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Abstract The appl  i c a t  i o n  o f  concen t ra ted  load by spher i c a l  i nden te r  on 
L i F  monocrysta ls ,  produces t h e  c h a r a c t e r i s t i c  d i s l o c a t i o n  p a t t e r n  t h a t  
i s  revealed by chemical e t c h i n g  and observed by l i g h t  microscopy. The 
r e s i d u a l  deformat i o n  produces a  p h o t o e l a s t  i c  p a t t e r n  t h a t  i s  cornposed by 
s t ressed  reg ions  on [110] and [ l i 0 1  d i rect ions.Severa1 f a c t o r s  t h a t  a f f e c t  
t h e  f o r m a t i o n  and o b s e r v a t i o n  o f  these p a t t e r n s  a r e  analyzed.  An i n -  
t e r p r e t a t i o n  i s  presented, based on t h e  geometry o f  t h e  d  i s  l o c a t  i o n s  
produced . 

Dur ing  t h e  pas t  severa1 years i t  has becorne widely  r e c o g n  i z e d  

t h a t  hardness t e s t s  represen t  a  u s e f u l  means o f  s t u d y i n g  v a r i o u s  mech- 

a n i c a l  p r o p e r t i e s  o f  s o l i d s .  I n  p o l y c r y s t a l s  t h e  impressionmeasurements 

g i v e  the  magnitude o f  t h e  hardness, b u t  i n  m o n o c r y s t a l s ' t h e  d i s l o c a t i o n  

p a t t e r n s  around an i n d e n t a t i o n  can reveal  aspects  o f  t h e  de fo rmat ion  

mechanism and p l a s t i c  f l o w  a n i s o t r o p i e s  o f  v a r i o u s  crysta1s.A s p h e r i c a l  

i nden te r  produces a  measure o f  hardness t h a t  i s  independent o f  t h e  i n -  

den te r  o r i e n t a t i o n  r e l a t i v e  t o  t h e  c r y s t a l  l a t t i c e ,  b u t  s e n s i  t i v e  t o  

b o t h  t h e  o r i e n t a t i o n  o f  t h e  indented s u r f a c e  and t h e  appl ied load.Conse- 

quen t l y ,  s p h e r i c a l  i n d e n t a t i o n  i s  p a r t i c u l a r l y  i n t e r e s t i n g  t o  s tudy  de- 

fo rmat ion  mechanisms and s l i p  systems. 

The d i s l o c a t i o n  s t r u c t u r e  o f  t h e  r o s e t t e  n e a r a n  i n d e n t a t i o n  on 

a l k a l  i ha l  ides s i n g l e  c r y s t a l s  has been repor ted  b y  many a u t h o r s"  '. 
When r o c k s a l t  s t r u c t u r e  c r y s t a l s  a r e  loaded on (100) f a c e s  t h r o u g h  

s p h e r i c a l  i nden te rs ,  chemical e t c h i n g  shows a  d i s l o c a t i o n  p a t t e r n  w i t h  

arms i n  bo th  <100> and <110> d i r e c t i o n s ,  corresponding t o  t h e  o p e r a t i o n  

o f  {IIO},, and (110)90 s l i p  systerns ( F i g .  l ) .The l e n g t h  o f  t h e  r o s e t t e  

arms i n  a  <110> d i r e c t i o n  i s  a  u s e f u l  i n d i c a t i o n  o f  t h e  m e c h a n i c a l  

s t r e n g t h  o f  t h e  c r y s t a 1 7 .  Nadgornyi and stepanovl r e p o r t  t h a t  t h e  d i s l o -  

c a t i o n  p a t t e r n  i s  cornposed by h a l f  loops e n c l o s i n g  t h e  i n d e n t a t i o n ,  

{110)45 system, whereas h a l f - l o o p s  on {IIO},, l i e s  on one s i d e  o n l y .  



However they  s tand o u t  t h a t  t h e  s t r u c t u r e  o f  these r o s e t t e s  may be much 

more compl icated and t h e  mot ion  o f  d i s l o c a t i o n s  d e p e n d s  o n  t h e  

i m p u r i t i e s  concen t ra t ion ,  magnitude o f  load and impress ion v e l o c i t y .  

The present  paper i n d i c a t e s  t h e  procedures f o r  p h o t o e l a s t i c  

observa t ions  and e s t a b l i s h  a  comparison between t h e  s t r e s s  f i e l d  a n d t h e  

d i s l o c a t i o n s  p a t t e r n s  around the  i n d e n t a t i o n .  

2. EXPERIMENTAL 

Specimens o f  L iF ,  t y p i c a l l y  0 , 5 ~ 0 , 5 ~ 0 , 2  cm wer?  prepared by 

(100) c leavage f rom a l a r g e  s i n g l e  c r y s t a l  b lock ,  (Harshaw c r y s t a l ) ,  and 

annealed d u r i n g  24h a t  5 5 0 ~ ~  i n  N, atmosphere t o  reduce t i r e f r i n g e n t  

bands produced by c leavage.  The samples were indented w i t h  a  diamond 

s p h e r i c a l  p o i n t ,  ( r a d i u s  18um), w i t h  loads f rom 10 t o  100 g f  and l o a d i n g  

t ime o f  2  min. A f t e r  un load ing ,  r e s i d u a l  b i r e f r i n g e n c e  was observed i n  

o p t i c a l  microscopy, ( ~ i l d  M-20), u s i n g  crossed p o l a r o i d s ,  f o l  lowing t h e  

procedures i n d i c a t e d  by Mendel sons. 

To e l i m i n a t e  spur ious  b i r e f r i n g e n c e s ,  t h e  sample suppor t  was a  

m e t a l l i c  p l a t e  w i t h  an a p e r t u r e ,  i ns tead  o f  t h e  usual  g l a s s  p l a t e .  í n  

some observa t ions ,  t h e  ana lyzer  was p laced between sample and o b j e c t i v e  

t o  p reven t  background s t resses  produced by t h e  o b j e c t i v e  lenses.  The 

d i s l o c a t i o n  d i s t r i b u t i o n  around t h e  i n d e n t a t i o n s  was revealed b y e t c h i n g  

w i t h  a  s o l u t i o n  c o n s i s t i n g  o f  equal p a r t s  o f  conc. HF and g l a c i a l a c e t i c  

a c i d ,  p l u s  I - v o l %  o f  conc. HF s a t u r a t e d  w i t h  FeCR, 'O. 

3. OBSERVATIONS 

The p i c t u r e  o f  F i g .  1 shows an indented ( 1  00) f a c e  o f  L i F  a f t e r  

e t c h i n g .  The f o u r  arms i n  4 1 0 >  d i r e c t i o n s  a r e  composed b a s i c a l l y  by 
two rows o f  edge d i s l o c a t i o n s ,  w i t h  m u l t i p l i c a t i o n s  between them t h a t  

decreases g r a d u a l l y  f rom t h e  c e n t e r  t o  t h e  arm e x t r e m i t y .  Observat ions 

o f  t h e  d i s l o c a t i o n  mot ion  o u t  o f  t h e  arms due t o  externa1 s t r e s s  impulse2 

showed t h a t  each row i s  composed by d i s l o c a t i o n s  w i t h  Burgers v e c t o r s  

as i n d i c a t e d  i n  F i g .  1 .  The four  arms i n  <100> d i r e c t i o n s  a r e  composed 

by screw d i s l o c a t i o n s  and toge ther  w i t h  t h e  <110> arms c h a r a c t e r  i z e  

t h e  s p h e r i c a l  i n d e n t a t i o n .  When t h e  inden te r  

o r i e n t a t i o n  can a c t i v a t e  d i f f e r e n t l y  t h e  edge 

arms f ~ r m a t i o n ~ ' ~ .  

i s  pyramid s h a p e d ,  i t s  

, <110>, o r  screw, <100> , 



The residual  p iezob i re f r ingence shown i n  Fig.  2  isaphotograph 

obtained, before etching,  using crossed po laro ids  which were o r i e n t e d a t  
o  

r i g h t  angles t o  one another and a t  an angle o f  45 wi t h  respect t o  the 

(010) plans. Only the <I 10> arms present b i r e f r i n g e n t  image. Before 

indentat  ion, t h i s  sample was annealed, af t e r  cleavage, a t  600'~ dur ing  

48h i n  a  N2 atmosphere t o  minirnize the e f f e c t  o f  background stresses.The 

photoe las t ic  image i s  produced by the con t r i bu t i on  o f  the m a j o r i t y  o f  

one s ign  edge d is locat ions ,  a l though the e l a s t i c  f i e l d  o f  an i so la ted  

d i s l o c a t i o n  i n  LiF, i s  not  s u f f i c i e n t  t o  produce an observable contrast. 

The indent i i t ion  produces a  pa t te rn  tha t  

<110> edge rows, where d i s l o c a t i o n  dens 

creasing i n t e n s i t y  from the indenta t ion  

s t ress  magnitudes produced by the inden 

i s  more 

i t y  i s  h  

po in t .  

t e r ,  the 

mater ia l  can produce cont ras t  changes i n  the  < I  

proeminent between the 

gh, vanishing w i t h  de- 

n  consequence  o f  t h e  

residual  st resses i n  the 

O> arms o f  . the photo- 

e l a s t i c  image. An example o f  t h i s  s i t u a t i o n  i s  the e l a s t i c  image showed 

i n  F ig .  3, where the loading was done over a  nonannealed c r y s t a l .  The 

l i n e  t h a t  crosses a l l  f i e l d  i s  a  cleavagestep l e f t  t o  serve as r e f e r -  

ente. Residual stresses superimposed w i t h  indenta t ion  s t ress  p r o d u c e  

d i f f e r e n t  r o t a t i o n  on the plane o f  po lar ized l i g h t  Porming d a r k  and 

c lea r  arms. Turning the c r y s t a l  90°, the cont ras t  becomes inverted as i n  

Fig.  4.  The: f igures  2, 3 and 4 were obtained w i t h  one po la ro id  over the 

f i e l d  diaphragm and the other between sample and ob jec t i ve .  bwever, i f  

the analyzer i s  f i t t e d  above the ob jec t i ve ,  the pa t te rn  becomes modi- 

f i ed ,  since the lens stresses a l t e r  the cont ras t  between [I l0)and [ I ~ o ]  
arms. This i s  the case of the photoe las t ic  pa t te rn  i n  F ig .  5, t ha t  was 

obtained from the same indenta t ion  of F ig .  2, but w i t h  the analyzer 

posi t ioned above the ob jec t i ve .  Surface defects were mantained wi thout  



p o l i s h i n g  t o  serve as re fe rence .  

The p h o t o e l a s t i c  p a t t e r n  i n  n o t  un i fo rm r e l a t i v e l y  t o  depth, 

and so t h e r e  i s  n o t  a  d e f i n i t e  th i ckness  t h a t  p e r m i t s  a  q u a n t i t a t i v e  

s t r e s s  de te r rn ina t ion .  However, the  in fo r rna t ions  a r e  i m p o r t a n t  f o r  

i n d e n t a t i o n  s t u d i e s .  

F ig .2  - P h o t o e l a s t i c  p a t t e r n  
ob ta ined  before e t c h i n g ,  show- 
ing  b i r e f r i n g e n c e  bands a long  
<I 10> d i r e c t i o n s .  Load 20 g f  

F i g . 4  - The sane sample o f  F ig .  
3 ,  s h o w i n g  t h e  c o n t r a s t  
i n v e r t  i o n  a f t e r  90' t u r n i n g .  



4. RESULTS AND DISCUSSION 

From t h e  comparison between t h e  e t c h  p i t s  a n d  p h o t o e l a s t i c  

p a t t e r s ,  we can conclude t h a t  t h e  appearance o f  b i r e f r i n g e n c e  i s  p ro-  

duced by a  d i s l o c a t i o n  d i s t r i b u t i o n  as i n d i c a t e d  i n  F i g .  6. I n  these  

c o n d i t i o n s ,  t h e  arms on c110> d i r e c t i o n s  a r e  under compression s t r e s s ,  

and c o n s i d e r i n g  t h e  symmetry and e t c h  p i t  d e n s i t y ,  we can assume t h a t  

t h e  magnitude o f  t h e  s t resses  a r e  t h e  same i n  t h e  f o u r  arms. There i s  

no evidence o f  compression and expansion reg ions  produced by sources 

approx imate ly  i n  the  m idd le  o f  t h e  arms, as i t  was proposed i n  re f .  1 and 

2. These sources would produce a  p a t t e r n  as t h e  observed by ~ e n d e l s o n ' ,  

when a  sample i s  deformed w i t h  sources i n  t h e  c e n t r a l  reg ion .  

The p a t t e r n s  here observed suggest t h a t  d i s l o c a t i o n s  form h a l f  

-1oops t h a t  begin on impress ion reg ion ,  p e n e t r a t e  i n  t h e  i n t e r i o r o f t h e  

c r y s t a l ,  and emerge on severa1 p o i n t s ,  producing t h e  arms. The e l a s t i c  

s i t u a t i o n  p e r m i t s  t h e  hypo tes is  t h a t  t h e r e  a r e  two d i f f e r e n t r e f r a c t i o n  

ind ices ,  p a r a l l e l  and perpend icu la r  t o  each arm, nl and n2, t h a t  by 

Wertheim law r e s u l t  f rom the  d i f f e r e n c e  between 0 1  and a2 s t resses , tha t  

mean s  

(nl-nz)  a ( ~ ~ - 0 ~ )  

T h e o p t i c a ' !  r o t a t i o n  6 producedon  t h e  e l e c t r i c  f i e l d  p lane  by t h i s  

b i  r e f  r i ngerice wi 11 be 

where C i s  a  p r o p o r t i o n a l i t y  cons tan t  t h a t  i nc ludes  t h e  p h o t o e l a s t i c  

cons tan t .  

Ir1 t h e  absence o f  o t h e r  s t resses  i n  t h e  sample o r  i n  t h e  op- 



Fig.6 - Scheme of distribution of edge dis- 
location and principal stresses. 

tical system, the rotations produced on the electric field prane that 

incides on P direction will be due to the difference 01 -02  only. The - 
rotations on 11 1 O] and 11 1 O] arms wi 1 l present equal magni tudes but wi th 

opposite senses. Hence the electric field components along the analyzer 

direction A are equal, and given by 

producing arms with equivalent constrasts in the photoelastic image, as 

observed in Fig. 2. However, existing an uniform residual stress úR,for 

example on /i 101 direction, the rotations produced on polar izat ion 

plane 6 - /A 1 o] and '~io] Wi l 1  be 

and 



l'hese ro ta t i ons  wi11 produce d i f f e r e n t e l e c t r l c  f i e l d  components 

along d i r e c t i o n  A, t h a t  produce cont ras ts  as observed i n  Fig.3. Turning 

the sample 90°, the components con t r i bu t i on  become inverted as i n  Fig.4. 

Even i n  the absence o f  res idua l  s t ress  i n  the sample, the ob- 

j e c t i v e s  can con t r i bu te  w i t h  b i re f r ingence tha t  combined w i t h  i n d e n -  

t a t i o n  stresses a l t e r  the  photoe las t ic  pa t te rn  as i n  the case o f  Fig.5, 

where the analyzer po la ro id  was set above the ob jec t i ve .  This i s  the 

same s i t u a t i o n  o f  F ig .  2; however the c o n t r i b u t i o n  o f  res idua l  stresses, 

present i n  the ob jec t i ve  lenses, a l t e r  the cont ras t  on 10) and I l i 0 ]  

arms. 

This e f f e c t  i s  produced even by some specia l  o b j e c t i v e s  f o r  

l i g h t  becal~se o f  the heat ing by l i g h t  rad ia t i on .  Advantageousconditions 

f o r  photoe las t ic  observations around indentat ions are  achieved w i t h  the  

analyzer pos i t ioned between sample and ob jec t i ve ,  and avoiding the use 

o f  g lass p l a t e  as sample support. 

1 .  E.M.Nadgorny, A.V.Stepanov, Sov. Phys.- So l i d  State, Vol .  5 ,  n" 

732 (1963:j. 

2. V.B.Pari iski i, Phys. S ta t .  Sol. 19, 525 (1967). 

3.  M.V.Swriin and B.R.Lawn, Phys. S ta t .  Sol. 35, 909 (1969). 

4. J.R.Hopkins, J.A.Mi l ler ,  J.J.Mart in, Phys. S ta t .  Sol. 19, 591 (1973). 

5. D.G.Rickerby, N.H.Macmillan, Mat. Sci .  Eng., 40, 251 (1979). 
6. M.T. Sprackl ing, Thhe PPZastic Deformation of SimpZe Ionic CrystaZs, 

Academic Press (1 976) . 
7. I,V.Gridneva e t  aZ., Phys. S ta t .  Sol. 54, 195 (1979). 

8.  Yu S.Boyarskaia e t  a l . ,  K r i s t a l l  und Technik 15, 1179 (1980). 

9. S.Mendelson, J.Appl.Phys., 32, 1999 (1961). 

10. J.J.Gilman, W.G.Jonston, J.Appl.Phys. 27, 1018 (1956). 

Resumo 

A apl icação de carga concentrada com penetrador es fé r i co  em 
monocr ista is de LiF, produz o c a r a c t e r í s t i c o  padrão de deslocações que 
é revelado-através de ataque químico e observado com microscopia ó t i c a .  
A deformaçao res idua l  gera um padrão fo toe lãs t  i co  que se traduz por re-  
giões tensionadas nas direções h101 e [ l i 0 ] .  São analisados d i v e r s o s  
fa to res  que inf luem na formação e observação desses padrões bem como 
sua interpretação com base na geometria das deslocações produzidas. 


