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TWO-DIMENSIONAL H I G H  TEMPERATURE OPTICAL S T R A I N  

MEASUREMENT SYSTEM - PHASE I 1  

C h r i s t i a n  T. Lan t  
Sverdrup Technology, I n c .  

NASA Lewis Research Center  Group 
C leve land ,  Oh io  44135 

1 .  SUMMARY 

The work per fo rmed unde~ t h i s  c o n t r a c t  covered t h e  second phase of a 
m u l t i p h a s e  e f f o r t  i n  d e v e l o p i n g  an o p t i c a l  s t r a i n  measurement s y s t e m  capable 
o f  mapping i n  two dimensions t h e  s t r a i n  on t h e  s u r f a c e  o f  a h o t  specimen. 
The o b j e c t i v e  o f  t h i s  Phase I 1  work has been to  p r o v i d e  a noncon tac t ,  two- 
d imens iona l  d i f f e r e n t i a l  s t r a i n  gauge for use i n  a h i g h  tempera tu re  e x p e r i -  
menta l  t e s t  f a c i  1 i ty .  

The o p t i c a l  s t r a i n  measurement s y s t e m  developed i n  this Phase I1 e f f o r t  
b u i l d s  upon t h e  r e s u l t s  o f  t h e  Phase I one-dimensional  s y s t e m  ( r e f .  1 ) .  The 
b a s i c  o p t i c a l  t e c h n i q u e  used i n  b o t h  t h e  Phase I and Phase I 1  systems i s  based 
on t h e  work of I. Yamaguchi ( r e f .  2). The d i sp lacemen t  o f  speck le  p a t t e r n s  
genera ted  by a t e s t  specimen s u b j e c t  t o  s t r e s s  i s  d i r e c t l y  p r o p o r t i o n a l  t o  
s u r f a c e  s t r a i n .  The use o f  two s y m m e t r i c a l l y  i n c i d e n t  l a s e r  beams a l l o w s  
a u t o m a t i c  c a n c e l l a t i o n  o f  speck le  t r a n s l a t i o n  terms due t o  r i g i d  body m o t i o n .  

speck le  p a t t e r n s  r e c o r d e d  on a l i n e a r  pho tod iode  a r r a y  b e f o r e  and a f t e r  s t r a i n .  
The s e n s i t i v e  a x i s  o f  t h e  gauge i s  de termined b y  t h e  i n c i d e n t  p l a n e  o f  t h e  
l a s e r  beams. By r o t a t i n g  t h e  i n c i d e n t  p lane ,  d i f f e r e n t  components o f  s t r a i n  
can be measured. The p r i n c i p a l  s t r a i n s  a t  a p o i n t  on t h e  specimen a r e  c a l c u -  
l a t e d  a f t e r  measur ing  t h r e e  components o f  s u r f a c e  s t r a i n .  

M 

or The measurements a r e  made a u t o m a t i c a l l y  under c o n t r o l  o f  a mic rocomputer .  The N 
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I s p e c k l e  p a t t e r n  s h i f t s  a r e  c a l c u l a t e d  by c r o s s - c o r r e l a t i n g  one-dimensional  

Accu ra te  one- and two-dimensional  s t r e s s - s t r a i n  p l o t s  have been genera ted .  
L i n e a r  s t r a i n  r e l a t i o n s h i p s  have been demonst ra ted  a t  specimen tempera tu res  up 
t o  750 O C .  The r e s o l u t i o n  o f  t h e  o p t i c a l  s y s t e m  i s  15 m i c r o s t r a i n  u s i n g  t h e  
c u r r e n t  c o n f i g u r a t i o n ,  and t h e  one-dimensional  s t r a i n  measurement error i s  
215 pc 20.9 p e r c e n t  of  t h e  s t r a i n  r e a d i n g .  The two-dimensional  measurements 
have a maximum t h e o r e t i c a l  error o f  t h r e e  t i m e s  t h e  one-d imens iona l  e r r o r .  I t  
has been observed t h a t  t h e  t e s t  equipment l e d  to  i m p r e c i s e  l o a d i n g  of t h e  
specimen, and c o n t r i b u t e d  t o  some o f  t h e  errors encountered.  

2 .  INTRODUCTION 

2.1 Program 

I n v e s t i g a t i o n s  o f  p h y s i c a l  phenomena a f f e c t i n g  t h e  d u r a b i l i t y  o f  Space 
S h u t t l e  Main Engine (SSME) components r e q u i r e  t h e  development o f  measurement 
systems o p e r a b l e  i n  h o s t i l e  env i ronments.  The need f o r  such i n s t r u m e n t a t i o n  
de f i ned  t h i s  program t o  deve lop  a noncon tac t  o p t i c a l  s t r a i n  measurement system 
t o  a i d  i n  these i n v e s t i g a t i o n s .  T h i s  t a s k  i s  a m u l t i p h a s e  e f f o r t  des igned t o  
p r o v i d e  two-d imensional  measurements o f  p r i n c i p a l  s t r a i n s  on t h e  s u r f a c e  of a 
h o t  specimen. Sverdrup  Technology, I n c .  i s  d e v e l o p i n g  t h i s  in-house system a t  
t h e  f a c i  11 t i e s  o f  NASA Lewis Research C e n t e r ' s  I n s t r u m e n t a t i o n  and C o n t r o l  
Technology D i v i s i o n .  



2 .1 .1  Background. - O p t i c a l  s t r a i n  measurement techniques share a number 
o f  common advantages, as w e l l  as a number o f  common l i m i t a t i o n s .  S p e c i f i c  
t echn iques  d i f f e r  i n  t h e  way t h e y  m in im ize  v a r i o u s  l i m i t a t i o n s  as w e l l  as aug- 
ment t h e i r  s t r e n g t h s ,  w i t h  most f i l l i n g  some gap i n  t h e  f i e l d  o f  i n s t r u m e n t a -  
t i o n .  The a p p l i c a t i o n s  o f  each p a r t i c u l a r  t echn ique  a r e  thus  d i c t a t e d  by t h e  
t e c h n i q u e ' s  s e t  o f  c h a r a c t e r i s t i c s .  

C a t e g o r i c a l l y ,  o p t i c a l  t echn iques  tend  t o  have a h i g h  s e n s i t i v i t y  to  move- 
ment and d e f o r m a t i o n .  T h i s  i s  an advantage i n  t h a t  these parameters can be 
measured v e r y  p r e c i s e l y ,  however, i t  a l s o  p l a c e s  an upper l i m i t  on how much 
movement and d e f o r m a t i o n  can be t o l e r a t e d  i n  a t e s t  b e f o r e  t h e  s i g n a l  i s  l o s t .  
O p t i c a l  t echn iques  a l s o  share an immuni ty  to  r a d i o  f requency  i n t e r f e r e n c e .  
A l t h o u g h  t h e  e l e c t r i c a l  components o f  an o p t i c a l  measurement s y s t e m  a r e  sens i -  
t i v e  t o  R F I ,  these components can o f t e n  be l o c a t e d  f a r  from t h e  n o i s e  source 
or s h i e l d e d  s u f f i c i e n t l y ;  t h e  o p t i c a l  beam and t h e  t r a n s m i s s i o n  medium i t s e l f  
a r e  immune t o  t h e  RF n o i s e .  

A t r a i t  common to  o p t i c a l  measurement techn iques  i s  t h a t  a l l  r e q u i r e  some 
form o f  o p t i c a l  access to  t h e  measurement p o i n t .  I n  t h e  even t  t h a t  t h e  meas- 
urement i s  t aken  i n  an enc losed  t e s t  env i ronment ,  t h e  access can be i n  e i t h e r  
t h e  f o r m  o f  a window or an o p t i c a l  waveguide. f u r t h e r ,  some s i t u a t i o n s  a l l o w  
t h e  o p t i c a l  sensor t o  be mounted w i t h i n  t h e  e n c l o s u r e .  

O p t i c a l  measurement techn iques  a l s o  d i f f e r  i n  many a reas .  Some, such as 
speck le  i n t e r f e r o m e t r y ,  doub le  exposure holography,  and moire, store f u l l  f i e l d  
measurements which a r e  probed a t  a l a t e r  t i m e  f o r  l o c a l  i n f o r m a t i o n .  O the rs  
t a k e  p o i n t w i s e  measurements w i t h  h i g h  s p a t i a l  r e s o l u t i o n ,  where t h e  o u t p u t  i s  
o b t a i n e d  i n  r e a l  or near r e a l  t i m e .  Some techn iques  r e q u i r e  p r e p a r a t i o n  of 
t h e  s u r f a c e  b e f o r e  a measurement, such as a p p l i c a t i o n  o f  a g r a t i n g ,  f l a g s ,  or 
i n d e n t a t i o n s .  

T h i s  p r o j e c t  i s  based on a l a s e r  speck le  s t r a i n  measurement techn ique  
deve loped by I .  Yamaguchi. The t e c h n i q u e  i s  c o m p l e t e l y  n o n c o n t a c t i n g  and 
r e q u i r e s  no s u r f a c e  p r e p a r a t i o n .  
w i t h  f u l l  f l e x i b i l i t y  i n  gauge l o c a t i o n .  S i n g l e  p o i n t  measurements a r e  made 
w h i l e  a u t o m a t i c a l l y  c o r r e c t i n g  f o r  r i g i d  body m o t i o n  errors, and t h e  techn ique  
a l l o w s  f o r  a near  r e a l  t i m e  o u t p u t  o f  s t r a i n .  O p t i c a l  s t r a i n  i n f o r m a t i o n  i s ,  
i n  many techn iques ,  i n d i s t i n g u i s h a b l e  f r o m  r i g i d  body m o t i o n  i n f o r m a t i o n ;  h a v i n g  
i n  t h i s  techn ique  t h e  means n o t  o n l y  t o  cancel  r i g i d  body m o t i o n  e f f e c t s ,  b u t  to  
do so a u t o m a t i c a l l y ,  g r e a t l y  decreases t h e  r e s t r i c t i o n s  p l a c e d  on a t e s t  se tup .  
S t r a i n  i s  c a l c u l a t e d  by e l e c t r o n i c a l l y  c r o s s - c o r r e l a t i n g  speck le  p a t t e r n  s h i f t s  
r e c o r d e d  i n  t h e  d i f f r a c t i o n  p l a n e .  

T h i s  a l l o w s  a t e s t  s e c t i o n  t o  be e a s i l y  mapped 

2.1.2 O b j e c t i v e s .  - The first phase of t h i s  t a s k  demonstrated one- 
d imensional  s t r a i n  measurement a t  temperatures up t o  450 OC, w i t h  a r e s o l u t i o n  
o f  18 m i c r o s t r a i n .  T h i s  f i n a l  r e p o r t  d e s c r i b e s  t h e  Phase I 1  s t r a i n  measurement 
system and t h e  r e s u l t s  o b t a i n e d  d u r i n g  t h e  t e s t i n g  p e r i o d .  The o b j e c t i v e  of 
t h e  Phase I 1  system i s  to  p r o v i d e  a noncon tac t ,  two-dimensional  s t r a i n  gauge 
for  h i g h  temperature measurements i n  an exper imen ta l  t e s t  f a c i l i t y .  The 
Phase I1 s y s t e m  b u i l d s  on t h e  r e s u l t s  o f  t h e  one-dimensional  Phase I s y s t e m  t o  
demonst ra te  measurements o f  t h e  f irst and second p r i n c i p a l  s t r a i n s  on t h e  sur-  
f a c e  o f  a h o t  specimen. 
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The system i s  des igned to  determine t h e  p r i n c i p a l  s t r a i n  axes a t  a p o i n t  
( w i t h  a gauge l e n g t h  of  0.5 t o  1 . 0  mm), and t o  be adap tab le  t o  mapping t h e  
s t r a i n  f i e l d  over a s p e c i f i e d  a rea  o f  t h e  t e s t  specimen. 
o b j e c t i v e s  w e r e  des igned t o  i n c r e a s e  t h e  performance o f  t h e  sys tem.  These 
i n c l u d e :  

A number o f  secondary 

( 1 )  E l i m i n a t i n g  e r r o r  s e n s i t i v i t y  t o  o u t - o f - p l a n e  mo t ion :  By i n c r e a s i n g  
t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  l a s e r  beam a t  t h e  specimen s u r f a c e ,  s e n s i t i v i t y  
t o  r i g i d  body m o t i o n  i s  e l i m i n a t e d .  

(2) I n c r e a s i n g  tempera tu re  measurement range:  The s t a b i l i t y  o f  t h e  
speck le  p a t t e r n s  w i t h  r e s p e c t  t o  temperature i s  i n c r e a s e d  by s u r r o u n d i n g  t h e  
specimen i n  a t h e r m a l l y  i n s u l a t i n g  e n c l o s u r e ,  and by m o d i f y i n g  t h e  o p t i c a l  
parameters  o f  t h e  s y s t e m .  

(3) Decreas ing  compu ta t i on  t i m e  pe r  c o r r e l a t i o n :  The speck le  c o r r e l a t i o n  
t i m e  i s  reduced by i n c r e a s i n g  t h e  computer hardware performance and /o r  r e d u c i n g  
t h e  number o f  o p e r a t i o n s  i n  t h e  c o r r e l a t i o n  a l g o r i t h m .  

3 .  THEORY 

3 . 1  Speck le S h i f t  R e l a t i o n s  

The o p t i c a l  t echn ique  used i n  b o t h  t h e  Phase I and Phase I1 sys tems  r e l i e s  
on t h e  l i n e a r  r e l a t i o n s h i p  between s u r f a c e  s t r a i n  and l a s e r  speck le p a t t e r n  
s h i f t s  i n  t h e  d i f f r a c t i o n  p l a n e .  Laser speck le  i s  a phase e f f e c t  which o c c u r s  
when s p a t i a l l y  coheren t  l i g h t  i n t e r a c t s  w i t h  a rough  s u r f a c e ,  S ince  speck le  i s  
genera ted  by any d i f f u s e l y  r e f l e c t i n g  s u r f a c e ,  no p r e p a r a t i o n  i s  needed to  
o b t a i n  a good s i g n a l .  The speck le  d i sp lacemen t  r e l a t i o n s  a r e  d e s c r i b e d  w e l l  i n  
r e f e r e n c e s  1 and 2 .  

R e f e r r i n g  to  f i g u r e  3.1.1,  a t e s t  specimen i n  t h e  o b j e c t  p lane  xy i s  
l o c a t e d  p a r a l l e l  t o  a l i n e a r  pho tod iode  a r r a y  i n  t h e  o b s e r v a t i o n  p l a n e  XY. 
o b s e r v a t i o n  p l a n e  i s  a d i s t a n c e  Lo from t h e  o b j e c t  p l a n e .  A p p l y i n g  a l o a d  
to  t h e  specimen deforms the-object p o i n t  0 by Z'(x,y). The r e s u l t i n g  s p e c k l e  
d i sp lacemen t  i s  denoted by A .  

The 

When a l a s e r  beam h a v i n g  a r a d i u s  o f  c u r v a t u r e  Ls i s  d i r e c t e d  o n t o  t h e  
l oaded  specimen a t  an ang le  e,, a pho tod iode  a r r a y  l o c a t e d  a l o n g  t h e  normal 
t o  t h e  specimen s u r f a c e  d e t e c t s  o b j e c t i v e  speck le .  T h i s  speck le  f i e l d  s h i f t s  
i n  response t o  d e f o r m a t i o n  and r i g i d  body m o t i o n  o f  t h e  specimen. 
c a t e d  speck le  s h i f t s  a r e  reduced t o  a s imp le  r e l a t i o n s h i p  i n v o l v i n g  o n l y  t h e  
d e s i r e d  component o f  s t r a i n .  

The comp l i -  

T h i s  s i m p l i f i c a t i o n  i s  ach ieved  by means of t h r e e  
requ i remen ts :  

p l a n e  of t h e  beam and t h e  specimen s u r f a c e ;  

sur face;  

( 1 )  The pho tod iode  a r r a y  must be o r i e n t e d  p a r a l l e l  t o  b o t h  t h e  i n c  

(2) The l a s e r  beam w a v e f r o n t  must be r e l a t i v e l y  p l a n a r  a t  t h e  spec 

d e n t  

men 
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( 3 )  D i f f e r e n t i a l  speck le  s h i f t  measurements must be made, u s i n g  beams 
I i n c i d e n t  on the  specimen a t  equal  and o p p o s i t e  ang les .  

There a r e  two speck le  s h i f t  terms r e m a i n i n g  a f t e r  requ i remen ts  1 and 2 
a r e  met. 
( r e q u i r e m e n t  31, t h e  r e m a i n i n g  t e r m  o f  r i g i d  body mo t ion  i s  c a n c e l l e d .  The 
r e s i d u a l  d i f f e r e n t i a l  speck le  s h i f t  i s  due o n l y  t o  s u r f a c e  s t r a i n  p a r a l l e l  t o  
t h e  l i n e a r  pho tod iode  a r r a y ,  and i s  g i v e n  by  e q u a t i o n  (3 .1 .1 ) :  

Now by t a k i n g  t h e  d i f f e r e n c e  between t h e  s h i f t s  from two beams 

(3 .1 .1 )  

where 8 : les[, and AAx i s  t h e  d i f f e r e n c e  between speck le  s h i f t s  from 
beam 1 and beam 2. 

3.2 P r i n c i p a l  S t r a i n s  

The b a s i c  t e c h n i q u e  d e s c r i b e d  i n  s e c t i o n  3.1 measures t h e  component o f  
s u r f a c e  s t r a i n  p a r a l l e l  t o  t h e  i n c i d e n t  p l a n e  o f  t h e  o p t i c a l  system. However, 
many e n g i n e e r i n g  t e s t s  r e q u i r e  knowledge o f  t h e  maximum and minimum s t r a i n s  a t  a 
p o i n t ,  and t h e  o r i e n t a t i o n  o f  these s t r a i n s  on t h e  specimen. 

Measurement o f  these p r i n c i p a l  s t r a i n s  i s  t y p i c a l l y  done u s i n g  a r o s e t t e  
c o n f i g u r a t l o n  o f  bonded r e s i s t a n c e  s t r a i n  gauges. T h r e e  components o f  s t r a i n  a r e  
measured a t  d i f f e r e n t  ang les  on  t h e  specimen, wh ich  th rough  a c o o r d i n a t e  t r a n s f o r -  
m a t i o n  y i e l d  t h e  p r i n c i p a l  axes o f  s t r a i n  and t h e i r  o r i e n t a t i o n  on  t h e  specimen 
( r e f .  3 ) .  The t r a n s f o r m a t i o n  i s  a c o m p l e t e l y  geomet r i c  r e s u l t ,  and independent  
o f  t h e  method used to  o b t a i n  t h e  s t r a i n  components. The t h r e e  sampled components 
o f  s t r a i n  a r e  denoted Ea, Qb, and e C .  For a r e c t a n g u l a r  r o s e t t e  c o n f i g u r a -  
t i o n  (see f i g .  3.2.11, t h e  p r i n c i p a l  s t r a i n  components € 1  and €2  and t h e i r  
a n g l e  of r o t a t i o n  a r e  g i v e n  by e q u a t i o n s  (3.2.1-3):  

( E c  - E 1 
4) = 1 - E a  : €.)I 2 

where 4 i s  t h e  a n g l e  o f  r o t a t i o n  o f  t h e  p r i n c i p a l  s t r a i n  axes. 

(3 .2 .1 )  

(3 .2 .2 )  

(3 .2 .3 )  

O b t a i n i n g  these t h r e e  b a s i c  components u s i n g  t h i s  o p t i c a l  t echn ique  
r e q u i r e s  t h e  o p t i c a l  i n c i d e n t  p l a n e  t o  be r o t a t e d  q u i c k l y  and r e p e a t a b l y ,  w i t h -  
o u t  a l t e r i n g  t h e  a l i g n m e n t  o f  t h e  system. 
r o t a t e  t h e  o p t i c a l  assembly, t h e  measurements must be made d u r i n g  r e l a t i v e l y  
s t a t i c  l o a d i n g  o f  t h e  specimen. 

Due t o  t h e  f i n i t e  t i m e  needed t o  
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R o t a t i o n  o f  t h e  i n c i d e n t  p l a n e  i s  ach ieved by mount ing  t h e  r o t a t i n g  o p t i -  
c a l  assembly on  a gon iometer .  The s p e c i f i c a t i o n s  o f  t h e  gon iometer  m a i n t a i n  
t h e  s t a b i l i t y  requ i remen ts  o f  r e s o l u t i o n ,  wobble, and r e p e a t a b i l i t y .  D e t a i l s  
on  t h e  o p e r a t i o n  o f  t h e  o p t i c a l  s y s t e m  w i l l  be g i v e n  i n  s e c t i o n  4.1. 

4. SETUP 

The Phase I 1  system i n h e r e n t l y  has many subsystems i n  common w i t h  t h e  
Phase I s y s t e m  from which  i t  i s  d e r i v e d .  T h i s  e v o l u t i o n  has made i t  p o s s i b l e  
t o  adapt  t h e  c o n t r o l  a r c h i t e c t u r e  developed i n  Phase I t o  t h e  requ i remen ts  o f  
t h e  Phase I 1  system w i t h  min ima l  changes. 

There a r e  t h r e e  fundamental  d i f f e r e n c e s  between t h e  Phase I and I1 
systems: ( 1 )  t h e  o p t i c a l  s e t  up, ( 2 )  system so f tware ,  and ( 3 )  t h e  d a t a  
a c q u i s i t i o n / c o n t r o l  hardware. These t h r e e  areas w i l l  be e x p l a i n e d  i n  d e t a i l  
i n  t h e  f o l l o w i n g  s e c t i o n s .  Reference 1 covers  t h e  se tup  and o p e r a t i o n  o f  t h e  
r e m a i n i n g  unchanged subsystems. 

4.1 O p t i c a l  System 

A schematic o f  t h e  o p t i c a l  system i s  g i v e n  i n  f i g u r e  4.1.1.  An argon i o n  
l a s e r  beam i s  s w i t c h e d  by an a c o u s t o - o p t i c  modu la to r  ( A O M ) .  The z e r o t h  o r d e r  
beam i s  used as t h e  exposure beam fo r  t h e  l i n e  scan camera, and t h e  first o r d e r  
beam i s  absorbed by t h e  beam s t o p  between exposures.  Wais t  p o s i t i o n i n g  l enses  
p o s i t i o n  t h e  l a s e r  beam w a i s t  o n t o  t h e  specimen s u r f a c e .  S ince  t h e  wavef ron t  
i s  p l a n a r  a t  t h e  w a i s t ,  r e q u i r e m e n t  2 i n  s e c t i o n  3.1 i s  s a t i s f i e d .  

P o l a r i z a t i o n  s e n s i t i v e  o p t i c s  a r e  used to  p r o v i d e  t h e  s y m m e t r i c a l l y  i n c i -  
d e n t  exposure beams fo r  r i g i d  body m o t i o n  c a n c e l l a t i o n .  
s p l i t t i n g  cube t r a n s m i t s  t h e  beam to  s i d e  1 or r e f l e c t s  i t  t o  s i d e  2,  depend ing  
on t h e  o r i e n t a t i o n  o f  t h e  p o l a r i z a t i o n  v e c t o r .  An a p p r o p r i a t e  b i a s  v o l t a g e  
ac ross  t h e  Pocke ls  c e l l  a l l o w s  t h e  p o l a r i z a t i o n  v e c t o r  o f  t h e  beam t o  be 
r o t a t e d  by  90°, s w i t c h i n g  t h e  beam from s i d e  1 t o  s i d e  2 .  The beam on s i d e  1 
i s  t h e n  d i r e c t e d  o n t o  t h e  specimen a t  an ang le  o f  +30° from t h e  normal ,  and 
t h e  beam r e d i r e c t e d  o n t o  s i d e  2 i s  i n c i d e n t  a t  -3OO. 

A p o l a r i z a t i o n  beam- 

A s  d i scussed  i n  s e c t i o n  3 .2 ,  t h e  s e n s i t i v e  a x i s  o f  t h e  gauge i s  d e f i n e d  
by  t h e  p l a n e  o f  i n c i d e n c e  o f  t h e  l a s e r  beams. R o t a t i o n  o f  t h i s  p l a n e  i s  
ach ieved  by  mount ing  t h e  f i n a l  s tage  o f  t h e  beamsteer ing  o p t i c s  ( r o t a t i n g  
assembly) on  a gon iometer  c r a d l e ,  where t h e  gon iometer  i s  f r e e  t o  r o t a t e  245" 
about  i t s  c e n t e r  p o i n t .  T h i s  f i n a l  s tage  assembly a l s o  c o n t a i n s  t h e  l i n e a r  
pho tod iode  a r r a y  ( l i n e  scan camera), so t h a t  t h e  a l i g n m e n t  o f  t h e  sensor a x i s  
w i t h  t h e  p l a n e  o f  i n c i d e n c e  i s  a lways c o n s t a n t .  The gon iometer  has a reso -  
l u t i o n  o f  .cO.0lo u s i n g  an o p t i c a l  encoder,  and t h e  p o s i t i o n  i s  programmable 
by  t h e  system computer t h r o u g h  an IEEE-488 p o r t  on t h e  gon iometer  c o n t r o l l e r .  
I n  a d d i t i o n  t o  t h e  r o t a t i o n a l  f reedom, a minimum o f  two more degrees of freedom 
a r e  r e q u i r e d  by t h e  system f o r  a l i g n m e n t  between t h e  o p t i c s  and t h e  specimen, 
these b e i n g  t r a n s l a t i o n s  a l o n g  t h e  X and Z axes. 
an X-Z p o s i t i o n e r  for  t h i s  a l i g n m e n t .  

The gon iometer  i s  mounted t o  

U s i n g  t h e  combinat 
t h e  beams makes t h e  e n t  
t h e  l a s e r  beam. A t  t h e  
i n d e p e n d e n t l y  from t h e  

on o f  t h e  Pocke ls  c e l l  and b e a m s p l i t t i n g  cube t o  s w i t c h  
r e  r o t a t i n g  assembly s e n s i t i v e  t o  t h e  p o l a r i z a t i o n  of 
same t ime ,  t h e  r o t a t i n g  assembly must be f r e e  t o  r o t a t e  
a s e r  head. To c i r cumven t  t h i s  problem, two q u a r t e r  
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wave (X /4)  r e t a r d a t i o n  p l a t e s  a r e  used t o  p r o v i d e  r o t a t i o n a l  i n v a r i a n c e  f o r  
t h e  p o l a r i z a t i o n  s e n s i t i v e  o p t i c s  i n  t h e  r o t a t i n g  assembly. The f irst wave- 
p l a t e  i s  s t a t i o n a r y ,  and c o n v e r t s  t h e  beam from l i n e a r  t o  c i r c u l a r  p o l a r i z a -  
t i o n ;  t h e  second wavep la te ,  mounted i n  t h e  r o t a t i n g  assembly, c o n v e r t s  t h e  
beam back t o  l i n e a r  p o l a r i z a t i o n .  The key p o i n t  i s  t h a t  t he  l i n e a r  p o l a r i z a -  
t i o n  v e c t o r s  a r e  now f i x e d  r e l a t i v e  t o  each o f  t h e i r  r e s p e c t i v e  wavep la tes .  

The new des ign  o f  t h e  o p t i c a l  system i n t r o d u c e s  a number o f  advantages 
o v e r  t h e  Phase I des ign .  S w i t c h i n g  a s i n g l e  beam a l o n g  one o f  two l e g s  a l l o w s  
a l l  of t h e  o p t i c a l  power t o  be d i r e c t e d  i n t o  t h e  exposure beam. 
t h e  exposure t i m e  o f  t h e  l i n e  scan camera by a f a c t o r  o f  two, wh ich  n o t  o n l y  
reduces  any smearing o f  moving speck le  p a t t e r n s ,  b u t  reduces d a r k  c u r r e n t  n o i s e  
l e v e l s  i n  t h e  pho tod iode  a r r a y .  
o p t i c a l  p a l l e t  has a l s o  been reduced by a f a c t o r  o f  two, making i t  e a s i e r  t o  
p o s i t i o n  t h e  o p t i c s  i n  a t e s t  c e l l .  
beams on t h e  specimen has been reduced from 45O t o  30°, making o p t i c a l  access 
t o  t h e  specimen e a s i e r  w h i l e  m a i n t a i n i n g  t h e  s e n s i t i v i t y  o f  t h e  gauge (Lo has 
been i n c r e a s e d  t o  1 m ) .  

T h i s  reduces  

Another  advantage i s  t h a t  t h e  s i z e  o f  t h e  

I n  a d d i t i o n ,  t h e  i n c i d e n t  a n g l e  o f  t h e  

F i g u r e  4.1.2 i s  a v iew  o f  t h e  t e s t  se tup .  The t e s t  specimen i n  a thermal  
e n c l o s u r e  i s  shown mounted i n  a h o r i z o n t a l l y  c o n f i g u r e d  t e s t i n g  machine. The 
o p t i c a l  se tup  occup ies  a 4- by 5 - f t  s e c t i o n  o f  t h e  o p t i c a l  t a b l e .  A c lose-up 
v iew  o f  t h e  r o t a t i n g  assembly mounted on the  goniometer i s  shown i n  f i g u r e  
4.1.3. The assembly i s  r o t a t e d  t o  ang le  ' c '  (45O) for c l a r i t y .  The t e s t i n g  
machine i s  seen a l o n g  t h e  l e f t  edge o f  t h e  f i g u r e .  

4.2 So f tware  

The b a s i c  f ramework o f  t h e  Phase I main c o n t r o l  program i s  a l s o  used i n  
t h e  Phase I 1  system. The main program i s  a menu d r i v e n  program t h a t  a l l o w s  
e i t h e r  manual c o n t r o l  o f  p rocedures  or au tomat i c  e x e c u t i o n  o f  p rede te rm ined  
d a t a  a c q u i s i t i o n  and p r o c e s s i n g  r o u t i n e s .  Changes i n  t h e  Phase I 1  s o f t w a r e  
i n c l u d e  t h e  d a t a  a r r a y  s t r u c t u r e ,  enhanced d a t a  a c q u i s i t i o n  menus, added fea- 
t u r e s  i n  t h e  p l o t t i n g  r o u t i n e s ,  t h e  s t r u c t u r e  o f  t h e  c o r r e l a t i o n  s o f t w a r e ,  and 
t h e  e x e c u t i o n  speed o f  t h e  code. 

The s o f t w a r e  i s  w r i t t e n  i n  H e w l e t t  Packa rd ' s  HPBASIC language, wh ich  i s  a 
power fu l ,  f a s t ,  and i n t e r a c t i v e  s c i e n t i f i c  c o n t r o l  language. The f e a t u r e s  of 
HPBASIC a l l o w  for v e r y  f l e x i b l e  I / O ,  d a t a  a n a l y s i s ,  and d i s p l a y  i n  a s t r u c -  
t u r e d  env i ronmen t .  

To f u r t h e r  improve t h e  e x e c u t i o n  t i m e  o f  t h e  c o n t r o l  s o f t w a r e  i n  Phase 11, 
a HPBASIC c o m p i l e r  was purchased. 
improves t h e  e x e c u t i o n  t imes  o f  t h e  c a l c u l a t i o n  i n t e n s i v e  r o u t i n e s  such as t h e  
c r o s s - c o r r e l a t i o n .  
c r o s s - c o r r e l a t i o n s  t o  be pe r fo rmed  i n  HPBASIC r a t h e r  than  u s i n g  t h e  B A S I C  c a l -  
l a b l e  Pascal  r o u t i n e  used i n  Phase I. The HPBASIC r o u t i n e  i s  n o t  o n l y  f a s t e r  
t han  t h e  e q u i v a l e n t  Pascal  r o u t i n e ,  b u t  t h e  f u n c t i o n  c a l l i n g  overhead t i m e  i s  
a l s o  reduced. The c o r r e l a t i o n  t i m e  i s  p r e s e n t l y  50 sec f o r  a two-dimensional  
measurement; t h i s  t i m e  r e p r e s e n t s  s i x  c o r r e l a t i o n s ,  so t h e r e  i s  about  a f a c t o r  
o f  two improvement i n  speed p e r  c o r r e l a t i o n  o v e r  Phase I. 

I n  a d d i t i o n ,  a f l o a t i n g  p o i n t  p r o c e s s o r  

The comb ina t ion  o f  these two improvements enab led  t h e  
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Data a c q u i s i t i o n  s o f t w a r e  changes i n c l u d e  a number o f  p r o c e d u r a l  e lements 
des igned t o  m in im ize  t h e  t i m e  r e q u i r e d  t o  read t h e  speck le  p a t t e r n s ,  as w e l l  
as t o  assure t h a t  t h e  l o a d  r e a d i n g s  correspond as c l o s e l y  as p o s s i b l e  t o  t h e  
l o a d  a t  t h e  t i m e  t h e  speck le  p a t t e r n s  a r e  read .  The speck le  p a t t e r n s  from 
beam 1 and beam 2 must be r e a d  i n  c l o s e  success ion so t h a t  n e i t h e r  movement of 
t h e  specimen n o r  r e f r a c t i v e  media can occu r  i n  t h e  t ime  i t  takes  t o  r e c o r d  t h e  
p a t t e r n s .  By s t o r i n g  b o t h  p a t t e r n s  i n  t h e  waveform r e c o r d e r  b u f f e r  b e f o r e  
t r a n s f e r r i n g  t h e  d a t a  t o  t h e  computer, a f e w  m i l l i s e c o n d s  a r e  saved between 
exposures.  

4 .3 Data A c q u i s i t i o n  Hardware 

The v a r i o u s  components o f  t h e  system a r e  t i e d  t o g e t h e r  by a H e w l e t t  
Packard 236CU microcomputer .  C o n t r o l  i s  ach ieved th rough  IEEE-488 i n t e r f a c e s ,  
and a custom e l e c t r o n i c  c o n t r o l / t i m i n g  i n t e r f a c e .  The custom i n t e r f a c e  i s  
l i n k e d  t o  t h e  computer by a d i g i t a l  o u t p u t  ca rd .  The f u n c t i o n  o f  t h e  custom 
e l e c t r o n i c s  i s  t o  p r o v i d e  an i n t e r f a c e  f o r  c o n t r o l  and d a t a  a c q u i s i t i o n  between 
t h e  l i n e a r  pho tod iode  a r r a y  camera and t h e  s y s t e m  computer.  C i r c u i t  boards 
have been des igned t o  programmably s e l e c t  t he  exposure beam u s i n g  a Pockels  
c e l l ,  c o n t r o l  t h e  exposure t i m e  o f  t h e  camera by means o f  an a c o u s t o - o p t i c  
modu la to r  and p u l s e  g e n e r a t o r ,  and t o  read  t h e  speck le d a t a  i n t o  t h e  computer 
u s i n g  a waveform r e c o r d e r .  The computer s y s t e m  and c o n t r o l  e l e c t r o n i c s  a r e  
shown i n  f i g u r e  4.3.1.  Some minor  changes i n  t h e  Phase I custom e l e c t r o n i c s  
package w e r e  necessary  t o  accommodate t h e  d i f f e r e n t  beam c o n t r o l  requ i remen ts  
of t h e  Phase I 1  sys tem.  

The s p e c i f i c  changes i n  t h e  e l e c t r o n i c  c i r c u i t s  i n v o l v e  c o n t r o l  o f  t h e  
a c o u s t o - o p t i c  modu la to r  and t h e  Pockels  c e l l .  To improve t h e  l a s e r  beam char -  
a c t e r i s t i c s  t h e  u n d e f l e c t e d  l a s e r  beam i s  used as t h e  exposure beam, and t h e  
f i r s t  o r d e r  ( d e f l e c t e d )  beam i s  t h e  d e f a u l t  o f f  s t a t e  o f  t h e  beam, f o r  s a f e t y  
c o n s i d e r a t i o n s .  The c i r c u i t  change adds a l o g i c a l  i n v e r t e r  t o  t h e  i n p u t  o f  t h e  
AOM c o n t r o l  l i n e  d r i v e r .  The Pockels  c e l l  i s  sw i t ched  b y  an AOM c o n t r o l  c i r -  
c u i t  m o d i f i e d  t o  i s o l a t e  i t  from t h e  camera t i m i n g  c i r c u i t r y .  The o t h e r  d a t a  
a c q u i s i t i o n  c o n t r o l  c i r c u i t r y  i s  e s s e n t i a l l y  unchanged. 

5 .  TEST PROCEDURES 

Three ma jo r  changes o v e r  t h e  Phase I s y s t e m  t h a t  r e q u  
i n c o r p o r a t e d  i n t o  t h e  Phase I 1  system. These changes a r e :  

1 .  The s e n s i t i v e  a x i s  o f  t h e  gauge i s  r o t a t a b l e ,  p r o v  
d imens iona l  s t r a i n  measurement c a p a b i l i t y ;  

r e  t e s t i n g  a r e  

d i n g  a two- 

2. P r o v i s i o n s  a r e  made t o  i n c r e a s e  t h e  temperature range of t h e  gauge; 

3 .  R i g i d  body m o t i o n  error i s  e l i m i n a t e d .  

Each i t e m  above has been t e s t e d  and e v a l u a t e d  i n  t h e  s e c t i o n s  t o  fol low. 

5.1 Two-Dimensional S t r a i n  

The a b i l i t y  t o  c a l c u l a t e  t h e  f irst and second p r i n c i p a l  s t r a i n s  from 
t h r e e  components o f  s u r f a c e  s t r a i n  i s  t h e  most c h a l l e n g i n g  f e a t u r e  o f  t h i s  
system. The a1 ignment,  p o s i t i o n i n g ,  and r e p e a t a b i  1 i t y  requ i remen ts  a r e  a1 1 
v e r y  s t r i n g e n t ,  and a r e  necessary  for t h e  success o f  t h e  measurements. 
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A few requ i remen ts  a r e  
r e f e r e n c e  and s h i f t e d  speck 
qon iometer  must be a c c u r a t e  

necessary  t o  i n s u r e  good 
e p a t t e r n s .  F i r s t  o f  a1 
and r e p e a t a b l e  t o  w i t h i n  

c o r r e  1 a t  i on between t h e  
, t h e  r o t a t  on o f  t h e  
0.5 mrad fo r  c o r r e l a t i o n  

i o  o c c u r .  The r e f e r e n c e  and s h i f t e d  spo t  l o c a t i o n s  shou ld  a l s o  be c o i n c i d e n t  
t o  w i t h i n  50 p e r c e n t  o f  t h e  s p o t  d iamete r .  The o u t p u t  mode o f  t h e  l a s e r  beam 
p r o v i d e s  a spo t  s i z e  w ( d i a m e t e r )  o f  0.6 mm; t h i s  l i m i t s  t he  wobble o f  t h e  
gon iometer  t o  l e s s  than  0.3 mrad. 

The a l i g n m e n t  o f  t h e  o p t i c a l  s y s t e m  must p r e v e n t  b o t h  l a s e r  spo ts  from 
d e v i a t i n g  from t h e  gauge p o s i t i o n  on t h e  specimen as t h e  s e n s i t i v e  a x i s  i s  
r o t a t e d .  T h i s  i s  c r i t i c a l  i n  a s s u r i n g  t h a t  t h e  i n t e g r i t y  o f  t h e  gauge l e n g t h  
and p o s i t i o n  i s  ma in ta ined ,  f o r  t h e  assumption when u s i n g  a very s h o r t  gauge 
l e n g t h  i s  t h a t  t h e  s u r f a c e  s t r a i n  i s  n o t  u n i f o r m .  The s p a t i a l  r e s o l u t i o n  of 
t h e  system i s  los t  i f  t h e  spo ts  move d u r i n g  t h e  measurement. 

I n  a d d i t i o n ,  t h e  r e f e r e n c e  speck le  p a t t e r n  must be updated o f t e n  enough 
to  c o u n t e r  d r i f t  o f  t h e  p a t t e r n  o f f  o f  t h e  pho tod iode  a r r a y  due t o  r i g i d  body 
m o t i o n  as t h e  specimen i s  loaded.  The r e s u l t s  p resen ted  i n  s e c t i o n  6 were 
o b t a i n e d  u s i n g  t h e  i nc remen ta l  s h i f t  t echn ique  ( r e f .  4 > ,  where t h e  r e f e r e n c e  
p a t t e r n s  a r e  updated b e f o r e  each l o a d  inc remen t .  

A l i gnmen t  o f  t h e  r o t a t i n g  assembly i n  o r d e r  t o  m a i n t a i n  r e q u i r e m e n t s  1 
t h r o u g h  3 i n  s e c t i o n  3.1 i s  a c r i t i c a l  f a c t o r  n o t  o n l y  i n  o b t a i n i n g  good cor- 
r e l a t i o n  o v e r  a s i g n i f i c a n t  l o a d  range,  b u t  i n  m i n i m i z i n g  any e r r o r  sources  i n  
t h e  speck le  t r a n s l a t i o n s .  

5 .2  Low Temperature 

I t  i s  necessary  t o  de te rm ine  t h e  b a s i c  c h a r a c t e r i s t i c s  o f  t h e  system i n  a 
r e l a t i v e l y  ben ign  t e s t  env i ronment  b e f o r e  e x p l o r i n g  t h e  upper l i m i t s  o f  t h e  
t e c h n i q u e .  T h e r e f o r e ,  complete t e s t s  were per fo rmed a t  room tempera tu re  u s i n g  
a s t a n d a r d  f l a t  t e n s i l e  specimen of I n c o n e l  600. Tes ts  were conducted  meas- 
u r i n g  u n i a x i a l  s t r a i n  a l o n g  t h e  l o a d  a x i s ,  as w e l l  as b i a x i a l  s t r a i n s  u s i n g  t h e  
o p t i c a l  r o s e t t e  measurements. 

The b a s i c  p rocedure  o f  t h e  two-dimensional  t echn ique  i s  t o  f i r s t  s t o r e  a 
s e t  o f  s i x  r e f e r e n c e  speck le  p a t t e r n s  w i t h  t h e  specimen i n  t h e  i n i t i a l  l o a d  
s t a t e .  The p a t t e r n s  a r e  always genera ted  i n  p a i r s ,  f i r s t  from beam 1 and t h e n  
from beam 2 ,  a t  each ang le  a, b ,  and c .  A f t e r  s t o r i n g  these s i x  d i g i t i z e d  r e f -  
e rence p a t t e r n s ,  t h e  specimen l o a d  i s  inc remented and a s e t  o f  s i x  s i m i l a r  b u t  
s h i f t e d  speck le  p a t t e r n s  i s  r eco rded .  Each s e t  o f  co r respond ing  re fe rence  and 
s h i f t e d  p a t t e r n s  i s  c o r r e l a t e d  t o  de te rm ine  t h e  amount o f  s h i f t  t h e  l o a d  
induced,  and s t r a i n  i s  computed u s i n g  equa t ions  (3 .1 .11  and (3 .2 .1 -3) .  

A s  t h e  l o a d  i s  i nc reased ,  f l e x u r e  and movement o f  t h e  specimen causes 
t h e  speck le  p a t t e r n s  t o  m i g r a t e  o f f  t h e  a x i s  o f  t h e  d i o d e  a r r a y .  
i n  s e c t i o n  5.1, t h i s  makes i t  necessary  t o  update t h e  r e f e r e n c e  p a t t e r n s  a t  
v a r i o u s  p o i n t s  d u r i n g  t h e  r u n .  
t h e  Phase I 1  t e s t i n g ,  t h e  r e f e r e n c e  p a t t e r n s  were updated  b e f o r e  each l o a d  
inc remen t .  

As ment ioned 

To assu re  maximum c o r r e l a t i o n  accu racy  d u r i n g  
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5.3 High Temperature 

The specimen is raised o the test temperature using induction heating, 
and allowed to stabilize unt 1 no thermal expansion of the load components is 
observed (thermal expansion s indicated by load relaxation under slight ten- 
sion of the specimen). This test verifies thermal equilibrium of the system 
before the run begins. The emperature is measured using an infrared pyro- 
meter; a P r o p o r t i o n a l - I n t e g r a l - D e r i v a t i v e  (PID) controller adjusts the RF 
generator to maintain the specimen at a constant temperature. 

For the high temperature tests the specimen is surrounded by a thermally 
insulating enclosure (fig. 5.3.1-a and b). The enclosure, fabricated from a 
refractory material, is designed to decrease nonuniformities in temperature 
around the specimen leading to dynamic air density fluctuations between the 
specimen and sensor. An optically flat fused silica window allows access to 
the test section while minimizing heat loss. The fluctuations in refractive 
index resulting from temperature induced airflow were observed to cause decor- 
relation in the Phase I testing. No indication of the fluctuations have been 
observed in the Phase I1 testing. Although this i s  in part due to the thermal 
enclosure, some optical system parameters are also believed to have an effect 
on speckle shifts caused by these fluctuations. Preliminary investigations 
indicate that a now planar wavefront may have diminished the speckle shifts 
caused by thermal variations. 

6. RESULTS 

6.1 System Tests 

Several basic system responses are critical to the success of the measure- 
ments. Among these are insensitivity to rigid body motion, and stable or 
repeatable correlations. 

Referring to requirement 2 in section 3.1, the relative sensitivity of the 
system to rigid body motion is inversely proportional to the radius of curva- 
ture Ls of the laser beam at the specimen. By positioning the beam waist 
at the specimen surface, the radius of curvature approaches infinity and error 
terms go t o  zero. This is observed by translating the specimen on a stage and 
verifying that the speckle shifts from beam 1 and beam 2 h cancel.- Successful 
cancellations occurred for translations along both the x and z directions. 
The maximum cancellation is o f  course limited by decorrelation o f  the signals. 
If the superposition o f  the reference and shifted laser spots on the specimen 
is not within roughly 50 percent, the visibility of the correlation peak is 
diminished and the shift cannot be determined directly. 

Repeatability of the speckle correlations are a test o f  the stability of 
the optical and electronic systems. By recording a succession o f  speckle pat- 
terns and observing each correlation output, these stabilities are determined. 
At low temperature, the repeatability varies from 0 t o  2 diodes over time. An 
uncertainty of one diode is attributed to the correlation resolution, and the 
remaining variation i s  believed to be caused by electronic noise introduced by 
the custom electronics. High temperature stability varies from 0 to 8 diodes 
over a number of minutes (at 750°>, however, a typical short term variation 
remains around 0 to 2 diodes. The added variation over time seems to be due 
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t o  thermal  loads  i n  t h e  specimen as t h e  i n d u c t i o n  h e a t e r  c y c l e s  up and down 
m a i n t a i n i n g  t h e  tempera ture  s e t p o i n t .  I n  o t h e r  words, t h e  l a r g e  v a r i a t i o n s  a t  
h i g h  tempera ture  appear t o  be t r u e  s t r a i n  measured by t h e  system. T h i s  h i g h  
tempera tu re  s t a b i l i t y  shows a marked improvement o v e r  t h e  Phase I s y s t e m .  
T o t a l  d e c o r r e l a t i o n  o c c u r r e d  above 450" d u r i n g  Phase I t e s t i n g .  

6.2 One-Dimensional Tes ts  

The one-dimensional  measurements a c q u i r e  d a t a  a l o n g  a x i s  b ,  p a r a l l e l  t o  
t h e  l o a d  a x i s .  The measurements of Young's modulus a r e  shown t o  be improved 
o v e r  t h e  Phase I r e s u l t s  due to  t h e  improved r i g i d  body mo t ion  e r r o r  cance l -  
l a t i o n .  F i g u r e  6.2.1 shows one-dimensional  s t r e s s - s t r a i n  curves  a t  room tem- 
p e r a t u r e .  One s e t  o f  d a t a  i n d i c a t e s  t h e  s t r a i n s  measured w h i l e  a p p l y i n g  l o a d  
and t h e  o t h e r  s e t  r e p r e s e n t s  t h e  s t r a i n  measured w h i l e  back ing  t h e  l o a d  down. 
L i t t l e  or no sys temat i c  or random w a l k - o f f  ( c u m u l a t i v e  e r r o r )  i s  observed o v e r  
t h e  r u n ,  as v e r i f i e d  by t h e  m in ima l  v a r i a t i o n  between t h e  cu rves .  T h i s  i n d i -  
c a t e s  t h a t  t h e  i nc remen ta l  s h i f t  summing techn ique  i n t r o d u c e s  e r r o r s  of essen- 
t i a l l y  z e r o  mean. The v a l u e  o f  Young's modulus g i v e n  by these d a t a  i s  228 MPa, 
wh ich  agrees w i t h  t h e  handbook v a l u e  t o  w i t h i n  10 p e r c e n t .  

F i g u r e  6.2.2 shows a one-dimensional  r u n  a t  650 OC. E x c e l l e n t  l i n e a r i t y  
i s  observed,  w i t h  no r i g i d  body mo t ion  e r r o r s .  The measured v a l u e  o f  Young 's  
modulus i s  165 MPa. This agrees t o  two s i g n i f i c a n t  f i g u r e s  w i t h  t h e  handbook 
v a l u e  a t  650O. 

Note t h e  d i f f e r e n c e  i n  t h e  d a t a  near  t h e  o r i g ins  o f  f i g u r e s  6 .2 .1  and 
6.2.2. There i s  a bend i n  t h e  d a t a  o f  f i g u r e  6.2.1 due t o  specimen movement 
t h a t  was e l i m i n a t e d  i n  subsequent r u n s  by f u r t h e r  i n c r e a s i n g  t h e  r a d i u s  o f  c u r -  
v a t u r e  L,. F i g u r e  6.2.2 shows s t r e s s - s t r a i n  b e h a v i o r  a t  t h e  o r i g i n  t h a t  i s  
now l i n e a r  t o  w i t h i n  t h e  r e s o l u t i o n  o f  t h e  system. Note a l s o  i n  f i g u r e  6 .2 .1  
t h a t  t h e  s t r a i n  anomaly r e v e r s e d  as t h e  r i g i d  body mo t ions  r e v e r s e d  d u r i n g  t h e  
l o a d  down c y c l e .  T h i s  demonst ra tes  t h a t  t h e  e r r o r  was n o t  random, b u t  a 
response o f  t h e  sys tem.  

The upper l o a d  l i m i t  o f  t h i s  r u n ,  as w i t h  a l l  o f  t h e  r u n s  above 600°, i s  
de te rm ined  by  t h e  i n d u c t i o n  h e a t i n g  c o i l  geometry. 
access t o  t h e  t e s t  s e c t i o n ,  wh ich  i s  i n  t h e  m i d d l e  o f  t h e  specimen, t h e  i nduc -  
t i o n  c o i l s  a r e  c o n c e n t r a t e d  more near  t h e  ends o f  t h e  specimen. 
f i e l d  i s  l i k e w i s e  c o n c e n t r a t e d  near  t h e  ends, so t h i s  l o c a l i z e d  c o u p l i n g  h e a t s  
t h e  specimen ends more than  t h e  m i d d l e .  T h i s  tempera tu re  p r o f i l e  i s  expec ted .  
The prob lem,  however, i s  t h a t  as t h e  l o a d  i s  i n c r e a s e d  d u r i n g  a r u n  t h e  ends 
o f  t h e  specimen go i n t o  p l a s t i c  s t r a i n  b e f o r e  t h e  t e s t  s e c t i o n .  
r e l a x e s  f a s t e r  t han  t h e  response o f  t h e  s y s t e m ,  and t h e  subsequent d a t a  p o i n t s  
a r e  c o r r u p t e d .  The t h e r m a l l y  i n s u l a t i n g  e n c l o s u r e  around t h e  specimen se rves  
t o  r a i s e  t h e  tempera tu re  a t  wh ich  t h i s  e f f e c t  beg ins  by making t h e  tempera tu re  
d i s t r i b u t i o n  a l o n g  t h e  specimen more u n i f o r m .  

Due t o  t h e  need f o r  o p t i c a l  

The magne t i c  

The l o a d  

6.3 Two-Dimensional Tes ts  

F i g u r e  6.3.1 shows p l o t s  o f  t h e  f irst and second p r i n c i p a l  s t r a i n s  a t  a 
p o i n t ,  o v e r  a load-up and load-down c y c l e  a t  low tempera tu re .  Young 's  modulus 
was measured t o  be 214 MPa ( a  3 p e r c e n t  d e v i a t i o n  from t h e  handbook v a l u e  o f  
207 MPa). The c a l c u l a t e d  P o i s s o n ' s  r a t i o  v i s  0 .32 ,  and t h e  mean a n g l e  of 
t h e  p r i n c i p l e  s t r a i n  axes 4 = 2 O .  

I n c o n e l  600 i s  0.29 a t  room tempera tu re ,  i n d i c a t i n g  agreement w i t h i n  10 p e r c e n t .  
The handbook v a l u e  o f  P o i s s o n ' s  r a t i o  for 
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F i g u r e  6.3.2 demonst ra tes  the  h i g h  tempera tu re  two-d imens iona l  c a p a b i l i -  
t i e s  o f  t h e  system a t  750O. The good l i n e a r i t y  o f  t h e  p r i n c i p a l  s t r a i n  modu l i  
i n d i c a t e  s t a b i l i t y  o f  t h e  system. Young's modulus i s  measured t o  be 124 MPa, 
wh ich  d i f f e r s  from t h e  p u b l i s h e d  va lue  by -22 p e r c e n t .  The s l o p e  o f  t h e  t r a n s -  
ve rse  a x i s  € 1  i s  u n r e a l i s t i c a l l y  h i g h ,  however, l e a d i n g  t o  a v o f  0.46 
( t h e  e s t i m a t e d  va lue  for t h i s  m a t e r i a l  i s  0.31). T h i s  d i s c r e p a n c y  i s  b e l i e v e d  
t o  be due t o  l o a d  r e l a x a t i o n  o c c u r r i n g  d u r i n g  a c q u i s i t i o n  o f  t h e  t h r e e  s t r a i n  
components, as ment ioned i n  s e c t i o n  6 .2 .  A l though  i n  t h i s  case each component 
o f  s t r a i n  i s  a c c u r a t e  a t  i t s  i ns tan taneous  l o a d ,  each component i n  t h e  s e t  
r e p r e s e n t s  a s l i g h t l y  d i f f e r e n t  l o a d  s t a t e .  
gon iometer  and read  a s e t  o f  6 speck le  p a t t e r n s  i s  10 sec. T h i s  response t i m e ,  
t h e r e f o r e ,  d e f i n e s  t h e  quasi--stat ic two-dimensional  measurement r e q u i r e m e n t  for 
t h e  system. I n  t h i s  t e s t  (9 = 15O, wh ich  does n o t  c o i n c i d e  w i t h  t h e  mechani- 
c a l  a x i s  o f  t h e  t e n s i l e  machine. A l though  t h e r e  i s  a v a r i a t i o n  i n  a n g l e  o v e r  
t h e  l o a d  range (Q approaches z e r o  degrees as t h e  l o a d  i s  i n c r e a s e d ) ,  (9 i s  
c o n s i s t e n t l y  p o s i t i v e .  
caused t h e  t r u e  l o a d  a x i s  t o  s h i f t  and t h e  o r i e n t a t i o n  o f  t h e  p r i n c i p l e  s t r a i n  
axes t o  r o t a t e ,  b u t  t h e  apparen t  r o t a t i o n  i s  p r o b a b l y  connected  t o  t h e  t r a n s -  
ve rse  s t r a i n  e r r o r .  

The t i m e  r e q u i r e d  t o  r o t a t e  t h e  

I t  may be t h a t  uneven h e a t i n g  o f  t h e  specimen ends 

The h i g h e s t  tempera ture  a t  which t e s t s  were conducted (750°> i s  t h e  
maximum s teady  tempera ture  t o  wh ich  t h e  RF i n d u c t i o n  h e a t e r  has been a b l e  t o  
r a i s e  t h e  t e s t  s e c t i o n ,  r a t h e r  than  t h e  upper l i m i t  o f  t h e  t e c h n i q u e .  No 
i n h e r e n t  l i m i t s  r e l a t i n g  t o  tempera ture  have been observed u s i n g  t h e  Phase I 1  
o p t i c a l  system. 

7.  ERROR ANALYSIS 

The f o l l o w i n g  i s  a d i s c u s s i o n  o f  t h e  e r r o r s  i n  t h e  speck le  s h i f t  t e c h n i q u e  
as implemented by t h e  Phase I 1  system. An a n a l y s i s  o f  t h e  Phase I 1  system 
r e s u l t s  shows an improvement i n  accuracy  o v e r  t h e  Phase I system, as d i s c u s s e d  
i n  s e c t i o n  7.1, w h i l e  m a i n t a i n i n g  about  t h e  same r e s o l u t i o n .  The e r r o r  terms 
i n t r o d u c e d  i n  t h e  Phase I r e p o r t  comprise a subset  o f  t h e  Phase I 1  e r r o r  te rms.  
The a d d i t i o n a l  Phase I 1  terms a r e  l i s t e d  i n  s e c t i o n  7 . 2 .  

7.1 R i g i d  Body M o t i o n  C a n c e l l a t i o n  

C a n c e l l a t i o n s  o f  speck le  s h i f t s  r e s u l t i n g  from t r a n s l a t i o n s  and r o t a t i o n s  
of t h e  specimen a r e  ach ieved  by  l i m i t i n g  t h e  geometry o f  t h e  o p t i c a l  se tup ,  and 
by i n t r o d u c i n g  a r e l a t i v e l y  l a r g e  r a d i u s  o f  c u r v a t u r e  o f  t h e  l a s e r  beam a t  t h e  
gauge l o c a t i o n .  F i n e  ad jus tmen t  o f  t h e  l a s e r  beam p a t h ,  and a l i g n m e n t  of t h e  
specimen and l i n e  scan camera e l i m i n a t e s  most terms o f  e r r o r .  The l e n s  used 
t o  p o s i t i o n  t h e  beam w a i s t  a t  t h e  specimen s u r f a c e  then  p r o v i d e s  a n e a r l y  
p l a n a r  wave f ron t ,  e f f e c t i v e l y  c a n c e l l i n g  t h e  r e m a i n i n g  r i g i d  body m o t i o n  e r r o r  
i n  t h e  speck le  s h i f t s .  C a n c e l l a t i o n  o f  t r a n s l a t i o n  terms has been demonst ra ted  
up t o  t h e  d e c o r r e l a t i o n  l i m i t  o f  t h e  system. 

To ach ieve  maximum c a n c e l l a t i o n ,  however, no  movement o f  t h e  specimen i s  
a l l o w e d  w h i l e  each speck le  p a t t e r n  p a i r  i s  reco rded ,  as s t a t e d  i n  s e c t i o n  4 . 2 .  
On a s i m i l a r  no te ,  i t  i s  i m p o r t a n t  t o  o b t a i n  a l l  t h r e e  components of s t r a i n  
b e f o r e  r e l a x a t i o n  o f  t h e  l o a d  o c c u r s ;  t h e  s t r a i n  components must o f  cou rse  be 
based on t h e  same l o a d  s t a t e  of t h e  specimen. 
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7.2 Sys temat i c  Error 

Two parameters a f f e c t i n g  t h e  r e s o l u t i o n  o f  t h e  system have been changed 
compared t o  t h e  Phase I system. The parameter Lo has been i n c r e a s e d  t o  1 . 0  m, 
i n c r e a s i n g  t h e  r e s o l u t i o n ;  a t  t h e  same t ime ,  t h e  ang le  8 has been decreased 
t o  30°, d e c r e a s i n g  t h e  r e s o l u t i o n .  The o p t i c a l  r e s o l u t i o n  de termined by  u n i t  
s h i f t  and o t h e r  system c o n s t a n t s  i s  g i v e n  by  e q u a t i o n  7 .2 .1 .  

r e s o l u t i o n  = d i o d e  2L0sin4300p s a c i n  

- 15 pm 
- 2 x 1 m x 0.5 

= 15 J1E (7 .2 .1 )  

The n e t  e f f e c t  o f  t h e  two changes i s  t o  l e a v e  t h e  b a s i c  r e s o l u t i o n  v i r t u a l l y  
t h e  same as i n  Phase I .  

The t o t a l  d i f f e r e n t i a l  e q u a t i o n  d e s c r i b i n g  t h e  e r r o r  i n  t h e  system i s  

de 
E -  + -  -dAAx d L, 

d E x x  = ~ ~ ~ s i n ( @ )  L, x x  t a n ( e >  ‘xx 

For  t h e  a b s o l u t e  s h i f t  method of measur ing  s t r a i n ,  t h i s  l eads  t o  a t h e o r e t i c a l  
u n c e r t a i n t y  of 215 1.1 20.9 p e r c e n t  o f  t h e  s t r a i n  r e a d i n g .  
v a r i e s  w i t h  t h e  d e s i g n  parameters  o f  t h e  s y s t e m .  The e r r o r  t h a t  o c c u r s  i n  a r e a l  
t e s t  s i t u a t i o n  i s  o f t e n  l a r g e r  t h a n  t h i s  o v e r  t h e  course  o f  a r u n ,  and depends 
on  t h e  accu racy  o f  t h e  c r o s s - c o r r e l a t i o n s  used t o  de te rm ine  t h e  speck le  f i e l d  
s h i f t s .  P a r t i a l  d e c o r r e l a t i o n  due t o  o f f - a x i s  speck le  s h i f t s  ( s h i f t s  a l o n g  
t h e  Y a x i s )  o f t e n  o c c u r s  d u r i n g  a l o a d  c y c l e .  
r e f e r e n c e  speck le  p a t t e r n s  t h e  d e c o r r e l a t i o n  e f f e c t s  can be m in im ized ,  b u t  n o t  
n e c e s s a r i l y  b e f o r e  an e r r o r  i n  AX o c c u r s .  

T h i s  u n c e r t a i n t y  

By f r e q u e n t l y  u p d a t i n g  t h e  

The s e n s i t i v i t y  t o  d e c o r r e l a t i o n  caused by  Ay i s  decreased by  u s i n g  a 
t a l l e r  pho tod iode  a r r a y .  A d i o d e  h e i g h t  o f  300 pm i s  used i n  Phase 11. The 
c o r r e l a t i o n  r e q u i r e m e n t  o f  

+ sensor h e i g h t  1 (7 .2 .3 )  

where X i s  t h e  l a s e r  wave leng th  and w i s  t h e  s p o t  s i z e ,  cor responds to  
Ay << 1.3 mm. 

t h e  one--dimensional t e c h n i q u e ,  two-dimensional  measurements add no  s y s t e m a t i c  
e r r o r s .  That  i s  t o  say, each s t r a i n  component used t o  c a l c u l a t e  t h e  two- 
d imens iona l  s t r a i n s  i s  s t i l l  a one-dimensional  measurement. However, by  u s i n g  
t h r e e  measurements i n  t h e  c a l c u l a t i o n  of t h e  p r i n c i p a l  s t r a i n s ,  t h e  e r r o r  i s  
o f  course  i nc reased .  The magn i tude o f  t h e  t o t a l  e r r o r  i s  c a l c u l a t e d  from t h e  
t o t a l  d i f f e r e n t i a l  e q u a t i o n s  (7.2.4) and (7 .2 .5 ) .  

S ince  t h e  two-dimensional  measurements a r e ,  p h y s i c a l l y ,  an e x t e n s i o n  o f  

12 



( 7 . 2 . 4 )  

( 7 . 2 . 5 )  

After determining the partial derivatives from the principal strain equations, 
the total differential equations become 

]‘Ea 

a -c C 2]dEb 

2(Ea - Eb) 
+ 

3 - E C Y -  d(€ C - E a ) 2  + ( 2 E b  - ‘a 

E - = )  

- E )  + ( 2 E  b - ‘a 

( 2 E b  - 
dE1 = t[ 

+ C - 

2 k C  - E b )  

( E  - Ea) + 6 2 E o  - E - - 1 

(7.2.6) 
2 

+ [  
C a =C 

1 
and 

( 2 E b  - E - EC) 
( E C  - E 1 2 + a - E - EC) 2 IdEb 

a a 

2(Ec - ‘b) 
2 2 

( E  - Ea) + (2Eb - E - E 1 C a C 

where 

(7.2.7) 
- I  

(7.2.8) 

The overall error i s  dependent on the magnitude o f  strain components 
Ea,b,c. 
the strain error o f  the greatest strain component can be calculated using equa- 
tions (7.2.6-8): 

Although never observed, a worst case error estimate o f  three times 
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8 .  CONCLUSIONS 

One-dimensional and two-dimensional  s t r a i n  measurements have been demon- 
s t r a t e d  u s i n g  the  speck le  s h i f t  t e c h n i q u e .  The v a l i d i t y  o f  a p p l y i n g  conven- 
t i o n a l  r o s e t t e  techn iques  t o  t h e  o p t i c a l  system has been shown. S t a b l e  s p e c k l e  
p a t t e r n s  have been reco rded  a t  tempera tures  up t o  750 O C  w i t h  good au to-  
c o r r e l a t i o n  c h a r a c t e r i s t i c s .  L i n e a r  s t r e s s - s t r a i n  r e l a t i o n s h i p s  have a l s o  been 
measured t o  t h i s  tempera tu re .  T h i s  maximum tempera tu re  i s  de termined by t h e  
a v a i l a b l e  h e a t i n g  power, and i s  n o t  t h e  tempera ture  l i m i t  o f  t h e  o p t i c a l  t ech -  
n i q u e .  The requ i remen t  f o r  o p t i c a l  access between t h e  i n d u c t i o n  c o i l s  caused 
uneven h e a t i n g  o f  the  specimen. The l o c a l i z e d  h i g h  tempera tures  caused d i f f i -  
c u l t i e s  i n  o b t a i n i n g  a c c u r a t e  two-dimensional  measurements. S ince  t h e  d a t a  f o r  
t h e  one-dimensional  measurements were a c q u i r e d  i n  m i l l i s e c o n d s  n o  r e l a x a t i o n  
e r r o r  i s  observed. A genera l  r u l e  f o r  o b t a i n i n g  h i g h  accuracy ,  wh ich  a p p l i e s  
t o  v i r t u a l l y  a l l  measurements, i s  t h a t  t h e  specimen s t a t e  must be s t a b l e  t o  
w i t h i n  t h e  r e s o l u t i o n  l i m i t  over t h e  d u r a t i o n  o f  t h e  measurement. One c u r e  f o r  
t h e  two-dimensional  r e l a x a t i o n  e f f e c t  would be t o  change t h e  specimen geometry 
t o  decrease t h e  s t r e s s  a t  t h e  h i g h e r  tempera tu re  a reas .  A r a d i a t i v e  h e a t e r  
c o u l d  be used t o  p r o v i d e  more u n i f o r m  h e a t i n g .  I d e a l l y ,  a c q u i r i n g  t h e  d a t a  
f a s t e r  would m in im ize  t h e  e f f e c t s  o f  a dynamic t e s t  s i t u a t i o n .  T h i s  would, 
however, r e q u i r e  s u b s t a n t i a l l y  more c o m p l i c a t e d  o p t i c s .  

I 

I 

I The s e n s i t i v i t y  o f  t h e  system t o  chang ing  r e f r a c t i v e  index  g r a d i e n t s  seems 
t o  be decreased by changes i n  t h e  o p t i c a l  parameters  o f  t h e  system. The index  
g r a d i e n t s  themselves have been decreased by e n c l o s i n g  t h e  specimen i n  a t h e r -  

I m a l l y  i n s u l a t i n g  box. 

R i g i d  body m o t i o n  e r r o r s  i n  excess o f  t h e  system r e s o l u t i o n  were success- 
, f u l l y  c a n c e l l e d ,  up t o  t h e  d e c o r r e l a t i o n  l i m i t  o f  t h e  o p t i c a l  system. The 

improvement i n  e r r o r  c a n c e l l a t i o n  i s  due t o  an i n c r e a s e  i n  t h e  r a d i u s  of c u r -  
v a t u r e  o f  t h e  l a s e r  beam a t  t h e  specimen. The s e n s i t i v i t y  o f  t h e  system t o  
d e c o r r e l a t i o n  was decreased by  u s i n g  a t a l l e r  pho tod iode  a r r a y .  A s m a l l e r  s p o t  
s i z e  reduces the  gauge l e n g t h  o f  t h e  measurement, b u t  a t  t h e  same t i m e  reduces  
t h e  maximum speck le  s h i f t  p e r  s t r a i n  p o i n t .  I m p r e c i s e  l o a d i n g  and e x c e s s i v e  
s h i f t s  due t o  t h e  f a t i g u e  t e s t i n g  machine c o n t r i b u t e  t o  t h e  e r r o r  m a r g i n  d u r i n g  
t e s t s  b e f o r e  Ls was maximized. A f t e r  ad jus tmen ts  were made to  Ls decor -  
r e l a t i o n  s t i l l  made measurements t e d i o u s  a t  t i m e s ,  b u t  l i t t l e  or no r i g i d  body 
m o t i o n  e r r o r  was observed.  A p r e c i s i o n  l o a d  machine w i l l  a l l o w  b e t t e r  a l i g n -  
ment o f  specimens and c o n s i s t e n c y  between r u n s .  
t echn ique  shows v e r y  good promise  as a h i g h  tempera tu re  o p t i c a l  s t r a i n  gauge. 
Measurement o f  one-dimensional  s t r a i n s  i n t o  t h e  p l a s t i c  reg ime have been demon- 
s t r a t e d  p r e v i o u s l y .  Two-dimensional p l a s t i c  s t r a i n s  r e q u i r e  a f a s t e r  beam 
r o t a t i o n  s y s t e m  or a more complex six-beam o p t i c a l  s w i t c h i n g  se tup .  

O v e r a l l ,  t h e  speck le  s h i f t  

F u t u r e  work w i l l  f u r t h e r  decrease t h e  s e n s i t i v i t y  o f  t h e  system t o  decor-  
r e l a t i o n  due to Ay t r a n s l a t i o n s  by  r e c o r d i n g  two-dimensional  speck le  f i e l d s .  
A h i g h  speed hardware c o r r e l a t o r  w i l l  keep t h e  a d d i t i o n a l  compu ta t i ona l  r e q u i r e -  
ments w i t h i n  a v e r y  reasonab le  t imef rame.  
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