw ell h a rd n e ss  u t i l i s i n g  d i f f e r e n t  m ajo r 

lo a d s  and in d e n te r s .  F o r s o f t e r  m a te r i a l s  a s p h e r ic a l  

in d e n te r  i s  u sed  (R ockw ell *B*) and f o r  hard ed  m e ta ls  

a  c o n ic a l  in d e n te r  w ith  a h e m is p h e r ic a l  t i p  (Rockw ell ’ C*) 

i s  u se d .

The p y ra m id a l in d e n te r .

The diam ond p y ra m id a l In d e n te r  f o r  h a rd n e ss  

m easurem ents v/as f i r s t  u sed  by S m ith  and S andland  (1922) 

and was l a t e r  d ev e lo p ed  by M essrs . V io k ers-A rm stro n g  L td . ,  

The in d e n te r  i s  i n  th e  form  o f a sq u a re  py ram id , th e  

o p p o s ite  f a c e s  m aking an ang le  o f  136° w ith  one a n o th e r .  

The diamond pyram id  h a rd n e ss  m ethod fo llo w s  th e  B r i n e l l  

p r i n c i p l e  in  t h a t  an  in d e n te r  o f  d e f i n i t e  shape i s  

p re s s e d  s low ly  in to  th e  m a te r ia l  to  be t e s t e d ,  th e  lo a d  

rem oved, th e  d ia g o n a ls  o f  th e  in d e n ta t io n  m easured and 

th e  h a rd n e ss  number d e f in e d  a s  th e  r a t i o  o f  th e  lo a d  to  

th e  s u r fa c e  a re a  o f th e  in d e n ta t io n .  I t  a ls o  fo llo w s
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th e  B r i n e l l  t e s t  i n  th e  ch o ice  o f  th e  shape o f  th e  

pyram id* In  tlie  B r i n e l l  t e s t  u s in g  a h a l l  o f  

d ia m e te r  D, th e  ran g e  o f  in d e n ta t io n  d ia m e te r  i s  

a llo w ed  to  v ary  betw een  0*25 D and 0*5 D* The ' * 

av erag e  o f  th e s e  i s  0*575 D and ta n g e n ts  drawn to  

a c i r c l e  a t  tlie  en d s o f  a cho rd  o f  le n g th  0*375 B, 

in c lu d e  an an g le  o f  136^# Hence th e  an g le  betw een  

th e  f a c e s  o f  th e  py ram id  in d e n te r*

The diamond Pyram id h a rd n e s s  (D*P*H*) a ls o  

known a s  V ick e r h a rd n e s s  (V*H. ) i s  d e f in e d  by th e  

fo rm u lae

B*P.H =
2 w s in -£

d2

Where w i a  th e  lo a d  i n  k g , d i s  th e  d ia g o n a l o f  th e  

im p re ss io n  in  mm. and e, i s  th e  an g le  betw een  th e  o p p o s ite  

fa c e s  o f  th e  in d e n te r  ( = 136° )  ■ , , . . i

D .P.H = à lÊ & JZ  . r ! -
d.‘̂

There a re  two ad v an tag es  o f  t h i s  t e s t  w hich  

c a l l  f o r  some comment. The f i r s t  i s  t h a t  th e  in d e n t-  

a t io n s  a re  g e o m e tr ic a l ly  s im i l a r  f o r  a l l  th e  lo a d s  and 

hence th e  h a rd n e ss  i s  in d ep en d en t o f  th e  lo a d  f o r  a 

homogenous m a te r i a l .  The second i s  t h a t  th e  lo a d  can  

be v a r ie d  from  1 to  120 kg , w hich means t h a t  a l l  h a rd n e ss  

v a r i a t i o n s  met w ith  in  m e ta ls  can be  m easured on th e  same 

h a rd n e s s  s c a le .
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The m ain â i f f i c a l t y  i n  th e  D .P.H . t e s t  

i s  t h a t  th e  specim en r e q u i r e s  c a r e f u l  p r e p a r a t io n  

and m ust he  s e t  h o r i z o n ta l l y  to  th e  a j i is  o f  th e  

py ram id , othei*w ise th e  im p re s s io n  o b ta in e d  w i l l  n o t 

be sy m m etrica l.

The e f f e c t  o f  " p i l i n g  up" and " s in k in g  in "  

i s  e v id e n t  i n  pyram id  in d e n ta t io n  a s  w e l l .  I f  th e  

pyram id  i s  fo rc e d  in to  a work h a rd en ed  m e ta l , th e  

d is p la c e d  m a te r i a l  w i l l  flow  up th e  f a c e s  o f  th e  

in d e n te r  b u t w i l l  be c o n s t r a in e d  a t  th e  c o rn e rs  th u s  

p ro d u c in g  th e  c h a r a c t e r i s t i c  ’b a r re l-s h a p e d *  

in d e n ta t io n  w hereas in  th e  c a se  o f  an n e a led  m e ta l  th e  

s in k in g  i s  manimum a t  th e  c e n tr e  g iv in g  r i s e  to  

"p in c u sh io n -sh a p e d "  in d e n ta t io n .  The le n g th  o f  th e  

d ia g o n a l i s  a f f e c te d  by t h i s  b u t  to  a much l e s s e r  

e x te n t  th a n  i f  th e  m easurem ents were made to  th e  c e n tr e  

of th e  s i d e s .  The defo jv n a tio n  w i l l  be sm a ll a lo n g  th e  

edges o f  th e  pyram id  com pared w ith  th e  d e fo rm a tio n  a t  

th e  c e n tr e  o f  th e  f a c e s .  T h is  p r i n c i p l e  i s  more f u l l y  

used  in  knoop and do u b le  cone in d e n ta t io n s .

1*4 PHYSICAL SIGKIFIOAHrQE!

F o llo w in g  th e  rev iew  o f  th e  developm ent o f  

s t a t i c  in d e n ta t io n  h a rd n e s s  m easurem ents, a  b r i e f  

su rv ey  o f  th e  p h y s ic a l  p ro c e s s  in v o lv e d  by  c o n s id e r in g  

th e  e l a s t i c  and p l a s t i c  p r o p e r t i e s  o f  an id e a l  m e ta l
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and how th e  p r o p è r t i e s  o f* re a l  m e ta ls  d i f f e r  from  

th e s e  i s 'g i v e n :  A t h e o r e t i c a l  a n a ly s i s  o f  h a rd n e ss

t e s t s  i s  a ls o  re v ie w ed .

■ • '■ Ideal plastic metals. '
T he■s t r e s s - s t r a i n  cu rv e  f o r  a c y l in d e r  o f  

’ i d e a l ’ p l a s t i c  m e ta l  u n d er te n s io n  i s  shown in  f i g  (5 ) .  

The l i n e a r  s t r a i n  E i s  p l o t t e d  a g a in s t  th e  t r u e  

s t r e s s  Y. Over th e  r e g io n  A th e  m a te r ia l  in c r e a s e s  

in  le n g th  p r o p o r t io n a l  to  th e  a p p l ie d  s t r e s s  and i f  th e  

s t r e s s  i s  rem oved th e  c y l in d e r  assum es i t s  o r i g i n a l  

le n g th ,  i . e .  th e  p a th  DA i s  r e v e r s i b l e .  When th e  

s t r e s s  re a c h e s  a c e r t a i n  c r i t i c a l  v a lu e ,  th e  m e ta l 

defojsns in  a n o n - r e v e r s ib le  way and th e  s t r e s s  a t  

w hich  t h i s  o c c u rs  i s  c a l l e d  th e  e l a s t i c  l im i t  o r th e  

y i e l d  s t r e s s  Y^. The y i e l d  s t r e s s  i s  c o n s ta n t  f o r  an 

’ i d e a l ’ m a te r ia l  and  th e  s t r e s s - s t r a i n  cu rve  BO i s  

p a r a l l e l  to  th e  s t r a i n  a x i s .  I f  a t  some p o in t  D th e  

s t r e s s  i s  r e le a s e d ,  th e  c y l in d e r  c o n t r a c t s  a lo n g  th e  

l i n e  DO " h av in g  s u f f e r e d  a perm anent p l a s t i c  deform - 

a t io n  o f  amount 00 . I f  th e  s t r e s s  i s  now a p p lie d  

a g a in , th e  d e fo rm a tio n  w i l l  p ro c eed  a lo n g  O^DO. - 

The s t r e s s - s t r a i n  curve f o r  r e a l  m e ta ls  

d i f f e r  w id e ly  from  th e s e  ’ id e a l*  p l a s t i c  ( s t r i c t l y -  

e l a s t i c  p l a s t i c )  m a te r i a l s .  The s t r e s s - s t r a i n  cu rve  . 

f o r  a  t y p i c a l  m e ta l i s  shown in  f i g .  (6 ) .
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A t any p o in t  D th e  s t r e s s  r e q u ir e d  to  

p roduce f u r t h e r  d e fo rm a tio n  i s  no lo n g e r  th e  i n i t i a l  

y i e ld  s t r e s s  and beyond t h i s  p o in t ,  th e  y i e l d

s t r e s s  in c r e a s e s  on ly  s l i g h t l y  w ith  in c re a s e  in  

s t r a i n  and in  t h i s  r e g io n  th e  m e ta l  specim en h as  

approached  th e   ̂id e a l*  p l a s t i c  form . Thus i f  th e  

s t r e s s - s t r a i n  cu rve  o f  a specim en t h a t  has a lre a d y  

undergone c o n s id e ra b le  p l a s t i c  d e fo rm a tio n  i s  p l o t t e d ,  

i t  ta k e s  th e  form  shown in  f i g . (7 )• A h e a v i ly  w ork- 

hardened  m e ta l th e n  h as  th e  p l a s t i c  p r o p e r t i e s  

s im i la r  to  th o s e  o f an * id e a l^  m e ta l .

When an  in d e n te r  i s  p re s s e d  on to  th e  

s u rfa c e  o f  a m e ta l ,  th e  s t r e s s e s  a r e  n o t sim p ly  

t e n s i l e  o r com pressive  in  n a tu r e .  In s te a d  s t r e s s e s  

in  v a r io u s  d i r e c t i o n s  a re  s e t  up and one sh o u ld  t r e a t  

th e  r e s u l t a n t  p l a s t i c  flow  a s  a r e s u l t  o f  th e s e  

combined s t r e s s e s .

E x p e r im e n ta lly  i t  i s  shown t l i a t  h y d r o s ta t i c  

p re s s u r e  does n o t  a f f e c t  th e  y i e l d  s t r e s s  o f  m e ta ls .  

Hence i f  a m e ta l i s  s u b je c te d  to  combined s t r e s s e s ,  

th e  re d u ced  s t r e s s  a f t e r  th e  h y d r o s ta t i c  con5)o nen ts  

have b een  s u b t r a c te d ,  m ust o n ly  be ta k e n  in to  ac co u n t. 

I f  P g , P j ,  a r e  th e  p r i n c i p a l  (o r th o g o n a l)  s t r e s s e s ,



-1 9 -

th e n  f o r  p l a s t i c  flow

(Pi - Pg)^ + (Pg - + (P3- i’l)^ = •••• (1)
where Y i s  th e  y i e ld  s t r e s s .  T h is  r e l a t i o n  i s  known 

a s  K uber-M ises c r i t e r i o n  o f  p l a s t i c i t y  (H uber, 1904;

Von M ises , 1913) and i s  su p p o rte d  by a l a r g e  body o f 

e x p e r im e n ta l d a ta .

An a l t e r n a t i v e  c r i t e r i o n  f o r  p l a s t i c  flow  

p ro p o sed  by T re sc a  (1864) assum es t h a t  p l a s t i c  

d e fo rm a tio n  o c c u rs  when th e  manimum s h e a r  s t r e s s  

re a c h e s  a c e r t a i n  c r i t i c a l  v a lu e .  The T re sca  o r 

Mohx c r i t e r i o n  i s  P^ -  P^ = Y when P g >  (2)

W ith m a te r i a l s  such  a s  a n n e a led  m ild  s t e e l  th e r e  I s  

ev id en ce  t h a t  th e  c o n d i t io n  f o r  p l a s t i c  y i e l d  a t  th e  

upper y i e ld  p o in t  i s  n e a re r  th e  T re sc a  c r i t e r i o n  th a n  

th e  H uber-M ises c r i t e r i o n .  However th e r e  a re  two 

c o n d it io n s  u n d e r w hich th e s e  c r i t e r i a  become 

e s s e n t i a l l y  th e  same. I f  Pg = P^ i s  s u b s t i tu t e d  in  

e q u a tio n  ( l )  th e  two e q u a tio n s  a re  i d e n t i c a l  and f o r  

p l a in  s t r a i n  (two d ia ra en s io n a l d e fo rm a tio n ) th e  

c o n d i t io n  f o r  p l a s t i c  d e f o l i a t i o n  in  th e  d i r e c t i o n  Pg 

i s  Pg = V g  (P^ + P ^ ) . S u b s t i t u t i n g  t h i s  v a lu e  in  

e q u a tio n  ( l ) , th e  îîuber-M ises c r i t e r i o n  becomes

r  P 3 = 2Y/ V3 . I n  b o th  c r i t e r i a  th e  c o n d i t io n  f o r  

p l a s t i c i t y  f o r  a two d iam en s io n a l p l a s t i c  flow  i s  a 

manimum s h e a r  s t r e s s  c o n d i t io n  th e r e  b e in g  m ere ly  a
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change in  th e  v a lu e  o f  th e  manimum s h e a r  s t r e s s  v/hen 

i t  r e a c h e s  a c r i t i c a l  v a lu e  k  w here 2k = 1 .1 5  Y 

f o r  th e  H uher-M ises c r i t e r i o n ,  o r  2k = Y f o r  th e  

T re sc a  c r i t e r i o n .

When p l a s t i c  d e fo rm a tio n  o c c u rs , tlie  

s t r e s s e s  a t  any p o in t  may be e x p re s s e d  in  terras o f  

a sh e a r  s t r e s s  k  w hich  i s  c o n s ta n t  f o r  an  id e a l  m e ta l 

and a h y d r o s ta t i c  p r e s s u r e  p ,  v/hich v a ry  from  p o in t  

to  p o i n t .  The l i n e s  o f  manimum s h e a r  s t r e s s  k a re  

c a l l e d  s l i p l i n e s ,  b u t  th e y  sh o u ld  n o t be con fused  

w ith  s l i p  l i n e s ,  o r s l i p  bands o b se rv ed  u n d er th e  

m ic ro sco p e . The whole domain o f  p l a s t i c  flow  may 

be co v e red  by  two f a m i l i e s  o f s l i p  l i n e s ,  th e  and

th e  c u rv e s , e a c h  o f  v/hloh c u ts  th e  o th e r  o rth o g o n -
'

a l l y  . The two p r i n c i p a l  s t r e s s e s  o f  th e  two 

d ia m e n s io n a l flow  P and Q a re  th e n  g iv e n  by  

P = p + k and Q = p -  k . D e ta i le d  m a th em atica l 

tre a tm e n t shows t h a t  I f  th e  s l i p  l i n e s  a re  s t r a i g h t ,  

p i s  c o n s ta n t  th ro u g h o u t th e  p l a s t i c  re g io n .

The o n ly  in d e n ta t io n  p ro b lem s f o r  w hich 

r ig o ro u s  s o lu t io n s  have been  found  a r e  two d iam en sio n a l 

in  c h a r a c te r .  H i l l ,  Lee and T apper (1947) h as  

o b ta in e d  a s o lu t io n  f o r  a two d ia m e n s io n a l wedge. The
s

Shape o f  th e  in d e n ta t io n  i s  g e o m e tr ic a l ly  s im i la r
■ '

w h a te v e r i t s  s iz e  and c o n se q u e n tly  th e  flo w  p a t t e r n  i s
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always the same. The slip line pattern la shown 
in fig.(8)• Experiments show that there is good 
agreement between the theoretical flow pattern and 
that observed in practice; This analysis takes 
into account the deformed surface;

The pressure normal to the surface of 
the indenter is given by P = P + Ki It can be 
shoTO that for the Huber-Mises criterion

P = 1*15 Y (1 + e ) where e is<HBK in radlattS. '

The angle $ is related to the semi- 
angle oo of the wedge by the relation cos (2 =<.- 6)

— i:---------  and thus for a particular wedge
(1 + sin 6 )

angle the yield pressure can be calculated. The 
solution for the two diamensional wedge is roughly 
valid for the three diamensional indenter if the

. - r

semi-angle is not too small.
In the above analysis it is assumed 

that the material does not work harden whereas in
practice all metals do work harden to some extent. 
For any sharp pointed indenter there is no elastic - 
deformation of the surface as the region of full 
plasticity is reached for the smallest loads. The 
indentations are all geometrically similar whatever 
its size and the hardness is Independent of the load. 
With spherical indenters, however, the shape of the
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in d e n ta t io n  v a r ie s  w ith  s i z e ,  th e  work h a rd e n in g  

in c r e a s e s  w ith  th e  s i z e  o f  th e  in d e n ta t io n .  The 

y ie ld  p r e s s u r e  as  a r e s u l t  in c re a s e s  w ith  lo a d .

The p r e s s u r e  o v er th e  s u r f a c e  o f  th e  in d e n te r  i s  

n o t u n ifo rm  b e in g  h ig h e r  a t  th e  c e n tr e  th a n  a t  

th e  edges a s  shovm by I s h l in s k y  (19!+2+) «

However, a s  th e  p r e s e n t  in v e s t i g a t io n  

c o n s i s t s  m a in ly  in  th e  s tu d y  o f  m ic ro -h a rd n e ss  

in d e n ta t io n s  on s in g le  c r y s t a l s ,  a c lo s e  ex am in a tio n  

o f  th e  c r y s t a l  p r o p e r t i e s  i s  n e c e s s a ry  to  u n d e rs ta n d  

more f u l l y  th e  p h y s ic a l  s ig n i f ic a n c e  o f  m ic ro - 

in d e n ta t io n s  and w i l l  be b r i e f l y  rev iew ed  in  th e  

n ex t C h a p te r .
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OHAFTEK I I

?,tTnno-^Af^iaaES3 Aim crystal prq pert^ s

The te rra  'm ic ro -h a rd n e ss*  means "m ic ro - 

I n d e n ta t io n  h a rd n e ss"  a s  i t  a c tu a l l y  r e f e r s  to  sm all 

in d e n ta t io n s .  T h is  type  o f  t e s t i n g  i s  u se d  f o r  t h i n
f ^

m a te r ia l s ;  sm a ll p r e c i s io n  p a r t s ;  e x p lo r in g  h a rd n e ss  

v a r ia t i o n s  o v er sm a ll a r e a s ;  and has been  o f  g r e a t  u se  

in  m easu ring  th e  h a rd n e ss  o f  d i f f e r e n t  e le c t r o p la te s *

2*1 BQUIPMNT

M ic ro -h a rd n e ss  t e s t e r s  f a l l  in to  two groups -  

th e  s c r a tc h  m ethod and th e  in d e n ta t io n  method* Most 

s c r a tc h  h a rd n e s s  t e s t e r s  a r e  o f  h i s t o r i c a l  i n t e r e s t  on ly  

and b ecause  o f  th e  l i m i t a t i o n s  o f  th e  s c r a tc h  t e s t  

m e ta l l u r g i s t s  p r e f e r  in d e n ta t io n  m ethods, a lth o u g h  

m in e ra lo g is ts  have u se d  th e  s c r a t c h  m ethod.

The Knoop In d e n te r

The f i r s t  in d e n te r  f o r  th e  m ic ro -h a rd n e ss  

t e s t i n g  o f  m e ta ls  was deve lo p ed  by  Knoop (1939) • The 

Knoop in d e n te r  i s  a s e n s i t i v e  diamond in d e n tin g  to o l  o f 

p y ram id a l form  t h a t  p ro d u c es  a ’’diamond**-shaped in d e n ta t io n  

hav ing  lo n g  and s h o r t  d ia g o n a ls  o f th e  r a t i o  7 to  1 . The 

pyram id form  h a s  in c lu d e d  lo n g i tu d in a l  a n g le s  o f 172°30* 

and in c lu d e d  t r a n s v e r s e  an g le  o f  130°0*. (F ig # 9*) The \

d ep th  o f  th e  in d e n ta t io n  i s  ab o u t 1/ 30*̂  ̂ o f  i t s  le n g th .

The method o f c a r ry in g  ou t th e  h a rd n e ss  t e s t s . i s  s im i la r  

I to  t h a t  u se d  in  th e  Double cone h a rd n e ss  t e s t s  w hich w i l l  _
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b e  d eB crib ed  in  d e t a i l  l a t e r .

The Knoop h a rd n e ss  muriber i s  d e f in e d  a s  th e  r a t i o  

o f  th e  a p p l ie d  lo a d  to  th e  u n re co v e re d  p r o je c te d  a re a  

i . e .  I  (K.H.N) = —

Where W = lo a d  in  leg.

t = le n g th  o f  lo n g  d ia g o n a l in  im
and c = c o n s ta n t  r e l a t i n g  to  p r o je c te d  a r e a .

The le n g tli  o f  th e  lo n g  d ia g o n a l i s  l i t t l e  a f f e c te d

by e l a s t i c  re c o v e ry  when th e  lo a d  i s  removed and i s  u sed  as

th e  h a s i s  f o r  th e  h a rd n e ss  raeasureiaent# I n  a c tu a l  p r a c t i c e

th e  Knoop number i s  re a d  from  a ta b le  c o n s t ru c te d  f o r  th e

purpose. '
The Double cone In d e n te r

The D.O. in d e n te r  a s  d ev e lo p ed  by G -rodzinski

(1952) and u se d  in  th e  p r e s e n t  work c o n s i s t s  o f  two cone fa c e s

Jo in ed  on e q u a l b a s e s ,  th e  a x is  b e in g  in  a lin e #  The

in d e n te r  h a s  a V -shaped  s e c t io n  in  one p la n e  and a c i r c u l a r

c r o s s - s e c t io n  in  th e  p e r p e n d ic u la r  p la n e  (a s  shown in  F ig .  10)

The h a rd n e s s  number i s  g iv e n  by  
wHg Q = ^  where W = lo a d  in  kg

A = a r e a  o f  u n re co v e re d

im p re ss io n  in  sq.mm.

The Double cone in d e n te r  h as  a l l  th e  ad v an tag es  

o f  Knoop I n d e n te r ,  a p a r t  from  th e  f a c t  t h a t  th e  in d e n ta t io n s  

a re  n o t  g e o m e tr ic a l ly  s im i l a r  f o r  id i f f e r e n t  lo a d s . B ut in  

p r a c t i c e  t h i s  i s  n o t  a g r e a t  d isa d v a n ta g e  w ith  th e  d iaraensions
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chosen for the indenter as the effect of non-similarity 
of indentations Is very slight* The main disadvantage 
with the pyramid indenters is the production of a sharp 
point especially when micro-hardness indenters are 
made. This difficulty has been overcome in the double 
cone by the sharp edge obtained by the intersection of 
the two curved faces* The greater ratio of length to 
width of the indentation has the same advantage as the 
Knoop indenter* This greater length than width property 
of these indentations in effect gives the hardness a 
directional property; the meaning of this will be fully 
considered later*
2*2 SINGLE QHYSTÂL3. PLASTIC PROPERTIES AM) EARBmSS.

Before discussing the relation of hardness to 
t>ie plastic properties of single crystals, a survey of the 
fundamental mechanisms of plastic flow in crystals is of 
interest*

S l i p .

The m ost common mode o f p l a s t i c  d e fo rm a tio n  i s  

th e  s l i p  w hich i s  c h a r a c te r i s e d  by  th e  d isp lacem en t o f one 

p a r t  o f th e  c r y s t a l  r e l a t i v e  to  a n o th e r  a long  c e r t a i n  

c r y s ta l lo g r a p h ic  p lan es*  The movement i s  c o n c e n tra te d  in  

a s u c c e s s io n  o f  p la n e s  le a v in g  th e  in te rv e n in g  la y e r s  

undeform ed, l i k e  th e  movement o f  c a rd s  in  a p i l e  when th e  

p i l e  i s  d is to r te d *  F ig*  (11) shows how th e  d e fo rm a tio n  ta k e s  

p lace*  Tne c r y s ta l lo g r a p h ic  p la n e  a lo n g  which th e
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displacement takes place is called the slip plane or 
glide plane and the direction of displacement is called 
the slip direction# These elements are Joined by the 
lattice structure of the crystal and usually the slip 
planes are those of lov/ indices and the directions those 
of closest packing of atoms#

A plane of slip and a direction of slip lying 
in that plane constitute a slip system. According to 
the symmetry of tiie crystal there can be more than one 
slip system# There are three slip systems in a 
hexagonal crystal and face-centred cubic metals have 
twelve slip systems# Slip is commonly recognised by 
the presence of slip lines which are formed by the 
intersection of slip planes with the surface of the 
crystal. IVhen the slip plane has the same indices 
as the indices of the surface plane of the crystal, 
there will be no slip traces on the surface, as for 
example, on the cleaved surface of zinc crystals, on 
which the present investigation is being carried out# 
Slip lines which appear single at low magnification will 
resolve into groups of closely ^aced lines at high 
magnificat ion# They are usually spaced about a micron
apart v/ith considerable regularity, a fact that has led 
to much speculation as to their formation. The 
difference in tlie spacing of slip bands with increasing 
deformation has led to the conclusion that where little
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s t r a i n  h a rd e n in g  h as  o c c u rre d , d e fo rm a tio n  ta k e s  p la c e  

on th e  p r e v io u s ly  e x i s t i n g  b an d s , w hereas in  cages where 

m arked s t r a i n  h a rd e n in g  r e s u l t s ,  su b seq u en t re g io n s  t h a t  

a re  s o f t ,  s l i p .

S l ip ,  f o r  any specim en, o c c u rs  on a c r y s t a l l o ­

g ra p h ic  p la n e ,  when th e  component o f s h e a r in g  s t r e s s  in  

tloat p la n e  a lo n g  th e  s l i p  d i r e c t i o n  re a c h e s  a c r i t i c a l  

v a lu e . T h is  s t r e s s  i s  c a l l e d  th e  c r i t i c a l  re so lv e d  sh e a r  

s t r e s s .  I t  sh o u ld  be n o te d  th a t  th e  norm al s t r e s s  has no 

in f lu e n c e  on th e  r e s o lv e d  s h e a r  s t r e s s .  The s l i p  

d i r e c t i o n  i s  n o t  th e  d i r e c t i o n  o f  g r e a t e s t  s t r e s s  (shown 

by th e  lo n g  arrow  in  f i g . 1 1 ) . T here i s  a c r i t i c a l  sh e a r  

s t r e s s  f o r  each  p la n e  in  th e  c r y s t a l  and s l i p  o ccu rs  in  

p r a c t i c e  o n ly  in  th e  o b se rv ed  s l i p  p la n e s  s in c e  th e  

sh e a r in g  s t r e s s  re a c h e s  th e  c r i t i c a l  v a lu e  in  th e  l a t t e r  

f i r s t  and r e l i e v e s  th e  a p p l ie d  s t r e s s  b e fo re  th e  c r i t i c a l  

v a lu e  i s  r e a d ie d  on any o th e r  p la n e .

TJie s iie a r  s t r e s s  n e c e s s a ry  to  cause  s l i p  i s  

alw ays in c re a s e d  w ith  tlie  d eg ree  o f  c o ld  w ork ing . The 

p re se n ce  o f  ir tip u rity  o r  a l lo y s  e lem en ts  r a i s e s  th e  c r i t i c a l  

s t r e s s  e s p e c i a l ly  wlien such  e lem en ts  a re  d is s o lv e d  i n  th e  

l a t t i c e .  The c r i t i c a l  s lie a r  s t r e s s  f o r  a  m e ta l d e c re a se s  

w ith  in c r e a s in g  ten rp e ra tu re  and d ro p s  to  z e ro  a t  th e  

m e ltin g  p o i n t .  H exagonal c r y s t a l s  show o n ly  a sm all 

dependence on t e i # e r a tu r e  p a r t i c u l a r l y  i n  th e  neighbourhood 

o f th e  m e lt in g  p o in t .
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Tw inning.

C e r ta in  c r y s t a l s  may a l s o  deform  by tw in n in g , 

a mechanism by means o f w hich a p o r t io n  o f  a  c r y s t a l  may 

change l a t t i c e  o r i e n t a t i o n  w ith  r e s p e c t  to  th e  o th e r  in  

a d e f i n i t e  sy m m etrica l f a s h io n .  The l a t t i c e  w ith in  th e  

tv/inned p o r t io n  i s  a  m ir ro r  image o f  th e  r e s t  and th e  

p la n e  o f  symmetry r e l a t i n g  tlie  deform ed to  nndeform ed 

p a r t  i s  c a l l e d  th e  tw in n in g  p la n e . Schmid and Boas (1955) 

d e s c r ib e s  tw in n in g  a s  th e  sim ple s l i d i n g  o f one p la n e  o f  

atoms o v er th e  n e x t ,  th e  e x te n t  o f  th e  movement o f  each  

p la n e  b e in g  p r o p o r t io n a l  to  i t s  d is ta n c e  from th e  tw in n in g  

p la n e . P ig .  (l2) i l l u s t r a t e s  th e  tw in n in g  mechanism in  th e  

fa c e  c e n tr e d  c u b ic  sy stem .

D uring  d e fo rm a tio n , th e  fo rm a tio n  o f  tw ins 

ta k e s  p la c e  w ith  a  c l i c k  and a r a p id  s u c c e s s io n  o f  c l i c k s  

i s  r e s p o n s ib le  f o r  th e  ’ c r y ' o f  t i n  h e a rd  when a t i n  b a r  i s  

b e n t .  Twins a l s o  a p p e a r i n  some m e ta ls  d u rin g  a n n e a lin g .

W hereas i n  s l i p ,  s lie a r  can n o t amount to  l e s s  

th an  an in te ra to m ic  d is ta n c e  in  th e  d i r e c t i o n  o f  s l i p  th e  

m agnitude o f  d ip la c e m e n t  in  th e  case  o f  tw in n in g  i s  u s u a l ly  

n o t more th a n  a sm a ll f r a c t i o n  o f  th e  l a t t i c e  sp ac in g .

A gain th e  s h e a r  s t r a i n  i s  n o t u n ifo rm  o v er th e  whole le n g th  

o f  th e  c r y s t a l  i n  th e  s l i p  p ro c e s s  w hereas a l l  p la n e s  in  

th e  deform ed p a r t  ly in g  p a r a l l e l  to  th e  sh e a r  p la n e  a re  

i d e n t i c a l l y  d is p la c e d  w ith  r e fe re n c e  to  th e  n e ig h b o u rin g  

p la n e .  D efo rm ation  tw in s  a re  d i s t in g u is h a b le  from  s l i p
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l i n e s  on th e  s u r fa c e  in  t h a t  th e  t i l t  o f  th e  tw inned  

re g io n  g iv e s  a d e f i n i t e  r e f l e c t i o n  a t  a  d i f f e r e n t  ang le  

to  th e  m ain s u r f a c e .  A lso  when seen  u n d e r h ig h  magni­

f i c a t i o n ,  two b o u n d a r ie s  to  th e  tw in  band can  be  see n  

w hereas s l i p  o c c u rs  a s  a narrow  l i n e .

Q u a n t i ta t iv e  v a lu e s  l i k e  c r i t i c a l  s h e a r  s t r e s s  

and th e  y i e l d - s t r e s s  cu rve c h a r a c t e r i s in g  g l id e  a re  n o t  

y e t  a v a i la b le  i n  th e  ca se  o f m ech a n ic a l tw in n in g . The 

re a so n s  f o r  t h i s  a re  to  be sough t on th e  one hand in  th e  

v e ry  pronounced  s e n s i t i v i t y  o f  tw in n in g  to  inhom ogenetics 

w ith in  th e  c r y s t a l ,  th u s  c a u s in g  th e  tw in s  to  deve lop  in  

a more o r l e s s  ex ten d e d  ra n g e . On th e  o th e r  hand c r y s t a l s  

in v a r ia b ly  s l i p  b e fo re  tw in n in g , a s  a r e s u l t  o f  w hich 

tw in n in g  can n o t be s tu d ie d  in  th e  I n i t i a l  s t a t e  b u t  on ly  

in  an a lr e a d y  h a rd en ed  s t a t e .

C leav ag e .

I t  i s  w e ll  known t h a t  some c r y s t a l s  s p l i t  a long  

a c e r t a i n  c r y s ta l lo g r a p h ic  p la n e ,  w ith  e a s e , and a c r y s t a l  

i s  th e n  s a id  to  be  c le a v e d  a lo n g  t h i s  p la n e .  J h s t  as  a 

re s o lv e d  s h e a r  s t r e s s  I s  r e q u ir e d  f o r  s l i p ,  a c e r t a i n  

s t r e s s  r e s o lv e d  norm al to  th e  c le a v a g e  p la n e  i s  r e q u ir e d  

f o r  c le a v a g e . I f  ^  i s  th e  an g le  betw een  th e  norm al to  th e  

c lea v ag e  p la n e  and th e  a x is  o f  t e n s io n ,  and A th e  a re a  o f  

c r o s s - s e c t io n ,  th e n  th e  re s o lv e d  norm al s t r e s s  i s  g iv e n  by

N ss ^  c o s ^
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The lo a d  r e q u ir e d  to  b re a k  a c r y s t a l  v a r ie s  

w ith  o r i e n t a t i o n ,  b u t  th e  r e s o lv e d  s t r e s s  norm al to  th e  

c leav ag e  p la n e  (II) i s  found  to  be c o n s ta n t .  As su ch  th e re  

i s  p ro b a b ly  a c r i t i c a l  c lea v ag e  s t r e s s  f o r  any p la n e  in  

th e  c r y s t a l  b u t  o n ly  tlie  v a lu e  f o r  th e  one o r  two p la n e s  

o f  lov /est c le a v a g e  s t r e n g th  can  be m easured f o r  c r i t i c a l  

v a lu e s  a re  n e v e r  re a c h e d  on th e  o th e r s .  In  hex ag o n al 

c lo se  packed  c r y s t a l s  i f  t e n s i l e  s t r e s s  i s  a p p l ie d  a lm ost 

p e r p e n d ic u la r ly  to  th e  b a s a l  p la n e ,  c lea v ag e  ta k e s  p la c e  

b e fo re  s l i p  a s  th e  component o f  th e  s t r e s s  a v a i l a b le  f o r  

s l i p  i s  l e s s  th a n  th e  c r i t i c a l  s t r e s s  r e q u ir e d  f o r  s l i p .  

C ooling  to  l i q u i d  a i r  te m p e ra tu re  f a c i l i t a t e s  c lea v ag e  f o r  

a t  t h i s  t e n p e r a tu r e ,  th e  in c re a s e  i n  c r i t i c a l  s t r e s s  f o r  

s l i p  i s  more th a n  th e  c r i t i c a l  s t r e s s  f o r  c le a v a g e .

How s in g le  c r y s t a l s  o f  z in c  a re  c le a v e d  and 

l i q u id  a i r  te m p e ra tu re s  f o r  th e  p r e s e n t  s tu d y , w i l l  be 

d e s c r ib e d  l a t e r .

S h ear s t r e n g th  o f  c r y s t a l s .  ' '

I t  h a s  a lre a d y  been  p o in te d  o u t t h a t  th e r e  i s  a  

c r i t i c a l  s h e a r in g  s t r e s s  f o r  s l i p  and i t  seems t h a t  a 

c r i t i c a l  s h e a r in g  s t r e s s  e x i s t s  f o r  tw in n in g  a s  w e ll  a s  à 

d e f i n i t e  norm al s t r e s s  w hich i s  r e q u ir e d  f o r  c le a v a g e .

When a s t r e s s  i s  a p p l ie d  to  a  c r y s t a l  i t  shou ld  cause s l i p ,  

tw in n in g  o r c le a v a g e  a c c o rd in g  a s  th e  re s o lv e d  s t r e s s  on 

th e  s l i p  p la n e  in  th e  s l i p  d i r e c t i o n  o r on th e  tw in n in g  

p la n e  i n  th e  tw in n in g  d i r e c t i o n  o r  norm al to  th e  c leav ag e
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p la n e  ex ceed s  th e  c r i t i c a l  v a lu e  f o r  th e  p ro c e s s  concern ed .

C a lc u la t io n s  o f  th e  t h e o r e t i c a l  v a lu e s  o f sh e a r  

s t r e s s  r e q u ir e d  to  cau se  s l i p  i n  s in g le  c r y s t a l s  i s  1 ,000 

o r 10 ,000 tim e s  th e  o b se rv ed  v a lu e .  T h is  d is c re p a n c y  

betw een  c a lc u la te d  and o b serv ed  y i e l d  s t r e n g th  o f  c r y s t a l s  

has le d  to  th e  developm ent o f  many th e o r i e s  on th e  p l a s t i c  

p r o p e r t i e s  o f  c r y s t a l l i n e  m a te r i a l s .  The m ost s u c c e s s fu l  

th e o ry  i s  th e  d i s l o c a t i o n  th e o ry  and th e  co n cep t was a p p lie d  

to  s l i p  by  Orowan (1 9 3 4 ), P o la n y i (1934) and T a y lo r (1934) 

and l a t e r  d eve loped  by  many o th e r s .  Though th e  d i s lo c a t io n  

th e o ry  e x p la in s  th e  p ro c e s s  o f  s l i p ,  work h a rd e n in g , th e  

te m p e ra tu re  e f f e c t s  and th e  p l a s t i c  p r o p e r t i e s ,  no s a t i s ­

f a c to ry  e x p la n a tio n  h a s  b een  g iv e n  to  th e  mechanism o f  

tw in n in g  (C la rk  and C ra ig . 1952) i n  te rm s o f  th e  th e o ry  o f  

d i s lo c a t io n s .

D i r e c t io n a l  p r o p e r t i e s .

I t  i s  seen  t h a t  in  th e  d e fo rm a tio n  o f  s in g le  

c r y s t a l s  c e r t a i n  c r y s ta l lo g r a p h ic  p la n e s  and d i r e c t i o n s  

p la y  a v e ry  im p o rta n t p a r t .  The c r y s t a l  l a t t i c e  i n  i t s e l f  

le a d s  to  a n is o tro p h y  in  c r y s t a l  p r o p e r t i e s .  H.Houwink (1938)

in  a r e p o r t  on 'v i s c o s i t y  and p l a s t i c i t y *  r e f e r s  to  th e se
,

p r o p e r t i e s  th u s :  *'Even in  a c r y s t a l  o f  th e  r e g u la r  (c u b ic ) 

c l a s s  th e r e  i s  a l a r g e  d i f f e r e n c e  betw een  a l a t t i c e  p la n e  

and a p la n e  making an  a r b i t r a r y  a n g le  w ith  i t#  There i s  

a ls o  to  be c o n s id e re d  d i f f e r e n c e s  i n  i n t e n s i t y  betw een bonds 

in  v a r io u s  d i r e c t io n s #  In  c r y s t a l l i n e  su b s ta n c e s  w ith  la rg e

\
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molecules, such features can become more and more prominent» 
They will lead to characteristic anlstropies in the deform­
ation behaviour of a crystal....." „ .

Even as early as 1690, variation in hardness 
values for different directions on a crystal face was 
detected by Huygens during scratch hardness tests on 
Iceland spar. Though tests of this type are difficult to 
apply and analyse, it has given sufficient evidence for the 
anisotropy existing in metal crystals. O’Neill (1934) 

showed that the scratch hardness of a crystal is least in 
the direction parallel to the cleavage plane.

Though during static indentation tests with the 
ball and pyramid indenters, irregular impressions are 
produced, which is in fact a directional variation of the 
hardness, a quantitative investigation of the directional 
hardness has not been made until Daniels and Dunn (1949) 

used Knoop indenter on crystals of zinc and silicon ferrite. 
Later A .P.Williams (1953) studied the directional hardness 
variation on single crystals of tin and bisnruth, with 
particular reference to the deformation around the indenter, 
using a double cone. The results of their work will be 
discussed later in connection with the present work.

The present investigation consists in studying 
this directional variation giving special attention to the 
deformation around it, using multiple beam interferometric 
and phase contrast techniques. An Xray study of the surface
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a f t e r  In d e n ta t io n  i s  a ls o  made. A h e a t  t r e a tm e n t  o f  th e  

c r y s t a l  h a s  con firm ed  c e r t a i n  i n t e r e s t i n g  phenomena. The 

r e s u l t s  a re  s t r i k i n g  and w i l l  b e  d is c u s s e d . The p ro ced u re  

and te c h n iq u e s  u se d  w i l l  be rev iew ed  i n  th e  n e x t C h ap te r.
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CHAPTBR I I I  

OPTICAL TECHNIQUES.

3 .1  MULTIPLE BEAM IITTERPKROMETRY.

In  th e  p re c e d in g  C h ap te r m en tio n  h a s  been  made 

o f  th e  in t e r f e r o m e t r i c  te c h n iq u e . T h is  i s  a w e l l  e s ta b l i s h e d  

o p t i c a l  te c h n iq u e  d eve loped  by T o lansky  (1944, 1945, 1946, 

1947) f o r  th e  s tu d y  o f  s u r fa c e  f e a tu r e s  and h as  been  f u l l y  

d is c u s se d  by  T o lansky  (1 9 4 8 ). A rev iew  o f  th e  s u b je c t  i s  

g iv en  by  Kuhn (1951) i n  h i s  a r t i c l e  on "New te c h n iq u e s  i n  

o p t i c a l  in te r f e r o m e t r y " . T h is  method was f i r s t  a p p l ie d  to  

th e  s tu d y  o f  d e fo rm a tio n  f e a t u r e s  on m e ta l s u r fa c e s  by 

T olansky  and N ick o ls  (1949 a and b ,  1952) and l a t e r  by 

W illiam s (1 9 5 3 ). More r e c e n t ly  B elk  (1954) h a s  u sed  th e  

method to  examine th e  s u r fa c e  d i s t o r t i o n s  by  s p h e r ic a l  

In d e n te r s .

As th e  p r e s e n t  i n v e s t i g a t io n  i s  c o n f in e d  to  th e  

s tu d y  o f  m e ta l  s u r f a c e s ,  m ost o f th e  o b s e rv a t io n s  were 

c a r r i e d  o u t u s in g  th e  r e f l e c t i o n  system  and b o th  te c h n iq u e s  

o f  P iz e a u  f r i n g e s  and f r i n g e s  o f  e q u a l ch ro m a tic  o rd e r  have 

been  u se d . The m ain ad v a n ta g es  o f  th e s e  te c h n iq u e s  a re  t h a t  

th e  whole o f  th e  s u r fa c e  d e fo rm a tio n  i s  r e v e a le d ,  th e  

accu racy  o f  th e  m easurem ent i s  in h e r e n t ly  h ig h  and i t  i s  

v e ry  sim p le  i n  o p e ra t io n .

T heory .

F o r  an  in te r f e r o m e te r  w ith  two component s u r fa c e s  

p a r a l l e l  to  each  o th e r ,  s e p a ra te d  by  a d i e l e c t r i c  o f  

th ic k n e s s  t  and r e f r a c t i v e  in d ex  , have r e f l e c t i o n  and
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and tr a n s m is s io n  c o e f f i c i e n t s  o f R and T r e s p e c t iv e ly ,  

th e  i n t e n s i t y  d i s t r i b u t i o n  in  th e  t r a n s m i t te d  system  i s  

g iv en  by th e  fo rm ulae

where G = cjrs & i s  th e  c o n s ta n t  p h ase  la g

betv/een s u c c e s s iv e  beam s, a- th e  an g le  o f in c id e n c e . T h is  , 

i s  r e f e r r e d  to  a s  th e  A iry  fo rm u lae  f o r  i n t e n s i t y  d i s t r i b u t i o n  

and r e p r e s e n ts  s iiarp  maxima on a d a rk  back g ro u n d .

F o r two s u r f a c e s  in c l in e d  to  each  o th e r  to  make 

a sm all wedge a n g le ,  th e  A iry  summation sh o u ld  ap p ly  w ith  

th e  d i f f e r e n c e  t h a t  th e r e  w i l l  be a p r o g r e s s iv e ly  v a ry in g  

phase la g  betw een  th e  s u c c e s s iv e  r e f l e c t e d  beam s, and when 

t h i s  becomes IT ( i .e #  th e  c o rre sp o n d in g  p a th  d i f f e r e n c e  i s  V2.) 

th e re  w i l l  be  a tendency  to  d e s tro y  th e  c o n d i t io n  f o r  th e  

fo rm a tio n  o f  sh a rp  f r i n g e s .  T o lansky  (1946) and B ro s s e l  (1947) 

have shown t h a t  th e  p a th  d i f f e r e n c e ,  in  t h i s  c a s e , betw een  th e  

f i r s t  and th e  n th  heam i s  ( xvit: - it  ) where S i s

th e  wedge a n g le . The v a lu e  % d?  ̂ Ir m ust th e r e f o r e  be
o

l e s s  th a n  . i . e .  t  sh o u ld  be made a s  sm a ll a s  p o s s ib le

and must i n  any ca se  be l e s s  th a n  th e  c r i c i c a l  v a lu e . In  

p r a c t ic e  i t  i s  found  t h a t  t h i s  m ust be o f  th e  o rd e r  o f  a few 

w av e len g th s , o th e rw ise  th e  f r in g e  d e f i n i t i o n  w i l l  s u f f e r  

c o n s id e ra b ly .

The c o r re sp o n d in g  tre a tm e n t f o r  th e  r e f l e c t i o n  

system  i s  much more c o m p lic a te d . The th e o ry  o f  r e f l e c t i o n



system  i s  d is c u s s e d  by Harry (1906) and H olden (1949)* The 

c o m p lic a tio n s  a r i s e  from  tire f a c t  t h a t  th e  f i r s t  r e f l e c t e d  

beam s u f f e r s  a p h ase  change w ith  r e s p e c t  to  th e  second beam 

which i s  q u i te  d i f f e r e n t  from t h a t  betw een  any o th e r  two 

su c c e s s iv e  beam s. F o r s i l v e r  f i lm s  o f  h ig h  r e f l e c t i v i t y  

( K>%t>y.) th e  i n t e n s i t y  d i s t r i b u t i o n  in  th e  r e f l e c t e d  and

th e  t r a n s m it te d  sy stem s a re  v e ry  n e a r ly  com plim entary  

a lth o u g h  th e  e x p e r im e n ta l c o n d i t io n s  f o r  good r e f l e c t i o n  

f r in g e s  a re  f a r  more c r i t i c a l  th a n  in  t ra n s m is s io n .

Thus when two highly reflecting surfaces are 
brought close together and illuminated with parallel mono­
chromatic light at normal incidence interference fringes 
are observed which are localized in the wedge formed by 
the two surfaces. These localized multiple beam fringes 
obey the formulae

n X = 2 t cos 6
Where n is the order of interference (and is an integer), 
X is the wavelength of light, /Y is the refractive index 

of the material between the plates, t is the thickness of 
the gap and B is the angle of incidence. With 0 and > 
constant, Fizeau fringes of equal thickness are formed.
If 0 is kept constant and X allowed to vary, the value 
of X/t. which represents the order of interference becomes 
constant for each fringe and have been termed fringes of 
equal chromatic order by Tolanslqr (1945)#
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P iz e a n  f r i n g e s .

The o p t i c a l  s e t  up f o r  th e  o b s e rv a tio n  o f  th e s e  

f r in g e s  i s  shown in  f i g . (13) A m e ta l lu r g i c a l  m icroscope
I

i s  a d a p te d  so t h a t  th e  image o f  th e  l i g h t  so u rce  i s  form ed 

in  th e  b ack  f o c a l  p la n e  o f  th e  o b je c t iv e  0 , th e  l i g h t  

em erging from  th e  o b je c t iv e  th u s  b e in g  made p a r a l l e l  and f a l l  

no rm ally  on th e  in te r f e r o m e te r  x . The o b je c t iv e  le n s  form s 

an image o f  th e  in te r f e r o m e te r  and so th e  f r in g e s  can be 

observed  th ro u g h  th e  m ic ro sco p e .

The e x p e rim e n ta l c o n d it io n s  f o r  th e  p ro d u c tio n  o f  

f in e  m u l t ip le  beam P iz e a u  f r i n g e s  in  th e  p r e s e n t  s tu d y  have 

been o b ta in e d  by

(1) c o a tin g  th e  r e fe re n c e  f l a t  w ith  s i l v e r  f i lm s  o f  h ig h  

r e f l e c t i v i t y  by  th e rm a l e v a p o ra tio n  ( t h i s  i s  a w e ll  e s ta b l is h e d  

te c h n iq u e ) th u s  e n s u r in g  th e  minimum a b s o rp t io n . The s u r fa c e  

under s tu d y  l i k e  th e  c le a v e d  c r y s t a l s  o f  z in c  had a n a tu r a l  

r e f l e c t i v i t y  o f  more th a n  8^o w h ile  f o r  o th e r  specim ens th e  

p o l is h in g  gave a h ig h  r e f l e c t i v i t y .

(2) u s in g  a m ercury  so u rce  w ith  W ra tten  77A f i l t e r  to  p roduce 

a m onochrom atic so u rc e .

(3) a p p ly in g  th e  m ic r o f l a t  te c h n iq u e  d e s c r ib e d  in  S e c tio n  5 

o f C h ap te r 4  i n  th e  c a se  o f  z in c  to  e n su re  a  sm a ll wedge a n g le .

(4) s e t t i n g  th e  o p t i c a l  a rrangem ent a s  shown in  f i g . (13) to  

make a p a r a l l e l  beam f a l l  n o rm a lly  on th e  in te r f e r o m e te r .

I t  h as a l r e a d y  b een  seen  t h a t  th e  P iz e a u  f r in g e s  

a re  f r i n g e s  o f  e q u a l th ic k n e s s  o f  th e  wedge. When th e  in c id e n c e
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i s  norm al and th e  gap i s  an a i r  gap a s  i s  in v a r ia b ly  th e  

c a s e , th e n  th e  h e ig h t  d isp la c e m e n t o f  s u c c e s s iv e  f r in g e s  

i s  w hich  means any d isp la c e m e n t can  be m easured as  a 

f r a c t i o n  o f  th e  d is ta n c e  betw een  a d ja c e n t  f r i n g e s  and th u s  

the  change in  h e ig h t  can  be m easured  a s  a f r a c t i o n  o f

^  = 2730 A u n i t s .

F r in g e s  o f  e q u a l ch ro m a tic  o rd e r .

The i d e n t i c a l  system  a s  w ith  F iz e a u  f r in g e s  

(but w ith  w h ite  so u rc e  and no f i l t e r )  i s  u se d , th e  image 

o f the  in t e r f e r e n c e  system  b e in g  p r o je c te d  on to  th e  s l i t  

o f th e  s p e c tro g ra p h . The e x p e r im e n ta l s e t  up f o r  th e  

f r in g e s  o f  e q u a l ch ro m a tic  o rd e r  i n  t r a n s m is s io n  i s  shown 

in  f i g . (14 )•  A i s  a w h ite  so u rce  th e  image o f  w hich i s  

p ro je c te d  on to  th e  c i r c u l a r  a p e r tu re  C by means o f th e  

condenser le n s  B. The l e n s  D sends a p a r a l l e l  beam o f  

l i g h t  ( s in c e  C i s  a t  th e  fo o u s  o f  th e  le n s  D) on to  th e  

in te r f e ro m e te r  E , th e  in c id e n c e  b e in g  n o rm a l. W ith th e  

m icroscope o b je c t iv e  th e  image o f th e  f i lm  E i s  p r o je c te d  

on to  th e  s l i t  Q o f  th e  s p e c tro g ra p h . The f r in g e s  ap p ear 

a t  H.

The fo rm u lae  g o v ern in g  the  fo rm a tio n  o f  th e se  

f r in g e s  i s  n  >' = 2 / i t  co s 6 ,

i f  M. =\ and 6 = 90°. .

th e n  n > ' = 2 t  o r t = ^ ^
+

F o r any f r in g e  ^  i s  a  c o n s ta n t .  I f  t  i s  

in c re a se d  by  an  amount St,  >\ in c r e a s e s  by an amount
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g iv en  by (( t  = ^  "  Hence i f  any one f r in g e  in

th e  spec trum  d e v ia te s  to w ard s th e  v i o l e t  (w hich means i s  

d e c re a s in g )  t h a t  shows t h a t  th e  in t e r f e r o m e t r i e  gap i s ,  

d e c re a s in g  and t h a t  th e r e  i s  a  " h i l l "  o r  " e le v a t io n "  in  

th e  s u r fa c e  u n d e r ex a m in a tio n  w ith  r e f e r e n c e  to  th e  o p t i c a l l y  

f l a t  second  s u r f a c e .  T h is  i s  siriown d ia g r a m a tic a l ly  i n  

f i g . (15)•  Each f r in g e  i s  th u s  a s e c t io n  o f  th e  s u r fa c e  

under ex a m in a tio n  a lo n g  th e  l i n e  th e  image o f  w hich i s  

p ro je c te d  on th e  s l i t  o f  th e  s p e c tro g ra p h .

In  o rd e r  to  m easure th e  change in  h e ig h t  on th e  

su rfa c e , i . e .  6 t  in  th e  e q u a tio n  above, th e  q u a n t i ty  n  

th e  o rd e r  o f a p a r t i c u l a r  f r in g e  and é \  th e  w aveleng th  

change c o rre sp o n d in g  to  5 t sh o u ld  be known. The l a t t e r  

can be o b ta in e d  from  th e  d i s p e r s io n  cu rv e  o f  th e  s p e c tro ­

graph by m easu rin g  th e  v a r i a t i o n s  in  th e  d is ta n c e  o f  th e  

f r in g e  from  a  s ta n d a rd  s p e c t r a l  l i n e  superim posed  on th e  

f r in g e  system  by  a m ercury  so u rc e . The q u a n t i ty  n  i s  

o b ta in a b le  s in c e  n  X, = (n + l )  f o r  two a d ja c e n t

o rd e rs  i . e .  n  = th e  o rd e r  f o r  b lu eA , —

end. o f th e  spec trum  b e in g  h ig h e r .  The v a lu e  o f  X| and 

can be a g a in  o b ta in e d  from  th e  d is p e r s io n  cu rv e  o f  th e  

i^ ec tro g rap h *

Thus i t  i s  p o s s ib le  to  c o n v e r t f r in g e  d isp lacem en ts  

in to  s u r fa c e  m easurem ents and hence a l i n e  s e c t io n  o f  th eI

su rfa c e  may be s tu d ied *
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In the present study a Vickers projection 
microscope was used to get the Fizeau fringes and along 
with it Hilger* s constant deviation spectrograph was used 
to obtain the fringes of equal chromatic order. In practice, 
with the slit of the spectrograph wide open, and setting the 
spectrograph for the green region, Fizeau fringes were viewed 
through the eyepiece and thus it was possible to locate the 
particular region where the line section was to be studied 
using the fringes of equal chromatic order.
3*2 PHASE OOMTRAST MICROSCOPY

The principles of phase contrast microscopy were 
first given by Zernicke (1 9 3 4 )« In this method slight 
variation in a wave-front produced say by slight non- ■ 
homogenitles of refractive index in the medium traversed 
could be transformed into corresponding variation of ampli­
tude and thus rendered visible as corresponding variations 
of (apparent) transparency. A good account of this 
technique is given by Bennett, Jupnik, Osterburg and 
Richards (1951 ).

F ig .  (16) sliows how th e  v a r i a t i o n  o f  phase  i s  

converted  i n to  v a r i a t i o n s  o f  i n t e n s i t y  in  th e  p la n e  o f  th e  

image. In  p a r t  (a ) th e  a n n u la r  d iaphragm  D i s  p la c e d  in  

the  f r o n t  f o c a l  p la n e  o f  th e  su b s ta g e  co n d en se r 0 o f an 

o rd in a ry  m icro scope  and an image o f  th e  l i g h t  sou rce  i s  

fo cu ssed  upon D by  th e  concave m ir ro r  M, and th e  hollow  

cone o f  l i g h t  f a l l i n g  on th e  o b je c t  i s  fo c u sse d  by th e
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o b je c t iv e  le n s  system  to  form  an image o f  D on th e  phase 

p la te  P (w hich o r d in a r i l y  c o n s i s t s  o f a d i e l e c t r i c  la y e r  

o f o p t i c a l  th ic k n e s s  9 assum ing t h a t  th e r e  i s  no

d i f f r a c t i o n  by  th e  o b jec t#  The s iz e  o f  t h i s  r in g  i s  to  

match th e  image o f  D. A t h i n  m e ta l l i c  f i lm  i s  d e p o s ite d  

i s  to  red u ce  i t s  t r a n s m is s io n .

L e t some s t r u c t u r e  on th e  o b je c t  cause d i f f r a c t i o n  

of th e  l i g h t  p a s s in g  th ro u g h  i t -  The c e n t r a l  p o r t io n  o f th e  

d i f f r a c te d  wave c o n tin u e s  u n d e v ia te d  and th e  rem ain ing  

p o r t io n  i s  d ev ia ted #  The u n d e v ia te d  wave w i l l  undergo  a 

phase change o f 'H'/a. on p a s s in g  th ro u g h  th e  phase  p l a t e .  B ut 

th e  d i f f r a c t e d  w a v e -f ro n t i s  a lre a d y  one (Quarter v ib r a t io n  

behind  th e  c e n t r a l  u n d e v ia te d  wave. (F o r s im p l ic i ty  suppose 

the  o b je c t  p ro d u ces  a  d i f f r a c t i o n  p a t t e r n  l i k e  th e  F ra u n h o fe r  

p a t t e r n  o f  a s in g le  a p e r tu re  a s  in d ic a te d  by th e  d o t te d  

curve below  p in  p a r t  (b)#) T h e re fo re  th e  phase  p l a t e  

b r in g s  th e  two waves in to  phase  r e s u l t i n g  i n  a la rg e  in c re a s e  

in  the i n t e n s i t y  a t  th e  f i n a l  image# R e ta rd in g  th e  d i r e c t  

l i g h t  by to  b r in g  th e  d i r e c t  and d i f f r a c t e d  waves in to

phase i s  c a l l e d  a  n e g a tiv e  phase  c o n t r a s t .  Here th e  p o r t io n s  

of th e  o b je c t  g iv in g  g r e a te r  r e t a r d a t i o n  a re  re n d e red  

b r ig h te r  th a n  th e  background . A dvancing th e  d i r e c t  waves 

by one q u a r te r  wave le n g th  g iv e s  r i s e  to  w hat i s  known as 

p o s i t iv e  phase , c o n t r a s t  where re g io n s  o f g r e a te r  r e ta r d a t io n  

a re  imaged d a rk e r  th a n  th e  background# G en e ra lly  th e  

d i f f r a c t e d  wave i s  much w eaker th a n  th e  u n d e v ia te d  wave and
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to  o b ta in  b e s t  r e s u l t s  th e  a n n u la r  p o r t io n  o f  th e  phase 

p la t e  i s  raade a b so rb in g  to  d e c re a se  th e  i n t e n s i t y  o f th e  

c e n t r a l  l i g h t .  Thus by in tro d u c in g  p h ase  changes i n  th e  

p lan e  o f  d i f f r a c t i o n  im ages in h o m o g en itie s  o f  th e  o b je c t  

p roduc ing  change in  o p t i c a l  p a th  i s  made v i s i b l e  p ro v id ed  

such an o b je c t  p ro d u c es  a d i f f r a c t i o n  p a t t e r n .  A lthough  

d i f f r a c t i o n  i s  n o t p ronounced  a s  t h a t  p roduced  by am plitude 

changes, su ch  a p a t t e r n  alw ays e x i s t s .

The a p p a ra tu s  u se d  in  th e  p r e s e n t  work was th e  

Cooke T rough ton  and Simms p h ase  c o n t r a s t  equipm ent f o r  

r e f l e c t i o n  f i t t e d  on to  a V ic k e rs  p r o je c t io n  m icro sco p e .

The arrangem en t i s  shown d ia g ra m a tic a l ly  in  f i g . (1 7 )« The 

annu lar d iaphragm  s e rv e s  a s  an e n tra n c e  p u p i l  o f  th e  o p t i c a l  

system . The l i g h t  sou rce  i s  fo c u sse d  on t h i s  by  th e  

condenser le n s  G. The f i e l d  le n s  and th e  o b je c t iv e  form 

a r e a l  Image Dg o f  th e  diaphragm  a f t e r  th e  l i g h t  has been  

r e f le c te d  from  th e  specim en s u r fa c e  and p a s s e d  th ro u g h  th e  

o b je c tiv e  a g a in .  Image Dg becomes th e  e x i t  p u p i l  and i t  

i s  h e re  t h a t  th e  p h ase  p l a t e  i s  lo c a te d .

In  t h i s  equ ipm ent, th e  o b je c t iv e  le n s e s ,  th e  

beam s p l i t t e r  and th e  p h ase  p l a t e  a re  mounted on th e  

o b je c t iv e .  The p r in c ip l e  o f  p o s i t iv e  phase c o n t r a s t  i s  

used w ith  a s in g le  p h ase  p l a t e  o f  80 p e r  c e n t a b s o rp tio n  

and g iv in g  a p h ase  r e t a r d a t i o n  o f  TT/i .  A d justm en ts can 

be made to  g e t  th e  s u r fa c e  o f  th e  specim en p e rp e n d ic u la r  to  

th e  o p t ic  a x i s  o f  th e  m icro scope  and to  superim pose th e
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image o f th e  a n n u la r  diapiiragm  e x a c t ly  on th e  an n u la s  o f 

th e  phase  p l a t e  by v iew ing  th e  back  f o c a l  p la n e  o f  th e  

o b je c t iv e  w ith  th e  a u x i l i a r y  m icroscope p ro v id e d .

U n lik e  b r ig h t  f i e l d  m icroscope where s l i g h t  s h i f t  

in  fo c u s  i s  u sed  to  observe  specim ens o f  low c o n t r a s t ,  phase 

c o n tra s t  m icro scope  g iv e s  th e  b e s t  c o n t r a s t  when th e  specim en 

I s  e x a c t ly  i n  fo c u s  and t h i s  g iv e s  a t r u e  r e p r e s e n ta t io n  o f  

the s u r fa c e  u n d er e x a m in a tio n . M oreover th e  phase  c o n t r a s t  

m icroscope i s  o p e ra te d  a t  f u l l  a p e r tu re  and th e r e  i s  

p r a c t i c a l l y  no d e c re a se  in  r e s o lu t io n .  A l i m i t a t i o n  o f t h i s  

method i s  t h a t  th e  s u r fa c e  sh o u ld  be s p e c u la r ly  r e f l e c t i n g  in  

order to  form  a sh a rp  image o f th e  a n n u la r  condenser diaphragm  

in  th e  b ack  f o c a l  p la n e  to  b e  a b le  to  make e x a c t su p e r-  

im p o s itio n  on th e  p lia se  p l a t e  a n n u lu s . Verj’- c o n t r a s ty  B20 

Kodak p l a t e s  were u se d  to g e th e r  w ith  a c o n t r a s ty  d ev e lo p e r 

Kodak D8 to  g e t  maximum c o n t r a s t .

3*3 LIQHT PRQPILB MIOHOSGOPY.

T h is  te c h n iq u e  d ev e lo p ed  by T olansky  (1951) was 

used in  th e  p r e s e n t  work when m u l t ip le  beam in te r f e ro m e try  

could n o t be a p p l ie d  due to  th e  c o a rs e n e s s  o f some o f  th e  

su r fa c e s  u n d er s tu d y . T h is  i s  a  c o n s id e ra b le  developm ent 

o f th e  l i g h t  c u t  p ro c e d u re  by S chm altz  (1936)» The l i g h t  

cu t method had s e v e r a l  d is a d v a n ta g e s  w hich were overcome 

w ith  th e  developm ent o f th e  l i g h t  p r o f i l e  where any m icro­

scope can  be u se d  a s  a p r o f i l e  m icroscope by making a m inor 

a d a p ta t io n  and h av in g  a u n iv e r s a l  i l lu m in a to r .
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P ig .  (18) shows th e  sch em a tic  a rran g em en t.

A i s  a  m onochrom atic sou rce  w hich i s  v e ry  n e c e s s a ry  as 

o f f - c e n t r e  i l lu m in a t io n  b r in g s  i n  se v e re  chrom atism , i s  

th e  condensing  l e n s .  8^ ® diaphragm  and Sg i s  th e

f i e l d  i r i s .  The p r o f i l e  i s  k e p t a s  n e a r  a s  p o s s ib le  to  th e  

f i e l d  i r i s  in  th e  u n iv e r s a l  i l lu m in a to r .  The p r o f i l e  

c o n s is t s  o f  a m ounted t h i n  w ire  o r a s c r a tc h  on a g la s s  o r 

the edge o f  a c o v e r s t r ip .  The m e ta l tongue r e f l e c t o r  M 

g iv es  th e  o f f - c e n t r e  i l lu m in a t io n .  O b je c tiv e  0 up to  2 mm. 

(o i l  im m ersion) can be u sed  to  o b ta in  h ig h  m a g n if ic a t io n .

E i s  th e  ey e p ie ce  where th e  image i s  se e n . In  a c tu a l  

p r a c t i c e ,  th e  s u r fa c e  X to  be s tu d ie d  i s  f i r s t  fo c u sse d  and 

then th e  p r o f i l e  i s  a d ju s te d  u n t i l  i t s  image i s  i n  th e  p lan e  

o f the  s u r fa c e  o f th e  specim en. The p r o f i l e  m a g n if ic a tio n  

i s  shown to  be where i  i s  th e  an g le  o f

inc idence  o f th e  i l lu m in a t in g  p e n c i l  o f  l i g h t ,  M. i s  th e  

r e f r a c t iv e  in d ex  o f  th e  medium su rro u n d in g  th e  s u rfa c e  and 

M i s  th e  m icroscope m a g n if ic a t io n . F o r p r a c t i c a l  p u rp o ses
t l r l

the p r o f i l e  c o n s ta n t  ^  i s  o b ta in e d  by  in te r f e r o m e t r ie  

c a l i b r a t i o n .  In  th e  c a se  o f  th e  2 mm. o i l  im m ersion 

o b je c tiv e  t h i s  c o n s ta n t  i s  1 so t h a t  th e  l i n e a r  magni­

f i c a t i o n  i s  e q u a l to  p r o f i l e  m a g n if ic a t io n .

An a d d i t io n a l  ad van tage  i s  t h a t  th e  d e p re s s io n  o r 

e le v a t io n  on a s u r fa c e  f e a tu r e  can be d e te c te d  a t  once from 

the  d i r e c t i o n  o f  d isp la c e m e n t o f th e  p r o f i l e  im age. Magni­

f i c a t i o n  up to  X2000 can  be u se d  and th e  accu racy  o f m easure­

m ents i s  o f  th e  o rd e r  o f  1000OA when t h i s  o b je c t iv e  i s  u sed .
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4*1 PREPARATIOH OP SIHOLE CRYSTALS

S in g le  o r y s t a l s  o f  z in c  were p re p a re d  from 

99*99 p e r  c e n t  p u re  z in c  by th e  same m ethod a s  g iv en  by 

Bridgman (1925). A p y re x  tu b e  c o n ta in in g  th e  m e ta l was 

low ered s lo w ly  th ro u g h  a v e r t i c a l  s i l i c a  tu b e  fu rn a c e  

m ain ta in ed  a t  a  te m p e ra tu re  o f  abou t 450°C em erging in to  

cool a i r .

The p y re x  tu b e  was drawn i n i t i a l l y  in to  th e  shape 

shown In  f i g .  (19) • The low er chamber A v/as abou t 4  mm. 

wide s e p a ra te d  from  th e  chamber B o f  d ia m e te r  abou t 1*5 cm. 

by a c a p i l l a r y  o f  v e ry  sm a ll d ia m e te r . A f te r  in tro d u c in g  

z inc  m e ta l i n  g ra n u la te d  form  in to  th e  chamber 0 th e  wide 

open end o f th e  tube  v/as n a rro w ly  drawn o f f  to  be connected  

to  a r o t a r y  pump. The system  was e v a c u a te d  f o r  a few m in u tes  

and th e  m e ta l in s id e  h e a te d  by  a bunsen  b u rn e r  w ith  th e  tube  

in  a n e a r ly  h o r iz o n ta l  p o s i t i o n ,  a g i t a t i n g  th e  m olten  m e ta l 

to  d r iv e  o f f  o cc lu d ed  g as  and th e  tu b e  was g iv e n  sudden je r k s  

so th a t  i t  flow ed  s lo w ly  in to  th e  A-B system  le a v in g  th e  

im p u r i t ie s  and o x id e  i f  any in  th e  Chamber 0 . The q u a n t i ty  

was a d ju s te d  to  f i l l  B a lm ost c o m p le te ly . I t  i s  alw ays 

b e t t e r  to  le a v e  a sm a ll q u a n t i ty  o f  th e  m e ta l in s id e  0 w ith  

th e  ox ide and s o l id  im p u r i t ie s  a t  th e  to p , a t  th e  same tim e 

le a v in g  th e  c o n s t r i c t i o n  f r e e  o f  any s o l i d  m e ta l . The tube 

was s e a le d  o f f  a t  th e  narrow  c o n s t r i c t i o n  betw een  B and 0»
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T h is  c o n s t r i c t i o n  sh o u ld  be th i c k  in  o rd e r  to  av o id  th e  

g la s s  b e in g  drawn in ,  due to  th e  e v a c u a tio n  o f th e  system , 

d u rin g  s e a l in g .  The c a p i l l a r y  betw een A and B a c ts  a s  a 

f i l t e r  a llo w in g  o n ly  one o f  th e  s e v e r a l  g r a in s  w hich may 

have form ed i n i t i a l l y  in  th e  low er p a r t  o f  A and t h i s  

Chamber was made f a i r l y  long  so t h a t  th e  moat fa v o u ra b ly  

s i t u a t e d  g r a in  m ight have as  much chance as  p o s s ib le  to  

form below  th e  f i l t e r  in s te a d  o f  above . The f i n a l  form  o f  

the tu b e  i s  shown i n  f i g # (2 0 ).

To th e  hook o f  t h i s  mould was t i e d  a v e ry  th in  

m etal w ir e ,  th e  o th e r  end o f  th e  w ire  was p a sse d  over a 

t in y  p u l le y  and th e n  wound over th e  s p in d le  o f  a re d u c tio n  

gear d r iv e n  by a m o to r. A f te r  lo w erin g  th e  tube in to  th e  

v e r t i c a l  fu rn a c e , i t  xms a d ju s te d  to  hang v e r t i c a l  w ith o u t 

touch ing  th e  s id e s  o f  th e  s i l i c a  tu b e  and l e f t  a t  the  

p o s i t io n  o f maxirmim te m p e ra tu re , c o v e rin g  a lm ost th e  whole 

le n g th  o f  th e  m ould, to  g e t  th e  m e ta l in  th e  m olten  s ta te #

The m otor was th e n  s t a r t e d  and th e  tube  was 

allow ed to  f a l l  down g ra d u a lly  th ro u g h  a f a l l i n g  tem p era tu re  

g r a d ie n t ,  th e  r a t e  o f  lo w erin g  o f th e  specim en was l e s s  th a n  

1 c n /h o u r . C r y s t a l l i s a t i o n  s t a r t e d  a t  th e  bottom  and th e  

s e l e c t iv e  a c t io n  o f  th e  c a p i l l a r y  cau sed  th e  c r y s t a l l i s a t i o n  

o f one l a r g e  c r y s t a l  in  th e  main p a r t  o f th e  tu b e , w ith  i t s

c y l in d r i c a l  shape .

Most o f th e  specim ens p re p a re d  in  t h i s  way were 

s in g le  c r y s t a l s  and th e  c leav ag e  p la n e  in  most c a se s  was n o t
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f a r  f ro n  b e in g  p e rp e n d ic u la r  to  tlie  le n g th  o f th e  c r y s t a l .

To d e te rm in e  th e  c leav ag e  p la n e ,  th e  c r y s t a l  hav in g  been  

removed c a r e f u l l y  from  th e  m ould was d ipped  in  l i q u id  a i r  

and a f t e r  th e  c r y s t a l  liad a t t a i n e d  th e  te m p e ra tu re  o f 

l i q u id  a i r ,  was talcen ou t and a l i g h t  blow was g iv e n  a t  th e  

narrow  p o r t i o n  o f th e  c r y s t a l .  I f  i t  i s  a s in g le  c r y s t a l  

the t i p  s p l i t s  a lo n g  th e  c lea v ag e  p la n e  eziposing th e  c lea v ed  

s u r fa c e . T h is  s e rv e d  a motlxod o f  d e te rm in in g  w hether th e  

c r y s ta l  was s in g le  o r n o t .  Only s in g le  c r y s t a l s  o f  z in c  

s p l i t  a lo n g  th e  c lea v ag e  p la n e .  Thus s in g le  c r y s t a l l i t e s  

o f about a  cm. t i i i e k  were c le a v e d  a lo n g  th e  le n g th  o f the 

c y lin d e r  f o r  th e  p u ip o se  of p r e s e n t  s tu d y  and were d r ie d  by 

a warm b l a s t  o f  a i r  from  a  h a i r  d r i e r .

4*2 TIE DOUhUa QOhE IiaXShTEh.

The form  o f the  do u b le  cone in d e n ts r  h as a lre a d y  

been  d e s c r ib e d  in  C h ap te r 2 S e c t io n  1 .

The h a rd n e ss  v a lu e  i s  g iv e n  by th e  r e l a t i o n

^D.O "  X where W i s  th e  lo a d  in  kg and A th e  

a re a  o f  u n re c o v e re d  im p re ss io n  in  sq.mm. An approxim ate 

v a lu e  f o r  A a s  g iv e n  by  G ro d z in sk i (1952) i s  a s  fo llo w s

A = tan(^<A'^
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Where oc = in c lu d e d  an g le  betw een th e  two c o n ic a l  fa c e s  

^ = r a d iu s  in  mm. o f  i n t e r s e a t i n g  c i r c u l a r  a rc . 

d =5 m easured  le n g th  in  mm. o f in d e n ta t io n .

% = 0 i s  a c o n s ta n t  f o r  th e  g iv e n  in d e n te r

H W
DO - T P

As y  = 2 mra. and a  = 154° in  th e  ca se  o f th e  

in d e n te r  u s e d , 0 works o u t to  he  e q u a l to  0*361

H  =  _ _ W ______

^  °  o * 3 6 i

The h a rd n e s s  v a lu e  f o r  a  c o n s ta n t  lo ad  v a r i e s  w ith  th e  

cube o f  th e  le n g th  o f  th e  in d e n ta t io n  (d) w hich  means 

th a t  any sm a ll v a r i a t i o n  i n  d le a d s  to  a la rg e  v a r ia t io n  

in  th e  v a lu e  o f h a rd n e s s . T h is  may be c o n s id e re d  an 

advan tage a s  i t  g iv e s  a h a rd n e ss  s c a le  o f g r e a t  sp rea d .

One sh o u ld  n o t f o r g e t  th e  f a c t  t h a t  th e  f a c t o r  G hav ing  

a le n g th  d iam ension  re d u c e s  d to  a sq u a re  fu n c tio n  th e  

same a s  i n  th e  V ic k e rs  and Knoop Ixardness fo rm u lae .

The v a lu e  o f  th e  w id th  o f  th e  in d e n ta t io n  does 

n o t e n t e r  i n  th e  fo rm u lae  f o r  th e  h a rd n e ss  num ber. I t  i s  

assumed t h a t  v e ry  l i t t l e  re c o v e ry  ta k e s  p la c e  in  th e  le n g th  

and t h a t  a l l  re c o v e ry  due to  d e fo rm a tio n  o c c u rs  a long  th e  

w id th . The in d e n te r  g iv e s  a sh a llo w e r d e p th  compared w ith  

le n g th  th a n  in  th e  case  o f  th e  pyram id and th e  Knoop ty p e s .

The n u m erica l com parisons a s  a p p lie d  to  a h a rd  

specim en a re  g iv e n  i n  th e  t a b le  below . (G ro d z in sk i)
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H.H. L ength
ion

W idth
mm

D epth
mm

W idth
L ength

D epth
L ength

D C 2013 0 .155 0 .005 0 .0015 ^^31
1 /
/1 0 3

V P 1678 0 .3 3 0 .3 3 0 .00475 1 %
K 1663 0.0925 0 .1 3 • 0 .0042 V 7 V'2 2

F o r z in c  u sed  in  th e  p r e s e n t  t e s t ,  th e  r a t i o  o f

w id th / le n g th  f o r  th e  D 0 was o f  th e  o rd e r  ® and d e p th / le n g th
1 / .
^60

4*3 MiTHOD OP MEA3URIHQ HARDNESS.

F o r making in d e n ta t io n s ,  th e  s ta n d a rd  m icro - 

ha rd n ess  t e s t e r  (Oooke T roughton  and Simms) s e t  up on 

a p r o je c t io n  m icro scope  was u se d  w ith  th e  double cone 

re p la c in g  th e  pyram id  in d e n te r  o b je c t iv e .

To s t a r t  w ith ,  th e  f i r s t  in d e n ta t io n  made shou ld  

be a long  a c e r t a i n  known d i r e c t i o n  on th e  c r y s t a l  fa c e  so  

t h a t  t h i s  co u ld  be made as  a r e f e re n c e  f o r  a l l  su b seq u en t 

in d e n ta t io n s  on th e  same s u r fa c e  a s  w e ll  a s  on th e  c leav ag e  

p la n e s  o f  o t l ie r  s in g le  c r y s t a l s  o f  z in c .  In  th e  p re s e n t  

s tu d y  o f  h a rd n e s s , th e  d i r e c t i o n  o f  tw in  t r a c e  seen  on th e  

c lea v ag e  fa c e  o f  th e  c r y s t a l  was ta k e n  as  th e  r e fe re n c e  w hich 

m eant t h a t  th e  le n g th  o f  th e  f i r s t  in d e n ta t io n  sh o u ld  be 

p a r a l l e l  to  th e  tw in  t r a c e .  An in d e n ta t io n  was made on th e  

c r y s t a l  a s  d e s c r ib e d  e a r l i e r  i n  th e  c h a p te r .  The ey ep iece  

was r o t a t e d  such  t h a t  th e  le n g th  o f  th e  in d e n ta t io n  was 

p a r a l l e l  to  th e  e y e p ie c e  g r a t i c u l e  s c a le .  The s ta g e  o f  th e  

m icroscope was th e n  r o t a t e d  and th e  tv /in  t r a c e  was b ro u g h t
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p a r a l l e l  to  th e  same sca le»  Then any o th e r  In d e n ta tio n  

made on th e  c r y s t a l  s u r fa c e  sh o u ld  he p a r a l l e l  to  th e  tw in  

t r a c e .  I n d e n ta t io n s  were made a t  10° i n t e r v a l s  by 

r o t a t i n g  th e  s ta g e  ( th e  specim en r o t a t e d  w ith  th e  s ta g e )  

th e  an g le  o f  r o t a t i o n  b e in g  g iv e n  b y  a s c a le  and v e r n ie r .  

The s ta g e  co u ld  a l s o  be moved a c ro s s  o r  l o n g i tu d in a l ly .

The le n g th  o f th e  in d e n ta t io n  was m easured  

a c c u r a te ly  by  p h o to g ra p h in g  i t  and m easu ring  th e  le n g th  o f  

th e  image u s in g  a t r a v e l l i n g  m icroscope re a d in g  to  0*001 cm, 

The ta p e r in g  o u t o f th e  end o f  th e  in d e n ta t io n s  i s  o f  g r e a t  

im portance  i n  m easu rin g  t h e i r  l e n g th .  The an g le  form ed by  

th e  Knoop in d e n ta t io n  w ith  th e  c e n tr e  l i n e  i s  y = 8°8* f o r  

a l l  le n g th s  o f  th e  in d e n ta t io n  w hereas th e  co rre sp o n d in g  

a n g le  i n  th e  double cone v a r i e s  w ith  th e  le n g th  o f  th e  

in d e n ta t io n  and i s  i n  g e n e ra l  g iv en  by th e  fon m ilae  

t a n  y » 3 c d . D uring  th e  p r e s e n t  s tu d y  a com parative  

v a lu e  was th e  m ain aim and hence t h i s  e r r o r  co u ld  n o t 

a f f e c t  th e  r e s u l t s  v e ry  much.

4*4 MICROFLAT TECHNIQUE

In  o rd e r  to  ap p ly  th e  in te r f e r o m e t r i c  tech n iq u e  

d e s c r ib e d  in  C h ap te r I I I  S e c t io n  1 f o r  s tu d y in g  th e  

d e fo rm a tio n  around th e  in d e n ta t io n ,  o rd in a ry  o p t i c a l  f l a t  

c o u ld  n o t b e  u se d  a s  th e  f l a t  when m atched a g a in s t  th e  

c le a v e d  s u r fa c e  d id  n o t  make th e  n e c e s s a ry  wedge an g le  due 

to  th e  ro u g h n ess  o f  th e  s u r fa c e  when a  la rg e  a r e a  was
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considei*ed. So the mioroflat technique suggested by 
Tolansky and Omar (1953) was followed. Microflats of 
the form shown A in fig.(21) with flat tops of very 
small diameter up to 1«0 mm, were made by the author 
in the laboratory following the same method of Pandya 
(1954) with slight improvements. An optical glass flat 
(true to ^/40 over quite a large area) was covered on 
both sides with galva cement to protect the surface from 
being scratched. A cylindrical piece of about 0*5 cm. 
in diameter was cut out using a cylindrical hollow drill, 
the pressure being applied slowly and intermittently. To 
facilitate cutting, a liquid paste of carborundum in water 
was often applied to the sxu’face. This small glass piece 
was then fixed to a metal rod with galva. The rod was 
fixed in a lathe and the glass piece was reduced to the 
required shape and size by grinding against carborundum 
powder spread over a copper strip wetted with water. The 
shape of the mioroflat shown in the figure was found to be 
more convenient as the area of the top surface could be 
reduced without reducing the area of the base and is found 
easier to manipulate when cleaning, mounting and silvering, 

A special type of jig (Pandya 1954) to hold the 
crystal and the mioroflat with the convenience of moving 
the crystal surface was used. Though this was an improve­
ment on the type described by Tolansky and Omar (1953) so 
that high power objectives up to 8 ram. could be used with
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th e  f l a t  c u t from  a p h o to g ra p h ic  p l a t e ,  th e  a u th o r  had 

to  make f u r t h e r  im provem ents f o r  an e a s i e r  ap p roach  to  

t h i s  te c h n iq u e . The in d e n ta t io n s  were s c a t t e r e d  over 

th e  s u r fa c e  o f  th e  c r y s t a l  and w ith  th e  o b je c t iv e  

fo c u sse d  th ro u g h  th e  one h o le  a t  th e  b ase  o f  th e  j i g  i t  

was found  v e ry  d i f f i c u l t  to  l o c a te  a  p a r t i c u l a r  in d e n t­

a t io n  even  w ith  th e  movement o f  th e  c r y s t a l  s u r fa c e  in  

two p e r p e n d ic u la r  d i r e c t i o n s  -  so a d i s c  o f  d ia m e te r  

2*5 cm. was c u t  o u t from  th e  b a se  o f  th e  j i g  and a n o th e r  

d is c  w ith  4  o r  5 h o le s  to  h o ld  th e  m io ro f la t  was made 

j u s t  to  f i t  in  a groove c u t i n  th e  b ase  ( c r o s s - s e c t io n a l  

view i s  shown in  f i g . (2 1 ). Then k ee p in g  th e  j i g  on th e  

s ta g e  o f th e  m ic ro sco p e , a f t e r  rem oving th e  d i s c ,  th e  

e x a c t p o s i t io n  was lo c a te d  by  moving th e  s ta g e  o r  moving 

th e  c r y s t a l  i f  n e c e s s a ry . The d is c  was th e n  re p la c e d  in  

p o s i t io n  and r o t a t e d  s l i g h t l y  so t h a t  l i g h t  c o u ld  be seen  

th ro u g h  any o f th e  h o le s ,  w hich con firm ed  t h a t  th e  su rfa c e  

r e q u ir e d  co u ld  be seen  th ro u g h  t h a t  h o le .  Then th e  

m io r o f la t  was p la c e d  a g a in s t  t h a t  h o le  and in te r f e r e n c e  

f r in g e s  o b ta in e d  by a d ju s t in g  th e  to p  sc rew s. Thus any 

p a r t i c u l a r  a r e a  o f th e  s u r fa c e  co u ld  be  s tu d ie d  u s in g  th e  

same h ig li pow er o b je c t iv e .  By ta k in g  th e  d is c  o f f ,  i t  

was p o s s ib le  to  ta k e  ra ic ro p h o to g rap h s o f  th e  d e s i r e d

m a g n if ic a t io n  o f  th e  s u r fa c e  w ith o u t rem oving th e  specimen,
Ï:
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QliAPTBR V.

HARDHESS TEST 1MDEITOATI0H8

S e v e ra l  c r y s t a l s  o f  z in c  were grown and 

c le a v e d  and doub le  cone in d e n ta t io n s  made a s  d e s c r ib e d  

in  th e  l a s t  C h a p te r , th e  le n g th  o f  th e  in d e n te r  in  th e  

i n i t i a l  c a se  b e in g  a lo n g  tîie[fa,T(û ^ and th e  s ta g e  r o ta te d  

th roug ii 10 d e g re e s  a f t e r  e v e ry  in d e n ta t io n .  The double 

cone h as  many ad v an tag es  over th e  pyram id  in d e n te r  f o r  

m easu ring  h a rd n e s s  v a r i a t i o n s  o f s in g le  c r y s t a l s .  The 

im p re ss io n s  have a much g r e a t e r  d iam ension  a lo n g  t h e i r  

le n g th  th a n  t h e i r  w id th  and th e  le n g th  i s  ta k e n  a s  a 

m easure o f  th e  h a rd n e ss  and any change in  le n g th  g iv e s  a 

v a r i a t i o n  i n  h a rd n e ss  i n  t h a t  d i r e c t i o n .  T h is  means th e  

h a rd n ess  and i t s  v a r i a t i o n  w ith  r e s p e c t  to  d i r e c t i o n  can 

be s tu d ie d .  A lso  th e  fo r c e  e x e r te d  by th e  in d e n te r  i s  

c o n c e n tra te d  in  th e  c e n tr e  o f th e  s id e  f a c e s  o f th e  

in d e n te r  and f a l l s  o f f  a t  th e  en d s, U n lik e  th e  pyram id 

where th e  e x te n t  o f  th e  f a c e s  i s  n o t  g r e a t  enough to  a llo w  

th e  fo rc e  due to  th e  in d e n te r  to  d im in ish  s u f f i c i e n t l y  

b e fo re  re a c h in g  th e  d ia g o n a l ed g e s . Due to  th e  square  

symmetry o f  th e  py ram id , though  th e  a n is o t r o p ic  n a tu re  o f  

th e  d e fo rm a tio n  i s  r e v e a le d , th e  d i r e c t i o n a l  e f f e c t  cannot 

be a c c u r a te ly  m easured .

A number o f  c r y s t a l s  w ere t e s t e d  and a whole 

s e r i e s  o f in d e n ta t io n s  w ere made. Only one exaiqple i s  

g iven  h e re  a s  th e  in d e n ta t io n s  in  a l l  o a se s  eire i d e n t i c a l
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( th e  lo a d  b e in g  th e  same) s in c e  th e  p la n e  o f  in d e n ta t io n  

i s  th e  same. C leaved  s u r f a c e s  a s  i t  w ere , w ere chosen 

f o r  t h i s  s tu d y  a s  th e  s u r fa c e  would th e n  be f r e e  from 

any d i s tu r b e d  la y e r  due to  p o l i s h in g  and w hich m ight 

a f f e c t  th e  h a rd n e ss  e s p e c i a l ly  when i t  was done on a 

m ic ro -sc a le #  A lso  p o r t io n s  o f  th e  s u r fa c e  which cou ld  

be ta k e n  a s  smooth f o r  a l l  o p t i c a l  p u rp o se s  were e a s i l y  

a v a i la b le  over th e  su rfa c e #  The f r in g e s  o v er th e se  

p o r t io n s  o f  th e  s u r fa c e  w ere a lm o st s t r a i g h t  and p a r a l l e l .  

Such s u r f a c e s  f r e e  from tw in s  and c leav ag e  l i n e s  were 

chosen in  w hich to  make th e  in d e n ta t io n s .  I t  was found 

how ever, t h a t  th e  p re se n c e  o f  th e  c leav ag e  l i n e s  n ea r th e  

in d e n ta t io n  d id  n o t a f f e c t  th e  v a lu e  o f  th e  h a rd n e ss .

5*1 OBSERVATIONS.

P ig s#  22 and 28 show th e  in te r fe ro g ra ra s  f o r  

each  in d iv id u a l  in d e n ta t io n  and th e  d i s t r i b u t i o n  o f th e  

flow  o f  th e  m a te r ia l  around th e  in d e n ta t io n  i s  shown very  

c l e a r l y  in  each  c a s e . By s l i g h t l y  p r e s s in g  th e  specim en 

tow ards th e  o p t i c a l  f l a t  i t  was found t h a t  th e  s h i f t  in  

th e  f r in g e  to  th e  top  was due to  th e  e le v a t io n  o f th e  

s u r f a c e .  Prom th e  amount o f  s h i f t  a s  a f r a c t i o n  o f  th e  

d is ta n c e  o f  th e  a d ja c e n t f r in g e  (th e  d is ta n c e  betw een two 

su c c e s s iv e  f r in g e s  co rre sp o n d s  to  a change in  wedge 

th ic k n e s s  ^  ) i t  can be seen  t h a t  th e  d i s t o r t i o n  i s  a 

maximum in  th e  i n i t i a l  ca se  ( f ig # 22) and as  th e  d i r e c t io n  

o f  th e  in d e n te r  i s  v a r ie d  th e  p l a s t i c  flo w  becomes more and
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more ev en ly  d i s t r i t u t e d  t i l l  th e  in d e n te r  makes an ang le 

o f  30° w ith  th e  o r i g i n a l  p o s i t io n  ( f i g . 2 5 ). At 60° th e  

f r in g e  p a t t e r n  i s  a lm ost i d e n t i c a l  w ith  t h a t  a t  0° a s  one 

co u ld  a n t i c i p a t e  from th e  s ix f o ld  symmetry o f (0001) p lan e  

o f  z in c  c r y s t a l  and th e  f r in g e  p a t t e r n  r e p e a ts  i t s e l f  f o r  

f u r t h e r  change in  d i r e c t i o n  o f  th e  in d e n ta t io n .  (In  

t h i s  c h a p te r ,  th e  p o s i t io n  o f  th e  in d e n te r  g iv e n  in  terras 

o f  d eg rees  means t h a t  th e  in d e n te r  makes t h a t  much ang le

w ith  th e  i n i t i a l  p o s i t io n  o f th e  in d e n te r ) .

The f r in g e s  o f e q u a l ch ro m a tic  o rd e r  tak en  

a c ro s s  a s e c t io n  p a r a l l e l  to  th e  le n g th  o f  th e  in d e n te r  

o f  f i g . 22, show th e  fo rm a tio n  o f two h i l l s  w ith  a v a l le y  

a t  th e  m idd le  ( f i g .  2 9 ). T h is  shovfs t h a t  th e  p i l i n g  up 

i s  i n  two d i r e c t i o n s  in c l in e d  to  th e  le n g th  o f th e  in d e n te r .

O lose ex am in a tio n  o f  th e  f r in g e s  w ith in  th e  

in d e n te r  shows t h a t  a t  th e  c e n tr e  th e re  i s  a 's in k in g  in* 

and on e i t h e r  s id e  o f  th e  c e n tr e  'p i l i n g  up* i s  shown 

Tfhere th e  f r i n g e s  move tow ards th e  in d e n ta t io n .  In  f i g . (23) 

th e  's in k in g  i n '  and 'p i l i n g  up* a re  see n , th e  's in k in g  in* 

moving f u r t h e r  away from th e  c e n tr e .  On th e  o th e r  s id e  o f 

th e  same in d e n ta t io n ,  th e  ' s in k in g  i n '  and ' f i l i n g  up ' a re

in  th e  same d i r e c t i o n  r e s p e c t iv e ly  as b e f o r e . In  f i g . (25)

th e re  a re  two * s in k in g  in* d i r e c t i o n s  on e i t h e r  s id e s  o f  th e  

c e n tre  p o s i t i o n  and a 'p i l i n g  u p ' a t  the  c e n tr e .  In  f i g . (28) 

th e  same f e a tu r e s  as  in  f i g .  (22) a re  se e n .
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A system of fringes can be seen inside the 
indentations* The depth of the indentations can be 
accnrately determined by counting the number of fringes 
inside each indentation. The depth was found to vary 
in the same manner as the length of the indentations.
The fringes are visible only along the major axis, as 
the sides of the indentations along the minor axis were 
too steep for the fringes to be resolved*

The length of the indentations in each case 
was found out by taking a photomicrograph of the indented 
surface and then measuring the length by a travelling 
microscope reading correct to 0.0001 mm. The readings 
are given below î-

TABLE I.

Direction Length
ratti.

X105

Hardness Ho. 
Kg/Sq. 

nnn.
Direction Length

mm.
X105

Hardness
Kg/Sq.

mm.

0 33 .513 17 .05 90 32.197 19 .21
10 33 .019 17 .80 100 32.894 18 .02
20 32.000 19 .58 110 33.164 17 .79
30 31.918 19 .72 120 33.465 17 .12
40 32.072 19 .45 130 33.132 1 7 .6 4
50 33.055 17 .75 140 32.477 18.72
60 33 .564 16 .97 150 32.390 18.88
70 33 .154 17.62 160 32.599 18.50
80 32.612 18.50 170 33.052 17.77

?he variation in hardness with direction is best 
shown by the polar plot (fig* 30). The radial distance 
from the centre represents the hardness measured in  t h i s
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direction on the crystal face. The curve very nearly 
forms one ha^f of a regular hexagon, with the initial 
direction bisecting the hexagon. The values of hardness
are maximum when measured along oô] and its family of
directions. This means that the direction of minimum 
hardness is measured along the close packed direction.
The values for the depth (as measured by counting the 
number of fringes inside) and the width are given below.

TABLE I I .

Direction Width in ram. 
X105

Depth 
No. of fringes

0 5 .6 3 7 20
10 5 .5 6 2 19
20 1+.464 18
30 1+.015 17
1+0 U.130 18
50 4 .7 2 3 18^
60 5 .2 8 3 19Î

F i g . (31) shows th e  v a r i a t i o n  o f d e p th  and w id th , 

fo l lo w in g  s im i l a r  v a r i a t i o n s  to  th o se  o c c u rr in g  in  th e  

le n g th .  The f r in g e s  in s id e  th e  in d e n ta t io n s  a re  o f  th e  

’Newton’ s  r i n g s ’ ty p e  a lo n g  th e  m ajo r a x is  o f  th e  im p ress io n  

a s  can be seen  from  th e  g raph  ( f i g . 3 2 ) , showing a l i n e a r  

r e l a t i o n  betw een  th e  sq u a re s  o f  th e  m easured d ia m e te rs  D 
o f  th e  f r in g e s  and th e  number o f  f r in g e s  coun ted  from th e  

c e n tr e  o f  th e  in d e n ta t io n .  The r a d iu s  o f  c u rv a tu re  was
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found to be of the order of 3 ram* But the radius of 
curvature of the indenter as measured Orodzinski is 
2 mm, which means that considerable elastic recovery has 
taken place in the depth of the indentation after removal 
of the indenter.
5*2 A n a ly s is  o f th e  d e fo rm a tio n .

D a n ie ls  and Dunn (1949) made a s tu d y  o f th e  

v a r i a t i o n  o f  Knoop h a rd n e ss  on s in g le  c r y s t a l s  o f  s i l i c o n  

f e r r i t e  and z in c .  Assuming t h a t  th e  fo rc e  e x e r te d  by th e  

in d e n te r  was a c t in g  p a r a l l e l  to  th e  l i n e  o f g r e a te s t  s lo p e  

o f  th e  f a c e t  o f  th e  in d e n te r ,  th e y  c a lc u la te d  th e  re so lv e d  

s h e a r  s t r e s s  on th e  s l i p  p la n e  a lo n g  th e  s l i p  d i r e c t i o n  and 

found  a p p a re n t agreem ent betw een th e  r e c ip r o c a l  o f  th e  

h a rd n e ss  v a lu e  and th e  v a lu e  o f th e  s h e a r  s t r e s s  f o r  d i f f e r e n t  

o r i e n t a t i o n s  o f th e  in d e n te r ,  i n  a l l  c a se s  ex cep t f o r  th e  

b a s a l  p la n e  o f  z in c .  M iebs in  a n o te  fo llo w in g  th e  p a p e r  

p o in te d  ou t t h a t  th e  fo rc e  d i r e c t i o n  norm al to  th e  fa c e  

w ould be more re a s o n a b le .  T olanaky and W illiam s (1955) 

s tu d ie d  th e  d i r e c t i o n a l  h a rd n e ss  w ith  a double cone in d e n te r  

on v i r g i n  f a c e s  o f  c a s t  s in g le  c r y s t a l s  o f t i n  and b ism u th . 

W illiam s in  th e  append ix  fo llo w in g  the, p a p e r  h as shown 

c o n s i s te n t  agreem ent betw een  th e  r e c ip r o c a l  o f th e  h a rd n ess  

v a lu e  and th e  v a lu e  o f sh e a r  s t r e s s  when th e  fo rc e  d i r e c t io n  

was ta k e n  norm al t o  th e  f a c e s .  I f  P i s  t h i s  fo rc e  a c t in g  

and <p th e  ang le  betw een  F and th e  norm al to  th e  p la n e  and A »
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th e  an g le  betv/een F and th e  o l ip  d i r e c t i o n ,  th e n  th e  

r e s o lv e d  coiiipouent o f th e  fo rc e  i n  tiie  s l i p  p la n e  a long  

th e  s l i p  d i r e c t i o n  i s  j  cos j) co s  ^  (B a r r e t t  1943) «

A c o r r e c t io n  f a c t o r  f o r  th e  p re se n c e  o f  a  c o n s t r a in in g  

fo rc e  on th e  s l i p  due to  th e  in d e n te r  w hich D a n ie ls  and 

Dunn c a lc u la te d  was a ls o  added to  th e  abovd e q u a tio n .

C o nsider th e  d e fo rm a tio n  o f th e  m e ta l to  be due to  th e  

con^)re8sion o f  lo n g  p a r a l l e le p ip e d  e lem en ts  whose lo n g  axes 

l i e  p a r a l l e l  to  and a lo n g  th e  d i r e c t i o n  o f  th e  fo rc e  F 

ca u s in g  th e  d e fo rm a tio n  and a s  each  e lem ent e lo n g a te s  by 

s l i p  th e re  i s  a c o n s t r a in t  on th e  l a t t i c e .  A p a r t i c u l a r  

s l i p  p la n e  w i l l  te n d  to  r o t a t e  ab o u t an a x is  A R in  th e  

s l i p  p la n e  S P and p e r p e n d ic u la r  to  th e  s l i p  d i r e c t io n  S D 

( f i g . 3 3 ). Due to  c o n s t r a in t s  th e  fo rc e  F h a s  a  maximum 

r o t a t i o n a l  e f f e c t  abou t an  a x is  H p e r p e n d ic u la r  to  P and 

p a r a l l e l  to  th e  le n g th  o f  th e  in d e n te r .  I f  ^  i s  th e  an g le  

betw een  th e  two a x e s , th e n  th e  l a r g e r  t h i s  a n g le , th e  l e s s  

w i l l  be  r e s o lv e d  sh e a r  s t r e s s  e f f e c t i v e  i n  p rom o ting  defonn- 

a t io n .  So a  m odify ing  fu n c t io n  w hich  would d e c re a se  th e  

re so lv e d  s h e a r  s t r e s s  a s  ^  in c r e a s e s  from  o  to  90® i s  

cos Y' hence th e  e f f e c t i v e  re s o lv e d  s h e a r  s t r e s s  i s  

Y cos % cos ^  cos

The v a lu e  o f  co s  X cos (ji co s X v a r ie s  a s  th e  

o r i e n t a t i o n  o f  th e  c r y s t a l  w ith  r e s p e c t  to  th e  in d e n te r  i s  

changed and i s  th e r e f o r e  a  f u n c t io n  o f  & betw een  th e  lo n g
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d ia g o n a l o f  th e  in d e n te r  and th e  in d ex  l i n e  on th e  specim en.
Fj  was assuraed c o n s ta n t  as  th e  lo a d  was th e  same 

th ro u g h o u t. The a n g le s  , X^amd ^  f o r  each  p o s i t io n

o f  th e  in d e n te r  were c a lc u la te d  w ith  th e  a id  of a s t e r e o -  

g ra p h ic  p r o je c t io n  o f th e  c r y s t a l  and th e  in d e n te r  u s in g  

th e  c r y s t a l  fa c e  a s  th e  p la n e  o f  p r o j e c t i o n .  The c r y s t a l  

fa c e  and the  s l i p  p la n e  were th e  same, and from th e  

d i r e c t i o n s  o f tw in  t r a c e ,  A S , S D were found . The 

p o s i t io n s  a re  siiown in  th e  s te ro o g ra p h io  p r o je c t io n  ( f i g . 34) » 

S in c e  th e  an g le  o f  th e  wedge o f  th e  double cone in  th e  w id th  

d i r e c t i o n  i s  154° (a s  g iv e n  by Q ro d s in sk i 1 9 5 2 .) , th e  ang le  

betw een  tlie  d i r e c t i o n s  o f P and P ' i s  26° and th e  p o s i t io n s  

o f  P and P* a s  th e  in d e n te r  r o t a t e s  a re  on a sm all c i r c l e  

w ith  th e  c e n tr e  o f  th e  p r o je c t io n  a s  i t s  c e n tr e  and ra d iu s  

e q u iv a le n t  to  13° on th e  W ulff n e t .  Hand H* were tak en  

a t  th e  ends o f  th e  d iam e te r o f th e  p r o je c t io n  in  th e  

d i r e c t io n  o f  th e  lo n g  d ia g o n a l o f the in d e n te r  ( th e  an g le  

o f th e  in d e n te r  a long  th e  m ajor a x is  i s  177° from  a 

m easurem ent o f th e  f r in g e  in s id e  th e  in d e n ta t io n )

The i n i t i a l  p o s i t i o n  o f  th e  in d e n te r  i s  p a r a l l e l  

to  one o f th e  s l i p  d i r e c t i o n s .  A R i s  th e  d i r e c t io n  

p e rp e n d ic u la r  to  t h i s  d i r e c t i o n .  The c o n s t r a in in g  f a c to r  

w hich i s  co s  Y' I s  z e ro  s in c e  Y' = 90°, th e  ang le

betw een th e  p o s i t io n  o f  H and A R) and th e  re so lv e d  sh e a r  

s t r e s s  a t  t h i s  p o s i t io n  i s  a minimum and hence th e  d e fo rm atio n
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pi-oduced hy  th e  in d e n te r  as  m easured hy  th e  le n g th  of 
th e  in d e n te r  sh o u ld  he a minimum, R o ta t io n  o f every 60° 

o f  th e  in d e n te r  i s  a lo n g  a s l i p  d i r e c t i o n  and hence th e re  

i s  a  minimum v a lu e  o f s h e a r  s t r e s s  re s o lv e d  a long  th e  s l i p  

p la n e  in  th e  s l i p  d i r e c t i o n  a t  each  o f  th e s e  p o s i t io n s .

T h is  i s  n o t in  agreem ent w ith  th e  ex p e rim e n ta l 

r e s u l t s .  The p o la r  p l o t  o f v a r i a t i o n  o f  h a rd n ess  w ith  

d i r e c t i o n  ( f i g . 30) shows t h a t  th e  h a rd n e ss  i s  a minimum 

a lo n g  th e  d i r e c t i o n s  o f s l i p .  . D isagreem ent betw een th e  

r e c ip r o c a l  o f  th e  Khoop h a rd n e ss  and s h e a r  s t r e s s  curve i s  

a ls o  r e p o r te d  h y  D a n ie l and Dunn in  th e  c a se  o f (0001) p la n e  

o f  z in c .

An a tte m p t i s  made to  e:% )lain t h i s  d isc re p a n c y  

in  th e  l i g h t  o f th e  d i s t o r t i o n s  form ed around th e  in d e n ta t io n . 

P ig s .  (35 to  ii-l) show a whole s e r i e s  o f  p h ase  c o n t r a s t  p h o to ­

g rap h s  o f  th e  in d e n ta t io n  c o rre sp o n d in g  to  th e  in te r fe ro g ra m s  

o f  f i g . (22 to  2 8 ). These t r a c e s  were n o t v i s i b l e  und er 

o rd in a ry  m icroscopy ; c a r e f u l  p liase c o n t r a s t  ad ju s tm en t was 

n e c e s sa ry  to  o b ta in  th e s e  p h o to g ra p h s . The t r a c e s  show a 

d e f i n i t e  e h r y s ta l lo g r a p h ic  o r i e n t a t i o n s  o r ie n te d  a long  s ix  

d i r e c t i o n s .  V/hen th e  in d e n te r  i s  a lo n g  ^ ^  d i r e c t io n s ,  

t r a c e s  a lo n g  two p a i r s  o f d i r e c t io n s  Co >3 0) and (iTo([| 

a re  more p ro m in en t th a n  th e  t h i r d  p a i r  C>o3 ol though a t  th e  

t i p  o f th e  in d e n te r  th e s e  t r a c e s  can  a ls o  be  seen . When th e



li-

)t\sb

m
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d i r e c t i o n  o f in d e n ta t io n  i s  tu rn e d , th e  t r a c e s  w hich are  

n o t p ro m in en t b e fo re  become more and more p rom inen t t i l l  

i t  re a c h e s  a p o s i t io n  30° to  th e  i n i t i a l  p o s i t io n  and 

th e r e  th e  s i x  d i r e c t io n s  a re  e q u a lly  p ro m in en t. The 

p a t t e r n  i s  re p e a te d  a t  60° degree  to  th e  o r ig in a l  p o s i t i o n ,  

i . e .  when th e  le n g th  o f  th e  in d e n te r  i s  a lo n g  th e  n e x t 

s l i p  d i r e c t i o n  o f th e  system . A d ia g ra m a tic  r e p r e s e n t ­

a t io n  o f  th e  t r a c e s ,  w ith  r e s p e c t  to  th e  in d e n te r  and th e  

h ex ag o n a l symmetry o f  th e  b a s a l  p la n e ,  a t  p o s i t io n s  0° 
and 30° a re  shown in  f i g s .  k.2 and 43 r e s p e c t iv e ly .

These t r a c e s  a re  due to  k in k in g , a mechanism 

f i r s t  r e p o r te d  by  Orowan (1942) and l a t e r  by  J i l s o n  (1950) 

and some o th e r s .  S in g le  c r y s t a l  w ire s  o f  z in c  o r cadmium 

e x tre m e ly  s o f t  i n  g e n e ra l  a re  as  h a rd  as  p o l l y c r y s t a l l i n e  

w ire s  when th e  s l i p  p la n e  i s  n e a r ly  p a r a l l e l  to  th e  a x is  

o f  th e  w ire  such  t h a t  th e  s l i p  mechanism canno t work in  

e x te n s io n  or com pression . Orowan a tte m p te d  to  o p e ra te  

g l id e  mechanism  i n  cadmium c r y s t a l s  o f such  o r i e n t a t i o n ,  

when th e  c r y s t a l s  w ere a x i a l l y  com pressed and when th e  lo a d  

in c r e a s e d ,  and he found t h a t  th ey  sudden ly  c o l la p s e d  by 

fo rm ing  p e c u l i a r  k in k s  w ith  sh arp  edges and he c la s s e d  t h i s  

k in k in g  a lo n g  w ith  s l i p  and tw in n in g  a s  one o f th e  th re e  

fu n d am en ta l mechanisms o f  d e fo rm a tio n  i n  m e ta l . J i l s o n  

su g g e s te d  " t h a t  t h i s  phenomenon, m a n ife s te d  i n  b en d in g , 

ru m b lin g , b u c k lin g  o r  k in k in g  and p ro b a b ly  i n  o th e r  form s
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may be th e  e s s e n t i a l  d i f f e r e n c e  betw een  th e  a p p a re n tly  

homogeneous s h e a r  o f  tw in n in g  and inhoraogeneous s h e a r  

o b serv ed  in  g l id in g  o r s l i p  p r o c e s s . ' . . .  In  o th e r  words 

b en d in g  o f th e  s l i p  p la n e  may be th e  more fu ndam en ta l 

phenomenon and inhomogeneous s h e a r in g  o f  s l i p  may be a 

c o n se q u e n c e .”

W ashburn and P a rk e r  (1952) p roduced  k in k in g  

in  z in c  s in g le  c r y s t a l s  deform ed in  te n s io n . They su g g e s t 

t h a t  a n o n -u n ifo rm  d i s t r i b u t i o n  o f  flow  p roduced  by o r  

com bined w ith  c o n s t r a in t s  a re  th e  c o n d i t io n s  le a d in g  to  

k in k in g .

C o n s id e r in g  th e  d e fo rm a tio n  around th e  in d e n t­

a t i o n ,  th e  p i l i n g  up i s  in  a  d i r e c t i o n  a t  r i g h t  a n g le s  to  

th e  k in k  t r a c e s .  The m a te r ia l  had  b een  pushed  up in  th e  

d i r e c t i o n  o f  s l i p  and th e  ben d in g  had ta k e n  p la c e  abou t an 

a x is  i n  th e  s l i p  p la n e  p e rp e n d ic u la r  to  th e  s l i p  d i r e c t i o n .  

The k in k  t r a c e s  on a m ic ro sco p ic  s c a le  were form ed, w hich 

were p a r a l l e l  to  t h i s  a x i s .  The f r in g e s  o f  e q u a l ch ro m atic  

o rd e r  ta k e n  a c ro s s  a s e c t io n  p e r p e n d ic u la r  to  th e s e  t r a c e s  

show th e  p i l i n g  u p . P i g . (44) shows th e  s e c t io n  when th e  

in d e n te r  w%s a lo n g  th e  i n i t i a l  d i r e c t i o n  and f i g . (45)> when 

th e  in d e n te r  was a t  30°. The p r o f i l e  o f the  d e fo rm a tio n  

a t  th e s e  two p o s i t io n s  a re  slaown g ra p h ic a l ly  in  f i g s .  (46 & 47) 

r e s p e c t iv e ly .  The o r ig in a l  l e v e l  i s  shown by  means o f 

b ro k en  l i n e s .  At 30o p o s i t io n  th e  m a te r ia l  s in k s  in
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below the original level very near the indenter and 
piles up away from the indenter. This sinking in can he 
noticed on either side of the centre of the indenter. The 
amount of piling up is also very much smaller than the 
zero position.

The kink traces extend much farther on either 
side of the indenter at 0° position than at 30° position. 
Taking the forces into consideration and assuming that the 
force is acting at the centre, then at 0° position, the 
components of this force will he acting along the two 
directions perpendicular to the kink traces since they are 
the directions of maximum piling up. When the indenter is 
at 30° position, the force acting at the centre is along 
the direction along which the defoimiation is taking place 
and hence should favour for more extensive deformation.
The observations are completely contrary to expectations. 
Even if it is assumed that kinking is a sort of restraint 
to slip or any other type of deformation, then the lesser 
the extent of kink traces, the greater should he the 
deformation.

The indentations are not geometrically similar 
for the same load in different directions as can he seen 
from these photographs. Though the force is maximum at 
the centre and decreases towards the edges, depending on the
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position of the indenter, the material may he pushed
greater or less in one direction than in another. The

;

anisotropic effect is seen in the width direction also.
There is one important observation which 

Daniel and Dunn had not mentioned. When the indenter 
was at 0°, invariably in all cases micro twins were seen 
on either side at the tips of the indenter whereas at 30° 
there was no evidence of micro twinning. This means that 
0° degree position is most favourable for the formation of 
twins. It can be said that the stress is relieved at this 
position by the formation of twins and hence a maximum 
deformation at this position. This is a very plausible 
explanation for the discrepancy between the resolved shear 
stress curve and the reciprocal of the hardness. Tolansky 
and Williams (1955) found that twinning had no effect on 
the hardness curve of bismuth. It should be understood 
that unlike the present case, deformation by slip was the 
primary mechanism and twinning was only a secondary 
phenomenon.
5*3 Hlffli-DISPERSIOH FIZBAU FRINGES-

F i g s . (48 , 4 9 , 50) show th e  s u r fa c e  s t r u c tu r e s  

f o r  in d e n ta t io n s  a t  0 ° , 30° and 60° r e s p e c t iv e ly .  These 

a re  v e ry  h ig h  d is p e r s io n  F iz e a u  f r i n g e s .  I f  th e  wedge 

a n g le . i s  re d u ced  so t h a t  th e  two s u r fa c e s  a re  a s  n e a r ly  

p a r a l l e l  a s  p o s s ib le  w ith  th e  r e s id u a l  a n g le s  s t i l l

/
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re m a in in g  due to  in h e re n t  to p o g ra p h ic a l  f e a t u r e s ,  a h ig h  

d i s p e r s io n  p a t t e r n  r e s u l t s  showing a com plete p i c tu r e  o f  

th e  s u r fa c e  re v e a l in g  w ith  h ig h  c o n t r a s t  m inute s t r u c t u r a l  

d e t a i l s .  I t  i s  n o t alw ays p o s s ib le  to  o b ta in  any q u an t­

i t a t i v e  in fo rm a tio n  abou t th e  h e ig h ts  (d ep th s) o f  f e a tu r e s  

from  su ch  a p i c t u r e .  However an a re a  o f un ifo rm  t i n t  

means t h a t  such  an a r e a  i s  o f  u n ifo rm  h e ig h t  (d ep th ) to  

w i th in  a v e ry  sm a ll f r a c t i o n  o f a l i g h t  wave. T o lansky  

and VVilcock (1946) have shown t h e o r e t i c a l l y  t h a t  a 10 p e r  

"cen t clmnge in  i n t e n s i t y  i s  p roduced  by a change in  d ep th  

o f  5 A U n its  in  th e  ca se  o f t ra n s m is s io n  f r in g e s  o f R a  0 .9 0 ,
t

I t  can be siiown th a t  in  th e  case  o f r e f l e c t i o n  

f r i n g e s ,  such  v e iy  h ig h  d is p e r s io n  f r in g e s  i s  a p o w erfu l 

m ethod f o r  d e te c t io n  o f changes in  th ic k n e s s  o f  th e  o rd e r  

o f 10 A u n i t s .  The u n ifo rm  t i n t  o f i n t e n s i t y  i s  d e te rm in ed  

by th e  d is ta n c e  betw een  th e  p l a t e s  i n  accordance w ith  th e  

A iry  fonrnalae maxima o c c u rr in g  a t  n  X = 2 t  where n i s  

an  i n t e g r a l .  The f r in g e  shape i s  such  th a t  th e  maximum 

t in t-o h a n g e  s e n s i t i v i t y  to  a change in  th ic k n e s s  o cc u rs  i f  

t  i s  s e le c te d  such  t h a t  a p p ro x im a te ly  h a l f  th e  peak
■ I.

i n t e n s i t y  i s  w ith in  th e  f i e l d  o f  v iew .
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T h e re fo re  ^  ^  R  (Maz)

^T2L«ï« .- .— - r  ( A l ly 's  fo rm u lae )

w here ^ ~ ikiLfe
h

when “SvU.  ̂ =. \  ̂ T h ia^a  maximum.

X  , -  i ± - l -
RCrW) 0-R.)’- -t-H-R 

T h e re fo re  e ^  f,

e \ - R ) \ n - R w ^ i

Supposing  a 10 p e r  c e n t change in  t i n t  

i n t e n s i t y  i s  p roduced  hy a change o f  t  to  t '  co rre sp o n d in g  

to  a new v a lu e  ^  (where 5 = iv ï ï t ' )

Then 1+ R _£ , _ C R

I f  R s  >7 w hich i s  u s u a l ly  u se d  f o r  sh a z r  and 

c o n t r a s ty  f r i n g e s ,  th e  v a lu e  o f  t  -  t '  = 14 A u n i t s .  Thus 

by  s e le c t in g  th e  c o r r e c t  v a lu e  o f  t  a change o f  t  14 A.Ü. 

i n  th e  to p o g ra p h ic a l  h e ig h t  can  be d e te c te d .

As a 10 p e r  c e n t change In  i n t e n s i t y  i s  r e a d i ly  

r e c o g n iz a b le ,  th e  m ethod i s  v e ry  u s e f u l  i n  r e v e a l in g  m inute
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a t r u o t u r a l  d e t a i l s .  The in d iv id u a l  k in k  bends can  be 

e a s i l y  d e te c te d  from  th e se  h ig h  d l i ^ e r s lo n  f r i n g e s .  Y et 

th e  in te r fe ro g ra in  a s  i t  i s  can n o t be  i n t e r p r e te d  s a f e ly .

5*4  VI0ŒR8 PYRAMID IHOBTITÂTIOITS.

Pyram id in d e n ta t io n s  were a ls o  made on th e s e  

c r y s t a l s  to  s tu d y  th e  n a tu re  o f  d e fo rm a tio n s  around i t .

In  th e  c a se  o f  th e  py ram id , though  an a b s o lu te  s tu d y  o f 

th e  d i r e c t i o n a l  v a r i a t i o n  o f  h a rd n e ss  cou ld  n o t be made, 

th e  a n i s o t r o p ic  n a tu re  o f th e  m e ta l cou ld  be e a s i l y  

d e te c te d .  I t  h a s  lo n g  been  e s ta b l i s h e d  t h a t  i n  th e  case  

o f  th e  sq u a re  p y ram id , th e  maximum fo rc e  a c t s  a t  th e  c e n tre  

and g r a d u a l ly  d e c re a s e s  tcurards th e  edges and th e  

" p in  cu sh io n "  and " b a r r e l  shaped" in d e n ta t io n s  a re  form ed 

in  a n n e a led  and work hardened  m a te r ia l  r e s p e c t iv e ly .

T o lansky  and H ick o le  (1952) made an e x te n s iv e  s tu d y  o f  

py ram id  in d e n ta t io n s  on i s o t r o p i c  a s  w e ll  a s  s in g le  c r y s ta ls .  

The s in g le  c r y s t a l  s tu d ie d  was t i n  (99*992'' p u r i t y )  p re p a re d  

b y  c a s t in g  th e  m o lten  m e ta l on a p o l is h e d  g la s s  p l a t e .  The 

Im p re ss io n  th e y  o b ta in e d  a f t e r  a  pyram id  in d e n ta t io n  was 

o f  I r r e g u l a r  sh ap e , two o p p o s ite  s id e s  b e in g  convex and two 

concave. In  acco rdance  w ith  O 'H e i l l ’ s  p r i n c i p l e  o f  sim ple 

g e o m e tr ic a l c o n s id e r a t io n s  assum ing th e  m e ta l rem ained  in  

c o n ta c t  w ith  th e  diam ond, th e  convex s id e s  sh o u ld  co rresp o n d  

w ith  th e  p lle d ~ u p  re g io n s  w h i l s t  th e  concave s id e s  were 

th o se  Tdiich had sunk in .  B ut i n  th e  case  o f s in t e r e d
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tu n g s te n  C a rb id e , a sm all s c a le  p i l i n g  up w ith  c o n c a v ity  

was o b se rv e d .'

P i g . (51) shows a pyram id  in d e n ta t io n  on z in c

(OOOl) f a c e  w ith  100 gtn. lo ad ."  The in d e n ta t io n  i s  n o t 

sy m m e tr ic a l. ' The c o n c a v ity  i s  c l e a r l y  se e n . The c o n c a v ity  

i s  p u r e ly  c r y s ta l lo g r a p h ic  and depends o n ly  in  a secondary  

manner on th e  p a r t i c u l a r  o r i e n t a t i o n  of th e  pyram id .

P ig » (52 ) shows th e  P iz e a u  f r in g e s  over th e  im p re ss io n . A 

s t r i k i n g  asym m etry i s  e v id e n t .  S ince th e  P e n ssn e r  su r fa c e  

o f  f r in g e  l o c a l i z a t i o n  b e in g  a t  some d is ta n c e  from th e  

' m e ta l s u r f a c e  th e  edges o f the  in d e n ta t io n  a re  ou t o f  fo c u s  

when th e  f r i n g e s  a re  i n  fo c u s .  There i s  a ’ s in k in g  in* a t  

th e  two d ia g o n a l ly  o p p o s ite  ends. U nlike in d e n ta t io n s  

p roduced  on I s o t r o p ic  m edia , th e  d i s t o r t i o n  p r o j e c t s  beyond 

th e ' d ia g o n a ls .  The s h i f t  o f  th e  s t r a i g h t  f r in g e  on th e
- J

l e f t  to w ard s  th e  t i p  o f  th e  d ia g o n a l end , shows t h a t  th e re  

i s  a  d e p re s s io n . I t  shou7.d be u n d e rs to o d  t h a t  t h i s  f r in g e  

i s  f a r t h e r  away from th e  a c tu a l  in d e n ta t io n .  The f r in g e s  

o f  e q u a l ch ro m a tic  o rd e r  ta k e n  a c ro s s  t h i s  p o s i t io n  ( F ig .53) 

shows t h i s  ' s in k in g  i n ’ e f f e c t .  The f r in g e s  o f  eq u a l 

c h ro m a tic  o rd e r  ta k e n  a c ro s s  th e  two concave s id e s  i s  v e ry  

r e v e a l in g  ( P ig ;5 4 ) . Here th e  m a te r ia l  r i s e s  r a th e r  a b ru p tly  

from  th e  in s id e  o f th e  in d e n ta t io n  and f a l l s  o f f  g ra d u a lly , 

th e  h e ig h t  above th e  o r i g i n a l  l e v e l  b e in g  o f th e  o rd e r  o f  

1100 À u n i t s .  Hence a s  in  th e  case  o f  s in te r e d  T ungsten
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c a p b id e , th e  o o n o av ity  h e re  i s  a ls o  a s s o c ia te d  w ith  a  

sm a ll s c a le  p i l i n g  u p . I t  h a s  a l r e a d y  heen  seen  from
con«

th e  shape o f  th e  d o u h le ^ in d e n ta tio n s  t h a t  th e re  i s  a 

m arked re c o v e ry  a f t e r  th e  in d e n ta t io n .  The d i r e c t io n s  

o f  maximum d e fo rm a tio n  re c o v e r  more th a n  th e  o th e r s .

Hence a lo n g  th e s e  d i r e c t i o n s  o f maximum d e fo rm a tio n , th e re  

o cc u r th e  p i l i n g  up and when th e  in d e n te r  has heen rem oved, 

th e  m a te r ia l  re c o v e rs  hack  p ro d u c in g  c o n c a v ity . Thus th e re  

i s  th e  s im u ltan e o u s  o c c u rr in g  o f p i l i n g  up and c o n c a v ity .

F i g . (55) shows th e  F ia e a u  f r in g e s  over a n o th e r  in d e n ta t io n .  

The f r i n g e s  o f  e q u a l ch ro m a tic  o rd e r  ( F ig .56 ) ta k e n  a c ro s s  

one o f  th e s e  concave s id e s  shows a g a in  th e  s h o r t  s c a le  

p i l i n g  u p . The p o s i t io n  o f th e  in d e n te r  was such a s  to  

p ro d u ce  a more sy m m etrica l Im p ressio n  th a n  in  th e  fo rm er c a s e . 

5 '4  SmftlARY OF RESULTS.

(1 ) The a n is o t r o p ic  n a tu re  o f  th e  c r y s t a l  

p la n e  i s  f u l l y  r e v e a le d .

(2 ) The h a rd n ess  a s  m easured a lo n g  th e  c lo se  

packed  d i r e c t i o n  i s  a minimum.

(3) T h is  i s  n o t  i n  accordance w ith  th e  r e s o lv e d  

s h e a r  s t r e s s  on th e  s l i p  p la n e  in  th e  s l i p  

d i r e c t i o n .

(I4.) At p o s i t io n s  where minimum h a rd n ess  i s  

m easu red , ra ic ro tv iin s  a re  form ed v e ry  n e a r  th e  en d s.
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(5) O onoavity  due to  sm a ll s c a le  p i l i n g  up 

i s  a l s o  re v e a le d .

(6) The fo rm a tio n  o f  k in k  t r a c e s  on a m ic ro sco p ic  

s c a le  i s  b e t t e r  r e v e a le d  th a n  e v e r  b e f o re .

X ray ex am in a tio n  o f  th e se  k in k  t r a c e s  b e fo re  

and a f t e r  a h e a t  tre a tm e n t shows a v e ry  i n t e r e s t i n g  

phenomenon and w i l l  be d e s c r ib e d  i n  th e  n e x t  C h ap te r.
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OHAPTER V I.

X-RAY EXAMINATION OP ZIKO CRYSTALS

6*1 SETTIHQ OP THE CRYSTAL.

A unloam  s in g le  c r y s t a l  gon iom eter was s e t  up»

In  o rd e r  to  g e t  th e  X -ray  beam h i t  a t  a p o in t  n e a r  th e  

I n d e n ta t io n ,  th e  c r y s t a l  fa c e  w ith  th e  in d e n ta t io n  on i t  

sho u ld  b e  p a r a l l e l  to  and c o in c id e n t  w ith  th e  r o t a t i o n  

a x i s .  To ac h ie v e  t h i s  o b je c t ,  th e  fo llo w in g  a d ju s tm en ts  

were made.

The c le a v e d  s in g le  c r y s t a l  o f  z in c  was mounted 

w ith  p l a s t i c i n e  on th e  a rc  w ith  th e  b a s a l  p la n e  p a r a l l e l  to  

one o f  th e  a r c s .  The f r o n t  s u r fa c e  o f th e  c r y s t a l  was view ed 

t h r o u ^  th e  te le -m ic ro sc o p e  w ith  th e  f r o n t  le n s  in  p o s i t io n .  

Throughout t h i s  d i a p t e r ,  th e  ’ f r o n t  su rface*  r e f e r s  to  th e  

s u r fa c e  w here in d e n ta t io n s  w ere made. The tw in  t r a c e s ,  th e  

d i r e c t i o n  o f  w hich  i s  (T i-T co u ld  be seen  on th e  su rfa c e  

and th e  h o r i z o n ta l  c ro ssw ire  was made to  c o in c id e  w ith  one 

o f  th e s e  t r a c e s .  A beam o f  l i g h t  was p a s se d  th ro u g h  th e  

c o l l im a to r  o f  v e ry  narrow  c y l i n d r i c a l  a p e r tu r e  (d iam e te r ^  mm) 

and th e  s p in d le  was r o t a t e d  t i l l  h a l f  th e  c i r c u l a r  p a tc h  o f  

l i g h t  was c u t  o f f  by  one edge o f  th e  c r y s t a l .  The c r y s t a l  

was th e n  tu rn e d  th ro u g h  180° a s  re a d  on th e  s c a le ,  about 

th e  v e r t i c a l  a x i s  and th e  c o l l im a to r  was a g a in  viewed th ro u g h  

th e  m ic ro sco p e . By su c c e s s iv e  ad ju s tm e n ts  o f  th e  a rc  and 

th e  s l i d e  p e rp e n d ic u la r  to  th e  b a s a l  p la n e ,  th e  c r y s t a l  was 

s e t  such  t h a t  h a l f  th e  c i r c u l a r  p a tc h  o f l i g h t  was c u t o f f
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by  th e  two edges o f  th e  f r o n t  fa c e  a t  th e  two p o s i t io n s  

r e s p e c t iv e ly .  At b o th  th e s e  p o s i t io n s  th e  f r o n t  fa c e  was

p a r a l l e l  to  and c o in c id e n t  w ith  th e  r o t a t i o n  a x is .
»

The s p in d le  was th e n  r o t a t e d  th ro u g h  9p° and 

a d ju s te d  t i l l  th e  i n t e r s e c t i o n  o f  th e  c ro s s w ire s  was v e ry  

n e a r  th e  in d e n ta t io n  a s  seen  th ro u g h  th e  m ic ro sco p e , th e  

h o r i z o n ta l  movement o f th e  c r y s t a l  b e in g  made o n ly  by  th e  

s l i d e  p a r a l l e l  to  th e  f r o n t  f a c e .  A f i n a l  check up o f  th e  

h o r i z o n ta l  c ro s sw ire  c o in c id in g  w ith  th e  tw in  t r a c e  was 

a ls o  made. The r o t a t i o n  a x is  was th e n  a long  th e  Q o T ^  

d i r e c t i o n .

A f te r  s e t t i n g  th e  c r y s t a l  a s  d e s c r ib e d  above, 

th e  s p in d le  was tu rn e d  such  th a t  th e  f r o n t  fa c e  o f th e  

c r y s t a l  was m aking an an g le  o f  5° w ith  th e  d i r e c t i o n  o f  

X -ray  beam and th e  c r y s t a l  o s c i l l a t e d  th ro u g h  a f u r t h e r  1 5 ° . 

6*2 EXPERHENTAL OBSERVATION.

P i g , (57) shows th e  o s c i l l a t i o n  p h o to g rap h  w ith  

cu k ( u n f i l t e r e d )  r a d i a t i o n ,  w ith  th e  beam h i t t i n g  n e a r  th e  

in d e n ta t io n .  The Powder a rc  a s s o c ia te d  w ith  th e  z e ro  la y e r  

r e f l e c t i o n  shows t h a t  th e re  i s  a s l i g h t l y  d is o rd e re d  re g io n  

round th e  In d e n ta t io n .  The s a t e l l i t e  s p o ts  on th e  f i r s t  

l a y e r  r e f l e c t i o n s  a re  a ls o  due to  th e  d e fo rm a tio n . A 

com parison  w ith  an o s c i l l a t i o n  p h o to g rap h  ( f i g . 58) in  w hich 

c a se  th e  X -ray  beam h i t  a t  some p o in t  f a r t h e r  away from  th e  

in d e n ta t io n  (th e  o s c i l l a t i o n  a x is  b e in g  th e  same as b e fo re )
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shows i d e n t i c a l  r e f l e c t i o n s  ex c ep t f o r  th e  s t r e a k s  

o b served  on th e  f i r s t  sp o t o f  th e  ze ro  la y e r  r e f le c t io n »

I t  can  a ls o  be seen  th a t  th e  s a t e l l i t e  s p o ts  have d isa p p e a re d .

A f te r  an n e a lin g  f o r  2 h o u rs  a t  38%  and fu rn ace  

c o o lin g , th e  same c r y s t a l  was s e t  ap p ro x im ate ly  as  b e fo re  

and a n o th e r  o s c i l l a t i o n  p h o to g rap h  was tak en  w i th , th e  X -ray  

beam h i t t i n g  n e a r  th e  in d e n ta t io n .  P i g . (59) shows t h i s  

o s c i l l a t i o n  p h o to g rap h . The r e f l e c t i o n s  a re  th e  same as 

b e fo re  b u t  th e  s a t e l l i t e  s p o ts  have become more p rom inen t 

and tlie  co n tin u o u s  s t r e a k s  sp re a d in g  on e i t h e r  s id e  o f th e  

f i r s t  sp o t o f  th e  ze ro  la y e r  r e f l e c t i o n  have been  re p la c e d  

by  d i s c r e te  s p o ts .

P ig s .  57a , 58a and 59a a re  th e  en la rg em en ts  o f  

th e  f i r s t  sp o t o f  th e  ze ro  l a y e r  r e f l e c t i o n  o f  F ig u re s  57,

58 and 59, r e s p e c t iv e ly .

6*3 DISCUSSION.

U ndoubtedly  th e  c o n tin u o u s  s t r e a k s  sp rea d in g  on 

e i t h e r  s id e ' have been  re p la c e d  by d i s c r e te  s p o ts  and i t  

m ust be im agined t h a t  th e  m ic ro g ra in s  form ed d u rin g  an n e a lin g  

have a c e r t a i n  shape d e f i n i t e l y  r e l a t e d  to  th e  g l id e  system  

o f th e  o r i g i n a l  c r y s t a l .  The p ro c e s s  o f p o ly g o n iz a tio n , 

where e l a s t i c  s t r e s s e s  a re  e l im in a te d , h as  ta k e n  p la c e  and 

th e  re g io n  ta k e s  up some mean o f  th e  range o f o r ie n ta t io n

o r i g i n a l l y  p r e s e n t  in  i t .

The p o ly g o n iz a tio n  in s id e  th e  c r y s t a l  a re  u s u a l ly
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revealed by the splitting of Laue spots, distorted into 
streaks (asterisms) by the initial deformation into a set 
of discrete spots as the substructure develops.

The splitting of asterisms in Laue X-ray 
photographs had been observed by a number of earlier workers, 
Andrade and Tisen (1937) and Konobeevsky and Mirer (1932).

Calm (1950) and Gulnier and Tennevin (1950) made
,vn.'

a detailed study describing the process of polygonization 
by, the production of dislocations and their subsequent 
assembly to form sub-boundaries.

Oahn has shown that a crystal readily polygonizes 
if it is plastically bent about an axis in the slip plane 
normal to the slip direction and then annealed at temperatures 
close to the melting point.

This is what had taken place in the present 
investigation. During the indentation, the material near 
the indentation had been bent about an axis in the slip 
plane and polygonization had taken place after annealing 
as shown by the flitting of the powder arcs into discrete 
spots.

According to Cottrell (1949, 1953) the initial 
defojwnation produces an excess of dislocations of the same 
sign which subsequently move through the slip plane during 
anneal to form stable arrays of dislocations. The crystal
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i s  no lo n g e r  sm oothly  b e n t h u t  c o n s i s t s ,o f  sm all b lo c k s  

o f  p e r f e c t  s t r u c t u r e  s e p a ra te d  by  w a lls  o f d i s lo c a t io n s .  

E ach  d i s c r e t e  sp o t w hich had  re p la c e d  th e  a rc  d u rin g  

a n n e a l co u ld  be a t t r i b u t e d  to  r e f l e c t i o n  from  p a r t i c u l a r  

sm a ll b lo c k  o f  good c r y s t a l .



PART B.

SaUDY OP OATHOEE OLOSr ETCHING
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OHAPTER I .

STRUCTURE OP BINARY ALLOYS

1*1 INTRODUCTION

C om binations o f  two o r more e lem en ts  o f  which 

one i s  a m e ta l  a re  c a l l e d  a l l o y s .  P rofound changes in  th e  

p r o p e r t i e s  b o th  p h y s ic a l  and chem ica l o f a p u re  m eta l may 

r e s u l t  i f  atom s o f  a second m e ta l o r atoms o f  a n o n -m e ta ll ic  

e lem en t a re  a l lo y e d  w ith  i t .  A llo y s  a re  o f  g re a t  im portance 

in  in d u s t r y ,  th e  s t e e l s ,  b r a s s e s ,  b ro n z e s , alum inium  a l lo y s ,  

t i n  a l lo y s  and c a s t  i r o n ,  e t c . .  Though p u re  m e ta ls  a re  

needed f o r  c e r t a i n  p u rp o se s  f a r  g r e a te r  q u a n t i t i e s  o f  th e s e  

a re  u se d  in  th e  form  o f  a l lo y s  w ith  o th e r  m e ta ls  and some­

tim e s  w ith  v e ry  sm a ll p ro p o r t io n s  o f n o n -m e ta ls  such a s  

carbon  and oxygen. Even i f  th e  a l lo y  i s  composed o f on ly  

two v a n i t i e s  o f atom s, when th e y  a r e  c a l l e d  b in a ry  a l lo y s ,  

th e r e  i s  an i n f i n i t e  v a r i e ty  o f  p ro p o r t io n s  o f one to  th e  

o th e r  and a s  l i t t l e  a s  *005 p e r  c e n t  may in  some c a se s  

a l t e r  th e  p h y s ic a l  and ch em ica l p r o p e r t i e s  o f  th e  m ajor 

e lem ent to  a la rg e  e x te n t ;  oxygen f r e e  cop p er shows a 

rem arkab le  to u g h n ess  in  th e  tw is t in g  t e s t .  0 .0 1  p e r  c e n t 

o f  su lp h u r  in  n ic k e l  makes i t  v e ry  b r i t t l e .  A v e ry  sm all 

p e r  c e n t o f  carbon  in  i r o n  a l t e r s  c o n s id e ra b ly  i t s  m agnetic  

p r o p e r t i e s .

M eta ls  and a l lo y s  i n  th e  s o l id  s t a t e  have 

d i f f e r e n t  d i s t i n c t i v e  l a t t i c e  s t r u c tu r e s  w hich may be term ed
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p h a a e s . The s t r u c t u r e  o f  e a c h  o f th e  many a l lo y s  

betw een  two g iv e n  m e ta ls  dejpends i n  g e n e ra l upon th e  

c o n d i t io n s  u n d e r  w hich i t  i s  c o o le d . But f o r  an a l lo y  o f  

p a r t i c u l a r  co m p o s itio n  th e re  i s  a t  each  com bina tion  o f 

te m p e ra tu re  and p re s s u re  an e q u i l ib r iu m  s t a t e  to  w hich th e  

a l lo y  g ra d u a l ly  re a c h e s  i f  k e p t  u n d er s p e c i f ic  c o n d it io n  

f o r  s u f f i c i e n t  t im e . S in ce  th e  s t a t e  o f  t r u e  e q u ilib r iu m  

i s  d e te rm in ed  co m p le te ly  by th e  co m p o sitio n  and tem p era tu re  

( s l i g h t  v a r i a t i o n  in  p re s s u re  p ro d u c es  n e g l ig ib le  e f f e c t )  

d iag ram s can be drawn to  show th e  s t r u c tu r e  o f th e  a l lo y  in  

te rm s o f th e s e  v a r i a b l e s .  Such d iag ram s a re  c a l l e d  e q u i l ­

ib riu m  d iag ram s o r  c o n s t i t u t i o n a l  d iag ram s.

1*2 EQUILIBRIUM DIAGRAM.

The ab^c.issa o f  th e  e q u i l ib r iu m  diagram  r e p re s e n ts  

th e  co m p o sitio n  and th e  v e r t i c a l  a x is  th e  tem p e ra tu re  ra n g e .

The l i n e  p a s s in g  th ro u g h  a l l  th e  p o in t s  which 

r e p r e s e n t  te m p e ra tu re s  a t  w hich a l lo y s  o f  d i f f e r e n t  

co m p o sitio n  b e g in  to  f r e e z e  o r  a t  which m e ltin g  i s  com plete 

i s  known a s  th e  l i q u i d a s . Below t h i s  w i l l  be a curve 

jo in in g  p o in t s  w hich r e p r e s e n t  th e  te m p e ra tu re  a t  which 

s o l i d i f i c a t i o n  i s  j u s t  com plete on c o o lin g  o r m e ltin g  j u s t  

s t a r t s  on h e a t in g .  T h is  i s  c a l le d  th e  s o l id u s .  Any p o in t  

w ith in  th e  c o n f in e s  o f  th e  d iagram  r e p r e s e n ts  an a l lo y  o f  

d e f i n i t e  co m p o sitio n  a t  a  d e f in i t e  te m p e ra tu re . The compo­

s i t i o n  i s  o b ta in e d  by draw ing  a v e r t i c a l  l i n e  to  c u t th e
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h o r iz o n ta l  a x is  w h ile  th e  tem p era tu re  i s  o b ta in e d  by
, .*■ -t , ■'

draw ing a h o r iz o n ta l  l i n e  to  ou t th e  tem p era tu re  a x is .

When tlie  two components o f th e  a l lo y  a re  m e ta ls , 

th e  p h a se s  a re  e s s e n t i a l l y  s o l id  s o lu t io n s  as  th e re  i s  alw ays 

some amount o f  m utual s o l u b i l i t y  betw een th e  two m e ta ls . The 

s in g le  p h ase  re g io n  may som etim es ex ten d  over th e  whole range 

o f co in p o sitio n  from one m eta l to  the o th e r  o r i t  may be so 

r e s t r i c t e d  to  approxim ate to  a pu re  m e ta l o r  a chem ical 

conpound o f  f ix e d  com position  in te rm e d ia te  in  com position  

betv/een th e  two com ponents. As th e  r e l a t i v e  p ro p o r tio n s  o f 

th e  two m e ta ls  a re  p ro g re s s iv e ly  v a r ie d ,  th e  a l lo y  may change 

from a s in g le  phase  hav ing  th e  s t r u c tu r e  c h a r a c t e r i s t i c  o f  th e  

f i r s t  m e ta l to  a m ix tu re  o f  two p h a se s , th e n  to  a s in g le  phase  

o f th e  second  o f  th e se  and so on, f in i s h in g  th e  s e r ie s  w ith  a 

s in g le  phase  conform ing to  th e  l a t t i c e  o f  th e  second m e ta l. 

T h is  s e r i e s  o f s o l id  s o lu t io n s  a re  u s u a l ly  r e f e r r e d  to  in  

o rd e r  by  o t, P, y, and so on.

S o l id  s o lu t io n s  a re  o f  two ty p e s ,  s u b s t i tu t io n a l  

s o l id  s o lu t io n s  where atom s o f  th e  s o lu te  m e ta l elem ent 

re p la c e  atoms o f th e  so lv e n t  m e ta l a t  random p o s i t io n s  w ith in  

th e  s o lv e n t  m e ta l l a t t i c e  and i n t e r s t i t i a l  s o l id  s o lu t io n s  

where atom s o f  th e  s o lu te  m e ta l lo c a te d  a t  random p o s i t io n s  

betw een th e  atoms o f  th e  s o lv e n t m e ta l l a t t i c e .  I n te r m e ta l l lc  

compounds d i f f e r  from s o l id  s o lu t io n s  in  hav in g  l a t t i c e s  w ith  

th e  atoms o f  th e  e lem en ts in  a r e g u la r ly  o rd e red  arrangem ent.
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Wlien an a l lo y  i s  h e a te d  o r coo led  over a 

range  o f te m p e ra tu re  which i s  w ith in  th e  a re a  o f th e  

diagram  no e s s e n t i a l  change o ccu rs  in  i t s  s t r u c tu r e .

In  F ig .  ( l )  an a l lo y  c o n ta in in g  80 p e r  c e n t o f  

copper c o n s i s t s  o f two s o l id  s o lu t io n s  oc and /3 betw een 

587°C and 798°C. To f in d  th e  com position  and r e l a t i v e  

amounts o f oc and /s a t  750°0 draw a h o r iz o n ta l  l i n e  a c ro ss  

th e  diagram  a t  t h i s  tem p era tu re  c u t t in g  th e  boundary o f  the  

p u re  «C phase  a t  A and th a t  o f pure. /S f i e l d  a t  B. And 

th e  p e rc e n ta g e  o f  c* and /a w hich e x i s t  to g e th e r  a t  750° 

in  th e  a l lo y  u n d er c o n s id e ra t io n  i s  86 p e r  cen t and 78 p e r  

c e n t o f copper re sp e c tiv e lj '- .  The com positions o f oC and p 

would be th e  same a t  750°C f o r  any a l lo y  w ith in  th e  compo­

s i t i o n  re p re s e n te d  by A and B.

The r e l a t i v e  p ro p o r t io n s  o f «. and js a t  750°C 

a re  g iv en  by : n : &c ■. ac  . t h i s  i s  known as  th e  

l e v e r  p r i n c i p l e .  On co o lin g  to  650°C th e  com positions 

o f o(. and p  a re  g iv en  by D and E r e s p e c t iv e ly  (86 and 

77 p e r  c e n t o f  copper) and th e  r e l a t i v e  amounts (X-. p -.-.

T hat means on c o o lin g  from 750° to  650°, th e  (i c o n s t i tu e n t  

o f  th e  a l lo y  becomes somewhat r i c h e r  in  t i n  b u t t h i s  i s  

accom panied by  a re d u c tio n  in  th e  amount o f h p re s e n t .

When th e  atom ic d ia m e te rs  o f two m e ta ls  a re  very  

n e a r ly  e q u a l,  t h a t  i s  to  say when th e  s iz e  f a c to r  i s  v ery  

fa v o u ra b le , th e  e q u ilib r iu m  diagram  i s  u s u a l ly  o f  the form
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shown in  f i g . (2) where a com plete range o f s o l id  

s o lu t io n  i s  form ed. Here th e  atom ic d iam eter i s  usually- 

d e f in e d  a s  th e  c lo s e s t  d is ta n c e  betw een two atoms in  th e  

c r y s t a l  o f th e  elem ent concerned . F or a g iven  s o l id  

s o lu t io n  th e  s iz e  f a c to r  i s  th e  d if f e r e n c e  between th e  

a tom ic d ia m e te rs  o f  th e  so lv e n t and th e  s o lu te  ex p ressed  

a s  a p e rc e n ta g e  o f  th e  atom ic d iam ete r o f th e  so lv e n t and 

u s u a l ly  i f  th e  s iz e  f a c t o r  i s  l e s s  th a n  15 p e r  c e n t ,  i t  i s  

c o n s id e re d  fa v o u ra b le .

In  some c a se s  where th e  s iz e  f a c to r  i s  n o t q u ite  

so fa v o u ra b le  a s  t h a t  g iv in g  r i s e  to  f i g .  (2 ) , th e  l iq u id a s  

i s  of th e  type shown in  f i g .  (3) and th e  l iq u id a s  and 

s o l id u s  p a s s  th ro u g h  a minimum where th e  two cu rv es to u ch . 

The a l lo y  o f minimum f re e z in g  p o in t  th en  p a sse s  from th e  

s o l i d  to  the  l i q u id  s t a t e  a t  one tem p era tu re  and f re e z e s  

l i k e  a pu re  m e ta l w h i ls t  a l lo y s  on t i i e i r  s id e  f re e z e  over 

a ran g e  o f te m p e ra tu re . The homogeneous s o l id  s o lu t io n  on 

c o o lin g  s p l i t s  up in to  two s o l id  s o lu t io n s  o f th e  same 

c r y s t a l  s t r u c tu r e  b u t d i f f e r e n t  co m p o sitio n s . The curve 

X y 2 w m r e p r e s e n ts  th e  l im i t  o f th e  s o l id  s o lu t io n  and 

an a l lo y  ?  ly in g  w ith in  t h i s  curve c o n s is t s  o f two s o l id  

s o lu t io n s  o f com p o sitio n  y and w «

E u te c t ic  system*

The e q u il ib r iu m  diagram  o f a h y p o th e tic a l  a l lo y  

system  o f  two m e ta ls  A and B w hich a re  c o n p le te ly  so lu b le
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in  one a n o th e r  i n  th e  l i q u id  s t a t e  h u t  co in p le te ly  

In s o lu b le  in  th e  s o l id  s t a t e ,  i s  shovm in  f i g .  (i+)- The 
a l lo y  c o n ta in in g  85 p e r  c e n t o f A on co o lin g , from th e  

l i q u i d  s t a t e  b e g in s  to  s o l i d i f y  a t  a  tew peratui*e c o r r e s ­

pond ing  to  X and pu re  cz’y a t a l s  o f A a re  form ed.

The rem a in in g  l i q u i d  becomes r i c h e r  in  B. Tixis new 

l i q u i d  r i c h e r  i n  3 h as a lov/er f r e e z in g  p o in t  and no 

f u r t h e r  d e p o s i t io n  o f  A c r y s t a l s  from t h i s  l i q u id  can 

ta k e  p la c e ,  u n t i l  i t s  te m p e ra tu re  h as  dropped s l i g h t l y  

when th e  d e p o s i t io n  o f  p u re  c r y s t a l s  o f A w i l l  be 

resum ed. A t a ûeiqperatu re  t ^  l i q u id  : s o l i d  ; { ?Q ; Qk 

ViThen th e  te m p e ra tu re  h as  f a l l e n  to  tg  s t i l l  more c r y s t a l s  

o f  A iiave c r y s t a l l i z e d  o u t. . The l i q u id  lias a  com position  

g iv e n  by th e  p o in t  3 ,  i . e .  55 p a r  c e n t o f A. The 

p ro p o r t io n  i s  l i q u i d  ; s o l i d  ; ; OV : VE. The l i q u id  now 

s o l i d i f i e s  s h a i^ ly  w ith o u t f u r th e r  change in  tem p era tu re  to  

form  an in t im a te  m ix tu re  o f  A and 3  which i s  d e p o s ite d  

round  th e  c r y s t a l s  o f p u re  A a lre a d y  form ed. T h is 

m ix tu re  i s  known a s  a e u t e c t i c  m ix tu re . The p o in t  E i s  

known a s  th e  e u t e c t i c  p o in t  and th e  d i s s o c ia t io n  o f tiie  

e u t e c t i c  l i q u id  o f co m p o sitio n  B in to  c r y s t a l s  A and B 

i s  known a s  th e  e u t e c t i c  r e a c t io n  and may be w r i t t e n

c o o lin gLiquid E Drystals A + Crystals B
lieating
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A llo y a  o f A and B c o n ta in in g  l e s s  th a n  

3 5  p e r  c e n t  o f  A behave s im i l a r ly  b u t b e g in  by d e p o s i t in g  

c r y s t a l s  o f  p u re  B. The e u t e c t i c  i s  form ed a t  tg  a s  

b e fo re  o f  th e  same co m p o sitio n  from w hatever a l lo y  i t  

s e p a r a te s .  The s t r u c tu r e  o f th e  a i lo y s  d u rin g  s o l id ­

i f i c a t i o n  a r e  shown d ia g ra m a tic a l ly  in  th e  s id e s  and 

bottom  o f f i g . (4 ) .

The s o l i d i f i c a t i o n  o f a l l o y s ,  th e  two components 

o f  w hich  a re  c o m p le te ly  s o lu b le  in  one a n o th e r in  th e  

l i q u i d  s t a t e  and p a r t i a l l y  s o lu b le  in  th e  s o l id  s t a t e  a re  

v e ry  s im i l a r  to  th e  sim ple  e u t e c t i c  a l l o y s .  In  t h i s  case 

each  m e ta l i s  a b le  to  h o ld  a c e r t a i n  amount o f  o th e r  in  

s o l i d  s o lu t io n .  A s im p le  diagram  o f t h i s  type i s  shown 

in  f i g .  (5)» E i s  th e  e u t e c t i c  p o in t .  The a l lo y  o f 

30 p e r  c e n t A on c o o lin g  from y , s t a r t s  s o l i d i f i c a t i o n  

a t  te m p e ra tu re  t^ and th e  s o l id  form ed i s  th e  p  s o l id  

s o lu t io n  o f co m p o sitio n  I'l c o n ta in in g  about 7 p e r  c e n t o f  

A. As b e fo re  th e  l i q u id  becomes r i c h e r  in  A, th e  

te m p e ra tu re  f a l l s  and more s o l id  i s  d e p o s ite d . The 

co m p o s itio n s  o f  th e  s o l id  and l i q u id  v a ry  c o n tin u o u s ly  

a lo n g  th e  l i n e s  B G and B B.

At t . ,  , th e  s o l id  has a com position  G and 

th e  l i q u i d  c o n ta in s  35 p e r  c e n t o f  B. The l a t t e r  now 

s o l i d i f i e s  as  e u t e c t i c  and th e  a l lo y  c o n s is t s  of p> s o l id  

s o lu t io n  and e u t e c t i c  in  th e  p ro p o r t io n  E K : K G. As
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th e  te m p e ra tu re  f a l l s  below t g ,  th e  p s o l id  s o lu t io n  can 

no lo n g e r  h o ld  i n  s o lu t io n  a l l  th e  A i t  c o n ta in s  and 

b e g in s  to  s p l i t  up in to  a m ix tu re  o f ot and p, . At 

t ^  th e  a l lo y  i s  made up o f th e  e u t e c t i c  m ix tu re  o f oC and p ,

and a . f u r th e r  m ix tu re  o f  cA and p d e r iv e d  from tiie

d ec o m p o s itio n  o f  p s o l i d  s o lu t io n  G in  th e  r a t i o  o p  : Me 

A llo y s  betw een  82 and 65 p e r  c e n t  o f A s o l i d i f y

in  a s im i l a r  way. B ut th e  f i r s t  s o l i d  to  s e p a ra te  i s  «•

P e r i t e c t i c  r e a c t io n .

U n lik e  th e  e q u il ib r iu m  diagram  d e sc r ib e d  above, 

in  some system s when tv/o s o l id  s o lu t io n s  a re  form ed, th e  

f r e e z in g  p o in t  o f  th e  one m eta l i s  r a i s e d  by th e  a d d i t io n  

o f th e  o th e r  and th e  ty p i c a l  e q u il ib r iu m  diagram  i s  o f th e  

form  shown in  f i g . (6 ) .  At th e  te m p e ra tu re  o f th e  h o r iz o n ta l  

GDP, l i q u i d  phase  o f co n ip o sitio n  P i s  in  e q u ilib r iu m  writh 

o f  co m p o sitio n  0 , and @ o f  co m p o sitio n  D, and on 

p a s s in g  th ro u g h  t h i s  tem p era tu re  a l l  a l lo y s  o f co m p o sitio n s 

be tw een  0 and F w i l l  under e q u il ib r iu m  c o n d it io n s  undergo 

th e  r e a c t io n
c o o l i ^

l i q u id  ?  + s o l id  0 s o l id  D
h e a tin g

T h is  i s  Icnown as th e  p e r i t e c t i c  r e a c t io n .

E u to c to id  and p e r i t e c to i d  t ra n s fo rm a tio n .

I n  a e u t e c t i c  r e a c t io n  a s in g le  l iq u id  phase  

s p l i t s  up on c o o lin g  in to  two s o l id  p h a se s  and c o n v e rse ly
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two s o l i d  p h a se s  when h e a te d  m e lt to  form  one l iq u id .

In  some system s ana logous changes ta k e  p la c e  in  th e  s o l id  

s t a t e  when a s o l id  s o lu t io n  undergoes a t ra n s fo rm a tio n  on 

c o o lin g  to  form  a m ix tu re  o f two o th e r  s o l id  p h a se s . T h is  

i s  known, a s  e u te c to id  t ra n s fo rm a tio n . I n  f i g . (7) th e  

e q u i l ib r iu m  diagram  o f  a h y p o th e t ic a l  system  A B i s  shown. 

The boundary  F P r e p r e s e n ts  the  l im i t i n g  co m p o sitio n s o f  

th e  (3 p h ase  in  e q u il ib r iu m  w ith  th e  tc phase  and G P 

i s  th e  c o rre sp o n d in g  cu rv e  f o r  e q u il ib r iu m  betw een s o l id  B 

and s o l i d  V . At th e  tem p era tu re  co rre sp o n d in g  to  p o in t  

P , th e  homogeneous (S phase  o f com p o sitio n  P . s p l i t s  

upon c o o lin g  in to  two s o l id  p h a se s  ol o f  com p o sitio n  X 

and y o f  co m p o sitio n  Y.

The p e r i t e c t o i d  r e a c t io n  i s  analogous to  th e  

p e r i t e c t i c  r e a c t io n  a lre a d y  d e s c r ib e d . An a d d i t io n a l  

s o l id  c o n s t i tu e n t  ta k e s  th e  p la c e  o f th e  l i q u id  i n  th e  

r e a c t io n .  I n ' f i g . (7) the  6 p h ase  i s  shown a s  undergo ing  

a p e r i t e c t o i d  d eco m p o sitio n  a t  th e  tem p era tu re  MKO, a t  

w hich  on h e a tin g  th e  s in g le  s o l id  phase  o f com position  N 

s p l i t s  up in to  s o l id  y  o f co m p o sitio n  M and s o l id  w o f

co m p o sitio n  0 .

The e q u il ib r iu m  diagram s d e sc r ib e d  above 

r e p r e s e n t  th e  m ain ty p e s  in  b in a ry  a l lo y s  and n e a r ly  a l l  

known d iagram s can be re g a rd e d  as  a com bination  o f  two o r 

more o f th e s e .  T here rem ains th e  c o n s id e r a t io n  when two
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l i q u i a  p h a se s  a re  form ed. in  f i g . (8) th e  a l lo y s  betw een 

co m p o s itio n s  D and E m elt to  form  two im m isc ib le  l iq u id s  

o f co m p o s itio n s  D and E . These a re  known a s  co n ju g a te  

s o lu t io n s .  As th e  te m p e ra tu re  r i s e s  above th e  l i n e  ]2PE, 

th e  two l i q u id s  d is s o lv e  in  one a n o th e r  to  g iv e  a s in g le  

u n ifo rm  l i q u i d .

1*3 TUB PHASE RULE.

B r i e f l y  s t a t e d  a s  an  e q u a tio n  i t  i s  C + 2 -  P = P . 

0 i s  th e  number o f com ponents i n  th e  system .

P r e p r e s e n t s  th e  number o f  p h ase s  p r e s e n t .

In  a l l o y  sy stem s a p h ase  may be a m e lt ,  a p u re  s o l id  m e ta l, 

a s o l id  s o lu t io n  or an  in te rm e t a l l i c  compound.

P s ta n d s  f o r  th e  d e g re e s  o f freedom . The th re e  

p o s s ib le  d e g re e s  o f freedom  a r e :  te m p e ra tu re , p re s s u re  and 

c o n c e n tr a t io n  o f  th e  com ponents i n  the  p h a se s .

Most c a s e s  a re  s tu d ie d  under c o n d it io n s  where 

s l i g h t  v a r i a t i o n s  in  p re s s u re  p roduce  n e g l ig ib le  e f f e c t  on 

th e  e q u i l ib r iu m , and hence th e  phase  r u le  can  be w r i t t e n  in  

th e  form
0 + 1 -  P = P

I t  w i l l  b e  seen  th a t  t h i s  a g re e s  w ith  th e  p h ase s  p re s e n t  e t c .  

o f  th e  e q u i l ib r iu m  d iag ram s d e s c r ib e d  above.

1*4 HOKEQUILIBRITJM OOimiTIOITS.

The changes d e s c r ib e d  e a r l i e r  th rough  w hich an 

a l lo y  may p a s s  i n  c o o lin g  a re  accom plished  by th e  movement
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o f atom s from  one p o s i t io n  to  a n o th e r .  The atoms d i f f u s e  

p a s t  ea ch  o th e r  to  e q u a l i s e  th e  c o n c e n tra t io n  d i f f e r e n c e s ,  

th e y  s e p a ra te  ou t o f  a s u p e r s a tu ra te d  s o l id  s o lu t io n  to  

form  s e p a ra te  c r y s t a l l i t e s .  Not o n ly  must th e  atoms he
Ft

m obile  b u t  th e y  m ust have s u f f i c i e n t  tim e f o r  th e  m ig ra tio n  

i f  th e  change to  be com pleted . T h is  change w i l l  be r e ta rd e d  

o r e n t i r e l y  p re v e n te d  i f  th e  m o b il i ty  o f atom s i s  sudden ly  

and s u b s t a n t i a l l y  d e c re a se d . T h is  r e ta r d in g  means i s  

c a l l e d  quench ing . In  f i g . (5) i f  th e  a l lo y  N i s  quenched 

r a p id ly  enough from  tg ,  would show a homogeneous s t r u c tu r e  

o f  p s o l i d  s o lu t io n  when i t  reach ed  room te m p e ra tu re , th e re  

h av in g  b een  i n s u f f i c i e n t  tim e a llow ed  a t  th e  te m p e ra tu re s  

be tw een  tg  and room te m p e ra tu re  f o r  i t  to  decompose. Thus 

th e  c o n d i t io n  e x i s t i n g  in  th e  a l lo y  a t  h ig h e r  tem p era tu re  

can  b e  r e ta in e d  co m p le te ly  o r p a r t i a l l y  by  sudden ly  b r in g in g  

th e  a l l o y  to  a low er te m p e ra tu re .

I n t e l ? r o t a t i o n  o f  m ic ro s t ru c tu r e s  depends on 

t h i s  assum p tion  t h a t  an a l lo y  can be b ro u g h t to  i t s  

c o n d i t io n  o f e q u il ib r iu m  a t  any g iv e n  tem p era tu re  by 

a n n e a lin g  f o r  a s u f f i c i e n t l y  long  tim e and t h a t  i t s  s t r u c tu r e  

in  t h i s  c o n d it io n  can  be r e ta in e d  by quenching.
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CHAPTER I I .

THEORY OP CATHODE SPUTTERING

I t  h as  long  been  known t h a t  m e ta ls  d i s in te g r a t e  

u n d er th e  in f lu e n c e  o f bombardment by h ig h  v e lo c ity - 

p o s i t i v e  io n s .  T h is  was f i r s t  n o te d  a t  th e  m e ta l l i c  

c a th o d e s  o f  gaseous d is c h a rg e  tu b e s  and th e  phenomenon 

i s  commonly known a s  ca th o d e  s p u t te r in g .  Cathode 

s p u t t e r in g  though  o b serv ed  u s u a l ly  in  th e  lum inous 

d is c h a rg e  a t  g as p r e s s u r e s  from  a few th o u sa n d th  to  

s e v e r a l  m i l l im e tr e s  o f  m ercury  w ith  c u r r e n ts  o f th e  o rd e r  

o f  s e v e r a l  m ill ia m p e re s , th e r e  a re  in d ic a t io n s  o f s p u t te r in g  

in  a sp a rk  d isch a rg e*  In  an a rc  th e  ca th o d e  may become 

so h o t t h a t  i t s  e v a p o ra tio n  i s  tlie  m ain f e a tu r e  and hence 

canno t be compared w ith  th o se  where a p u t te r in g  i s  u s u a l ly  

o b se rv e d .

The q u e s t io n  a r i s e s  a s  to  th e  n a tu re  o f  th e  

i n t e r  a c t io n  betw een  th e  io n iz e d  g as  and th e  m a te r ia l  o f  

th e  c a th o d e , w hether i t  i s  a p h y s ic a l  phenomenon o r  does 

ch em ica l i n t e r a c t i o n  p la y  a  p a r t .  The e a r ly  in v e s t ig a t io n s  

on t h i s  q u e s t io n  a re  v e ry  e x te n s iv e .  K o h lsc h u tte r  (1912) 

g iv e s  a summary o f  th e  e a r ly  v iew s, a  b r i e f  account o f  

w hich  w i l l  be g iv en  b e fo re  re v iew in g  in  d e t a i l  th e  l a t e r  

work.

One o f  th e  e a r l i e r  id e a s  f o r  an e x p la n a tio n  o f  

th e  s p u t t e r in g  phenomenon assumed th e  d is r u p t io n  o f  th e
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cathode by occluded gases liberated under the ion 
bombardment. Though in fact the occluded gases may 
cause disintegration of the material of the cathode, 
the presence of absorbed gases cannot account for the 
phenomenon as a whole since cathodes at red heat (where 
occlusion of gas must be small) produce uniform sputtering. 
As far as a theory is concerned most of the early invest­
igators did not consider the phenomenon to be one of 
general evaporation of the cathode due to the heating of 
the whole cathode by the bombardment of positive ions. 
Local heating and local expansion of the electrode at the 
point of impact were considered. Another view ascribed 
the phenomenon to an increase in the evaporation under the 
electrical forces acting on the metal. A chemical theory 
on the basis of which the impinging ions form transient 
chemical compounds with the material of the cathode, which 
on leaving the cathode deposited on the tube walls and 
there decomposed, were also considered. But the physical 
theory of ion impact and the consequent emission of 
secondary atoms from the electrode was taken to be the 
most satisfactory picture of the process. The early 
investigators tried to arrange various metals into a 
sputtering series according to their ability to sputter 
and an attempt to correlate this series to other properties 
of the metals was unsuccessful. Barring chemical action.
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th e  h e a v ie r  g a se s  a re  more e f f i c i e n t  i n  s p u t te r in g .

Oxide l a y e r s  may p re v e n t th e  c a th o d ic  d i s in te g r a t i o n .

In  m ost o f  tiie  e a r l i e r  work on ca thode 

s p u t t e r in g  th e  c o n d it io n s  u n d e r w hich th e  ex perim en ts  

were c a r r i e d  ou t a re  n o t s a t i s f a c to r y .  The l a t e r  work 

c a r r i e d  o u t w ith  more p r e c i s io n  in  m easurem ent i s  a ls o  

n o t a b le  to  g iv e  a d e f i n i t e  answer to  th e  advancement o f
#

a p a r t i c u l a r  th e o ry . The d i f f e r e n t  m ajor th e o r ie s  w ith  

e x p e r im e n ta l  ev idence  in  fa v o u r  o f each  w i l l  be d is c u s s e d  

in  more d e t a i l  in  th e  l i g h t  o f  l a t e r  in v e s t ig a t io n s .

2*1 IfiPAOT THEORY a s c r ib e s  th e  s p u t te r in g  to  th e  

m ech an ica l "bumping o f f "  o f  s u rfa c e  atom s by io n s  w hich 

have p e n e t r a te d  below  th e  s u r fa c e  o f th e  m a te r ia l  and 

rebounded so as  to  t r a n s f e r  a p a r t  o f t h e i r  outw ard 

momentum to  th e  s u rfa c e  atom s w hich th e y  s t r i k e  from 

b e h in d , a s  deve loped  by K ingdon and Langrauir (1922, 1923). 

They s tu d ie d  th e  f l u t t e r i n g  o f thorium  from  th e  su rfa c e  o f  

a t h o r i a t e d  tu n g s te n  f i la m e n t  in  d i f f e r e n t  g a se s , as  a 

f u n c t io n  o f v o lta g e  and p r e s s u r e .  The d isap p ea ran ce  o f  

tho rium  atom s due to  f l u t t e r i n g  was d e te c te d  e a s i l y  by 

m easu ring  th e  em iss io n  o f th o r i a t e d  tu n g s te n  b e fo re  and 

a f t e r  th e  s p u t te r in g  p ro c e s s .  I t  i s  e x p e c te d  t h a t  a 

f u l l y  t h o r i a t e d  s u r fa c e  upon bombardment would l o ^  i t s  

e m iss iv e  power r a p id ly  and  th e n  more s lo w ly  as  more tu n g s te n  

s u r fa c e  i s  e ^ io se d . In s te a d  t h e i r  o b s e rv a tio n s  have shown
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an i n i t i a l  la g  a f t e r  which th e  r a t e  o f  d e a c t iv a t io n  

re a c h e d  a c o n s ta n t  maximum v a lu e  and th e n  d e c re a se d  a s  

th e  tu n g s te n  s u rfa c e  was app ro ach ed .. A lso  th e re  seems 

to  e x i s t  a th r e s h o ld  v o lta g e  f o r  s p u t te r in g  below  w hich 

th e s e  io n s  a re  u n ab le  to  remove thorium  from  th e  f i la m e n t ,  

b u t  th e  s p u t t e r in g  in  th e  s p e c ia l  ca se  o f thorium  i s  n o t 

g e n e r a l ly  found  to  be p r o p o r t io n a l  to  th e  energy  o f th e  

im p ing ing  io n s  as has been  seen  in  many e a r l i e r  in v e s t ­

ig a t io n s  on o th e r  m e ta ls .  A n o v e l mechanism o f s p u t te r in g  

i s  p u t fo rw ard  en d eav o u rin g  to  e x p la in  th e s e  anom alies»

An io n  im p in g in g  on a th o riu m  s u rfa c e  w ith  h igh  v e lo c i ty  

w i l l  p u sh  th e  tho rium  atom , which i t  s t r i k e s ,  in to  th e  

s u r fa c e  b u t  w i l l  be r e f l e c t e d  i t s e l f  and f l y  o f f .  So 

th e  f i r s t  r e s u l t  o f  th e  bombardment i s  to  produce a la rg e  

nurdber o f d e p re s s io n s  o f  a tom ic s iz e  in  th e  s u r fa c e . A f te r  

a tim e a second c o l l i s i o n  w i l l  ta k e  p la c e  a t  th e  bottom  

o f  one o f  th e s e  d e p re s s io n s  and th e  io n  w i l l  be r e f l e c t e d  

from  th e  tho rium  atom th e r e .  The q u e s tio n  i s  w hether 

t h i s  c o l l i s i o n  can  be c o n s id e re d  e l a s t i c ,  i . e .  w hether 

th e  im p ing ing  io n  w i l l  r e t a i n  c o n s id e ra b le  p a r t  o f i t s  

en e rg y . , Langrauir (1916) h as  shown th a t  th e  energy  g iv en  

to  th e  s u r fa c e  atom i s  t r a n s m i t te d  so r a p id ly  to  neighbou r­

in g  atom s t h a t  th e  gas atom lo s e s  a p a r t  o f  i t s  energy  and 

th e  c o l l i s i o n s  b e in g  i n e l a s t i c .  B ut in  th e  ease  o f io n  

bom bardm ent,the io n s  a re  moving w ith  much h ig h e r  v e lo c i ty  

and th e  io n  a c c o rd in g ly  p e n e t r a t e s  f a r t h e r  in to  th e  atom
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and meets with much stronger fields of force so that
the time taken for reflection will he much shorter and
hence retains a considerable part of the energy. So
a gas ion impinging on the bottom of the depression in
the surface can be considered to be reflected elastically
and on the way may have enough momentum to knock off from
behind one of the thorium atom around the edge of the
depression. The first ion which drove the thorium down
is reflected at the surface and. lience is not in a position
to knock off any thorium. The removal of thorium does not
take place until two or more ions have impacted in the
same place on the surface. This accounts for the initial
lag mentioned above. More evidence in support of this
theory is found in the minimum voltage needed to produce
sputtering in the case of some of the ions. They calculated
the initial voltage by applying the laws of conservation of
energy and momentum to the processes involved.

X

Where S = energy of the cathode atom received fromthe surface
V as voltage through which the gas Ion has fallen

e = 4»774 X 10 e.s.u.
ss mass of cathode atom

m =s mass of gas ion*
&
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F o r neon  and a rgon  t^ e  agreem ent i s  f a i r .  The c a lc u la te d  

v a lu e s  f o r  m ercury  and cesium  a re  v e ry  much h ig h e r  th a n  

th e  o b se rv e d  v a lu e . T h is d isc re p a n c y  may be due to  th e  

f a c t  t h a t  th e s e  io n s  a re  h e a v ie r  when compared w ith  tho rium  

atom s; th e  l a t t e r  b e in g  d r iv e n  f a r  in to  th e  su rfa c e  by  th e  

f i r s t  im pact and th e  second c o l l i s i o n  b e in g  then  an i n t e r ­

a c t io n  be tw een  a g as io n  and a s o l i d  w a l l .  The io n  would 

th e r e f o r e  r e t a i n  more o f i t s  energy  and remove thorium  

atom s a t  a low er v o l ta g e .

Helium behaved d i f f e r e n t l y  from  th e  o th e r  g a se s  

u se d . R e la t iv e ly  la rg e  q u a n t i t i e s  o f  helium  gas p e n e tr a te d  

in to  th e  s u r fa c e  and co u ld  be reco v e red  l a t e r  by p ro p e r  

h e a t  t r e a tm e n t .  And a ls o  he lium  io n s  co u ld  remove tho rium  

a t  v o l ta g e s  much low er th an  th o se  c a lc u la te d  from th e  th e o ry , 

These f a c t s  f in d  p o s s ib le  e x p la n a tio n  in  a th e o ry  advanced 

by J .J .T hom pson  (1921) w here he has su g g e s te d  th a t  gas io n s  

upon d e c e le r a t io n  n e a r  th e  e le c tro d e  p ro d u ce  r a d ia t io n ,  

w hich i s  ab so rb ed  i n  tu r n  by  th e  m e ta l atom s cau sin g  t h e i r  

e% )U lsion from  th e  m e ta l .

The case  o f tho rium  s p u t te r in g  i s  one o f  th e  

m ost s a t i s f a c t o r y  work done in  t h i s  f i e l d .

2*2 THERMAL THEORY

T h is  th e o ry  h a s  been  f u l l y  d is c u s s e d  by 

V. l i ip p e l  (1926, 1928). The fundam en ta l id e a  i s  t h a t  

th e rm a l e v a p o ra tio n  from  th e  re g io n s  o f  l o c a l  h igh
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te m p e ra tu re  p roduced  by  th e  im p ing ing  io n s  i n  th e  

s h o r t  i n t e r v a l  b e fo re  th e  a v a i la b le  energy  o f  th e  

io n  made up from i t s  i o n iz a t io n  energy  and th e  K.E. 

i s  d i s s i p a t e d  in to  th e  body o f  th e  m e ta l th ro u g h  th e rm al 

co n d u c tiv e  p ro c e s s e s .  He a ls o  m easured t h e i r  energy  by  

p e r m i t t in g  some o f them to  p a s s  th ro u g h  a sm all o r i f i c e  

in  th e  c a th o d e  and d e te rm in in g  t h e i r  en e rg y  by  a p p ro p r ia te  

r e ta r d in g  f i e l d s .

W aran (1931) h as  ad o p ted  th e  same view and h as  

d e te rm in ed  th e  r e l a t i v e  s p u t t e r in g  v a lu e s  o f d i f f e r e n t  

m e ta ls  and com pared them w ith  th e  b o i l in g  p o in t ,  th e rm al 

c o n d u c t iv i ty ,  s p e c i f i c  h e a t  and o th e r  p h y s ic a l  p r o p e r t ie s  

o f  th e  m e ta l .  In  a complex phenomena l i k e ' t h i s  where th e  

v a r ia b le s  and d is tu r b in g  f a c to r s  a re  so many, i t  canno t be 

ex p ec ted  to  f in d  a q u a n t i t a t iv e  r e l a t i o n  betw een  th e  

v a r io u s  f a c t o r s .  W ith num erous ex c e p tio n s  to  th e

eagpected b e h a v io u r , one can  see  t h a t  th e re  i s  a c e r t a i n

volume o f  q u a n t i t a t i v e  ev id en ce  in  su p p o rt o f  t h i s  p u re ly  

th e rm a l view  f o r  c a th o d ic  d i s i n te g r a t i o n .  F or example 

c o n s id e r  th e  sudden r i s e  o f te m p e ra tu re  r e s t r i c t e d  to  

th e  im m ediate n e i# ib o u rh o o d  o f th e  p o in t  o f  im pact, 

m e ta ls  o f  low  h e a t  c o n d u c tiv i ty  l i k e  p a lla d iu m , le a d  and 

p la tin u m  sh o u ld  show a h ig h e r  r a t e  o f  s p u t te r in g  th an  

m e ta ls  o f  h ig h e r  c o n d u c t iv i t i e s  l i k e  magnesium and 

alum inium  (n e g le c t in g  h e a t  l o s t  by  r a d i a t i o n ) .
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Ejçperimentally observed values by Waran for relative 
sputtering are in general support of this view.

Oowslk (1933) h a s  fu rn is h e d  a d d i t io n a l  

ev id en ce  i n  su p p o rt o f  t h i s  th e o ry .

A no ther i n t e r e s t i n g  e^gierim ent in  fa v o u r  o f 

th e  th e rm a l th e o ry  i s  g iv e n  by S e e l ig e r  and Sommermeyer 

(1935)* T h e ir  ex p erim en t c o n s is te d  in  d i r e c t i n g  a 

beam o f c a n a l  r a y s  to  im pinge upon th e  s p u t te r in g  

s u r fa c e  and c a tc h in g  th e  s p u t te r e d  m a te r ia l  a t  a s h o r t  

d is ta n c e  o v e r a s u i t a b le  s u r f a c e .  The un ifo rm  d e p o s i t  

o b ta in e d  shows t h a t  th e  Knudsen’ s  c o s in e  law  f o r  th e rm a l 

e v a p o ra t io n  h o ld s  f o r  th e  s p u t te r in g  p ro c e s s .  I t  m ust 

be u n d e rs to o d  t h a t  c a n a l ra y s  e x e rc is e  no d i r e c t i v e  

in f lu e n c e  on s p u t te r e d  atom s.

It has already been mentioned that oxide 
layers prevent cathodic disintegration.

Bleschmidt and V. Hippel (1928) formed their 
cathodes by evaporation in a vacuum and the helium-neon 
gas mixture was continuously purified by pumping through 
activated charcoal during the sputtering. The results 
they obtained appear to fit in with the thermal theory 
of sputtering in that the sputtering intensity follows 
the heat of sublimation of metals.

There are evidences to indicate that sputtering 
process is not altogether a simpi® local evaporation and



—20—

t h a t  th e  ch a rg ed  n a tu re  o f th e  im ping ing  io n s  h as  a 

d e f i n i t e  in f lu e n c e .  O lip h a n t (1929) h as shown th a t  

though  m e ta s ta b le  helium  atom s w i l l  cause  s p u t te r in g  

th e y  a re  n o t a s  e f f i c i e n t  as  io n s  o f  th e  same k in e t i c  

e n e rg y . He found t h a t  th e  h e a t in g  e f f e c t  o f m e ta s ta b le  

atom s i s  o f  th e  same o rd e r  o f  m agnitude a s  th a t  p roduced  

by  p o s i t i v e  io n s  and hence th e y  p o s s e s s  th e  same k in e t i c  

en e rg y  when r e a c t in g  th e  e le c t r o d e .  But t h e i r  e f f e c t  

on s p u t te r in g  i s  l e s s  th a n  t h a t  o f  helium  io n s .

2*3 DOUBLE EVAPORATION PROGESS.
!

S t a r r  (1939) h as  found an e m p ir ic a l  r e l a t i o n ­

sh ip  betw een  th e  r a t e  o f s p u t t e r in g  o f v a r io u s  m e ta ls  

a n d  th e  t o t a l  h e a t  re q u ir e d  to  e v a p o ra te  i t .

A ccord ing  to  him f o r  f ix e d  glow d isc h a rg e  

c o n d it io n s  m = — wher e m i s  th e  mass o f s p u t te re d  

m a te r ia l  p e r  ampere h o u r, c i s  a c o n s ta n t  depending on 

th e  d is c h a rg e  c o n d it io n s  and q i s  th e  t o t a l  h e a t  o f  

e v a p o ra t io n . The t o t a l  h e a t  in c lu d e s  th e  h e a t c a p a c ity  

from  room te m p e ra tu re  to  u n i t in g  p o in t ,  th e  h e a t  o f  

f u s io n ,  th e  h e a t  c a p a c i ty  from  th e  m e ltin g  p o ih t  to  the 
b o i l in g  p o in t  and th e  h e a t  o f  e v a p o ra tio n . T h is  r e l a t i o n  

i s  n o t i n  co n fo rm ity  w ith  e i t h e r  o f  th e  th e o r ie s  m entioned 

above . The th e rm a l th e o ry  p r e d i c t s  an e x p o n e n tia l  

r e l a t i o n s h ip  w h ile  th e  im pulse th e o ry  p r e d ic t s  a l i n e a r  

r e l a t i o n s h i p .  A p ro c e s s  o f  doub le  e v a p o ra tio n  i s
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su g g e e te d . . Io n  bombardment cau ses  e m iss io n  o f  m eta l 

atom s b y  d i r e c t  energy  t r a n s f e r  a t  a r a t e  in v e r s e ly  

p r o p o r t io n a l  to  th e  t o t a l  h e a t  f o r  e v a p o ra tio n . T his 

m e ta l vapour on e ^ o s u r e  to  th e  h e a t  o f re co m b in a tio n  o f 

th e  io n s  and e l e c t r o n s  n e a r  th e  ca thode  s u rfa c e  a g a in  

cause  e v a p o ra t io n . T h is  fo llo w s  the in v e rs e  square  law 

found  e m p i r ic a l ly .

2"4 CHEMICAL SPUTTERIH3.

A d e f i n i t e  i n t e r a c t i o n  o f  th e  s p u t te r e d  m eta l 

and th e  g as c a r ry in g  the  d is c h a rg e  has been  observed  by 

C u n th e rsc h u lz e  (1926) w ith  e lem en ts  ca rb o n , se len ium , 

te l lu r iu m , a r s e n i c ,  antim ony and b ism u th  i n  hydrogen.

H ydrides a re  form ed in  th e  f i r s t  f iv e  c a se s  w h ile  b ism uth  

shows a s l i g h t  tendency  tow ards h y d rid e  fo rm a tio n  a lth o u g h  

i t s  h y d rid e  i s  n o t v e ry  s t a b l e .  Hydrogen io n s  or atoms 

a re  e v id e n t ly  n e c e s sa ry  f o r  th e  chem ical s p u t te r in g  

p ro c e s s .  The d i s i n te g r a t i o n  in  t h i s  p ro c e s s  i s  due to  

th e  chem ica l com b in a tio n  o f hydrogen  io n s  w ith  th e  m e ta l 

atom s a t  th e  s u r fa c e  o f th e  c a th o d e . The h y d rid e s  form ed 

d i f f u s e  in to  th e  g as p h ase  and a re  th e r e  decomposed in to  

th e  m e ta ls  and hydrogen . The m e ta ls  d e p o s it  on th e  n e a re s t

w a l l .  As t h i s  ch em ica l i n t e r a c t io n  a s  a  means o f s p u t te r in g
1.

i s  n o t t r u e  i n  a l l  m e ta ls  i n  th e  same g as a p a r t  from th e  

f a c t  t h a t  t h i s  i n t e r a c t i o n  i s  o b serv ed  on ly  in  a hydrogen 

a tm o sp h e re , t h i s  phenomenon canno t be c o n s id e red  as a
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g e n e ra l  th e o ry  f o r  e le m e n ta ry  c a th o d ic  s p u t te r in g .  A lso  

th e  c h e m ic a lly  s p u t te re d  m e ta ls  w i l l  d i s i n t e g r a t e  as  c a th o d e s , 

ano d es, o r even  when lo c a te d  in  th e  d isc h a rg e  w ith o u t 

e l e c t r i c a l  co n n e c tio n  to  th e  m e ta l e l e c t r o d e s ,  in d ic a t in g  

c l e a r l y  th e  g r e a t  d iffe i-e n c e  betw een th e  chem ical e f f e c t  and 

th e  norm al p ro c e s s .

2 '5  CONCLUSION.

A d e f in i t e  c o n c lu s io n  has n o t  y e t  been  made to  

th e  e le m e n ta ry  p ro c e s s  o f th e  d i s in t e g r a t i o n  o f m e ta l l ic  

c a th o d e s  i n  a glow d is c h a rg e .  But i t  i s  b e l ie v e d  th a t  th e  

th e rm a l e v a p o ra tio n  p ro c e s s  may be th e  p red o m in a tin g  

in f lu e n c e  in  many c a s e s . R .S e e l ig e r  (1942) lias p ro p o sed  

th e  view  th a t  th e  s p u t te r in g  w ith  l i g h t  io n s  p ro ceed s 

th ro u g h  im pu lse  r e c o i l  and w ith  heavy io n s  th ro u g h  lo c a l  

h e a t in g  w ith  r e s u l t i n g  e v a p o ra tio n .

Though th e  e lem en ta ry  p ro c e s s  i s  n o t f u l l y  u n d e r­

s to o d  i t s  t e c h n ic a l  u s e s  a re  many. C athod ic  s p u t te r in g  h as  

been  u se d  f o r  many y e a rs  f o r  th e  p ro d u c tio n  o f  h ig h ly  

r e f l e c t i n g  m ir ro r s  and can  be p roduced  w ith  th e  h ig h e s t  

r e f l e c t i o n  c o e f f i c i e n t s  s u i t a b l e  f o r  a s tro n o m ic a l and o th e r  

o p t i c a l  in s tru m e n ts .  V ery t h i n  m e ta l f i lm s  can be p roduced  

e a s i l y  b y  t h i s  m ethod. Baum (1927) and Sm ith  1927) u se d  th e  

s p u t te r in g ' te ch n iq u e  to  e tc h  m e ta ls  and a l lo y s .  But o n ly  

r e c e n t ly  t h i s  has been  w id e ly  u sed  to  e tc h  m e ta ls  and a l lo y s  

f o r  ra e ta l lo g ra p h ic  and e l e c t r o n  m ic ro sco p ic  s tu d ie s  and w i l l  

be r e f e r r e d ' to  in  l a t e r  c h a p te rs  as c a th o d ic  glow e tc h in g .
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CHAPTER I I I .

APPARATUS AND SPEGIMEirS.

In  t h i s  c h a p te r  a b r i e f  d e s c r ip t io n  o f  th e  se t-u p  

u sed  f o r  c a th o d ic  glow e tc h in g  w i l l  be g iv e n , A su rvey  

o f  th e  m ethod o f p re p a r in g  th e  specim ens and th e  a c tu a l  

p ro c e d u re  f o r  e tc h in g  i s  a ls o  made. W ith th e  e s t a b l i s h ­

ment o f  th e  s p u t te r in g  te c h n iq u e  as th e  b e s t  method o f 

e tc h in g  c e r t a i n  m a te r ia l s  f o r  ra e ta llo g ra p h ic  s tu d ie s ,  

m ajo r s c a le  equ ipm ents a re  now a v a i la b le  f o r  the  p u rp o se . 

3*1 APPARATUS.

The s e t-u p  u se d  by th e  au th o r i s  very  sim ple 

and  i s  shown in  f i g . (9 ) , T h is  c o n s is te d  o f  a g la s s  b e l l  

j a r  B w ith  a h o le  a t  th e  to p  f o r  ca thode co n n e c tio n .

The ca th o d e  c o n n e c tio n  0 was an alum inium  rod  p a s s in g  

th ro u g h  an alum inium  co rk  t i g h t l y  f i t t i n g  i n  the  h o le  o f  

th e  b e l l  j a r  and was made a i r t i g h t  w ith  p ic  en wax. The 

specim en h o ld e r  H was screw ed to  th e  end o f  C. The 

specim en was f ix e d  in  th e  h o ld e r  by  means o f th re e  sm all 

screw s p ro v id e d  a t  the  s id e s  o f  th e  h o ld e r .  By a d ju s t in g  

th e s e  screw s th e  s u rfa c e  o f th e  specim en co u ld  be made 

h o r i z o n ta l .  T h is  rem ovable h o ld e r  se rv ed  to  be v ery  

c o n v e n ie n t a s  th e  h o ld e r  co u ld  be unscrew ed from the  rod  0 

and any o th e r  h o ld e r  w ith  th e  d e s ire d  specim en f ix e d  in  

co u ld  be in tro d u c e d . The anode A c o n s is te d  o f a c i r c u l a r  

alum inium  p l a t e  to  th e  bo ttom  o f which i s  f ix e d  a long
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screw  b a se  G. T h is  screw  moved in  a c y l i n d r i c a l  n u t J  

and by  a d ju s t in g  th e  screw  tiie  d is ta n c e  betw een th e  anode 

and th e  ca th o d e  (specim en to  be e tc h e d )  co u ld  be e a s i l y  

a d ju s te d .  The b e l l  j a r  r e s t e d  on a m e ta l p l a t e  P and 

was made a i r t i g h t  by p u t t in g  s e e l in g  Q compound round 

th e  e d g e s . The system  was ev acu a ted  by a d i f f u s io n  backed  

by a r o t a r y  pump. The r e s id u a l  gas u sed  in  th e  chamber 

was a rg o n  and was l e t  in to  th e  chamber th ro u g h  a f in e  

l e a k  v a lv e  V y

S e a lin g  th e  edges o f  th e  b e l l  j a r  in  c o n ta c t  

w ith  th e  b a se  p l a t e  w ith  ap iezo n  s e a l in g  compound had one 

a d v a n ta g e . I t  was p o s s ib le  to  ta k e  th e  specim en ou t o f 

th e  chamber even wiien th e  pumping system  was ru n n in g .

F i r s t  th e  v a lv e  was c lo s e d .  The v a lv e  co n n ec tin g  

th e  r o t a r y  to  the  chamber and th e  v a lv e  (n o t shown in  

th e  f i g . )  c o n n e c tin g  th e  d i f f u s io n  pump to  th e  chamber 

w ere c lo s e d .  The a i r  was th e n  l e t  in to  th e  chamber when 

rem oving th e  s e a l in g  coiitpound from th e  ed g es . Thus th e  

b e l l  j a r  co u ld  be l i f t e d  w ith o u t d i f f i c u l t y  and the  

specim en ta k e n  o u t. The two te rm in a ls  T^ and Tg were 

co n n ec ted  to  a power su p p ly  a s  shown i n  th e  diagram  ( f i g .  10) 

The c u r r e n t  from  th e  h ig h  te n s io n  tra n s fo rm e r  was r e c t i f i e d  

by  a SCA h a l f  wave m ercury  vapour r e c t i f i e r  o p e ra ted  by  a 

s te p  down tra n s fo rm e r . A d i r e c t  p o t e n t i a l  o f 1000 to  

2000 v o l t s  was u s u a l ly  a p p l ie d  betw een th e  e le c tro d e s  and
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WEB m easured  w i th  a u n iv e r s a l  avorneter. The v o lta g e  

co u ld  be b ro u g h t to  th e  d e s i r e d  v a lu e  by  a d ju s t in g

th e  v a r ia c  o f th e  au to  t ra n s fo rm e r .  The c u r r e n t  was
/

m easured  w ith  a in i l l ia m e te r .  T jsually  a d is ta n c e  o f  5 cm. 

was k e p t betw een  th e  e l e c t r o d e s .

3*2 PHEPARATIOIT Ofg TEE RPECH-IBITS.

The t in - in d iu m  a l lo y s  o f d i f f e r e n t  com position  

w ere c h i l l  c a s t  i n  th e  form o f ro d s  about 8 to  10 cm. long  

and 1 .5  cm. d ia m e te r . P ie c e s  o f  le n g th  abou t 1 .5  c.ro. 

w ere c u t  o u t o f  th e  ro d  by a sm a ll saw ta k in g  c a re  to  

see  t h a t  th e  specim en was n o t h e a te d  to o  much d u rin g  

saw ing and were th e n  m achined on a f a s t  l a t h e .  The 

specim ens w ere th e n  p o l is h e d  f i r s t  on a f a s t  la p p in g  

m achine a s  d e s c r ib e d  below . A s e Iv y t  c l o th  th o ro u g h ly  

soaked in  c l e a r  w a te r  and w h ile  s t i l l  w et was s t r e tc h e d  

t i g h t l y  o v e r th e  la p p in g  w heel and s e c u re ly  clamped in  

p o s i t i o n .  The c lo th  was th e n  ch arg ed  w ith  5 /20  f a s t  

c u t t in g  a lu m in a . T h is  was done by  m ix ing  th e  p o l is h in g  

a b ra s iv e  w ith  w a te r to  form a th in  p a s te  and w orking t h i s  

m ix tu re  i n to  th e  c lo th  f i b r e s  w ith  th e  f in g e r  t i p s .  In  

a c tu a l l y  c a r ry in g  on th e  p o l i s h in g  o p e ra t io n s  th e  specim en 

was h e ld  f i rm ly  a g a in s t  th e  r o t a t i n g  la p  and moved 

c o n tin u o u s ly  back  and f o r t h  from the  c e n tr e  to  th e  

p e r ip h e ry  o f  th e  w h ee l. C are was ta k e n  to  see t h a t  th e  

c l o t h  was n e i th e r  too  w et n o r too  d ry . A f te r  8 o r 10



-2 6 -

ra in u te s  th e  specim en was removed and washed in  ru n n in g

w a te r :

- • The f i n a l  p o l i s h in g  was done slow ly  by moving

th e  specim en i n  c i r c l e s  over th e  s e lv y t  c lo th  sp read  

over a sm ooth g la s s  d i s c .  The g la s s  d is c  cou ld  a c tu a l ly  

be p la c e d  on th e  la p p in g  w heel and th e  c lo th  s t r e tc h e d  

over i t  as  b e f o r e .  The c lo th  was worked w ith  gama 

p o l i s h in g  a lum ina  and th e  specim ens were c a r e f u l ly  

p o l i s h e d  on th e  f i n a l  la p p in g  c lo th .  Only m oderate 

p r e s s u r e  was a p p l ie d  to  th e  specim en. O c c a s io n a lly  th e  

specim en was tu rn e d  th ro u g h  9 0 t o change th e  d i r e c t i o n  

o f  p o l i s h in g .  A f te r  5 o r 10 m in u tes  th e  specim en was 

removed and washed in  warm ru n n in g  w a te r . T h is  was 

fo llo w e d  im m ed ia te ly  by a r in s e  i n  e th y l  a lc o h o l ,  a f t e r  

w hich  th e  specim en v/as q u ic k ly  d r ie d  i n  a b l a s t  o f warm 

a i r  from an o rd in a ry  h a i r  d r i e r .  A smooth p o lis h e d  

s u r fa c e  o f ab o u t 85 p e r  c e n t r e f l e c t i v i t y  was o b ta in e d  

in  ev e ry  c a s e , though  th e re  were m inor p o l i s h in g  marks 

t h a t  d id  n o t a f f e c t  e tc h in g  a s  can be seen  l a t e r .

A n n ea lin g .

A g la s s  tube was drawn to  th e  shape shown in  

f i g .  (1 1 ). The specim en was in tro d u c e d  in to  th e  tu b e  

w ith  th e  p o l is h e d  s id e  fa c in g  u p . A f i l e  mark was made 

a t  th e  p o s i t io n  marked A on th e  narrow  s id e  tu b e . T h is  

was th e n  in tro d u c e d  in to  a l a r g e  b e a k e r c o n ta in in g  w a te r .
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The w a te r  was h e a te d . A round bo ttom ed  f l a s k  k ep t 

on t h i s  b e a k e r  se rv e d  a s  a co ndenser s in c e  a co n tin u o u s 

flo w  o f  c o ld  w a te r  was m a in ta in e d  th ro u g h  th e  f l a s k .  By 

a d ju s t in g  t h i s  r a t e  o f flow  o f  w a te r  th e  r a t e  o f  

c o n d e n s a tio n  cou ld  be c o n t r o l l e d .  The w a te r was made 

to  b o l l  a t  a s te a d y  te m p e ra tu re  (abou t 100°0) and th e  

l e v e l  o f  w a te r  in  th e  b e a k e r  rem ained s te a d y . A f te r  

th e  r e q u ir e d  p e r io d  o f a n n e a lin g  th e  tu b e  was t r a n s f e r r e d  

q u ic k ly  i n to  w a te r a t  room te m p e ra tu re  k e p t in  a m eta l 

v e s s e l .  The t i p  o f  th e  tube  was made to  b reak  a t  th e  

p o in t  A by  h i t t i n g  a g a in s t  th e  edge o f  th e  v e s s e l  w h ile  

t r a n s f e r r i n g  th e  tu b e . The c o ld  w a te r  ru sh ed  in to  th e  

tu b e  th ro u g h  t h i s  b ro k en  t i p  and quenched th e  specim en 

i n s id e .  T h is  s e rv e d  a v e ry  c o n v e n ie n t and easy  method o f  

a n n e a lin g  th e  epeciraens w ith o u t b r in g in g  th e  specim en in  

c o n ta c t  w ith  w a te r .  Quenching a ls o  co u ld  be done v e ry  

e a s i l y .  A nnea ling  f o r  lo n g e r  days th a n  4  were done u s in g  

an  o i l  b a th .  A f te r  quenching  th e  specim ens.w ere  f i n a l l y  

and v e ry  c a r e f u l ly  p o l is h e d  u s in g  gama p o l i s h in g  a lum ina. 

3*3 PROOBDUKB USED IN ETOHIHQ.

The specim ens p re p a re d  a s  d e s c r ib e d  in  th e  

p re v io u s  s e c t io n  were in tro d u c e d  in  tu r n  in to  th e  chamber 

to  form  th e  c a th o d e . The system  was made a i r t i g h t  and 

b e fo re  c o n n e c tin g  th e  d i f f u s io n  pump to  th e  chamber th e  

d is c h a rg e  was p a s se d  betw een  th e  e le c t r o d e s  w ith  th e  r o ta r y
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pump co n n e c te d  to  th e  cham ber. From th e  n a tu re  o f 

th e  glow d is c h a rg e  th e  vacuum co u ld  be t e s t e d  to  connect 

th e  d i f f u s io n  to  th e  cham ber. A f te r  co n n e c tin g  th e  

d ifl^ u s io n  th e  f in e  le a k  v a lv e  was s low ly  opened to  

a llo w  arg o n  in to  th e  system . The p r e s s u r e  was a d ju s te d  

so a s  to  g iv e  a d a rk  space o f abou t th e  same le n g th  as 

th e  d is ta n c e  o f th e  anode from  th e  c a th o d e . U su a lly  a 

c u r r e n t  d e n s i ty  o f 5 m.aiqp. p e r  sq .cm . and a p o t e n t i a l  o f  

1000 v o l t s  w ere a p p l ie d .

T here was no c o o lin g  d ev ice  a t ta c h e d  to  th e  

ca th o d e  and s o , to  p re v e n t th e  ca thode from g e t t in g  h o t ,  

th e  c u r r e n t  was sw itch ed  o f f  and the  ca th o d e  a llow ed  to  

c o o l f o r  ab o u t an  hour a f t e r  ev e ry  10 m in u tes  o f e tc h in g . 

U su a lly  th e  specim ens w ere ta k e n  ou t and examined a f t e r  

45 m in u te s  o f  e tc h in g . The r e s u l t s  o f e tc h in g  o f th e  

d i f f e r e n t  specim ens and i t s  i n t e r p r e t a t i o n  w i l l  be g iv en  

i n  th e  n e x t  c h a p te r s .
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CHAPTER IV.

PRESENT OBSERVATIONS AND ITORPRETATIOHS

4 .1  INTRODUCTION. •

As m entioned  e a r l i e r ,  though  th e  p ro c e ss  o f  

c a th o d ic  s p u t te r in g  as  a means o f e tc h in g  m e ta l specim ens 

was u se d  a s  e a r ly  a s  1927, th e  im portance  o f i t  has been  

r e a l i s e d  f u l l y  on ly  v ery  r e c e n t ly .  The need fo r  s t a i n  

f r e e  s u r f a c e s  f o r  ex a m in a tio n  under e l e c t r o n  m icroscope 

h a s  s t a r t e d  c a th o d ic  glow e tc h in g  in  p re fe re n c e  to  

ch em ica l e tc h in g .  A lso  c e r t a i n  a l lo y s  a re  found to  be 

v e ry  r e s i s t a n t  to  chem ica l e tc h in g  and c a th o d ic  e tc h in g  

h as  b een  found to  be v ery  e f f e c t iv e  in  such  c a se s . Z in c , 

b ro n z e , t i n  and alum inium  a l lo y s  can  be s a t i s f a c t o r i l y  

e tc h e d  f o r  o p t i c a l  and e le c t r o n  m ic ro sc o p ic  p u rp o ses  by 

t h i s  te c h n iq u e .

The a u th o r  h as  been  in c l in e d  to  s tudy  th e  

c a th o d ic  glow e tc h in g  o r T in -Ind ium  a l lo y  m ain ly  f o r  

two r e a s o n s .  F i r s t l y  i t  h as been  o b se rv ed  th a t  chem ica l 

e tc h in g  h as  n o t been  a b le  to  g iv e  s a t i s f a c t o r y  r e s u l t s  

whereby th e  p h a se s  can  be d is t in g u is h e d .  Secondly , th e  

c o n s t i t u t i o n  diagram  o f  th e  T in-Ind ium  system  though 

s tu d ie d  by  d i f f e r e n t  a u th o rs  by  th e rm a l, X -ray  and 

ra e ta l lo g ra p h ic  m eans, a th e rm a l and X -ray  study  o f th e  

system  by th e  T in  R esea rch  I n s t i t u t e  showed a marked 

d i f f e r e n c e  i n  th e  c o n s t i t u t i o n  o f th e  system  e s p e c ia l ly
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in  th e  5 - if r e g io n  and so a m e ta llo g ra p h ic  ex am in a tio n  

o f  t h a t  r e g io n  u s in g  th e  inç>roved te c h n iq u e s  o f e x p e rim e n ta l 

o b s e rv a t io n s  and th e  b e s t  method o f  e tc h in g  f o r  t h i s  alloy- 

seemed i n t e r e s t i n g .

The e x p e r im e n ta l  te c h n iq u e s  d e s c r ib e d  in  

C h ap te r I I I  o f p a r t  A a re  m o stly  u sed  in  t h i s  in v e s t ig a t io n .

The T in -Ind ium  system  was s tu d ie d  ra e ta llo g ra p h -  

i c a l l y  by  R h in e s , U rq u h a r t, and Hoge (19U7). The e q u il ib r iu m  

d iag ram  a c c o rd in g  to  th e s e  a u th o rs  i s  shown in  f i g . (12) and 

th e y  have e s t a b l i s h e d  th e  fo llo w in g . There i s  a e u t e c t i c  a t  

t i n  and 117°C. F o u r s o l id  p h a se s  occu r a t  20OG,

nam ely d  (0^ to  t i n ) , P> (IW  to  27% t i n ) , ^ (7% to  

80% t i n )  and S to  10C% t i n ) .  The /3 phase i s  th o u g h t

to  undergo  p e r i t e c t i c  deco m p o sitio n  a t  126°C. Y phase  does 

n o t  undergo  p e r i t e c t i c  d eco n ip o sitio n  a t  124°0 a s  p roposed  

by  P in k , J e t t e ,  K a tz , and S c h n e t t l e r .  B ut Y phase  may 

undergo  p e r i t e c t o i d  d ecom position  below  80°0 .

The c o n s t i t u t i o n  d iagram  o f  f i g . (13) (Tin 

R esea rch  I n s t i t u t e )  shows a p e r i t e c t i c  r e a c t io n  a t  205°C, 

and e u t e c t i c  r e a c t io n  a t  117°G. B ut th e r e  i s  no p e r i t e c t o i d  

decong)08 l t i o n  below  80^0 a s  su g g e s te d  by R h in e s , U rq u h art, 

and Hoge.

I n  th e  fo llo w in g  s e c t io n s ,  th e  r e s u l t s  a f t e r  

c a th o d ic  e tc h in g ,  w i l l  be  g iv e n . U n less o th e rw ise  s t a t e d ,  

th e  specim ens w ere an n ea led  a t  100®0. f o r  a  c e r t a i n  p e r io d
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( th e  p e r io d  w i l l  be s p e c i f ie d  in  e a c h  c a se )  and 

quenched in  w a te r  a t  room te m p e ra tu re  and were examined 

u n d e r r e f l e c t i o n  phase  c o n t r a s t .  

k‘2 0BSERVATIQH3 AND DISCUSSlOH.

15 p e r  c e n t  Indium

P i g . (Ik) shows th e  s u r fa c e  o f  a c a s t  a l lo y  

a f t e r  i t  h a s  been  e tc h e d  f o r  80 m in u te s . In  th e  p o r t io n  

m arked A, th e  s k e le to n  o f  th e  o r ig in a l  d e n d r i te  i s  c l e a r ly  

shown. I t  h as lo n g  been  o b se rv ed  th a t  u n d er c o n d itio n s  o f 

f a s t  s o l i d i f i c a t i o n  a l l  m e ta ls  and a l lo y s  te n d  to  form 

t r e e  l i k e  s k e le to n s .  (Forms o f t h i s  ty p e  a re  c a l l e d  

d e n d r i t e s ) .  As t h i s  a l lo y  i s  c h i l l  c a s t ,  one shou ld  

n a tu r a l ly  e x p e c t d e n d r i te  g row th . Two d i r e c t io n s  o f  

p rim ary  grow th can  be seen  h e re . The p rim ary  arms a re  

p a r a l l e l  to  th e  o v e r a l l  d i r e c t i o n  o f grow th. The grow th 

h as  s t a r t e d  from  th e  c e n tr e  o f  t h i s  p a r t i c u l a r  g ra in  in  

th e s e  two p rim a ry  d i r e c t io n s  and has s to p p ed  when i t  

re a c h e d  th e  boundary  o f a n o th e r  g r a in .  The r e g u la r  

p a t t e r n  o f  l i g h t  and shade i s  due to  th e  d i f f e r e n c e  in  

co m p o sitio n  o f  th e  in s id e  and o u ts id e  o f th e  d e n d r ite  arm s. 

P i g . (15) u n d e r h ig h  m a g n if ic a t io n  o f p o s i t io n  marked A 

in  f i g .  (14) shows th e  same g e n e ra l  f e a t u r e s .  The la rg e  

nuniber o f w hat ap p e a rs  to  be sm a ll c r y s t a l s  o r a phase i s  

p ro b a b ly  b ec au se  th e  d e n d r i te  arms have j u s t  s t a r t e d  

s p u t t e r in g .  I t  m ust be u n d e rs to o d  th a t  th e  secondary  arms 

o f  th e  d e n d r i te  a re  n o t v i s i b l e  in  th e se  f i g u r e s .
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Under e q u i l ib r iu m  c o n d i t io n s ,  th e  X -ray 

d i f f r a c t i o n  p a t t e r n s  show t h i s  a l lo y  to  be s in g le  phase 

(a s  can  be  seen  from  th e  e q u il ib r iu m  diagram  ( f i g , 1 3 ).

As c a s t ,  how ever, t h i s  a l lo y  w i l l  have l o c a l  com p o sitio n  

v a r i a t i o n s  due to  c o r in g  and may c o n ta in  some second phase  

owing to  th e s e  lo c a l  co m p o sitio n  v a r i a t i o n s .  P i g . (16) 

shows th e  p o r t io n  m arked B in  f i g . (14) under h ig h  

m a g n if ic a t io n .  In  t h i s  p a r t  o f f i g . (1 4 ) , th e  ang le  

betw een  th e  c r y s ta l lo g r a p h ic  p la n e s  and th e  s u rfa c e  i s  such  

t h a t  th e  d e n d r i te  h a b i t  i s  n o t shown. The in d iv id u a l  

c r y s t a l s  shown in  t h i s  f ig u r e  a re  d e n d r i te s  and a l l  a re  

p ro b a b ly  o r ie n te d  in  p r a c t i c a l l y  th e  same d i r e c t io n .

IVhere th e  l i g h t  i s  n o t  in c id e n t  n o rm a lly  p a r t i c u l a r l y  in  

th e  r e g io n  A c r y s t a l s  show g ra d a tio n  from  in s id e  to  

o u ts id e .  T h is  i s  to  be ex p ec ted  b ecau se  o f  th e  com p o sitio n  

d i f f e r e n c e  due to  c o r in g  in  th e  c a s t  s t r u c t u r e .  I t  can 

a ls o  be s a id  t h a t  th e  c r y s t a l  B and th o se  l i k e  i t  may 

be a second  p h a se .

P i g . (17) shows th e  p o ly g o n a l s t r u c tu r e  o f th e  

a l lo y  a f t e r  i t  has been  an n ea led  f o r  1 day and e tc h e d  f o r  

40 m in u te s . The a n n e a lin g  h as  caused  c o n s id e ra b le  g ra in  

g row th . The bounding  fa c e s  o f  th e  l a r g e  g r a in  a re  convex 

i n to  th e  la r g e  g r a in  and concave tow ard  th e  sm all g ra in s  

a s  a r e s u l t  o f  th e  iA te r f a c i a l  a n g le s  to  become 120 d e g re e s . 

T here i s  s t i l l  ev id en ce  o f c o r in g  in d ic a t in g  t h a t  th e
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c o ra p o s itlo n  has n o t y e t  "been made c o m p le te ly  homogeneous 

u n d e r th e  in f lu e n c e  o f  d i f f u s io n .  The p e r io d  o f  a n n e a lin g  

' i s  n o t  s’a f f i c i e n t  f o r  com plete d i f f u s io n .  The s c ra tc h e s  

a re  o f  i n t e r e s t .  S m all c r y s t a l s  a re  l i n e d  up a long  th e s e  

s c r a t c h e s .  In c re a s e  i n  ten ç )e ra tu re  in c r e a s e s  th e  atom ic 

m o b i l i ty  o f  a s t r a in e d  and d i s t o r t e d  l a t t i c e  which has a 

h ig h  en e rg y  c o n te n t .  When t h i s  h ig h  ten ip e ra tu re  i s  m a in t­

a in e d , th e  s t r a in e d  l a t t i c e  i s  r e l i e v e d  by th e  fo rm a tio n  

o f  more s t a b le  u n s t r a in e d  g r a in s .  The m a te r ia l  under th e  

deep s c r a tc h e s  i s  much more deform ed th a n  t h a t  under th e  

m inor s c r a tc h e s .  The more deform ed th e  m a te r ia l  th e  

s h o r t e r  th e  tim e f o r  form ing  s ta b le  u n .s tra ln e d  g r a in s ,  

( r e c r y s t a l l i s a t i o n ) - I t  i s  e v id e n t from  f i g . (18) th a t  

c o n tin u e d  s p u t te r in g  has caused  r e c r y s t a l l i s a t i o n  in  some 

o f  th e  m inor s c ra tc h e s  a l s o .  P ig .  (19) shows th e  su rfa c e  

s p u t te r e d  f o r  abou t 40 m in u tes  a f t e r  two day^s o f annealing*  

The p o ly g o n a l g r a in  s t r u c tu r e  i s  e v id e n t .  The c o n c a v ity  

and th e  c o n v e x ity  o f  th e  g ra in s  a re  q u i te  co n v in c in g . 

A nnea ling  h as  a lm ost b ro u g h t th e  a l lo y  to  a s in g le  homo­

geneous p h a se . On c o n tin u e d  e tc h in g , th e  s c ra tc h in g  w hich 

i s  n o t e v id e n t  in  f i g . (19) can  be seen  b y  th e  fo rm a tio n  o f  

th e  r e c r y s t a l l i s e d  g ra in s  a lo n g  th e s e  s c ra tc h e s  ( f i g . 20 ). 

The w h ite  d o ts  on th e  s u rfa c e  i s  p ro b a b ly  fo re ig n  m a tte r  

s tu c k  on to  th e  s u r f a c e ,  a s  i s  e v id e n t from i t s  absence 

a f t e r  c o n tin u e d  e tch in g #
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Longer days o f  a n n e a lin g  has n o t shown 

any d i f f e r e n c e  in  th e  s t r u c t u r e  o f t h i s  a l l o y .  The 

a l lo y  a n n e a le d  f o r  4- days and th e n  e tc h e d  f o r  80 m inu tes 

shows an  i n t e r e s t i n g  phenomenon (P ig . 2 1 ). The low er 

p o r t io n  i s  a  s e p a ra te  s in g le  c r y s t a l  form ed d u rin g  th e  

a n n e a lin g  p ro c e s s .  The exposed  p la n e s  to  th e  s u rfa c e  

a re  d i f f e r e n t  a s  one sh o u ld  im agine from th e  way in  w hich 

th e  two p o r t io n s  have "been e tc h e d . The u p p er p o r t io n  

shows up th e  same f e a tu r e s  a s  have been  n o te d  b e fo re  in  

th e  o th e r  c a s e s  w h ile  th e  low er p o r t io n  rem ains u n e tch e d . 

P i g . (22) c o rre sp o n d in g  to  th e  low er p o r t io n  o f  f i g . (21) 

b r in g s  f o r t h  i d e n t i c a l  s t r u c tu r e  a f t e r  p ro lo n g ed  e tc h in g  

(T o ta l 100 m in u te s ) showing t h a t  th e  c o n p o s i t io n  o f  th e  

a l lo y  i s  th e  same th ro u g h o u t. The b la c k  p o r t io n s  in  th e  

f ig u r e  a re  im p u r i t i e s  p r e s e n t  in  th e  a l lo y  m ost p ro b ab ly  

i r o n .

P i g . (23) shows th e  e tc h e d  s u r fa c e  o f th e  

specim en a f t e r  a n n e a lin g  f o r  8 days and f i g .  (24) shows 

th e  s u r fa c e  a f t e r  a n n e a lin g  f o r  32 days; p r a c t i c a l l y  th e re  

i s  no d i f f e r e n c e  in  th e  e tc h in g  c h a r a c t e r i s t i c s .  Thus 

i n  th e  ca se  o f  15 p e r  c e n t Indium  a l lo y ,  th e  e q u ilib r iu m  

c o n d i t io n  h a s  been  reach ed  even  a f t e r  one day o f  an n e a lin g  

and q u i te  c l e a r l y  a f t e r  lo n g e r  p e r io d s  o f an n e a lin g  and 

th e  s t r u c t u r e ,  a f t e r  c a th o d ic  e tc h in g  g iv e s  c le a r  ev idence  

f o r  a s in g le  homogeneous p h a se . A ccord ing  to  th e
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c o n s t i t u t i o n  d iagram  ( f i g . 1 2 ) , t h i s  a l lo y  c o n s i s t s  o f 

two p h a se s  a t  100% . B ut in  a l l  th e s e  c a se s  exam ined, 

th e r e  i s  no ev id en c e  o f a second phase  a f t e r  th e  e q u i l ­

ib riu m  c o n d i t io n  h as  been  re a c h e d . The p r e s e n t  o b s e rv a tio n s  

ag ree  w ith  th e  e q u il ib r iu m  diagram  o f f i g . (1 3 ).

12 p e r  c e n t Indium .

P i g . (25) u n d er v e ry  low m a g n if ic a tio n  shows th e  

e tc h e d  s u r fa c e  o f a c a s t  12 p e r  c e n t indium  w hich was 

an n e a led  a t  p r o g r e s s iv e ly  in c r e a s in g  tem p e ra tu re  and f i n a l l y  

quenched a t  1500g. A p p re c ia b le  g r a in  grow th had tak en  ■ 

p la c e  d u r in g  a n n e a lin g . In  f i g . (26) i t  i s  seen  th a t  th e re  

i s  a s o r t  o f  d e n d r i te  grow th w hich canno t be e x p e c ted  a f t e r  

t h i s  h e a t  t r e a tm e n t .  B ut th e  a u th o r  f e e l s  t h a t  due to  th e  

l a r g e  s i z e  o f  th e  specim en, sudden c o o lin g  m igh t n o t have 

b een  a b le  to  r e t a i n  th e  c e n tr e  p o r t io n  o f th e  m a te r ia l  

u n d e r  e q u i l ib r iu m . T h is  i s  a ls o  e v id e n t  from th e  sm all

s iz e  o f  th e  g r a in s  a t  th e  c e n tr e  compared w ith  th e  g ra in  

s iz e  o f  th e  o u te r  p o r t io n s .  P i g . (27) shows th e  l i g h t  

p r o f i l e  a c ro s s  th e  g r a in  boundary  a f t e r  th e  specim en had 

b e e n  e tc h e d  f o r  2 h o u rs . The s h i f t  shows th a t  th e  g ra in  

boundary  i s  a w a ll  s e p a ra t in g  th e  two b ig  g r a in s .  I t  i s  

i n t e r e s t i n g  to  n o te  t h a t  th e re  a re  sm all g ra in s  betw een th e  

boundary  and have a ls o  been  e tc h e d  a s  can be n o t ic e d  from th e  

s h i f t  o f  th e  p r o f i l e .
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11 p e r  c e n t Indium

In  th e  case  o f  a  11 p e r  c e n t indium  a l lo y  in  

th e  c a s t  s t a t e  i t  can he seen  a f t e r  e tc h in g  f o r  80 m inu tes 

t h a t  i t  c o n s i s t s  o f two p h a s e s , th e  <5 and th e  y  . ( f i g .  2 8 ) . 

The c l e a r  w h ite  p o r t io n s  a re  th e  S p h ase  and th e  two p h a se s  

a re  a lm o st o f e q u a l p r o p o r t io n s .  T h is  a l lo y  in  th e  c a s t  

form  sh o u ld  c o n ta in  some m ix tu re  o f 5 and J2> i f  i t  conform s 

to  th e  c o n s t i t u t i o n  d iagram  o f f i g . (1 2 ) , s in c e  on c o o lin g , 

i t  p a s s e s  th ro u g h  th e  (̂ S +p,) f i e l d  as  w e l l .  But th e r e  

i s  no ev id en c e  f o r  t h i s .  One day o f a n n e a lin g  h as  n o t 

p roduced  much change in  th e  s t r u c tu r e  o f th e  a l lo y  ( f i g . 2 9 ). 

The same g e n e ra l  f e a tu r e s  can  he seen  h e re  a l s o .  P i g . (30) 

shows th e  same s t r u c tu r e  when e tc h e d  f o r  100 m in u te s  a f t e r  

a n n e a lin g  f o r  2 d ay s . The q u a n t i ty  o f  y  phase  has 

in c re a s e d  on a n n e a lin g  f o r  4  d a y s , as  can  he seen  from 

f i g . (3 1 ) . The Y phase  e n c i r c l e s  th e  sm all p a r t i c l e s  o f 

S p h a se , in  th e  form  o f  s l i ^ t l y  b ig g e r  g r a in s .  16 days 

o f  a n n e a lin g  has b ro u g h t th e  a l lo y  to  th e  e q u il ib r iu m  s t a t e  

( f i g . 3 2 ) . The e tc h e d  s u r fa c e  shows t h a t  th e r e  i s  a much 

l a r g e r  q u a n t i ty  o f  y p h a se . The y phase h as s t a r t e d  

sp h e ro d l% ^ in g .(In  some a l lo y s  one k in d  o f  s o l i d i f i e d  g ra in  

may b e  cau sed  to  assume a s p h e r ic a l  shape i f  th e  tem p era tu re  

i s  r a i s e d  to  a p o in t  where th e  r i g i d i t y  o f  g r a in s  i s  l e s s  

th a n  t h e i r  s u r fa c e  t e n s io n .)
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The same general f e a t i i r e  i s  shown in  f i g .  (33) 

where th e  a l lo y  has he en annealed  fo r  32 days. Even 

lo n g e r  p e r io d s  o f a n n e a lin g  have n o t b rough t f o r th  much 

g r a in  grow th . T h is i s  due to  th e  p re se n c e  o f the  tv/o 

p h a se s . One phase  may h in d e r  th e  grow th o f another*

As f a r  as  can he seen  from th e  e tch ed  fe a tu re s ^  

o f  11 p e r  cen t a l lo y ,  i t  should  he im agined th a t  i t  shou ld  

c o n ta in  two p h ase s  a t  100° and t h a t  th e  r a t i o  of the  ^  : Y 

i s  o f  th e  o rd e r  1 : 2.

F ig .  (34) i s  an o rd in a ry  m icrophotograph  o f 

11 p e r  c en t indium  r o l l e d  and annealed  fo r  10 days a t  110°C, 

a f t e r  15 m inu tes e tc h in g . The sm all w h ite  p o r t io n s  a re  

th e  ^ p h a se . The g ra in s  o f t h i s  phase  a re  p o in te d  whenever 

th e y  m eet an o th e r g r a in  boundary. But one should  ex p ec t 

th e s e  sm all p a r t i c l e s  to  he g lo b u le s  due to  th e  h e a t tre a tm e n t. 

The amount o f ^ phase  i s  a lso  much l e s s  th an  the second p h ase . 

The d a rk  sp o ts  a re  a s  b e fo re  im p u r i t ie s  th a t  may be p re s e n t  

in  th e  a l lo y .

8 p e r  c e n t Indium

A ccording to  th e  c o n s t i tu t io n  diagram  o f f i g . (13)

8 p e r  c e n t indium a l lo y  on c o o lin g  slow ly  from the l iq u id  

s t a t e ,  th e  & phase s t a r t s  s e p a ra t in g  out a t  a tem pera tu re  

o f  abou t 217°0 and t i l l  i t  re a c h e s  th e  p e r i t e c t i c  tem pera tu re  

(205®C) th e  a l lo y  c o n s i s t s  o f 6 and l i q u id .  At the 

te m p e ra tu re  o f  th e  h o r iz o n ta l  GDP, th e  l i q u id  phase of
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co n jp o sitio n  P i s  In  e q u il ib r iu m  w ith  ^ phase o f

co m p o sitio n  C and V phase o f  com p o sitio n  D and on

p a s s in g  th ro u g h  t h i s  te m p e ra tu re , the a l lo y  undergoes 

p e r i t e c t i c  r e a c t io n .  The l iq u id  r e a c t s  w ith  S phase 

to  form  V . When th e  a l lo y  I s  s t i l l  f u r t h e r  coo led , th e  

p h a se s  rem ain  th e  same, b u t  th e  com position  and amount o f 

S and y v a r ie s .  The & p r e c i p i t a t e s  a lo n g  C P and ^  

a lo n g  D O . & becomes l e s s e r  In  Indium c o n te n t and ^

becomes r i c h e r  In  Indium , as th e  co o lin g  p ro c eed s . T h is

c o o lin g  p ro c e s s  I s  shown d la g ra m a tlc a l ly  In  f i g . (35 ).

An exam ination  o f th e  e tc h  f ig u r e s  shows some 

I n t e r e s t in g  d e t a i l s .  P i g . (36) shows th e  e tc h e d  su rfa c e  

o f th e  c a s t  a l lo y  a f t e r  40 m inu tes o f  e tc h in g . The sm all 

c l e a r  w h ite  p a r t i c l e s  a re  th e  ^ p h ase . The p r e c ip i t a t e d  

y p h ase  have form ed su rro u n d in g  th e  g ra in  b o u n d arie s  o f 

th e  S phase  and some m ight have formed w ith in  th e  g ra in s  

to o . P i g . (37) b r in g s  f o r t h  more d e t a i l s .  The 6 phase 

I s  v ery  c l e a r .  Some o f th e  5 phase I s  embedded In  th e  

y p h a se . T h is  specim en had been  e tc h e d  under th e  same 

c o n d it io n s  as  b e fo re  f o r  abou t 20 m in u te s , a f t e r  an n e a lin g  

f o r  one day . The amount o f  ^ phase h as in c re a s e d  c o n s id e r­

a b ly . Longer p e r io d  o f e tc h in g  has n o t produced any 

change In  th e  s t r u c tu r a l  p a t t e r n  o f  th e  a l lo y  as  can be seen

from  f i g . (3 8 ).
p i g . (39) shows the  e tc h e d  su rfa c e  a f t e r  2 days o f
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a im e a lln g . The & phase i s  very  c l e a r l y  shown.

C hem ical e tc h in g  h as  n ev er been a b le  to  b r in g  ou t th e se  

p h a se s  a s  c l e a r  as  i s  seen  h e re . R e c r y s ta l l i s a t i o n  h as  

ta k e n  p la c e  a lo n g  a s c ra tc h  on th e  r ig h t-h a n d  s id e  o f  

th e  f i g u r e .  At th e  same tim e th e r e  a re  o th e r  m ajor 

s c r a tc h e s  a long  w hich th e r e  i s  no l i n in g  up o f sm all 

c r y s t a l l i t e s  owing to  r e c r y s t a l l l s a t l o n .  T h is  i s  because 

th e  s c ra tc h e s  a lo n g  w hich r e c r y s t a l l i s a t i o n  has tak en  

p la c e  were made d u rin g  p o l i s h in g ,  b e fo re  a n n e a lin g .

The specim en an n ea led  f o r  4  days shows 

th e  same f e a tu r e s  a f t e r  e tc h in g  ( f l g .4 0 ) .  I t  shou ld  be 

Imagined, t h a t  e q u il ib r iu m  c o n d it io n s  have been  reach ed  

even a f t e r  2 days o f a n n e a lin g . In  f i g . (4 0 ), on c lo s e ly  

fo llo w in g  th e  fo rm a tio n  o f  sm all c r y s t a l s  along  th e  arrow  

( d i r e c t io n  o f a  s c r a t c h ) .  I t  can be seen  th a t  th e se  sm all 

c r y s t a l s  o f  S  phase  on c ro s s in g  a n o th e r  S  f i e l d ,  d isa p p e a r  

and ap p ear ag a in  a t  th e  o th e r  s id e  and t h i s  i s  c o n tin u e d . 

D uring  th e  a n n e a lin g  p ro c e s s , th e  new n u c leu s  form ed a t  

th e  deform ed p o r t io n s  grows and jo in s  w ith  th e  su rro u n d in g  

S phase  to  form a b ig  g r a in ,  w hereas a t  p o r t io n s  

su rro u n d ed  by th e  y phase th e  grow th o f  th e  n u c leu s  

form ed I s  r e s t r i c t e d  and so o n ly  sm all c r y s t a l s  o f  S a re

seen  a long  th e se  s c r a tc h e s .

I t  i s  q u i te  e v id e n t from t h i s  m icroscop ic  

ex am in a tio n  th a t  th e  a l lo y  a t  100^0 c o n s is ts  o f  two phases



y. 2-5T)

6

y. 2jrt)



—ij.0—

and th e  amount o f & p h ase  i s  c o n s id e ra b ly  g r e a te r  th a n  

th e  V p h a se . The g r a in  grow th i s  a l s o  h in d e re d  due to  

th e  p re se n c e  o f  th e  two p h a se s .

P ig .  (I4.I) w hich i s  th e  e tc h e d  su rfa c e  o f th e  

a l lo y  a f t e r  a n n e a lin g  f o r  8 d ay s. There i s  n o t much 

d i f f e r e n c e  in  th e  s t r u c t u r e .  But i t  can  be seen  t h a t  

th e  p r e c i p i t a t e d  p a r t i c l e s  have become l a r g e r  by  c o a le sc e n c e . 

The same g e n e ra l  f e a tu r e s  can  be seen  in  f ig u r e s  (42) and 

(43 ) w here th e  a l lo y  had  b een  annea led  f o r  16 and 32 days 

r e s p e c t iv e ly  and th e n  e tc h e d  f o r  40 m in u te s .

5 p e r  c e n t  Indium

P i g . (44) shows th e  e tc h  f e a tu r e s  on a c a s t  

5 p e r  c e n t  a l lo y .  The f in e  g r a in  s t r u c tu r e  w ith  lo c a l  

co m p o sitio n  v a r ia t i o n  due to  c o r in g  on sudden co o lin g  i s  

e a s i l y  v i s i b l e .  The eq .u ilib riu m  s t a t e  i s  alm ost reach ed  

a f t e r  a n n e a lin g  th e  a l lo y  f o r  2 days. P i g . (45) shows th e

s u r fa c e  a f t e r  e tc h in g  f o r  40 m in u te s . There i s  no ev idence

f o r  a  second p h a se . A p p rec iab le  g r a in  grow th h as ta k e n  

p la c e  d u r in g  a n n e a lin g . The same g e n e ra l  f e a tu r e s  a re  

seen  in  f i g . (4 6 ). T h is was an n ea led  f o r  4  days and th e n  

e tc h e d  f o r  80 m in u te s . A nother p a r t  o f th e  same specim en 

shows some v e ry  in t e r e s t i n g  d e t a i l s  (P ig .4 7 ) . A s e t  o f  

p a r a l l e l  m arkings a re  v e ry  p rom inen t w h ile  a c lo se  exam­

in a t io n  shows a n o th e r s e t  o f  p a r a l l e l  m ark ings. (one l i n e  

o f  th e  l a t t e r  s e t  i s  shown by th e  a rro w .) These a re
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o ljv io u sly  s l i p  t r a c e s .  One o f  th e  s l i p  system  i s  

s t r a i g h t  w h ile  th e  o th e r  s u f f e r s  sy s te m a tic  d is p la c e ­

m ents in  th e  same d i r e c t io n ,  a t  ev e ry  i n t e r s e c t i o n  w ith  

a l i n e  o f th e  fo rm er system . There i s  no change in  

th e  d i r e c t i o n  o f th e  s l i p  l i n e s  a s  i t  c ro s s e s  th e  g ra in  

boundary  o f a n o th e r  sm all g r a in  in s id e  and th e s e  l i n e s  

a re  n o t v i s i b l e  in s id e  th e s e  g r a in s .

These s t r i a t i o n s  mark th e  i n t e r s e c t io n  o f 

th e  p o l is h e d  s u r fa c e  w ith  th e  s l i p  p la n e s  o f  t h i s  

p a r t i c u l a r  c r y s t a l  and th e  sm a ll g ra in s  (w ith in  th e  b ig  

g ra in )  where s l i p  t r a c e s  a re  n o t  seen , exposes such  a 

p la n e  t h a t  th e  t r a c e s  a re  n o t  observed  on th e  s u r fa c e .

D eform ation  h as  o cc u rred  f i r s t  by t r a n s l a t i o n  

a lo n g  th e s e  l i n e s  (which a r e  c l e a r l y  seen) and th e n  a long  

th o se  marked 3 and hence when th e  f i r s t  s e t  o f  l i n e s  

p a s s  over th e  o th e r  s e t ,  i t  i s  d i ^ l a c e d .  I t  i s  q u i te  

p o s s ib le  t h a t  t h i s  d e fo rm atio n  m ight have been  caused  

by th e  sudden c o o lin g  o f th e  %>ecimen d u rin g  quenching.

I t  sh o u ld  a ls o  be u n d e rs to o d  th a t  t h i s  a l lo y  i s  o f a  s in g le  

phase  ( th e  ev id en ce  b e in g  g iv en  by th e  p re v io u s  pho tograph) 

and th e  c r y s t a l  s t r u c tu r e  o f t h i s  6 phase i s  t e t r a g o n a l .  

Due to  th e  a n is o t ro p ic  n a tu re  o f th e  te t r a g o n a l  c r y s t a l  

s t r e s s e s  a re  s e t  up w ith  change o f  tem pera tu re  in  a 

randomly' o r ie n te d  a g g reg a te  o f c r y s ta l  g ra in s  and th e se  

a re  s u f f i c i e n t  to  cause s l i p  in  c e r t a in  c r y s t a l s .
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I t  h a s  lo n g  been  e s t a b l i s h e d  t h a t  such  

s t r i a t i o n s  cau sed  by  l i g h t  d e fo rm a tio n  can b e  re v e a le d  

by  a s u i t a b l e  e tc h in g  te c h n iq u e  (M aclean 1948 ). O athodic 

vacuum e tc h in g  te c h n iq u e  i s  b e s t  s u i t e d  f o r  r e v e a l in g  

f lo w  l i n e s .  F o rd  M otor Company (1949) have shown flow  

l i n e s  in  s t e e l  sam ples p r e v io u s ly  u n d e te c te d  and a  

com parison  o f  th e  s t r u c tu r e  p ro d u ced  by ch em ica l e tc h in g  

h a s  r e v e a le d  t h a t  o a th o d ic  e tc h in g  b r in g s  o u t th e  t r u e  

m io ro s t ru c tu r e  w ith  g r e a te r  d e t a i l  and c l a r i t y .

P ig » (48) shows th e  e tc h e d  s u r fa c e  o f  th e  a l lo y  

a f t e r  a n n e a lin g  f o r  32 d ay s . A p art from th e  l a r g e r  

g r a in  s iz e  th e r e  i s  l ia rd ly  any d i f f e r e n c e  i n  th e  s t r u c tu r e  

o f  th e  a l l o y  a s  su ch . No ev id en c e  f o r  a second phase  i s  

seen  even a f t e r  32 days o f  a n n e a l in g . 5 p e r  c e n t  a l lo y  

c o n s i s t s  o f  o n ly  one p h ase  a t  100°C. T h is  a g re e s  w ith  

th e  c o n s t i t u t i o n  d iagram  ( f i g . 13 )•

99*4 p e r  c e n t  p u re  T in

9 9 ,4  p e r  c e n t  p u re  T in  c o n ta in in g  0 .6  p e r  c e n t 

o f  i r o n  was c h i l l  c a s t  and a sq u are  o f ab o u t 1 .5  cm. was 

c u t  o u t and  a f t e r  p o l i s h in g  and o a th o d ic  e tc h in g , th e  

s u r f a c e  was exam ined u s in g  p o la r iz e d  l i g h t ,  w ith  th e  a n a ly e r  

c r o s s e d  w ith  th e  p o l a r i z e r ,  a  v ery  u s e f u l  te ch n iq u e  i n  

m e ta llo g ra p h y . F ig* (49) shows t h i s  s u r f a c e .  The u se  o f  

p o l a r i z e d  l i g h t  a f f o r d s  c o n t r a s t  betw een  th e  appearance  

o f  one g r a in  and th e  n e x t .  When th e  s ta g e  was r o t a t e d ,
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a l l  th e  g r a in s  showed two maxima and two minima in  one 

com ple te  r o t a t i o n .  F i g , (50) shows th e  s u r fa c e  a f t e r  

t l ie  s ta g e  was r o t a t e d  tlirough  90° from  th e  i n i t i a l  

p o s i t i o n .  The specim en b e in g  p o l y c r y s t a l l i n e ,  th e  

d i f f e r e n t  g r a in s  expose d i f f e r e n t  p la n e s  and hence th e  

d i f f e r e n c e  i n  sh ad e . Sm all c r y s t a l s  l in e d  up a re  form ed 

b y  r e c r y s t a l l i s u t i o n  a lo n g  th e  s c r a tc h e s  form ed d u r in g  

p o l i s h in g .  The w h ite  s p o ts  a re  p a r t i c l e s  o f th e  compound 

o f  i r o n  and t i n  ( Pe S iig ). The g r a in  b o u n d a r ie s  rem ain  

d a rk  i n  a l l  p o s i t i o n s  o f  the  s ta g e .  Only s l i d e s  o f  

i s o t r o p i c  su b s ta n c e s  rom ain d ark  in  any p o s i t io n  when 

exam ined u n d e r c ro s s e d  n ic o l s .

F i g , (51 ) shows some i n t e r e s t i n g  d e t a i l s .  T h is  

spec im en  was p re p a re d  by  c a s t in g  th e  m olten  t i n  on a  

p o l i s h e d  g la s s  p l a t e  k e p t on a h o t p l a t e ,  th e  te m p e ra tu re  

o f  w hich  was a few d e g re e s  above th e  m e ltin g  p o in t  o f  t i n .  

A f te r  p o u rin g  th e  m o lten  m e ta l over th e  h o t g la s s  p l a t e ,  

th e  c u r r e n t  was sw itch ed  o f f  and th e  m e ta l a llo w ed  to  c o o l 

s lo w ly . The specim en was th e n  removed and e tc h e d  f o r  abou t 

90 m in u te s . These ro d  shaped c r y s t a l s ,  some b ig  and some 

s m a l l ,  a re  i r o n - y in  oonpound Fe Shg, Fe Sng i s  more dense 

th a n  l i q u id  t i n  and s in c e  i t  s e p a r a te s  ou t f i r s t  a s  th e  t i n  

s o l i d i f i e s  i t  may have a chance to  s in k  down to  th e  g la s s  

p l a t e  d u rin g  th e  slow  c o o lin g . I t  can  be seen  i n  some 

c a s e s  t h a t  on ly  a p a r t  o f th e  c r y s t a l  i s  exposed a f t e r  e tc h in g
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anâ th e  r e s t  I s  s t i l l  in s id e  th e  su rfa c e  o f  th e  specim en.

The c r y s t a l  marked A i s  an example.

4.3 SOTffitARY OF RESULTS.

(1) At 100^0, 15 p e r  cen t and 5 p e r  c e n t  Indium

a l lo y s  c o n s is t  o f on ly  one p h a se , th e  Y phase  

and S phase  r e s p e c t iv e ly .

(2) At 100°C, 11 p e r  cen t and 8 p e r  c e n t Indium

a l lo y s  c o n s is t  o f two p h a se s , th e  & and th e  Y .

(3) There i s  ev idence  fo r  s l i p  d u rin g  quench ing  

as re v e a le d  by th e  s l i p  t r a c e s  on th e  s u r fa c e .

(4) A nnealing  has produced a p p re c ia b le  g r a in

grow th in  th e  case  o f  th e  s in g le  phased  a l l o y s .

(5) The r e s u l t s  o f th e  p re s e n t  m e ta llo g ra p h ic  

exam in atio n  o f  th e se  a l lo y s  a g re e s  w ith  th e  

c o n s t i tu t io n  diagram  o f f ig u re  (1 3 ).

(6) The te c h n iq u e  o f o a th o d ic  e tc h in g  h as  p roduced  

s t a i n  f r e e  s u r fa c e s  u n lik e  chem ical e tc h in g  and i s  

a v ery  u s e fu l  te ch n iq u e  fo r  e le c t r o n  m ic ro sco p ic  

s tu d y  of th e  s t r u c tu r e  o f m e ta ls  and a l lo y s .

There a re  c e r t a in  ca se s  however in  w hich th e  

r e s u l t  o f e tc h in g  a re  d i f f i c u l t  to  i n t e r p r e t  and 

in  such  ca se s  c a th o d ic  e tc h in g  shou ld  se rv e  a s  

u s e f u l  c o n f irm a tio n  o f th e  o th e r  m ethods.

(7) Im p u r i t ie s  l i k e  i ro n  p re s e n t  i n  th e  m e ta l 

and a l lo y  a re  r e v e a le d .



I t  h as a lre a d y  b een  m entioned t h a t  th e  i n t e r ­

p r e t a t i o n  o f iD ic ro stru c tu p o  depends on th e  assum ption  

t h a t  an a l lo y  can be b rough t to  i t s  c o n d it io n  o f  

e q u il ib r iu m  a t  any g iven  tem pera tu re  and th a t  i t s  

s t r u c tu r e  in  t h i s  c o n d itio n  can be r e ta in e d  by 

quenching* But th e  second assum ption  i s  by no means 

u n iv e r s a l l y  t r u e  even f o r  very  r a p id  quenching c a r r i e d  

o u t on sm all p ie c e s .  S t i l l  th e  s ig n if ic a n c e  o f  th e  

s t r u c tu r e  i s  u s u a l ly  n o t m is lead in g  s in c e  i t s  

appearance  in  c o n ju n c tio n  w ith  in fo rm a tio n  g iven  

by  c o o lin g  cu rves and X -ray  stud^^ le a v e s  no doubt 

abou t th e  s t r u c tu r e  o f the  a l lo y  a t  a p a r t i c u l a r  

te m p e ra tu re  *
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CHAPTER V.

RATE OP ETGHTWa.

5*1 PROCEDURE AND OBSERVATIONS

An o p t i c a l  method f o r  d e te rm in in g  th e  r a t e  

o f  e tc h in g  i s  d e s c r ib e d .

The o b je c t  was to  cover an a re a  o f  th e  

specim en  from  n o t b e in g  bombarded by Argon io n s  w hich  

c a u se  c a th o d ic  d i s i n t e g r a t i o n  and to  m easure th e  d e p th  

o f  th e  e tc h e d  p o r t io n  from  th e  o r i g i n a l  l e v e l  by  o p t i c a l  

t e c h n iq u e s .  The e tc h e d  s u r fa c e  was v e ry  p o o r from  

i n t e r f e r o r a e t r i c  s ta n d a rd s  and so l i g h t  p r o f i l e  m icro sco p y  

was u s e d  to  m easure t h i s  d ep th .

The f i r s t  problem  was to  f in d  ou t a  m ethod o f  

p r o t e c t i n g  a sm a ll a r e a  from c a th o d ic  e tc h in g .  Two 

L -sh a p ed  p ie c e s  o f  m ica were jo in e d  to g e th e r  to  form  a 

sq u a re  h o le  and th e  s u r fa c e  o f th e  specim en was c o v e red  

w i th  t h i s ,  th u s  ejçposing th e  squ are  h o le  f o r  e tc h in g .

B ut a  sh a rp  l i n e  o f  d em arca tio n  betw een  th e  e tc h e d  and . 

u n e tc h e d  p o r t io n s  co u ld  n o t be o b ta in e d . I t  i s  q u i t e  

p ro b a b le  t h a t  some o f  th e  io n s  were a b le  to  h i t  p o r t i o n s  

v e ry  n e a r  th e  edge w ith in  th e  m ica c o v e r in g .

Q u n th e rsch u lze  (1926) b y  d e te rm in in g  th e  amount

o f  m a te r ia l  removed due to  s p u t t e r in g ,  h as  shown t h a t  

alum inium  s p u t t e r s  a t  a  v e ry  low r a t e .  H u lb e r t (1934) 

d e te rm in ed  th e  s p u t t e r in g  r a t e  by  m easu ring  th e  tim e
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re q u ire d , "by d i f f e r e n t  la e ta ls  to  produce an opaque 

c o a t in g .  A ccording to  h.iin a l s o ,  alum inium  h as  an 

e x tre m e ly  low s p u t te r in g  r a t e .

And BO alum inium  was u sed  a s  a means o f  

p r o t e c t i n g  th e  s u rfa c e  from  e tc h in g .

The specim en was p la c e d  in s id e  a c y l i n d r i c a l  

s h i e l d  w ith  th e  p o l is h e d  su rfa c e  to u ch in g  th e  h a se  o f  

th e  s h i e l d .  The b a se  was very  th in  and had  a sq u are  

h o le  o f  abou t 4  sq.mm. a r e a .  The b ase  was jo in e d  to  

th e  s h i e ld  w ith  th re e  sm a ll screw s. The to p  fa c e  o f 

th e  b a se  was w e ll  p o l is h e d  ev ery  tim e b e fo re  in tro d u c in g  

th e  specim en  to  en su re  good c o n ta c t be tw een  th e  two f a c e s  

A s e c t i o n a l  view  o f th e  s h ie ld  w ith  th e  specim en in s id e  

i s  shown i n  th e  f i g . (5 2 ). T h is  was in tro d u c e d  in s id e  

th e  vacuum c o a tin g  u n i t  and a th ic k  f i lm  o f  alum inium  

was e v a p o ra te d  on to  i t .  The p o r t io n  o f  th e  specim en 

exposed  was th u s  c o a te d  w ith  a  th ic k  alum inium  c o a tin g  

h a v in g  a s t r a i g h t  ed g e . The th ic k n e s s  o f  th e  f i lm  was 

m easured  a t  d i f f e r e n t  p la c e s  by l i g h t  p r o f i l e .  The 

specim en was th e n  in tro d u c e d  in to  th e  s p u t t e r in g  chamber 

and a f t e r  e tc h in g  f o r  3 h o u rs  th e  %»ecimen was ta k e n  o u t 

and th e  d e p th  m easured a t  th e  same p la c e s  a s  b e f o re .

The d i f f e r e n c e  gave a  m easure o f th e  r a t e  o f  e tc h in g .

The av e rag e  o f  th e  n e a r ly  e q u a l v a lu e s  o f  th e  d i f f e r e n c e  

m easured  a t  d i f f e r e n t  p la c e s  was ta k e n .

D iffe r e n t  sartiples were etch ed  in  t h i s  way.
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The area of the surface exposed was the same in all 
cases. The distance between the electrodes was kept 
constant. The voltage and the current were kept steady 
throughout the eaqierlment. As the various major factors 
affecting the rate of sputtering were kept constant the 
difference in depth before and after etching gave an 
absolute measure of the rate of etching. An example 
of the profile across the edge of the aluminium coating 
before and after etching is shown in figs. (53 and 54) 
respectively.

It should also be understood that aluminium 
though it has a very slow rate of sputtering a certain 
thickness of aluminium might also have been removed 
during etching. In order to measure that, an identical 
sample was taken and was given a thin coating of aluminium 
of the same area as before. The thickness was measured 
by fizeau fringes. This ^ecimen was etched under the 
same conditions as before and the time required to remove 
the film completely from the surface was found out. The 
thickness of film removed in one hour gave a correction 
factor to the rate of etching determined in the different
cases.

The results are given in Table I. The values 
given are the depths In microns of material removed by 
etching in one hour.
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TABLE I .  
C o r re c t io n  = -  300 A.U.

Indium  
p e rc e n ta g e  

in  th e  
A llo y

R ate o f  e tc h in g

C h i l l  c a s t
A nnealed 

f o r  
8 days

A nnealed  
! f o r  

32 d ays '

5 .6503 1.1083 1 .2807

11 .7117 1.9610 .3677

« .4737 .3560 .7200

In  g e n e ra l  th e  r a t e  o f e tc h in g  o f  c a s t  a l lo y s  

i s  v e ry  slow  when compared w ith  th e  r a t e  o f  e tc h in g  a f t e r  

a n n e a l in g .  The r a t e  o f e tc h in g  f o r  th e  15 p e r  c e n t  a l l o y
V

i s  l e s s  th a n  th e  5 p e r  c e n t a l lo y .  I t  h as  a l r e a d y  b een  

shown t h a t  b o th  th e s e  a l lo y s  a re  s in g le  p h ased , th e  

15 p e r  c e n t  c o n s t i t u t i n g  th e  phase  and th e  5 p e r  c e n t  

c o n s t i t u t i n g  th e  i  p h a se . So i t  seems t h a t  th e  6 phase  

e tc h e s  more e a s i l y  th a n  th e  Y ,

I n  th e  15 p e r  c e n t a l lo y  i t  i s  seen  t h a t  

c o n s id e r a b le  g r a in  grow th h as o c c u rre d , even a f t e r  one 

day o f  a n n e a lin g . The l a r g e r  th e  number o f  g r a in s ,  th e  

l e s s  i s  th e  r a t e  o f  e tc h in g . T h is  shows t h a t  th e  g r a in  

b o u n d ary  m a te r ia l  i s  l e s s  e tc h e d  th a n  th e  g r a in  i t s e l f .

The same e f f e c t s  can  be seen  in  th e  5 p o r  c e n t a l lo y  a l s o .  

Hence i t  sh o u ld  be im agined th a t  th e  g ra in  boundary  s t i c k s  

o u t  o f  th e  s u r fa c e  a f t e r  e tc h in g . Evidence to  t h i s  h as  

a l r e a d y  been  shown in  f i g .  (27) where th e  s h i f t  o f  th e  

p r o f i l e  in d ic a te s  t h a t  th e  g ra in  boundary i s  an  e le v a te d
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p o r t i o n  s e p a r a t in g  th e  two g ra in s .

5*2 OONCLÜSIOH

R osenhain  and Ewen (1912) su g g es ted  t h a t  

b o u n d ary  g ro o v es  co u ld  be produced  by  th e  p r e f e r e n t i a l  

e v a p o ra t io n  o f  th e  g r a in  boundary m a te r ia l .  They 

i n t e r p r e t e d  t h e i r  experim en ts  by  supposing  t h a t  m e t a l l i c  

g r a in s  a r e  jo in e d  by a cement o f amorphous m a te r ia l  w hich  

h a s  a g3?eater vapou r p re s s u re  th an  th e  c r y s t a l l i n e  m e ta l .  

Fonda (1923) found  th a t  sm all g ra in e d  m e ta ls  showed a  

g r e a t e r  r a t e  o f  e v a p o ra tio n  in  vacuum. C halm ers, K ing and 

S h u t t le w o r th  (1948) have shown th a t  th e  enhanced e v a p o ra t io n  

can n o t be  due to  th e  ex c ess  o f vapour p re s s u re  and t h a t  

e v a p o ra t io n  i s  n o t th e  im p o rtan t mechanism in  th e  fo rm a tio n  

o f  b o u n d ary  g ro o v e s .

W hatever th e  e x a c t n a tu re  o f th e  boundary  i t  i s  

c l e a r  t h a t  th e  g r a in  boundary  i s  a re g io n  o f  a tom ic d i s o r d e r .  

I f  th e  p ro c e s s  o f  e tc h in g  (c a th o d ic  s p u t te r in g )  i s  by  th e  

k n o ck in g  o f f  o f  atoms from  th e  cathode by th e  p o s i t iv e  io n s ,  

th e n  th e  atom s c o n s t i tu t in g  th e  boundary m a te r ia l  sh o u ld  be 

more e a s i l y  removed th an  th e  r e s t  o f th e  g r a in s .  Hence th e  

fo rm a tio n  o f  th e  boundary w a l ls  in d ic a te s  t h a t  s p u t te r in g  

ta k e s  p la c e  by some o th e r  mechanism. I t  sh o u ld  b e  im agined  

(a s  h a s  a l r e a d y  b een  m entioned i n  S e c tio n  5 o f  C h ap te r I I )  

t h a t  c a th o d ic  e tc h in g  ( s p u t te r in g )  ta k e s  p la c e  th ro u g h  l o c a l  

h e a t in g  w ith  r e s u l t i n g  e v a p o ra tio n  in  th e  ca se  o f  heavy io n s .
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