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ABSTRACT

An a p p a r a t u s  f o r  f a t i g u e  u n d e r  h y d r o s t a t i c  p r e s s u r e  was 

d e s i g n e d  and b u i l t .  I t  was t e s t e d  s u c c e s s f u l l y  w i t h  o i l  as  

t h e  p r e s s u r e  medium and  f o r  p r e s s u r e s  up t o  1 0 ,00 0  p s i .  

R e v e r s e  b e n d i n g  t e s t s  w ere  ru n  w i t h  c o l d  r o l l e d  c o p p e r  

s a m p l e s .  A s i g n i f i c a n t  i n c r e a s e  i n  t h e  f a t i g u e  l i f e  o f  t h e  

s p e c im e n s  was fo u n d  when t h e  p r e s s u r e  was i n c r e a s e d  up t o

1 0 ,0 0 0  p s i .  T h is  was a t t r i b u t e d  t o  a  s l o w i n g  down o f  t h e  

p r o p a g a t i o n  o f  c a v i t i e s  and m i c r o c r a c k s  due t o  t h e  compres­

s i v e  s t r e s s e s  s e t  up by t h e  h y d r o s t a t i c  p r e s s u r e .
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INTRODUCTION

I n  r e c e n t  y e a r s  t h e r e  h a s  b e e n  I n c r e a s i n g  a c t i v i t y  i n  

t h e  e x p l o r a t i o n  o f  t h e  deep  o c ea n s  and t h e  ocean  b o t to m .  

However ,  we have  a  v e ry  l i m i t e d  know ledge  a b o u t  how e n g i n e e r ­

i n g  a l l o y s  w i l l  b e h av e  u n d e r  su c h  c o n d i t i o n s .  T h a t  i s ,  we 

know v e r y  l i t t l e  a b o u t  how t h e  p r e s s u r e  w i l l  c a u se  changes  

o f  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  m e t a l s  and  how t h e  c o r r o s i v e  

p r o p e r t i e s  o f  s e a  w a t e r  w i l l  a f f e c t  m e t a l s  as  a  f u n c t i o n  o f  

w a t e r  p r e s s u r e ,  t e m p e r a t u r e ,  gas  c o n t e n t ,  s a l i n i t y ,  and t i m e .  

At p r e s e n t  no m e c h a n i c a l  s t u d i e s  have  b e e n  c o n d u c te d  i n  a  

deep  ocea n  e n v i r o n m e n t , and  r e l a t i v e l y  few i n v e s t i g a t i o n s  

h av e  b e e n  done on a l a b o r a t o r y  s c a l e .

The o b j e c t  o f  t h i s  s t u d y  was t o  d e s i g n ,  b u i l d ,  and t e s t  

an a p p a r a t u s  w h ich  c o u ld  be u s e d  t o  make f a t i g u e  t e s t s  u n d e r  

h y d r o s t a t i c  p r e s s u r e  up t o  1 0 ,0 0 0  p s i .  Only t h e  p r e s s u r e  

e f f e c t  was t o  be s t u d i e d ,  s o  o i l  was u s e d  as  t h e  p r e s s u r e  

medium. The f a t i g u e  a p p a r a t u s  was b u i l t  f o r  r e v e r s e  b e n d in g  

and t h e  t e s t  p i e c e s  w h ich  were  u s e d  were  made o f  c o l d  r o l l e d  

c o p p e r .

1
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LITERATURE SURVEY

Very l i t t l e  h a s  b e en  done i n  t h e  f i e l d  o f  f a t i g u e  u n d e r  

h y d r o s t a t i c  p r e s s u r e ,  and o n ly  a  c o u p le  o f  v a l u a b l e  p u b l i c a ­

t i o n s  h ave  b e en  f o u n d ,

Rowland,  D e V r i e s , and  Gibbs (1967* P . 131) made r o t a t ­

i n g  beam f a t i g u e  t e s t s  f o r  p r e s s u r e s  up t o  1 0 0 ,000  p s i .  T e s t  

s p e c im e n s  were  F e , A l ,  and  N i - w i r e s ,  and a s i g n i f i c a n t  

i n c r e a s e  i n  l i f e  t im e  was o b s e r v e d  f o r  i n c r e a s i n g  p r e s s u r e s . 

The e f f e c t  o f  p r e s s u r e  was fo u n d  t o  be g r e a t e r ,  t h e  s m a l l e r  

was t h e  s t r a i n  a m p l i t u d e .  P r e s s u r i s a t i o n  a t  10 0 ,00 0  p s i  

p r i o r  t o  f a t i g u e  t e s t s  a t  a t m o s p h e r i c  p r e s s u r e  i n c r e a s e d  th e  

f a t i g u e  l i f e  s l i g h t l y .  I t  was a l s o  fo un d  t h a t  s a m p le s  r u n  

a t  a t m o s p h e r i c  p r e s s u r e  f o r  t h e  f i r s t  few p e r c e n t  o f  t h e i r  

l i f e t i m e  and a t  70 ,00 0  p s i  f o r  t h e  r e m a i n i n g  l i f e  showed a 

d e c r e a s i n g  l i f e t i m e  w i t h  r e s p e c t  t o  t h e  e x p e c t e d  l i f e t i m e  

t h e y  would  h ave  i f  t h e y  h a d  b e e n  a t  h i g h  p r e s s u r e  a l l  t h e  

t i m e .  I t  was t h e r e f o r e  c o n c l u d e d  t h a t  t h e  n u c l é a t i o n  o f  

c r a c k s , w hich  o c c u r  e a r l y  i n  t h e  f a t i g u e  l i f e ,  e x h i b i t s  a 

much s t r o n g e r  p r e s s u r e  d e p end en ce  t h a n  t h e  p r o p a g a t i o n  o f  

c r a c k s ,

B urns  and P a r r y  ( 1 9 6 4 ,  p ,  293) made r e v e r s e  t o r s i o n  

f a t i g u e  t e s t s  i n  o i l  u n d e r  a p r e s s u r e  o f  40 ,000  p s i  and w i t h  

sp e c im e n s  made o f  2 , 5  p e r c e n t  n i  e k e 1 - chromi um-molyb denum 

s t e e l .  P r o v i d e d  t h a t  t h e  s u r f a c e  was p r o t e c t e d  from t h e

2
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f l u i d  by a r u b b e r  c o a t i n g ,  an a v e r a g e  i n c r e a s e  i n  t h e  f a t i g u e  

l i f e  o f  30-40 p e r c e n t  was o b s e r v e d .  B ecause  w i t h o u t  t h e  

p r o t e c t i v e  r u b b e r  c o a t i n g  t h e  f a t i g u e  l i f e  was l o w e r ,  i t  was 

c o n c l u d e d  t h a t  o i l  u n d e r  h i g h  p r e s s u r e  had  a  d e l i t e r i o u s  

e f f e c t  on t h e  s u r f a c e  o f  t h e  sp e c im e n .

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

t h a t  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e  f o r  r e c r y s t a l ­

l i z e d  powder  m e t a l l u r g y  molybdenum h a s  b e e n  lo w e re d  f rom 

50°C t o  2°C by t h e  a p p l i c a t i o n  o f  a  h y d r o s t a t i c  p r e s s u r e  o f

2 0 .0 0 0  p s i  ( G a l l i  and G ib b s ,  1 9 6 4 ,  p .  7 7 4 ) .  I t  was a l s o  

r e p o r t e d  t h a t  t h e  i n c r e a s e  i n  t h e  f r a c t u r e  s t r e s s  was t h e  

same as  t h e  i n c r e a s e  i n  h y d r o s t a t i c  p r e s s u r e .

Asa i  and Hayes (1 9 5 7 ,  p .  138) have  shown t h a t  when 

t e s t e d  i n  an e n v i r o n m e n t  o f  h i g h  h y d r o s t a t i c  p r e s s u r e  a 

b r i t t l e  m a t e r i a l  as  chromium may show d u c t i l i t y .

However ,  a  few i n t e r e s t i n g  i r r e v e r s i b l e  e f f e c t s  a l s o  

o c c u r  i n  m e t a l s  which  h ave  b e e n  s u b j e c t e d  t o  h i g h  h y d r o ­

s t a t i c  p r e s s u r e .

B u l l e n ,  H e n d e r s o n ,  Wain,  and  P a t e r s o n  (1 9 6 4 ,  p .  803) 

have  shown t h a t  b r i t t l e  chromium i s  d u c t i l e  n o t  o n ly  w h i l e  

u n d e r  h i g h  h y d r o s t a t i c  p r e s s u r e , b u t  a l s o  a t  a t m o s p h e r i c  

p r e s s u r e  a f t e r  b e i n g  s u b j e c t e d  t o  a h y d r o s t a t i c  p r e s s u r e  o f

1 50 .0 00  p s i  f o r  f i v e  m i n u t e s .  S t r a i n s  up t o  60 p e r c e n t  were  

n e e d e d  b e f o r e  f r a c t u r e  o c c u r r e d ;  t h i s  was a t  a  s t r a i n  r a t e  

o f  10~3 p e r  m in .  I t  was s u g g e s t e d  t h a t  t h e  e f f e c t  i s  due t o  

t h e  a p p e a r a n c e  o f  f r e e  d i s l o c a t i o n s  a t  e l a s t i c  i n h o m o g e n e i t i e s
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d u r i n g  p r e s s u r i z a t i o n .  The y i e l d  s t r e s s  f o r  p r e s s u r i z e d  

chromium was fo u n d  t o  be  a p p r o x i m a t e l y  h a l f  o f  t h e  b r i t t l e  

f r a c t u r e  s t r e s s  o f  r e c r y s t a l l i z e d  chromium. The p r e s s u r i z e d  

sp e c im e n s  became b r i t t l e  a f t e r  a g in g  a t  450°C o r  h i g h e r  

t e m p e r a t u r e s .

B u l l e n ,  H e n d e r s o n ,  H u t c h i s o n ,  and  Wain (1 9 6 4 ,  p .  285) 

showed t h a t  f o r  Armco i r o n  (3  p e r c e n t  C, S ,  Ni ; 8 p e r c e n t  

Mn) t h e  y i e l d  p o i n t  i s  s u b s t a n t i a l l y  r e d u c e d  i n  sp e c im en s  

s u b j e c t e d  t o  h y d r o s t a t i c  p r e s s u r e  i n  t h e  r a n g e  o f  100 ,000  

p s i  p r i o r  t o  t h e  t e s t s . T h is  was e x p l a i n e d  by t h e  f r e e  d i s ­

l o c a t i o n s  which  were c r e a t e d  d u r i n g  p r e s s u r i z a t i o n  a t  

e l a s t i c  i n h o m o g e n e i t i e s  as i n c l u s i o n s  o r  as  a  s e c o n d  p h a s e .  

T h i s  was s u p p o r t e d  by t h e  f a c t  t h a t  h i g h  p u r i t y  i r o n  was n o t  

a f f e c t e d  by t h e  h i g h  p r e s s u r e .

F i n d l e y  and T racy  ( 1 9 6 6 ,  p .  1479) made u l t r a s o n i c  

m ea su re m e n ts  i n  p o l y c r y s t a l l i n e  and s i n g l e - c r y s t a l  c o p p e r  

w h ich  w ere  s u b j e c t e d  t o  p u l s a t i n g  h y d r o s t a t i c  p r e s s u r e  up 

t o  40 ,000  p s i .  The m easu rem en ts  were  made a f t e r  p r e s s u r i z a ­

t i o n ,  and  i t  was fo u n d  t h a t  a f t e r  e a c h  c y c l e  t h e  a t t e n u a t i o n  

i n  p o l y c r y s t a l l i n e  c o p p e r  was i n c r e a s e d .  T h is  was a t t r i b u t e d  

t o  s h e a r  s t r e s s e s  s e t  up by i n h o m o g e n e i t i e s  i n  t h e  m e t a l  and 

by a n i s o t r o p y  o f  t h e  e l a s t i c  c o n s t a n t s .  Such i r r e g u l a r i t i e s  

c o u ld  g e n e r a t e  d i s l o c a t i o n s  and c a u se  b reakaw ay  o f  d i s l o c a ­

t i o n  l o o p s  w h ich  would  i n c r e a s e  t h e  a t t e n u a t i o n .  ( A t t e n u a ­

t i o n  was c o n s i d e r e d  as  a l i n e a r  f u n c t i o n  o f  t h e  d i s l o c a t i o n  

d e n s i t y . )  A d e c r e a s e  i n  t h e  a t t e n u a t i o n  i n  s i n g l e  c r y s t a l
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sa m p le s  was fo u n d .  T h is  was e x p l a i n e d  by t h e  a s s u m p t io n  

t h a t  v a c a n c i e s  m i g r a t e d  t o  t h e  s u r f a c e  and d i s l o c a t i o n  p a i r s  

w ou ld  h a v e  an i n c r e a s e d  t e n d e n c y  t o  a n n i h i l a t e  e a c h  o t h e r  

b e c a u s e  o f  t h e  h i g h  h y d r o s t a t i c  p r e s s u r e .

F o r  i n f o r m a t i o n  a b o u t  o r d i n a r y  f a t i g u e  u n d e r  a t m o s p h e r i c  

c o n d i t i o n ,  one may r e f e r  t o  a  book on m e t a l  f a t i g u e  by 

S i n e s  and  Waisman ( 1 9 5 9 ) ,  t o  Wood e t  a l . ’ s p u b l i c a t i o n  on 

s y s t e m a t i c  m i c r o s t r u c t u r a l  chan ges  p e c u l i a r  t o  f a t i g u e  

d e f o r m a t i o n  ( 1 9 6 3 ) ,  and t o  t h e  p r o c e e d i n g s  o f  t h e  F i r s t  

I n t e r n a t i o n a l  C o n f e re n c e  on F r a c t u r e , J a p a n ,  1966.
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THEORY

The m echanism  f o r  f a t i g u e  can be d i v i d e d  i n t o  two p a r t s i  

One f o r  t h e  low c y c l e  r e g i o n  w here  we have  l a r g e  a m p l i t u d e s  

and  p l a s t i c  d e f o r m a t i o n  i n  t h e  t e s t  p i e c e ,  and one f o r  t h e  

h i g h  c y c l e  r e g i o n  where  we have  s m a l l  a m p l i t u d e s  and no 

p l a s t i c  d e f o r m a t i o n .

F o r  a  b e n d i n g  t e s t  t h e  s t r e s s  d i s t r i b u t i o n  a c r o s s  t h e  

c r o s s - s e c t i o n  o f  t h e  t e s t  p i e c e  v a r i e s  as  shown i n  f i g u r e  16 

i n  Appendix  I .  F o r  b e n d i n g  downwards ,  f o r  e x a m p le , t h e r e  i s  

maximum c o m p r e s s io n  i n  t h e  l o w e r  f i b e r s ,  z e r o  s t r e s s  i n  th e  

n e u t r a l  a x i s ,  and maximum t e n s i o n  i n  t h e  u p p e r  f i b e r s . 

T h e r e f o r e ,  even  f o r  maximum b e n d i n g  a m p l i t u d e s  t h e r e  i s  s t i l l  

a  r e g i o n  n e a r  t h e  n e u t r a l  a x i s  w hich  o p e r a t e s  w i t h i n  t h e  

e l a s t i c  r a n g e .  C o n s e q u e n t l y , b o t h  mechanisms a r e  w o rk in g  i n  

t h e  low c y c l e  r e g i o n .

C o n s i d e r i n g  o u r  c o p p e r  sp e c im en  which  h a s  a  y i e l d  p o i n t  

o f  a r o u n d  32 ,000  p s i  (ASTM Handbook,  195^» p . 3 0 0 ) ,  we s h o u l d  

be  i n  t h e  low c y c l e  r e g i o n  when t h e  f a t i g u e  l i f e  o f  t h e  

sp e c im e n  i s  l e s s  t h a n  150 ,000  c y c l e s .  T h i s  can  be  s e e n  from 

f i g u r e  11 (3 2 ,0 0 0  p s i  c o r r e s p o n d  t o  1 5 0 ,0 0 0  c y c l e s ) .

F o r  c o p p e r  t h e  two f a t i g u e  mechanism s have  b een  

d e s c r i b e d  by Wood e t  a l .  ( 1963» P • 6 4 3 ) .  I n  t h e  l o w - e y e l e  

r e g i o n  t h e r e  a r e  p l a s t i c  d e f o r m a t i o n s  and e a c h  g r a i n  i s  

b r o k e n  down i n t o  s m a l l  r e g i o n s  o f  d i f f e r e n t  l a t t i c e

6
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o r i e n t a t i o n  s e p a r a t e d  by i r r e g u l a r  s u b - b o u n d a r i e s  o f  d i s ­

t o r t i o n  and i n t e r n a l  s t r a i n .  A f t e r  1 /2 0 0  o f  th e  s p e c i m e n ’s 

l i f e  s m a l l  p o r e s  a p p e a r  on t h e  s u b - b o u n d a r i e s  and th e y  

m u l t i p l y  and c o a l e s c e  i n t o  c a v i t i e s .  T h ere  a g a i n  m u l t i p l y  

and  l i n k  i n t o  m i c r o - c r a c k s .  F i n a l l y  when t h e  l a t t e r  a r e  

numerous enough t h e y  l i n k  i n t o  i r r e g u l a r  c r a c k s  which  e x t e n d  

b ey o n d  t h e  g r a i n  b o u n d a r i e s ,  and  m a c r o s c o p ic  f a i l u r e  soon  

f o l l o w s .  A s i g n i f i c a n t  f e a t u r e  i s  t h a t  t h e  m i c r o c r a c k s  

d e v e l o p  e a r l y  i n  t h e  l i f e  o f  t h e  t e s t  p i e c e  and t h e y  s t a y  

w i t h i n  t h e  g r a i n s  f o r  t h e  g r e a t e r  p a r t  o f  t h e  r e m a i n i n g  l i f e .  

As t h e  number  o f  c y c l e s  i n c r e a s e s ,  more p o r e s  combine and 

form  c a v i t i e s  w h ich  a g a i n  w i l l  form m i c r o - c r a c k s , b u t  t h e s e  

p r o c e s s e s  a r e  c o n f i n e d  w i t h i n  t h e  g r a i n  b o u n d a r i e s .

I n  t h e  h i g h  c y c l e  r e g i o n  t h e r e  a r e  s m a l l  s t r a i n s  i n  t h e  

t e s t  p i e c e  and f a t i g u e  d e v e l o p s  i n  a r e a s o n a b l y  o r d e r e d  

s t r u c t u r e .  We g e t  a c o m b i n a t i o n  o f  f o r w a r d  and b a ck w ard  

s l i p s  and c r o s s - s l i p  t o  o t h e r  s l i p  p l a n e s .  As a r e s u l t  we 

g e t  zo n es  o f  s t r u c t u r a l  d i s t u r b a n c e  w i t h i n  t h e  g r a i n s , and 

a t  t h e  s u r f a c e  o f  t h e  sp e c im e n  t h e s e  w i l l  a p p e a r  as v e ry  

s m a l l  e x t r u s i o n s  o r  i n t r u s i o n s .  These  zones  a r e  o b s e r v e d  

a f t e r  o n ly  1 /1000  o f  t h e  l i f e t i m e ,  and as  soon  as  t h e y  a r e  

fo rm ed  t h e y  become t h e  s i t e s  o f  s m a l l  p o r e s .  As t h e  number 

o f  c y c l e s  i n c r e a s e s ,  t h e  p o r e s  m u l t i p l y ;  t h e y  c o a l e s c e  i n t o  

c a v i t i e s  w h ich  f i n a l l y  d i s i n t e g r a t e  i n t o  t h e  zones  a lo n g  

t h e i r  whole  l e n g t h  and we g e t  f a t i g u e  z o n e s .  At l a s t ,  as 

t h e  f a t i g u e  zones  m u l t i p l y ,  t h e y  c r o s s - l i n k  t o  make t h e
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s t r u c t u r e  c o l l a p s e  ; m a c r o c r a c k s  a r e  fo rm ed  and  f a i l u r e  

s t a r t s .  The f a t i g u e  zones  a l s o  emerge  t o  t h e  s u r f a c e  and 

p e ak s  and c r a c k s  a r e  fo rm ed  a l o n g  them.

I n  b o t h  t h e s e  mechanisms s m a l l  p o r e s  a r e  fo rm ed  as 

e a r l y  as  t h e  f i r s t  1 /200  o f  t h e  s p e c i m e n ’ s l i f e t i m e ,  and 

a f t e r  t h i s  p e r i o d  i t  i s  n o t  s t r u c t u r a l l y  so u n d  any l o n g e r  

(Wood e t  a l . , 19 6 4 ,  p .  6 4 5 ) .  The p o r e s  may b e  fo rm ed  by 

moving d i s l o c a t i o n s  w h ich  sweep up v a c a n c i e s  and move them 

t o  s u i t a b l e  s i n k s  s u c h  as g r a i n  and s u b - g r a i n  b o u n d a r i e s  

o r  i r r e g u l a r i t i e s  w i t h i n  t h e  g r a i n s  ( K o c h e n d o r f e r , 1 9 5 4 ,  

p . 3 5 1 ) .  O r ,  t h e s e  v a c a n c i e s  w i l l  d i f f u s e  t o  d i s l o c a t i o n s  

on o t h e r  l a t t i c e  i m p e r f e c t i o n s  and r e l i e v e  t h e  s t r e s s  f i e l d  

a ro u n d  them .

High  p r e s s u r e  s h o u l d  have  an e f f e c t  on t h e  mechanisms 

w hich  have  b e e n  d e s c r i b e d .  With  r e s p e c t  t o  t h e  movement o f  

d i s l o c a t i o n s  t h e  P e a c h - K o e h l e r  e q u a t i o n s  (Weertman a n d  

W eertman,  1964 ,  p .  61) show t h a t  t h e  f o r c e s  a c t i n g  on a d i s ­

l o c a t i o n  a r e  g o v e rn e d  by s h e a r  s t r e s s e s  o n ly  e x c e p t  f o r  t h e  

c l im b  o f  edge  d i s l o c a t i o n s ,  which  depends  upon t e n s i l e  o r  

c o m p r e s s i v e  s t r e s s e s . S i n c e  t h e  h y d r o s t a t i c  p r e s s u r e  h a s  

no i n f l u e n c e  on t h e  s h e a r  s t r e s s e s ,  one s h o u l d  e x p e c t  t h a t  

i t  h a s  an  e f f e c t  on edge d i s l o c a t i o n s  o n l y .  How ever ,  a 

m o d i f i e d  fo rm  o f  t h i s  e q u a t i o n  h a s  b e e n  p r o p o s e d  by Weertman 

( 1 9 6 5 , p .  1 2 1 7 ) ;  i t  p r e d i c t s  t h a t  h y d r o s t a t i c  p r e s s u r e  

p r o d u c e s  no n e t  f o r c e  on any d i s l o c a t i o n .

The v a c a n c y  c o n c e n t r a t i o n  p l a y s  an i m p o r t a n t  r o l e  i n
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f a t i g u e ,  as  m e n t io n e d  e a r l i e r ,  and i n  e q u i l i b r i u m  i t  i s  

g i v e n  by (Weertman and W eertman,  1964 ,  p .  7 5 ) :

TSy-pV-Qy
Xy = exp ( £5  ) (1 )

w here

k = B o l t z m a n n ’s c o n s t a n t  

S v  = change  i n  e n t r o p y  p e r  va ca n cy  c r e a t e d  

Qv = e n e rg y  o f  f o r m a t i o n  o f  one vacancy  

T = t e m p e r a t u r e  i n  °K 

Vv = volume o f  a  vacan cy  

p = p r e s s u r e

The d i f f u s i o n  i n  m e t a l s  i s  a l s o  p r e s s u r e  d e p e n d e n t ,  and 

a c c o r d i n g  t o  D eVries  e t  a l .  ( 1963» p .  2 2 5 4 ) ,  t h e  s e l f  d i f f u ­

s i o n  c o e f f i c i e n t  can  be  w r i t t e n  as
PAY 

"  kT
D = Doe (2 )

w here

Do = d i f f u s i o n  c o e f f i c i e n t  a t  z e r o  p r e s s u r e  

AV = a c t i v a t i o n  volume = AVy + AVm

AVv i s  t h e  volume o f  a  v a c a n c y ,  and i t s  m a g n i tu d e  w i l l  depend

on t h e  d e g r e e  t o  w h ich  s u r r o u n d i n g  atoms r e l a x  i n t o  i t .  I n  

c o p p e r ,  AVy i s  a p p r o x i m a t e l y  55 p e r c e n t  o f  th e  volume o f  one 

c o p p e r  a tom (Shewmon, 1 9 6 3 , p .  83 ) ,  The s e c o n d  t e rm  con­

t r i b u t i n g  t o  t h e  a c t i v a t i o n  vo lu m e ,  AVm, i s  t h e  change  i n  

a to m ic  volume i n  t h e  a c t i v a t e d  c o m p le x e s .  T h a t  i s ,  t h i s  i s

t h e  change  i n  a to m ic  volume when an atom jumps from  one
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p o s i t i o n  t o  a n o t h e r  and  p a s s e s  t h r o u g h  t h e  s a d d l e  p o i n t  

b e tw e e n  t h e  two p o s i t i o n s .  Shewmon g i v e s  a  AVm- v a l u e  which 

i s  a r o u n d  9 p e r c e n t  o f  t h e  volume o f  one c o p p e r  a tom . T h u s ,  

t h e  a c t i v a t i o n  volume i s  p o s i t i v e  and i s  a p p r o x i m a t e l y  64 

p e r c e n t  o f  t h e  c o p p e r - a t o m  volume.

I t  can  be s e e n  t h a t  b o t h  t h e  v a ca n cy  c o n c e n t r a t i o n  and 

t h e  d i f f u s i o n  c o e f f i c i e n t  w i l l  d e c r e a s e  w i t h  i n c r e a s i n g  

p r e s s u r e ,  a  f a c t  w hich  i m p l i e s  t h a t  t h e  f o r m a t i o n  o f  p o r e s  

i s  made more d i f f i c u l t .  I f  t h i s  i s  s i g n i f i c a n t ,  we s h o u l d  

t h e n  e x p e c t  an i n c r e a s e  i n  t h e  l i f e t i m e  w i t h  i n c r e a s i n g  

h y d r o s t a t i c  p r e s s u r e .  However ,  i f  t h i s  i s  t h e  o n ly  f a c t o r  

b e i n g  a f f e c t e d  by t h e  h y d r o s t a t i c  p r e s s u r e , i t  w i l l  be  d i f ­

f i c u l t  t o  d e t e c t  t h e  e f f e c t  s i n c e  t h i s  c r a c k - i n i t i a t i o n  

s t a g e  l a s t s  f o r  o n ly  a few p e r c e n t  o f  t h e  t o t a l  l i f e t i m e .

F o r  e x a m p le ,  i f  t h e  c r a c k  i n i t i a t i o n  t a k e s  p l a c e  i n  t h e  

f i r s t  2 p e r c e n t  o f  t h e  l i f e t i m e  and we g e t  an i n c r e a s e  o f  

100 p e r c e n t  o f  t h i s  s t a g e ,  t h e  t o t a l  l i f e t i m e  o f  t h e  sam ple  

w i l l  i n c r e a s e  w i t h  2 p e r c e n t  o n l y . B u t ,  t h i s  can h a r d l y  

b e  d e t e c t e d  b e c a u s e  o f  t h e  d a t a  s c a t t e r i n g .

The h y d r o s t a t i c  p r e s s u r e  s h o u l d  a l s o  have  t h e  e f f e c t  o f  

s q u e e z i n g  c a v i t i e s  and  m i c r o c r a c k s  t o g e t h e r  so  t h a t  t h e y  

w i l l  have  more d i f f i c u l t i e s  i n  l i n k i n g  t o g e t h e r  and moving 

t h r o u g h  t h e  g r a i n s .  T h is  e f f e c t  s h o u l d  a l s o  have  th e  

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

I f  a  t e s t  p i e c e  i s  ru n  u n d e r  a t m o s p h e r i c  p r e s s u r e  i n
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t h e  f i r s t  5 p e r c e n t  o f  i t s  e x p e c t e d  l i f e t i m e , many p o r e s  

and  c a v i t i e s  a r e  fo rm ed  by t h e  end o f  t h i s  p e r i o d .  T h i s  

p r o c e s s  depends  upon t h e  v acan cy  c o n c e n t r a t i o n  and t h e  d i f ­

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

i n c r e a s e d  f o r  t h e  r e s t  o f  t h e  l i f e t i m e ,  we w i l l  be a t  t h e  

s t a g e  where  c a v i t i e s  l i n k  and m i c r o c r a c k s  a r e  f o rm e d ,  and 

t h e r e  a g a i n  r u n  t o g e t h e r  and form  m a c r o c r a c k s .

T h e r e f o r e ,  i f  t h e  h y d r o s t a t i c  p r e s s u r e  h a s  i t s  m ain  

e f f e c t  on t h e  p r o p a g a t i o n  o f  c a v i t i e s  and m i c r o c r a c k s ,  t h e  

l i f e t i m e  o f  t h e  t e s t  p i e c e  s h o u l d  a p p r o x i m a t e l y  be t h e  same 

as  f o r  sam p le s  where  h y d r o s t a t i c  p r e s s u r e  was a p p l i e d  a l l  

t h e  t i m e .  On t h e  o t h e r  h a n d ,  i f  t h e  h y d r o s t a t i c  p r e s s u r e  

h a s  an e f f e c t  o n ly  on t h e  vacan cy  c o n c e n t r a t i o n ,  t h e  d i f f u ­

s i o n  o f  v a c a n c i e s  and  t h e  f o r m a t i o n  o f  p o r e s ,  and n o t  on t h e  

p r o p a g a t i o n  o f  m i c r o c r a c k s ,  t h e  l i f e t i m e  o f  t h e  sam ple  

s h o u l d  be  t h e  same as  f o r  s a m p le s  where  no h y d r o s t a t i c  

p r e s s u r e  was a p p l i e d  a t  a l l .  However,  i f  t h e  p r e s s u r e  h a s  

an e f f e c t  on b o t h  s t a g e s ,  t h e  l i f e t i m e  would  e s s e n t i a l l y  be 

t h e  same as  f o r  s a m p le s  u n d e r  h y d r o s t a t i c  p r e s s u r e  a l l  t h e  

t i m e .  T h is  can be  e x p l a i n e d  by t h e  f a c t  t h a t  s i n c e  t h e  

c r a c k  i n i t i a t i o n  s t a g e  t a k e s  up a  s o  s m a l l  p e r c e n t  o f  t o t a l  

l i f e t i m e ,  an i n c r e a s e  i n  t h i s  s t a g e  f rom  50 t o  100 p e r c e n t  

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

T h u s ,  t h e s e  t e s t s  can t e l l  us w h e t h e r  o r  n o t  t h e  p r e s s u r e  

h a s  an e f f e c t  on c r a c k  p r o p a g a t i o n ,  b u t  i t  w i l l  be  d i f f i c u l t
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t o  t e l l  w ha t  e f f e c t  i t  h a s  on c r a c k  n u c l é a t i o n , u n l e s s  we 

g e t  an i n c r e a s e  o f  s e v e r a l  h u n d r e d  p e r c e n t  o f  t h i s  s t a g e .



APPARATUS AND EXPERIMENTAL PROCEDURE

P r e s s u r e  V e s s e l

The p r e s s u r e  v e s s e l  i s  shown i n  f i g u r e  2 .  I t  i s  shown 

i n  Append ix  I I  t h a t  t h e  v e s s e l  can  s u p p o r t  an i n t e r n a l  p r e s ­

s u r e  o f  1 5 ,2 0 0  p s i  b e f o r e  t h e  m e t a l  i n  t h e  i n n e r  p a r t  o f  t h e  

c y l i n d e r  w a l l  r e a c h e s  i t s  l i m i t  o f  e l a s t i c  b e h a v i o r .  And, 

s i n c e  t h e  s t r e s s e s  d e c r e a s e  w i t h  i n c r e a s i n g  d i s t a n c e  f rom  

t h e  c y l i n d e r  a x i s ,  we w i l l  be  f u r t h e r  and  f u r t h e r  away f rom  

t h e  e l a s t i c  l i m i t  as  we a r e  g o i n g  f rom  t h e  i n n e r  t o  t h e  o u t e r  

w a l l .  Even i f  we r e a c h  t h i s  l i m i t  f o r  t h e  m e t a l  f i b e r s  i n  

t h e  i n n e r  w a l l ,  we a r e  s t i l l  v e ry  f a r  f rom  t h e  t e n s i l e  

s t r e n g t h  w h ich  i s  a t  l e a s t  8 0 ,0 0 0  p s i .  I t  was t h e r e f o r e  

c o n s i d e r e d  s a f e  t o  go t o  i n t e r n a l  p r e s s u r e s  up t o  15 ,0 0 0  p s i .  

T h i s  was done i n  o r d e r  t o  t e s t  t h e  p r e s s u r e  v e s s e l ,  and  no 

s i g n  o f  p l a s t i c  d e f o r m a t i o n  was o b s e r v e d .  I t  s h o u l d  a l s o  be 

m e n t i o n e d  t h a t  t h e  c o r n e r s  i n  t h e  b o t to m  o f  t h e  p r e s s u r e  

v e s s e l  were  r o u n d e d  o f f  i n  o r d e r  t o  a v o i d  any n o t c h  e f f e c t .

C l o s u r e

The p r e s s u r e  v e s s e l  was c l o s e d  w i t h  a  B r id g m a n - ty p e  

c l o s u r e  (C om ings ,  1956 ,  p .  1 0 5 ) ,  b a s e d  on h i s  p r i n c i p l e  o f  

t h e  u n s u p p o r t e d  a r e a  (B r id g m a n ,  1952 ,  p .  32) -  s e e  f i g u r e  2 .  

I t  works  i n  t h e  f o l l o w i n g  way : F i r s t ,  t h e  f l o a t i n g  h e a d ,

two g a s k e t s  o f  a luminum and t e f l o n ,  and  th e  b r a s s  c y l i n d e r
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w i t h  t h e  b e n d i n g  a p p a r a t u s  a r e  l o w e re d  i n t o  t h e  p r e s s u r e  

v e s s e l .  Then t h e  cap r i n g  i s  s c r e w e d  i n  and t h e  t h r u s t  r i n g  

i s  s c r e w e d  o n t o  t h e  f l o a t i n g  h e a d .  The s i x  s o c k e t  h e a d  

b o l t s  on t h e  t h r u s t  r i n g  a r e  f a s t e n e d ,  and t h i s  makes 

c e r t a i n  t h a t  t h e  f l o a t i n g  h e a d  i s  p r e s s e d  u p w a rd s . Because  

o f  t h i s , t h e  t e f l o n  g a s k e t  i s  s q u e e z e d  t o g e t h e r  and a l s o  

p r e s s e d  o u t  r a d i a l l y  a g a i n s t  t h e  w a l l  by P o i s s o n 1s e f f e c t  t o  

make t h e  i n i t i a l  s e a l .  T h is  i s  a l s o  h e l p e d  by t h e  f a c t  t h a t  

t h e  a luminum g a s k e t  i s  t a p e r e d  o f f  5 °  to w a rd s  th e  w a l l  t o  

g i v e  t h e  t e f l o n  g a s k e t  an e x t r a  t e n d e n c y  o f  s q u e e z i n g  o u t  

r a d i a l l y .

L a t e r  on when t h e  p r e s s u r e  i s  i n c r e a s e d ,  t h e  f o r c e  

a c t i n g  on t h e  b o t t o m  o f  t h e  f l o a t i n g  h e a d  ( t h e  u n s u p p o r t e d  

a r e a )  and  t e n d i n g  t o  b low i t  o u t  i s  t r a n s m i t t e d  t o  t h e  cap 

r i n g  t h r o u g h  t h e  g a s k e t .  S i n c e  t h e  g a s k e t  a r e a  i s  s m a l l e r  

t h a n  t h e  u n s u p p o r t e d  a r e a ,  t h e  p r e s s u r e  e x e r t e d  by i t  m ust  

be l a r g e r  t h a n  t h e  h y d r o s t a t i c  p r e s s u r e  i n  t h e  v e s s e l .  The 

c l o s u r e  was d e s i g n e d  so  t h a t  t h e  a r e a  o f  t h e  b o t to m  o f  t h e  

f l o a t i n g  h e a d  was a p p r o x i m a t e l y  t w i c e  as  l a r g e  as  t h e  g a s k e t  

a r e a .  T h e r e f o r e ,  f o r  any f l u i d  p r e s s u r e , t h e  h y d r o s t a t i c  

p r e s s u r e  i n  t h e  g a s k e t  w i l l  be tw ic e  as  l a r g e  as  t h e  f l u i d  

p r e s s u r e ,  and  no l e a k  w i l l  o c c u r  as  l o n g  as  t h e  g a s k e t  

r e m a in s  s o f t .

I n i t i a l l y ,  d i f f e r e n t  r u b b e r  g a s k e t s  were  t r i e d  and t h e  

s e a l  w orked  p e r f e c t l y .  However ,  t h e y  s q u e e z e d  o u t  a l o n g  th e
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w a l l  f o r  p r e s s u r e s  above 5>000 p s i ,  and  t h i s  made t h e  open­

i n g  o f  t h e  c l o s u r e  d i f f i c u l t .  (A 2 - f t  w rench  h a d  t o  be u s e d  

i n  o r d e r  t o  u n sc rew  t h e  cap r i n g . )  These  r u b b e r  g a s k e t s  

were  a l s o  s o  e a s i l y  d e s t r o y e d  by t h e  Ms q u e e z i n g  o u t ” t h a t  

t h e y  c o u l d  be  u s e d  o n ly  a  few t i m e s .

The b e s t  g a s k e t  m a t e r i a l  i s  t e f l o n .  I t  s q u e e z e d  o u t  

v e r y  l i t t l e ,  i t  d i d  n o t  h i n d e r  t h e  o p e n in g  o f  t h e  c l o s u r e ,  

and  t h e  same g a s k e t  was u s e d  more t h a n  50 t i m e s  w i t h o u t  any 

o b s e r v a b l e  d e t e r i o r a t i o n .

B e ca u se  o f  t h e  l a r g e  f o r c e s  a c t i n g  on t h e  c l o s u r e , i t  

was made o f  4340 s t e e l  w hich  was h e a t - t r e a t e d  t o  a  h a r d n e s s  

o f  43 RC (ASME Handbook,  1 95 4 ,  p .  2 3 1 ) .  T h i s  c o r r e s p o n d s  t o  

a  y i e l d  p o i n t  o f  1 9 0 ,0 0 0  p s i  and a  t e n s i l e  s t r e n g t h  o f

2 0 0 ,0 0 0  p s i .

E l e c t r i c a l  C o n n e c t io n

I n  o r d e r  t o  g e t  t h e  e l e c t r i c a l  c i r c u i t s  i n t o  t h e  p r e s ­

s u r e  v e s s e l ,  a  m o d i f i e d  t y p e  o f  A m a lg a t ' s  cone c o n n e c t i o n  

was u s e d  (B r id g m a n ,  1952 ,  p .  52) -  s e e  f i g u r e  3* H o le s  were  

d r i l l e d  l o n g i t u d i n a l l y  t h r o u g h  t h e  f l o a t i n g  h e a d ;  and i n  t h e  

b o t to m  o f  t h e  l a t t e r ,  h o l lo w  6 0 °  cones  were  d r i l l e d .  These  

were  u s e d  as  s i t e s  f o r  b r a s s  co nes  w i t h  i n s u l a t e d  e l e c t r i c a l  

l e a d s  s o l d e r e d  o n t o  t h e  b o t to m .  I m p a c t  r e s i n  s u p p o r t e d  by 

n y l o n  c l o t h  was u s e d  as  i n s u l a t i o n  and  s e a l  b e tw e e n  t h e  

f l o a t i n g  h e a d  and t h e  b r a s s  c o n e s .  T h u s , as  t h e  p r e s s u r e  

i n c r e a s e d  t h e  b r a s s  cones  were  p r e s s e d  i n t o  t h e  h o l lo w  c o n e s .
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T his  cone c o n n e c t i o n  was u s e f u l  as  l o n g  as t h e r e  was no 

e l e c t r i c a l  c o n t a c t  b e tw e e n  t h e  f l o a t i n g  h e a d  and t h e  b r a s s  

c o n e s . The u p p e r  p r e s s u r e  l i m i t  f o r  which  t h i s  t y p e  i s  u s e ­

f u l  was d e t e r m i n e d  f rom  t h e  i n s u l a t i n g  m a t e r i a l ' s  r e s i s t a n c e  

t o  f l o w .  I t  was n o t e d  t h a t  t h i s  c o n n e c t i o n  t y p e  was u s e f u l  

up t o  a r o u n d  4 5 ,00 0  p s i .

S e v e r a l  t e s t s  were  made on a  t e n s i l e  m a c h in e ,  and i t  

was f o u n d  t h a t  w i t h  a  c o m b i n a t i o n  o f  i m p a c t  r e s i n  and  n y l o n  

c l o t h  as  i n s u l a t i o n  an a x i a l  p r e s s u r e  o f  11 0 ,0 0 0  p s i  ( o r  

250% above w ha t  h a s  b e e n  r e p o r t e d )  was n e e d e d  b e f o r e  t h e  

i n s u l a t i o n  b r o k e  down and  e l e c t r i c a l  c o n t a c t  was e s t a b l i s h e d  

b e tw e e n  t h e  b r a s s  cone and t h e  f l o a t i n g  h e a d .

High P r e s s u r e  S ys tem

The f l u i d  u s e d  i n  t h e  h i g h  p r e s s u r e  s y s t e m  was Texaco 

A i r c r a f t  H y d r a u l i c  O i l  AA. The 1 / 4 - i n . - 0 . D .  and  l / l 6 - i n . -  

I . D .  t u b i n g  u s e d  t o  t r a n s m i t  t h e  o i l  p r e s s u r e  f rom t h e  pump 

t o  t h e  p r e s s u r e  v e s s e l  was made o f  316 s t a i n l e s s  s t e e l .

T h is  a r r a n g e m e n t  i s  shown i n  f i g u r e  4B. The c o n n e c t i o n  t o  

p r e s s u r e  v e s s e l ,  e lbow and pump i s  shown s c h e m a t i c a l l y  on 

f i g u r e  4A. The t u b i n g  c o l l a r  i s  s c r e w e d  on t h e  t u b i n g ,  and  

t h e  g l a n d  n u t  p r e s s e s  t h e  t u b i n g  i n t o  a 60 °  cone when i t  i s  

t i g h t e n e d .  S i n c e  t h e  e n d  o f  t h e  t u b i n g  i s  coned  t o  an a n g le  

o f  5 9 ° ,  t h e r e  w i l l  be a  m e t a l - t o - m e t a l  l i n e  c o n t a c t  be tw ee n  

th e  t u b i n g  a n d ,  f o r  e x a m p le ,  t h e  p r e s s u r e  v e s s e l .  T h is  

c o n n e c t i o n  w orked  p e r f e c t l y  and t h e r e  was no s i g n  o f  any l e a k .
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The t u b i n g  and t h e  d i f f e r e n t  p a r t s  u s e d  i n  t h i s  c o n n e c ­

t i o n  were  b o u g h t  f rom  Harwood E n g i n e e r i n g ,  M a s s a c h u s e t t s .

The S p ra g u e  p r e s s u r e  pump i s  a i r  o p e r a t e d  and g i v e s  an 

o u t p u t  o i l  p r e s s u r e  which  was f a i r l y  c o n s t a n t  and w ou ld  n o t  

f l u c t u a t e  more t h a n  5% from  t h e  d e s i r e d  p r e s s u r e  l e v e l .

F o r  l o n g  l a s t i n g  t e s t s  t h e  e q u i l i b r i u m  t e m p e r a t u r e  i n  

t h e  v e s s e l  was 39°C. I f  t h e  o i l  t e m p e r a t u r e  was lo w e r  t h a n  

t h a t  when t h e  t e s t  s t a r t e d ,  t h e  o i l  would  be  h e a t e d  up by t h e  

m o to r  and  t h u s  make t h e  p r e s s u r e  i n c r e a s e  and be g r e a t e r  

t h a n  d e s i r e d .  I t  was t h e r e f o r e  r e q u i r e d  i n  some c a s e s  t o  

open t h e  b l e e d  v a l v e  t o  r e l e a s e  t h e  p r e s s u r e  s o  t h a t  i t  

d r o p p e d  down t o  c o r r e c t  v a l u e .

F o r  s a f e t y  r e a s o n s  t h e  p r e s s u r e  v e s s e l  was m oun ted  

b e h i n d  an i r o n  s h i e l d .  H ow ever ,  no f a i l u r e  o c c u r r e d  d u r i n g  

t h e  e x p e r i m e n t s .

B en d ing  A p p a r a tu s

The b e n d i n g  a p p a r a t u s  i s  shown s c h e m a t i c a l l y  i n  f i g u r e

5 .  I t  i s  m oun ted  i n  a  b r a s s  c y l i n d e r ,  and t h e  r o t a t i n g  

movement o f  t h e  m o to r  i s  t r a n s m i t t e d  t h r o u g h  a p a i r  o f  g e a r s  

t o  a  f l y  w h e e l .  The arm d o i n g  t h e  b e n d i n g  i s  a t t a c h e d  t o  an 

e c c e n t r i c  a x i s  on t h e  f l y  w h e e l .  Thus t h e  b e n d in g  a m p l i t u d e  

depen d s  on t h e  e c c e n t r i c i t y  o f  t h i s  a x i s .  The e c c e n t r i c  h a s  

a  c a l i b r a t e d  s c a l e ,  and  i n  t h e  e x p e r i m e n t s  t h e  b e n d i n g  

a m p l i t u d e s  v a r i e d  f rom  1 .2 5  t o  5•50  mm.
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F i g u r e  1.

We w i l l  c o n s i d e r  t h e  e c c e n t r i c  w i t h  b e n d i n g  a m p l i t u d e  

do = 6 mm as  shown i n  f i g u r e  1.  As shown i n  A ppendix  I , a  

f o r c e  Po = 37 N i s  n e e d e d  t o  c o m p le te  t h i s  b e n d i n g .  From 

t h e  f i g u r e  we s e e  t h a t  t h e  t o r q u e  i s  g i v e n  by

M = Podo s inQ c o s 6 ~ s i n 2 6  (3)

We have  a  maximum t o r q u e  o f  Mo = 1 /2  Podo = 0 ,1 1 1  Nm f o r  

6 = 45°« E x a g g e r a t i n g  and a s su m in g  t h a t  t h i s  i s  t h e  c o n s t a n t  

t o r q u e  d u r i n g  t h e  whole  r o t a t i o n ,  we f i n d  t h a t  t h e  power W

n e e d e d  i n  o r d e r  t o  make th e  r o t a t i o n  i s  g i v e n  by

W = M0ti> (4 )

T h is  i s  i n  t h e  S , I .  s y s t e m ,  and  w i s  t h e  m o to r  s p e e d  i n

r a d i a n s  p e r  s e c o n d .  I t  was d e s i r e d  t o  have  a  h i g h  number o f

r o t a t i o n s  p e r  m i n u t e ,  s o  t h a t  t h e  t e s t s  c o u l d  go f a i r l y  f a s t .  

U s in g  a  m o to r  w i t h  3000 rpm o r  u> = 2ir x 5 0 , we f i n d  t h a t  t h e

maximum power  n e e d e d  i s  35w o r  a ro u n d  0 .0 5  Hp.

The m o to r  c h o se n  was a  D ay ton  sh a d e d  p o l e  t y p e ,  O.O67 Hp
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and 3000 rpm. The s h a d e d  p o l e  m o to r  h a s  t h e  a d v a n ta g e  t h a t  

t h e r e  a r e  no b r u s h e s  b e tw e e n  r o t o r  and s t a r t e r  ( t h e s e  w i l l  

w e a r  o u t  and  c o n t a m i n a t e  t h e  p r e s s u r e  medium ),  and t h e  r o t o r  

h a s  a sm o o th ,  c y l i n d r i c a l  s u r f a c e  which  makes minimum f r i c ­

t i o n  w i t h  t h e  f l u i d  when i t  r o t a t e s . I n  o i l  a t  a t m o s p h e r i c  

p r e s s u r e  t h e  m o to r  h a d  a  s p e e d  o f  3420 rpm when t h e r e  was no 

l o a d  on i t .  With maximum l o a d  and a t  1 0 ,0 0 0  p s i  h y d r o s t a t i c  

p r e s s u r e  t h e  s p e e d  was 3000 rpm. However,  t h e  m o to r  would  

n o t  s t a r t  i f  t h e  e c c e n t r i c  was r e g u l a t e d  f o r  maximum l o a d  

and t h e  t e s t  p i e c e  was i n  z e r o  p o s i t i o n  (0 = 0 ) .  The f l y ­

w h e e l  h a d  t h e r e f o r e  t o  be  r o t a t e d  s o  t h a t  t h e  t e s t  p i e c e  was 

i n  maximum d e f l e c t i o n  p o s i t i o n  (0 = 9 0 ° ) .  Now, no  t o r q u e  

was a p p l i e d  t o  t h e  m o t o r ,  and  t h e  f o r c e  i n  t h e  t e s t  p i e c e  

t r y i n g  t o  g e t  i t  b a c k  t o  z e r o  p o s i t i o n  h e l p e d  t h e  m o to r  t o  

s t a r t .

E l e c t r i c a l  S y s tem  and C o u n t in g  Mechanism

The e l e c t r i c a l  s y s te m  i s  shown s c h e m a t i c a l l y  i n  f i g u r e

6 . The DC c u r r e n t  f rom t h e  b a t t e r i e s  t o  t h e  e l e c t r o n i c  

c o u n t i n g  mechanism and  t h e  AC c u r r e n t  t o  t h e  c o u n t e r  and  t h e  

m o to r  go t h r o u g h  t h e  r e l a y s  1 and  2 .  These  two a r e  a c t i v a t e d  

by a c u r r e n t  g o i n g  t h r o u g h  t h e  t e s t  p i e c e  s o  t h a t  when i t  

b r e a k s  e v e r y t h i n g  w i l l  s t o p .  T h i s  p a r t i c u l a r  c i r c u i t  goes  

t o  t h e  p r e s s u r e  v e s s e l  i t s e l f  (w hich  i s  g r o u n d e d ) , t h e n  

t h r o u g h  t h e  b e n d i n g  arm t o  t h e  t e s t  p i e c e .  T h is  one i s  

i n s u l a t e d  f rom t h e  p r e s s u r e  v e s s e l  a t  t h e  b a s e  ( f i g u r e  5 )
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and t h e  c u r r e n t  i s  t a k e n  o u t  f rom t h i s  p a r t  t h r o u g h  one o f  

t h e  cone c o n n e c t i o n s  and t o  t h e  c o i l  o f  e a c h  r e l a y .  

O r i g i n a l l y ,  t h e  p l a n  was t o  u se  two 12V D C - r e l a y s ,  b u t  i t  

t u r n e d  o u t  t h a t  when t h e  m o to r  was r u n n i n g ,  DC c u r r e n t  c o u ld  

n o t  p a s s  t h r o u g h  t h e  b a l l  b e a r i n g s  i n  t h e  b e n d i n g  a rm ,  which  

were  t h e  o n ly  c o n t a c t  p o i n t s  b e tw e e n  g ro u n d  and  t h e  a rm.  

F o r t u n a t e l y ,  i t  was d i s c o v e r e d  t h a t  120V AC c o u l d  p a s s  

t h r o u g h ,  and r e l a y s  f o r  t h i s  c u r r e n t  t y p e  w ere  t h e r e f o r e  

u s e d .

T h i s  m eth o d  o f  s t o p p i n g  t h e  m o to r  and t h e  c o u n t e r  

w orked  v e ry  s a t i s f a c t o r i l y  f o r  s m a l l  b e n d i n g  a m p l i t u d e s .

F o r  t h e  l a r g e s t  b e n d i n g s ,  h o w e v e r ,  t h e  two b r o k e n  p i e c e s  

sm ashed  i n t o  e a c h  o t h e r  f o r  e a c h  r o t a t i o n  o f  t h e  e c c e n t r i c  

and  t h u s  r e e s t a b l i s h e d  e l e c t r i c a l  c o n t a c t .  I n  t h i s  way t h e  

m o to r  and t h e  c o u n t e r  w o u ld  go o n ,  th o u g h  v e ry  i r r e g u l a r l y .  

B u t  f o r  t h e s e  l a r g e  a m p l i t u d e s  e a c h  t e s t  t o o k  a  few m i n u t e s  

o n l y , s o  t h e  r e l a y s  c o u ld  be s w i t c h e d  o f f  m a n u a l ly  s i n c e  

one c o u l d  e a s i l y  h e a r  when t h e  t e s t  p i e c e  b r o k e .

I n  o r d e r  t o  c o u n t  t h e  number o f  b e n d i n g s ,  w h ich  was t h e  

same as  t h e  number  o f  r o t a t i o n s  o f  t h e  m o t o r ,  a  p i e c e  o f  

p e rm a n e n t  m agne t  was c a s t  i n  an i m p a c t  r e s i n  c y l i n d e r  on th e  

m o to r  a x i s  and  a  p i c k - u p  c o i l  o f  500 w in d in g s  and s o f t  i r o n  

c o r e  was p l a c e d  n e x t  t o  i t  ( f i g u r e  5 ) •  F o r  e a c h  r o t a t i o n  o r  

f o r  e a c h  t im e  t h e  magnet  p a s s e d  by t h e  c o i l  a  0 .4V  s i g n a l  

was i n d u c e d  i n  i t .  T h i s  s i g n a l  was t r a n s f o r m e d  up t o  4V by
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a t r a n s f o r m e r  ( f i g u r e  7) • S i n c e  t h e  m o to r  s p e e d  was a ro u n d  

50 r o t a t i o n s  p e r  s e c o n d ,  t h e  p e r i o d  o f  t h e  p i c k - u p  s i g n a l  

would  be 20 ms. However ,  t h e  f a s t e s t  m e c h a n i c a l  c o u n t e r s  

a v a i l a b l e  w i t h i n  a  r e a s o n a b l e  p r i c e  r a n g e  n e e d  a minimum o n -  

a n d - o f f  t im e  o f  a p p r o x i m a t e l y  20 ms e a c h .  I t  was t h e r e f o r e  

n e c e s s a r y  t o  p u t  i n  a  d e ca d e  c o u n t e r  o r  a  1/ 10- d i v i d e r  i n  

t h e  c i r c u i t  f o r  t h e  p i c k - u p  s i g n a l .  T h i s  a r r a n g e m e n t  i s  

shown i n  f i g u r e  7* A d i f f e r e n t i a l  c o m p a r a t o r  chan ges  t h e  

t r a n s f o r m e r  s i g n a l  i n t o  4V s q u a r e  w a v e s , and f o r  t e n  o f  t h e s e  

p u l s e s  coming t o  t h e  decad e  c o u n t e r  one new p u l s e  w i l l  go 

o u t .  T h is  one i s  a m p l i f i e d  up t o  12V by a t r a n s i s t o r  and 

a c t i v a t e s  r e l a y  3 , F o r  e a c h  t im e  t h i s  h a p p e n s ,  t h e  120V AC 

c i r c u i t  t o  t h e  I , T , T . - c o u n t e r  i s  c l o s e d  and one c o u n t  i s  

r e g i s t e r e d .

The r e s i s t o r s  i n  t h e  c i r c u i t s  a r e  t h e r e  i n  o r d e r  t o  g e t  

t h e  c o r r e c t  m a g n i tu d e  o f  c u r r e n t  and v o l t a g e s  t o  t h e  i n t e ­

g r a t e d  c i r c u i t s .  The p u r p o s e  o f  t h e  two c a p a c i t o r s  a r e  t o  

s h o r t  c i r c u i t  t o  g r o u n d ,  n o i s e  and  o t h e r  d i s t u r b a n c e s  i n  t h e  

s i g n a l .  The d e ca de  c o u n t e r  i s  e s p e c i a l l y  s e n s i t i v e ;  i t  works 

up t o  f r e q u e n c i e s  o f  2 Me and can  t h e r e f o r e  p i c k  up s i g n a l s  

w h ich  a r e  t o o  s h o r t  t o  be  d e t e c t e d  by t h e  o s c i l l o s c o p e  t h a t  

was u s e d  t o  ch eck  t h e  c i r c u i t .

I n  t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t s  t h i s  c o u n t i n g  

a r r a n g e m e n t  worked  p e r f e c t l y .  However ,  a f t e r  some t im e  th e  

b e a r i n g s  i n  t h e  g e a r s  and t h e  b e n d i n g  arm s t a r t e d  w e a r i n g  

o u t .  The e l e c t r i c a l  c o n t a c t  b e tw e e n  t h e  p r e s s u r e  v e s s e l  and
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t h e  t e s t  p i e c e  was n o t  so  good any l o n g e r ,  and we g o t  a  l o t  

o f  s p a r k s  i n  t h e  b e a r i n g s  and t h e  g e a r s . T h is  h a d  two 

e f f e c t s • F i r s t ,  e a c h  s p a r k  i n d u c e d  a v o l t a g e  i n  t h e  p i c k - u p  

c o i l  w i t h  t h e  r e s u l t  t h a t  t h e  c o u n t e r  s t a r t e d  w o rk in g  

i r r e g u l a r l y .  S e c o n d l y ,  t h e s e  s p a r k s  d e t e r i o r a t e d  t h e  o i l ,  

i t  became c o m p l e t e l y  b l a c k  and s m e l l e d  b a d ,  and i t  a p p a r e n t l y  

l o s t  i t s  l u b r i c a t i n g  power  w i t h  t h e  r e s u l t  t h a t  t h e  b a l l  

b e a r i n g s  on t h e  b e n d i n g  arm b r o k e  down. I t  a l s o  t u r n e d  o u t  

t h a t  s m a l l  c a r b o n - l i k e  p a r t i c l e s  were  form ed  by th e  s p a r k s .  

Under a  c o u p le  o f  l o n g  r u n s  i t  h a p p e n e d  t h a t  t h e s e  p a r t i c l e s  

s e t t l e d  down on t h e  c o n n e c t o r  s o c k e t  f o r  t h e  e l e c t r i c a l  

l e a d s .  T h i s  r e s u l t e d  i n  s h o r t  c i r c u i t  i n  t h e  m o t o r ' s  AC 

s u p p l y  w h ich  t h e n  c a u s e d  t h e  b l o w i n g  o f  a  f u s e . I n  o r d e r  

t o  a v o i d  t h i s  t h e  o i l  was c han g ed  a f t e r  e a c h  s e r i e s  o f  r u n s ,  

and t h e  c o n n e c t o r  s o c k e t  was c l e a n e d  r e g u l a r l y .

I t  was a l s o  d e s i r e d  t o  m ea su re  t h e  o i l  t e m p e r a t u r e  

d u r i n g  t h e  t e s t s  s i n c e  t h e  m o to r  d e v e l o p e d  a ro u n d  20 w o f  

h e a t .  A th e r m o c o u p le  c o u l d  n o t  be u s e d  s i n c e  i t  h a d  t o  be 

c o n n e c t e d  t o  t h e  b r a s s  cones  ; m o re o v e r ,  t h e  c o n t a c t  p o i n t s  

would  t h e r e f o r e  be a t  t h e  same t e m p e r a t u r e , and we would  n o t  

g e t  any v o l t a g e  o u t .  An o r d i n a r y  t h e r m o m e te r  was t h e r e f o r e  

u s e d  t o  m e a su re  t h e  o i l  t e m p e r a t u r e  im m e d ia t e l y  a f t e r  t h e  

t e s t  was o v e r  and  t h e  p r e s s u r e  v e s s e l  was open ed .

I n  o r d e r  t o  g e t  as  low as  p o s s i b l e  o i l  t e m p e r a t u r e ,  a  

p o w e r f u l  f a n  was u s e d  t o  c o o l  t h e  p r e s s u r e  v e s s e l  f rom  th e
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o u t s i d e .  The m o to r  body and  t h e  b r a s s  c y l i n d e r  were  a l s o  

p e r f o r a t e d  w i t h  l a r g e  h o l e s  s o  t h a t  t h e  o i l  c o u l d  c i r c u l a t e  

more f r e e l y  i n t o  t h e  v e s s e l  w a l l  t o  h e l p  t h e  h e a t  t r a n s f e r .  

I n  a l l  t e s t s ,  t h e  o i l  t e m p e r a t u r e  was fo u n d  t o  be b e tw ee n  

32° an d  38°C.
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FIGURE 2 .  PRESSURE VES SE L AND CLO SU RE S C A L E  1:2
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F L O A T IN G  HEAD  
B O T T O M  VIEW SCAL E 1:1
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FIGURE 3.  CONE C O N N E C T I O N  FOR E L E C T R I C A L  
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APPROXIMATE SCALE  6:1
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PRESSURE V E S S E L  TUBING  
OR E L B O W  C OL LA R TUBING GL AN D  NUT

FIGURE 4 A .  SCHEMATIC VIEW O F  CONNECTION FOR HIGH PRESSURE  
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FIGURE 4 8 .  HIGH P R E S S U R E  A R R A N G E M E N T
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SCALE
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FIGURE 5. SCHEMATIC FIGURE O F  THE 
BENDING MECHANISM

SCALE 1:2
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F IG U R E  8 .  G E N E R A L  LAYOUT O F  THE A P P A R A T U S
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FIGURE 9.  D E T A I L  O F  MAIN PA R T S O F  T H E  A P P A R A T U S  

A: THRUST RING 

B : C A P  RING  
C : T E F L O N  G A S K E T

D: F L O A T I N G  HEAD

E: BRASS CYLINDER WITH B E N D IN G  M E C H A N I S M  

F: C O U N T I N G  M E C H A N I S M
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EXPERIMENTAL RESULTS

A s e r i e s  o f  f a t i g u e  t e s t s  was made i n  o i l  f o r  t h r e e  

d i f f e r e n t  p r e s s u r e  l e v e l s :  14 p s i  ( a t m o s p h e r i c  p r e s s u r e ) ,

5 ,0 0 0  p s i ,  and  1 0 ,0 00  p s i .  Each  s e r i e s  h a d  s e v e n  d i f f e r e n t  

s t r e s s  l e v e l s .  The e x p e r i m e n t a l  d a t a  f rom t h e s e  s e r i e s  a r e  

p r e s e n t e d  g r a p h i c a l l y  i n  f i g u r e  10.

A t e s t  s e r i e s  was a l s o  r u n  i n  a i r  a t  a t m o s p h e r i c  p r e s ­

s u r e ,  and  t h e  f a t i g u e  c u rv e  o b t a i n e d  was fo u nd  n o t  t o  be 

d i f f e r e n t  f rom  t h e  one o b t a i n e d  w i t h  t h e  t e s t  p i e c e  i n  o i l  

a t  t h e  same p r e s s u r e  ( f i g u r e  1 1 ) .

F i f t e e n  t e s t s  w ere  r u n  i n  o i l  a t  a  s t r e s s  a m p l i t u d e  o f  

6 0 ,5 0 0  p s i .  F i v e  o f  t h e s e  were  a t  an o i l  p r e s s u r e  o f  14 p s i .  

F i v e  o t h e r s  were  a t  14 p s i  f o r  t h e  f i r s t  1500 c y c l e s  ( t h e  

f i r s t  5% o f  e x p e c t e d  l i f e t i m e  i f  ru n  i n  a i r ) , and t h e r e a f t e r  

a t  1 0 ,0 0 0  p s i  f o r  t h e  r e s t  o f  t h e  l i f e t i m e .  F i n a l l y ,  f i v e  

more t e s t s  were  r u n  a t  10 ,0 00  f o r  t h e  whole  l i f e t i m e .  T hese  

r e s u l t s  a r e  p r e s e n t e d  g r a p h i c a l l y  i n  f i g u r e  1 2 ,  and n u m e r i c ­

a l l y  i n  t a b l e s  1 ,  2 ,  and  3.

32
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T a b le  1 . F a t i g u e  d a t a  f o r  t e s t s  i n  o i l  u n d e r  t h r e e  d i f f e r e n t  
p r e s s u r e s .  N = f a t i g u e  l i f e .

« I .
Nq Nq

S t r e s s  n m m
im p l i tu d e  N n . l U p s i  N-,,5000 p s i  NU.lOOOOpsi 0 ^2  ^0
( p s i ) U ' c . -

No «0

9 4 ,0 0 0 9 ,6 0 0 12 ,5 00 1 6 ,6 0 0 O.30

CMt-O

77 ,0 00 16 ,4 5 0 18 ,5 50 2 1 ,3 3 0 0 . 1 2 0 .2 9

6 0 ,5 0 0 32 ,800 3 5 ,2 5 0 3 8 ,8 8 0 0 . 0 8 0 . 1 8

5 1 ,0 0 0 5 5 ,9 0 0 6 8 ,3 1 0 7 6 ,2 0 0 0 .2 2 0 .3 6

4 2 ,0 0 0 1 0 0 ,1 0 0 1 84 ,3 30 1 7 3 ,7 0 0 0 .8 4 0 . 7 3

3 3 ,0 0 0 2 8 1 ,5 0 0 4 5 8 ,0 0 0 5 0 4 ,7 0 0 0 .8 3 0 .7 9

2 2 ,0 0 0 2 , 5 5 0 , 0 0 0 2 , 6 9 0 , 0 0 0 4 , 8 4 3 , 7 0 0 0 .0 5 0 .8 9

Mean v a l u e s  0 . 3 ^  0 . 5 7
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T a b le  2 .  Com parison  o f  f a t i g u e  d a t a  i n  o i l  and  a i r  u n d e r  
a t m o s p h e r i c  p r e s s u r e .

S t r e s s
A m p l i tu d e

( p s i )
a i r AN

9 4 ,0 0 0 9 ,6 0 0 9 ,2 0 0 0 .0 4

7 7 ,0 0 0 1 6 ,4 5 0 13 ,350 0 . 1 8

6 0 ,5 0 0 3 2 ,800 33 ,000

i—ioo1

5 1 ,0 0 0 5 5 ,9 0 0 5 1 ,0 0 0 0 . 0 8

42 ,000 1 0 0 ,1 0 0 10 1 ,00 0

1—1 
Oo1

3 3 ,000 2 8 1 ,5 0 0 302 ,000 - 0 . 0 7

2 2 ,0 0 0 2 , 5 5 0 ,0 0 0 2 ,2 0 0 ,0 0 0 0 .1 3

Mean v a lu e 0 .0 1 5 1 .5
p e r c e n t

S t a n d a r d
d e v i a t i o n S =

(< C > i -  i c v

2 \

o '
=  0 . 1 0
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T a b l e  3« F a t i g u e - d a t a  f o r  t e s t s  i n  o i l  a t  a  6 0 ,5 0 0  p s i  
s t r e s s  a m p l i t u d e .
N1 = f a t i g u e  l i f e  i n  o i l ,  14 p s i

Ng = f a t i g u e  l i f e  i n  o i l ,  1 0 ,0 0 0  p s i

= f a t i g u e  l i f e  f o r  sp e c im e n s  b e i n g  s u b j e c t e d
^ t o  14 p s i  p r e s s u r e  i n  t h e  f i r s t  1500 c y c l e s

and  1 0 ,000  p s i  f o r  t h e  r e s t  o f  t h e  l i f e t i m e .

M1 N 2 m3

3 0 ,2 7 0  3 8 ,4 4 0  5 4 ,4 8 0

3 0 ,3 6 0  5 3 ,1 0 0  43 ,2 00

2 5 ,6 3 0  4 1 ,7 8 0  49 ,1 80

2 9 ,9 1 0  6 0 ,1 0 0  5 2 ,4 0 0

3 2 ,8 0 0  3 8 ,8 0 0  5 2 ,0 6 0
Mean v a l u e s ,  50f261|

S t a n d a r d
d e v i a t i o n

S^ = 5 ,0 1 4  9 ,6 8 2  8 ,7 5 4
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DISCUSSION OF EXPERIMENTAL RESULTS

The f a t i g u e  d a t a  o b t a i n e d  show t h a t  t h e r e  i s  a  s i g n i f i ­

c a n t  i n c r e a s e  i n  t h e  l i f e t i m e  o f  a  sp e c im en  when t h e  h y d r o ­

s t a t i c  p r e s s u r e  i s  i n c r e a s e d  f ro m  14 p s i  t o  5 ,0 0 0  and  10 ,000  

p s i .  From t a b l e  1 we s e e  t h a t  w i t h  r e s p e c t  t o  t h e  l i f e t i m e  

o f  a  t e s t  p i e c e  i n  o i l  u n d e r  a t m o s p h e r i c  p r e s s u r e , t h e  

f a t i g u e  l i f e  h a s  i n c r e a s e d  w i t h  an a v e r a g e  o f  34 p e r c e n t  a t

5 ,0 0 0  p s i  and  57 p e r c e n t  a t  1 0 ,0 0 0  p s i  o i l  p r e s s u r e .  T h is  

r e s u l t  a g r e e s  w i t h  t h o s e  o b t a i n e d  by Rowland,  D eV ries  and  

Gibbs ( 1 967 , p .  1 3 1 ) ,  who made r o t a t i n g  beam f a t i g u e  t e s t s  

f o r  p r e s s u r e s  up t o  1 0 0 ,0 0 0  p s i ,  and w i t h  B urns  and P a r r y ’ s 

r e s u l t s  ( 1 9 6 4 ,  p .  2 9 3 ) •  They made t o r s i o n  f a t i g u e  t e s t s  

u n d e r  an o i l  p r e s s u r e  o f  40 ,0 0 0  p s i  and fo u n d  an i n c r e a s e  o f  

30-40  p e r c e n t  i n  t h e  l i f e t i m e .

I n  t a b l e  2 i t  i s  shown t h a t  t h e  a v e r a g e  l i f e t i m e  was 

r e l a t i v e l y  1 . 5  p e r c e n t  h i g h e r  i n  o i l  t h a n  i n  a i r ,  b o t h  a t  

14 p s i  p r e s s u r e .  However ,  i n  Appendix  I I I  i t  i s  shown t h a t  

f rom  a  few s i m p le  a s s u m p t io n s  and  a t  a  95 p e r c e n t  s i g n i f i c a n c e  

l e v e l ,  one can  c o n c l u d e  t h a t  t h e r e  i s  no d i f f e r e n c e  i n  t h e  

f a t i g u e  l i v e s  o f  t h e  s p e c im e n s  u n d e r  t h e s e  two t e s t  c o n d i ­

t i o n s .  T h a t  i s ,  one can c o n c l u d e  t h a t  t h e  o i l  i t s e l f  o r  t h e  

c o m b i n a t i o n  o f  o i l  and a d s o r b e d  a i r  i n  i t  h av e  no  p o s i t i v e  

o r  n e g a t i v e  e f f e c t  on t h e  l i f e t i m e  o f  t h e  s a m p l e s .

39



T 1280 40

C o n s i d e r i n g  t h e  t e s t  s e r i e s  which  were  ru n  a t  6 0 ,5 0 0  

p s i  s t r e s s  l e v e l ,  we s e e  t h a t  t h e  t e s t s  ru n  a t  a t m o s p h e r i c  

p r e s s u r e  f o r  t h e  f i r s t  1500 c y c l e s  and  t h e n  a t  1 0 ,000  p s i  f o r  

t h e  r e m a i n i n g  l i f e t i m e  h a d  an a v e r a g e  l i f e t i m e  which  was n o t  

s i g n i f i c a n t l y  d i f f e r e n t  f rom  t h e  v a l u e  o b t a i n e d  f o r  s a m p le s  

r u n  u n d e r  1 0 ,0 0 0  p s i  f o r  t h e  whole  l i f e t i m e .  And i t s  mean 

was more t h a n  two s t a n d a r d  d e v i a t i o n s  f rom  t h e  mean o f  t h e  

s a m p le s  r u n  u n d e r  a t m o s p h e r i c  p r e s s u r e  o n l y .  A f t e r  wha t  was 

s a i d  i n  t h e  t h e o r y  we can  t h e n  c o n c lu d e  t h a t  a t  t h i s  p r e s s u r e  

l e v e l  t h e  h y d r o s t a t i c  p r e s s u r e  h a s  i t s  main e f f e c t  on t h e  

p r o p a g a t i o n  o f  c a v i t i e s  and m i c r o c r a c k s .  However,  i t  m ig h t  

a l s o  h a v e  an e f f e c t  on t h e  v a c a n c y  c o n c e n t r a t i o n , t h e  d i f ­

f u s i o n  o f  v a c a n c i e s  and  t h e  f o r m a t i o n  o f  p o r e s ,  b u t  t h i s  can 

n o t  be d e t e c t e d  b e c a u s e  o f  t h e  s c a t t e r i n g  o f  t h e  d a t a .  

Rowland ,  D e V r i e s ,  and Gibbs (1967> p .  1 3 1 ) ,  who made s i m i l a r  

e x p e r i m e n t s  w i t h  P e ,  A l ,  and  N i - w i r e s  a t  p r e s s u r e s  a ro u n d

1 00 ,0 00  p s i ,  c o n c l u d e d  f rom  t h e i r  d a t a  t h a t  t h e  n u c l é a t i o n  

o f  c r a c k s  e x h i b i t s  a  much s t r o n g e r  p r e s s u r e  d e pen d en ce  t h a n  

t h e  p r o p a g a t i o n  o f  c r a c k s .  However,  t h e  l a r g e  d i f f e r e n c e  i n  

p r e s s u r e  may e x p l a i n  why t h e  p r e s e n t  i n v e s t i g a t i o n  c o u ld  n o t  

d e t e c t  t h i s  e f f e c t .
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SUMMARY AND CONCLUSIONS

An a p p a r a t u s  f o r  f a t i g u e  u n d e r  h i g h  h y d r o s t a t i c  p r e s s u r e  

was d e s i g n e d  and b u i l t .  I t  was t e s t e d  s u c c e s s f u l l y  w i t h  o i l  

as  t h e  p r e s s u r e  medium and f o r  p r e s s u r e s  up t o  1 0 ,00 0  p s i .  

R e v e r se  b e n d i n g  f a t i g u e  t e s t s  were  r u n  w i t h  c o l d  r o l l e d  

c o p p e r  s a m p l e s .  From t h e  d a t a  o b t a i n e d  t h e  f o l l o w i n g  con­

c l u s i o n s  c o u l d  be  made:

1.  T h e re  was a  s i g n i f i c a n t  i n c r e a s e  i n  t h e  l i f e t i m e  o f  t h e

sp e c im e n s  when t h e  h y d r o s t a t i c  p r e s s u r e  was i n c r e a s e d  t o

5000 and 10 ,0 0 0  p s i .  The i n c r e a s e  i n  l i f e t i m e  w i t h  

r e s p e c t  t o  t h e  l i f e t i m e  o f  a  t e s t  p i e c e  i n  o i l  u n d e r  

a t m o s p h e r i c  p r e s s u r e  was a r o u n d  3^ and 57 p e r c e n t ,  

r e s p e c t i v e l y .

2 .  The i n c r e a s e  i n  l i f e t i m e  was m a in ly  due t o  a  s l o w i n g  

down o f  t h e  p r o p a g a t i o n  o f  c a v i t i e s  and  m i c r o c r a c k s  by 

t h e  h y d r o s t a t i c  p r e s s u r e .

3 . Under a t m o s p h e r i c  p r e s s u r e  t h e r e  was no d i f f e r e n c e  i n

l i f e t i m e  f o r  t e s t  p i e c e s  r a n  i n  o i l  compared t o  t h o s e  

r a n  i n  a i r .
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SUGGESTIONS FOR IMPROVING THE 

APPARATUS AND FOR FURTHER WORK

One b a s i c  change  i s  recommended on th e  a p p a r a t u s • 

I n s t e a d  o f  u s i n g  an e l e c t r i c a l  c i r c u i t  t h r o u g h  t h e  b e n d i n g  

arm and  t h e  t e s t  p i e c e  i n  o r d e r  t o  f i n d  o u t  when t h e  t e s t  

p i e c e  b r e a k s ,  i t  would  be  b e t t e r  t o  u se  a  m i c r o s w i t c h  c l o s e  

t o  t h e  b e n d i n g  arm s o  t h a t  when t h e  t e s t  p i e c e  b r e a k s  t h e  

arm w i l l  bump i n t o  t h e  s w i t c h  and  t h e r e b y  t u r n  o f f  t h e  

c u r r e n t  t o  t h e  r e l a y  f o r  t h e  c o u n t e r  and  t h e  m o to r  c i r c u i t s .  

T h is  m us t  be a  one-way m i c r o s w i t c h  s o  t h a t  t h e  r e l a y  c u r r e n t  

w i l l  n o t  be t u r n e d  on a g a i n  i f  t h e  arm bumps i n t o  i t  s e v e r a l  

t i m e s .

I t  c o u ld  a l s o  be u s e f u l  t o  h ave  a  t h e r m o s t a t  a n d  a  

h e a t i n g  e l e m e n t  i n s i d e  t h e  p r e s s u r e  v e s s e l  s o  t h a t  t h e  

e q u i l i b r i u m  t e m p e r a t u r e  f o r  l o n g  r u n s , 39°C, c o u ld  b e  h e l d  

f o r  s h o r t e r  r u n s  a l s o .

F o r  f u r t h e r  work i t  may be  s u g g e s t e d  t h a t  m a t e r i a l s  

o t h e r  t h a n  c o p p e r  s h o u l d  be t e s t e d .  E s p e c i a l l y  s t e e l s  and  

o t h e r  a l l o y s  h a v i n g  i n c l u s i o n s ,  f o r e i g n  p a r t i c l e s  a n d  a  

s e c o n d  p h a s e  may s t r o n g l y  show a  p r e s s u r e  d e p e n d e n c e  on 

t h e i r  m e c h a n i c a l  b e h a v i o r .  T e s t s  s h o u l d  be made t o  d e t e r ­

mine  w h e t h e r  any o f  t h e s e  m a t e r i a l s  e x h i b i t  any i r r e v e r s i b l e  

e f f e c t s  a f t e r  b e i n g  s u b j e c t e d  t o  a  h y d r o s t a t i c  p r e s s u r e  o f
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a r o u n d  1 0 ,000  p s i  f o r  d i f f e r e n t  p e r i o d s  o f  t i m e . The 

u l t i m a t e  g o a l  s h o u l d  be  t o  make f a t i g u e  t e s t s  u n d e r  h i g h  

h y d r o s t a t i c  p r e s s u r e ,  w i t h  a  c o r r o s i v e  l i q u i d  l i k e  s e a  

w a t e r  as  a p r e s s u r e  medium.
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Appendix  I : C a l c u l a t i o n  o f  S t r e s s e s  I n  t h e  T e s t  Specimen

I n  a  r e p e a t e d  b e n d i n g  t e s t  t h e  t e s t  p i e c e  i s  s u p p o r t e d  

i n  one end  and b e n t  up and down i n  t h e  o t h e r  e n d .  T h is  

b e n d i n g  a m p l i t u d e  can e a s i l y  be  m e a su re d  u s i n g  a  d i a l  g a g e ,  

and  we w i l l  t h e n  n e e d  t o  know t h e  r e l a t i o n s h i p  b e tw ee n  t h e  

d e f l e c t i o n  o f  t h e  t e s t  p i e c e  and t h e  s t r e s s e s  s e t  up i n  i t .

▼ P

NEUTRAL
SURFACE

dx

d©

F i g u r e  13 F i g u r e  14

L e t  us  c o n s i d e r  a  t e s t  p i e c e  o f  l e n g t h  X, as  shown i n  f i g u r e  

13. I t  i s  s u p p o r t e d  on one e n d  and  a  f o r c e  P i s  a p p l i e d  t o  

t h e  o t h e r  e n d .  I t s  c r o s s - s e c t i o n  i s  r e c t a n g u l a r  w i t h  t h i c k ­

n e s s  h and  w i d t h  b .  F i g u r e  14 shows a  s m a l l  s e c t i o n  dx 

b e f o r e  and  a f t e r  b e n d i n g .  B e f o r e  b e n d i n g ,  t h e  two p l a n e s  

AB and CD a r e  p a r a l l e l .  A f t e r  b e n d i n g ,  t h e  a n g l e  b e tw e e n  

t h e  two p l a n e s  i s  d0 .  The p l a n e  i n  t h e  m id d le  o f  t h e  t e s t  

p i e c e  w h ich  i s  n o t  s u b j e c t e d  t o  any s t r a i n  i s  c a l l e d  t h e  

n e u t r a l  s u r f a c e .  I t s  r a d i u s  o f  c u r v a t u r e  i s  p and  i s  g i v e n  by
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pd9 = dx ( 5 )

o r

S " ?  <6)

From f i g u r e  14 i t  can be s e e n  t h a t  any seg m en t  a t  a  d i s t a n c e

y f ro m  t h e  n e u t r a l  s u r f a c e  e l o n g a t e s  by t h e  amount y d ô .  

T h e r e f o r e ,  t h e  s t r a i n  i n  t h e  x - d i r e c t i o n  i s :

• x  -  -  g* -  -  *  <7 )

F o r  t h e  s t r e s s  i n  t h e  x - d i r e c t i o n  we g e t

a x = -  Ey p (8 )

where  E i s  t h e  e l a s t i c  modulus  o f  t h e  t e s t  p i e c e .

b

. h______

Z2 — dA=bdy

F i g u r e  15.

A c r o s s - s e c t i o n  o f  t h e  t e s t  p i e c e  p e r p e n d i c u l a r  t o  t h e  

x - a x i s  i s  shown i n  f i g u r e  15 .  The s t r e s s  on t h e  s m a l l  

c r o s s - s e c t i o n  a r e a  dA e x e r t s  a  moment a b o u t  t h e  n e u t r a l  

a x i s  w h ich  i s  g i v e n  by

dM » a xdAy ( 9 )

I n t e g r a t i n g  o v e r  t h e  whole  c r o s s - s e c t i o n ,  t h i s  moment must
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be e q u a l  t o  t h e  e x t e r n a l  a p p l i e d  moment i n  o r d e r  t o  have  

e q u i l i b r i u m :

M = /  a yd  A = -  §■ /  y 2 dA = -  | ï .  (10 )
A P P

w here  I  i s  t h e  moment o f  i n e r t i a  a b o u t  t h e  n e u t r a l  a x i s .

F o r  a  r e c t a n g u l a r  c r o s s - s e c t i o n  t h i s  i s  e q u a l  t o  b h ^ / 1 2 .

S u b s t i t u t i n g  f o r  p i n  e q u a t i o n  8 , we g e t  t h e  f o l l o w i n g

e x p r e s s i o n  f o r  t h e  s t r e s s  i n  t h e  x - d i r e c t i o n :

M P (f t -x )y  
~ bh3 

12

( 11)

The b e n d i n g  moment M i s  d e f i n e d  t o  be n e g a t i v e  when we have  

b e n d i n g  downwards.  T h u s ,  we g e t  t h e  f o l l o w i n g  s t r e s s -  

d i s t r i b u t i o n  on a  c r o s s - s e c t i o n  p e r p e n d i c u l a r  t o  t h e  x - a x i s :

TENSION C O M P R E S S I O N

NEUTRAL AXIS
07

COMPRESSION _j_ \ T E N S I O N

Z  +h/£
BENDING DOWN B E N D IN G  UP

F i g u r e  16.

The maximum s t r e s s  i s  p r o d u c e d  i n  t h e  f i b e r s  f u r t h e s t  away 

f rom  t h e  n e u t r a l  a x i s .  I n  a  r e v e r s e  b e n d i n g ,  t h e  s t r e s s  

w i l l  v a ry  s i n u s o i d a l l y ,  c o m p r e s s i o n  i n  one h a l f  p e r i o d  and
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t e n s i o n  i n  t h e  o t h e r  h a l f .

From e q u a t i o n  11 i t  can  be  s e e n  t h a t  i f  t h e  t e s t  p i e c e  

h a s  a  w i d t h  w hich  v a ry  as

b ( x )  = b 0 ( ^ j p )  ( 1 2 )

t h e r e  w i l l  be  a  c o n s t a n t  s t r e s s  i n  t h i s  s e c t i o n  e q u a l  t o

(13 )
b oh '

The t e s t  p i e c e  was d e s i g n e d  i n  t h i s  way a s  shown i n  f i g u r e  

17 ( s c a l e  2 : 1 ) .

F i g u r e  17 .

The f o r c e  i s  a p p l i e d  a t  t h e  apex  A o f  t h e  t r i a n g l e  fo rm ed  

by e x t e n d i n g  t h e  s i d e s  o f  t h e  t a p e r e d  t e s t  s e c t i o n .  T h a t  i s ,  

t h e  a x i s  o f  t h e  b e n d i n g  arm goes  t h r o u g h  t h i s  p o i n t .  T h u s ,  

we h av e  c o n s t a n t  s t r e s s  i n  t h e  t e s t  p i e c e  b e tw e e n  x = R and 

x = R + V* T h e re  w i l l  be l e s s  s t r e s s  i n  t h e  o t h e r  p a r t s  o f  

t h e  t e s t  p i e c e  s o  we w i l l  e x p e c t  i t  t o  b r a k e  i n  t h i s  

t a p e r e d  s e c t i o n .
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H a v ing  t h e  g i v e n  d e s i g n ,  i t  i s  t h e n  l e f t  t o  f i n d  t h e  

r e l a t i o n s h i p  b e tw ee n  t h e  b e n d i n g  a m p l i t u d e  and t h e  a p p l i e d  

f o r c e  P ,  t h e  l a t t e r  i s  n e e d e d  i n  o r d e r  t o  c a l c u l a t e  t h e  

s t r e s s  f rom e q u a t i o n  13. Combining  e q u a t i o n s  6 and  10 we 

h a v e

I  = - fr d")
The a n g l e  6 i s  a p p r o x i m a t e l y  g i v e n  by ( f i g u r e  13)

e = (15)
dx

T h u s ,  s u b s t i t u t i n g  i n t o  e q u a t i o n  14 ,  we g e t  t h e  f o l l o w i n g  

d i f f e r e n t i a l  e q u a t i o n  g i v i n g  t h e  r e l a t i o n s h i p  b e tw e e n  t h e  

d e f l e c t i o n  y and t h e  d i s t a n c e  x f rom t h e  p o i n t  o f  s u p p o r t  

f o r  t h e  t e s t  p i e c e .

M P i l - x )  (16 )
dx E b ( x ) h

12

T h e r e f o r e ,  f o r  s m a l l  d e f l e c t i o n s  t h e  a n g le  0 b e tw e e n  t h e  

x - a x i s  and  t h e  t a n g e n t  t o  t h e  t e s t  p i e c e  s e c t i o n  a t  x = & 

i s  g i v e n  by

6 = 5 ! = /  p-^ ~ -x- ) -3- ( 17 )
üx  0 E b ( x ) h

12

The d e f l e c t i o n  Ô a t  x = & i s  g i v e n  by

6 = /  / '  (18)  
0 0 E b ( x ) h

12

The c a l c u l a t i o n s  o f  t h e  a n g l e  6 and  t h e  d e f l e c t i o n  6 must  be
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c a r r i e d  o u t  s e p a r a t e l y  f o r  e a c h  s e c t i o n  o f  t h e  t e s t  p i e c e  

h a v i n g  d i f f e r e n t  w i d t h  b ( x )  ( f i g u r e  1 8 ) .

— 5

F i g u r e  18 .

T h ere  a r e  f i v e  s e c t i o n s  w i t h  d i f f e r e n t  b ( x ) , and from  t h e  

f i g u r e  i t  can  be s e e n  t h a t  t h e  f i n a l  d e f l e c t i o n  i s  g i v e n  by

Ô = 6 i  + ô2 + 63 + 6  ̂ + + 02 (£-V) + 03 (R+T) + G^T (19)

F o r  t h e  d i f f e r e n t  s e c t i o n s  t h e  w i d t h  i s  g i v e n  b y :

S e c t i o n  1

b ( x )  -  b 0 + 2(R -  R s i n  <j>)

o r  b ( x )  = b Q + 2 (R -  V2Rx -  x2') ( 2 0 )

S e c t i o n  2

b ( x )  = b 0 ( Z*-£r - )  ( 2 1 )
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S e c t i o n  3

b ( x )  = b 0 ( ~ ^ )  ( 2 2 )

S e c t i o n  4

b ( x )  = b 0 ( ~ | ~ )  + 2 ( R -  R cos  <J>)

o r  o_v \ i~ ô---------------------- si
b ( x) = b 0 (— ) + 2 ( R -  V r^ (x - (R + V + W ))^ )  (23)

U n f o r t u n a t e l y ,  u s i n g  t h e  d i f f e r e n t i a l  e q u a t i o n  16 one can 

s o l v e  f o r  6 and  0 o n ly  f o r  t h e  s e c t i o n s  2 and  3. The b ( x )  

v a l u e s  f o r  s e c t i o n  1 and  4 mean t h a t  t h e  e q u a t i o n  c a n n o t  be 

s o l v e d  a n a l y t i c a l l y .  However ,  u s i n g  S im p so n ’ s i n t e g r a t i o n  

f o r m u l a  one can  f i n d  8^ and Q^. S in c e  t h i s  f o r m u l a  can  be

u s e d  t o  make s i m p l e  i n t e g r a t i o n s  o n l y ,  and  n o t  d o u b l e ,

a p p r o x i m a t i o n s  h a d  t o  be done i n  o r d e r  t o  c a l c u l a t e  <5̂  and

<Sjj. T h i s  was done i n  t h e  f o l l o w i n g  way :

S e c t i o n  1 S e c t i o n  2

AR

F i g u r e  19 F i g u r e  20
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I n s t e a d  o f  l e t t i n g  t h e  s e c t i o n  w i d t h  b ( x) v a ry  as a  c i r c l e  

seg m en t  w i t h  r a d i u s  R, i t  i s  a p p r o x i m a t e d  w i t h  t h e  two 

s t r a i g h t  l i n e s  QP and PS. The c o n s t a n t  A d e t e r m i n i n g  t h e  

l i n e  PQ i s  cho sen  s o  t h a t  t h e  a r e a  PQK i s  e q u a l  t o  t h e  a r e a  

u n d e r  t h e  c i r c l e  s e g m e n t .  T h a t  i s ,

i  (AR) 2 = R2 -  liR2/ 4  (24 )

T h is  e q u a t i o n  y i e l d s  A = 0 . 6 5 .  T h u s ,  d i v i d i n g  s e c t i o n  1 

i n t o  two new s e c t i o n s  as  shown on f i g u r e  19 we g e t  f o r  t h e  

d e f l e c t i o n  <5 :̂

= 6 -q  + + * ( l - A ) R  (25 )

F o r  s e c t i o n  1 t h e  w i d t h  i s  g i v e n  by :

b ( x )  = b@ + 2 ( AR-x) f o r  0<x<AR (26)
0 + R. x

b ( x )  = b 0 ( — i — ) f o r  AR<x<R (27)

F o r  s e c t i o n  4 t h e  d e f l e c t i o n  i s  g i v e n  by

64 = 6 4 l  + <S42 + e 4 l  AR (28)

and  t h e  w i d t h  f o r  t h i s  s e c t i o n  i s

b ( x )  = b 0 ( ~ r ^ )  f o r  0 < x 1 <R( 1-A) (29)

b ( x )  = b 0 ( ^ )  + 2 (x '-R+RA) f o r  R ( l - A ) < x '< R  (30)

A l l  t h e s e  b ( x )  v a l u e s  g i v e  a n a l y t i c a l  e x p r e s s i o n s  f o r  6 and

8 when e q u a t i o n  16 i s  i n t e g r a t e d .

T h u s ,  t h e  f i n a l  e x p r e s s i o n  f o r  t h e  d e f l e c t i o n  i s  g i v e n

by

<5 ■ <5^+0^2+^2+^3+<̂ 4 l+^42+ ^ l l ^ ~ ^ ^ + ^ l ^
(31 )

+ e2 (juv)+e3 (R+T)+e4T+ei|:LAR
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The m a t h e m a t i c a l  e x p r e s s i o n  f o r  e ac h  o f  t h e s e  te rm s  i s  

fo u n d  t o  be :

6 11 -  + ( l t R ( l - A )  -  ^ 2 ) ( r a - ( 2 R A +  ^ 2 ) i n ( H  j  ( 3 2 )

5 = - i 5 3 ^ [ < ‘ " v , ? i " ^ ]  l 3 5 )

i 2 £ l £ U = A 2 i [ B , M t | ]  (36)
Eb0h ( A-V) L j  °  J

51,2 Eh3
6P T_ (R.A)2 + ( T+ RA+ b ° ^ ~ V) ){-RA+(RA+

l n ( 1 +
b o ( — J

bo

e2 (A-v) -  i2 £ M lÿ a v
2 Eb0h 3

(37)

61 1 (1-A)R = 6?Eh3~A  ̂ [RA+(A+R(1-A)- | 2 ) l n ( l +  P ^ ) ]  ( 38 )

8 1 2 P ^  R ( 3 9 J

Eb0h 3 0 1+ r—( R- VsRx-x2')

( 40)
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0,(R+T) = 12PM R+T) f i w  -  « i  -  W ] (41 )
j  Eb0h (A-V) L J

0 m _ 12PT ^  ( R t T - x ) d x __ , 4 2 )
^ Eb h 3 0 ^  + i=—(R- Vr2- x 21)°  4 b Q

e. r A = + m  + T i  ( 43)
J*1 Eb„h ( 4 - V) J

A l l  t h e s e  c a l c u l a t i o n s  were  c a r r i e d  o u t  n u m e r i c a l l y  on th e  

c o m p u te r ,  and  t h e  r e l a t i o n s h i p  b e tw e e n  t h e  d e f l e c t i o n  and  t h e  

a p p l i e d  f o r c e  was f o u n d .  Knowing t h e  l a t t e r ,  t h e  s t r e s s  i n  

t h e  x - d i r e c t i o n  c o u l d  be computed  f rom  e q u a t i o n  11.  I n  t h i s  

way t h e  l i n e a r  r e l a t i o n s h i p  b e tw e e n  th e  d e f l e c t i o n  and  max­

imum s t r e s s  i n  t h e  t e s t  p i e c e  was fou n d  as  shown i n  f i g u r e  

2 2 .
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A ppendix  I I : D e s ig n  o f  t h e  P r e s s u r e  V e s s e l

F o r  t h e  c o n s t r u c t i o n  o f  t h e  p r e s s u r e  v e s s e l ,  i t  was 

c o n v e n i e n t  t o  u se  an 8- i n . - d i a m e t e r  b a r  o f  302 s t a i n l e s s  

s t e e l ,  w h ich  was a v a i l a b l e  on cam pus . I n  a n n e a l e d  form  t h i s  

s t e e l  h a s  t h e  f o l l o w i n g  p r o p e r t i e s  (ASME Handbook,  195*1> 

p .  5 6 ) :

Y i e l d  s t r e n g t h ,  0.2% o f f s e t  : 3 5 - 4 0 ,0 0 0  p s i

T e n s i l e  s t r e n g t h  : 8 0 - 9 0 ,0 0 0  p s i

H a v in g  t h i s  i n  mind t h e  f o l l o w i n g  c a l c u l a t i o n s  were  done i n  

o r d e r  t o  f i n d  t h e  s t r e s s e s  s e t  up i n  a  t h i c k - w a l l e d  c y l i n d e r  

(C om ings ,  195 6 ,  p .  1 6 0 ) :

F igu re  2 3 .

56
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We w i l l  c o n s i d e r  a  s e c t i o n  o f  a  t h i c k - w a l l e d  c y l i n d e r  as  

shown i n  t h e  f i g u r e .  The c y l i n d e r  l e n g t h  p e r p e n d i c u l a r  t o  

t h e  p a p e r  p l a n e  a l o n g  t h e  z - a x i s  i s  e q u a l  t o  one u n i t .  The 

f o l l o w i n g  n o t a t i o n s  w i l l  be  u s e d :  

r  = r a d i u s  

r ^  = i n n e r  r a d i u s  o f  t h e  c y l i n d e r  

r ^  = o u t e r  r a d i u s  o f  t h e  c y l i n d e r  

p^  = p r e s s u r e  i n s i d e  t h e  c y l i n d e r  

Pg = p r e s s u r e  o u t s i d e  t h e  c y l i n d e r  

Sr  = r a d i a l  s t r e s s  

Sj. = t a n g e n t i a l  s t r e s s  

S z = l o n g i t u d i n a l  s t r e s s  

e z = l o n g i t u d i n a l  s t r a i n  

E = modulus o f  e l a s t i c i t y  

G ~ modulus o f  r i g i d i t y  

v = P o i s s o n * s  r a t i o  

0 « a n g l e  b e tw e e n  r  and t h e  x - a x i s  

The h a l f  r i n g  ABCD w hich  l i e s  b e tw e e n  r  and  r  + d r  i s  i n

e q u i l i b r i u m ,  and  t h e  sum o f  a l l  f o r c e s  a c t i n g  i n  y - d i r e c t i o n

m ust  t h e r e f o r e  be  z e r o .  These  f o r c e s  a r e  :

On t h e  i n n e r  s u r f a c e
ïï

F,  « /  S r r d 0 s i n 9  = 2rS 
1 0 r (44)

On t h e  o u t e r  s u r f a c e

?2  -  - 2 ( r + d r ) ( S r +dSr ) (45 )
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On t h e  s e c t i o n s  AB and  CD

P 3 “ p 4 3 s t cir (%6)

When t h e s e  f o r c e s  a r e  a d d ed  t o g e t h e r  and  t h e  sum i s  s e t  e q u a l  

t o  z e r o ,  t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d  a f t e r  some c a l ­

c u l a t i o n s  :

~s t  + 3F (s^r) = o (4?)

Assuming c o n s t a n t  l o n g i t u d i n a l  components  o f  s t r e s s  and  

s t r a i n  t h r o u g h o u t  t h e  w a l l .  H o o k 's  law can  be  w r i t t e n  as 

S — Ee
   = s r  + s t  = C;L ( 4 8 )

where  i s  a  c o n s t a n t .  T h i s  can  be r e w r i t t e n  as

S t  = C1 -  S r  ( 4 9 )

S u b s t i t u t i n g  t h i s  e x p r e s s i o n  i n  e q u a t i o n  47# we g e t

s r  + ÏÏF = c i  (50)

With  t h e  i n t r o d u c t i o n  o f  t h e  new v a r i a b l e  

Cp
Sr = (51)

r

w here  C^ i s  a  c o n s t a n t ,  t h e  g e n e r a l  s o l u t i o n  o f  e q u a t i o n  50

i s  fo u n d  t o  be
Cp Cn

s r = —  + j -  (52)

The two c o n s t a n t s  a r e  d e t e r m i n e d  f rom  t h e  f o l l o w i n g  b o u n d a ry  

c o n d i t i o n s  :
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Sr  = - p ^  f o r  r  = r ^

s r  = - P 2 f o r  r  « r .
( 53 )

We t h e n  g e t :
r 2 p

s r  “
k2- 1

(54)

where  k = r g / r ^ .  S i n c e  P2 >>P i»  t h i s  e q u a t i o n  can be w r i t t e n  

a s

Sr  =

r 0 2 
~P j  (— ) - 1

k2- 1
(55)

S u b s t i t u t i n g  f o r  Sr  and  i n  e q u a t i o n  4 9 » we g e t  t h e  f o l l o w ­

i n g  e x p r e s s i o n  f o r  t h e  t a n g e n t i a l  s t r e s s  

P l (  (■=—■) 2+ l )
S t  =

k 2 - 1
(56)

The v a r i a t i o n  o f  t h e s e  two s t r e s s e s  w i t h  t h e  r a d i u s  i s  shown 

on f i g u r e  24:

F ig u re  24

P.

s=o r
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We s e e  t h a t  we g e t  maximum s t r e s s e s  i n  t h e  i n n e r  w a l l .  

These  a r e  g i v e n  by

k - 1

S i n c e  t h e  p r e s s u r e  v e s s e l  i s  c y l i n d e r - l i k e  a n d  c l o s e d  a t  

b o t h  e n d s ,  we g e t  t h e  f o l l o w i n g  l o n g i t u d i n a l  s t r e s s :

s . -
i r ( r 2 - r ^  ) K - 1

The v e s s e l  was d e s i g n e d  s o  t h a t  k = 2 ( f i g u r e  2 ) .  With  t h i s  

v a l u e  t h e  e x p r e s s i o n  f o r  t h e  s t r e s s e s  becomes

A l l  t h e s e  c a l c u l a t i o n s  a r e  done u n d e r  t h e  a s s u m p t i o n  o f  

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

We h a v e  t h r e e  p r i n c i p a l  s t r e s s e s  i n  t h e  c y l i n d e r ,  and we 

n e e d  t o  know how h i g h  an i n t e r n a l  p r e s s u r e  we m ig h t  h av e  

w i t h o u t  r e a c h i n g  t h e  p o i n t  w h e re  we s t a r t  g e t t i n g  p l a s t i c  

d e f o r m a t i o n .  The i n f o r m a t i o n  we have  a b o u t  302 s t a i n l e s s  

s t e e l  i s  t h a t  i t s  y i e l d  p o i n t  i s  a t  l e a s t  35*000 p s i .  T h a t  

i s ,  t h i s  i s  t h e  y i e l d  p o i n t  i n  a  s i m p le  t e n s i l e  t e s t  w i t h  

s t r e s s  i n  one d i r e c t i o n  o n l y .  T he re  a r e  s e v e r a l  t h e o r i e s  

p r e d i c t i n g  t h e  l i m i t  o f  e l a s t i c  a c t i o n  when t h r e e  p r i n c i p a l  

s t r e s s e s  a r e  p r e s e n t ,  and  o n ly  t h e  d a t a  f ro m  a s i m p l e  t e n s i o n

Sr ( r = r l ) = "P1

( 5 7 )

s r  = " P i

St  = 1 .6 6  P i

S z = 0 . 3 3  P%

( 5 9 )
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t e s t  a r e  a v a i l a b l e .  Of t h e s e  t h e o r i e s ,  t h e  one a c c e p t e d  

a s  t h e  m os t  r e l i a b l e  (C om ings , 1956 ,  p .  178) i s  von Mises* 

maximum e n e rg y  o f  d i s t o r t i o n  t h e o r y  ( N a d a i ,  1931 ,  p .  7 2 ) .

T h is  one can  be d e v e l o p e d  i n  t h e  f o l l o w i n g  way :

When we o p e r a t e  w i t h i n  t h e  e l a s t i c  r a n g e ,  t h e  s t o r e d  

e n e r g y  p e r  u n i t  volume i s  g iv e n  by

W = 2’̂ S i e i  + S2e 2 + S 3e 3^ (60)

U s in g  Hook’ s law and s u b s t i t u t i n g  f o r  e 1 , e 2 * and e ^ ,  we g e t  

w = ^ [ s - ^ + S ^ + S j 2 -  2v ( S 1S2+S2S 3+S3S 1 )] ( 6 1 )

T h i s  i s  t h e  t o t a l  e n e r g y  o f  e l a s t i c  d e f o r m a t i o n .  The h y d r o ­

s t a t i c  p r e s s u r e  i n  t h e  m e t a l  i s  g i v e n  by

SH = 3 (S 1 + s 2 + s 3 > (62 )

T h e r e f o r e ,  t h e  e l a s t i c  e n e r g y  due t o  a  change  i n  volume i s

= 2 s H^Gl + e2+G3  ̂ = ^ ( s i +S2+S3 ^ gi +g2+ g3  ̂ (63 )

On a p p l i c a t i o n  o f  Hook’ s l a w ,  t h i s  e q u a t i o n  g i v e s  us

W* = [ s 12+S2 2+S 2+ 2 ( S 1S2+S2S 3+S3S 1 )] (64 )

T h u s ,  t h e  s t o r e d  e l a s t i c  e n e r g y  u se d  i n  c h a n g i n g  t h e  sh a p e  

p e r  u n i t  v o lu m e , o r  t h e  e n e r g y  o f  d i s t o r t i o n  i s

U = w - w  = | q [ s i 2+S2 2+S32 -  ( S i S 2+S2S 3+S3S i ) ]

= 3^ 5 [  ( s 1- s 2 ) 2+ ( s 2- s 3 ) 2+ ( s 3- s 1 ) 2]  ( 6 5 )
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w h ere  G i s  th e  modulus o f  r i g i d i t y  and i s  g i v e n  by

G -  ( 6 6 )

I n  s i m p le  t e n s i o n  o n ly  i s  n o n - z e r o ,  and when we have  

r e a c h e d  t h e  l i m i t  o f  e l a s t i c  b e h a v i o r  = S^ .  As e q u a t i o n  

65 i s  v a l i d  u n d e r  any s t r e s s  c o m b i n a t i o n ,  we t h e n  have  f o r  

t h e  e n e r g y  o f  d i s t o r t i o n  u n d e r  s i m p le  t e n s i o n

s„2
U “ 6G-  (67)

Von M ises  assumed t h a t  t h e  e n e r g y  o f  d i s t o r t i o n  h a d  a con­

s t a n t  v a l u e  g i v e n  by e q u a t i o n  6 7 . T h e r e f o r e ,  when e q u a t i n g  

t h e  e q u a t i o n s  65 and  6?> we g e t  t h e  c o n d i t i o n  f o r  y i e l d i n g  

when t h r e e  p r i n c i p a l  s t r e s s e s  a r e  p r e s e n t :

( S 1- S 2 ) 2+ (S 2- S 3 ) 2+ ( S 3- S 1 ) 2 = 2Sy 2 (68)

U s in g  t h e  t h r e e  p r i n c i p a l  s t r e s s e s  g i v e n  by e q u a t i o n  59 i n  

t h i s  e q u a t i o n ,  we g e t  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  t h e  

i n t e r n a l  p r e s s u r e :

P1 = 0 . 4 3 3  Sy ( 6 9 )

S i n c e  t h e  y i e l d  s t r e s s  i s  35 ,0 0 0  p s i ,  we g e t  p 1 = 15 ,200  p s i .

T h a t  i s ,  f o r  t h i s  i n t e r n a l  p r e s s u r e  we w i l l  r e a c h  t h e  l i m i t  

o f  e l a s t i c  b e h a v i o r  f o r  t h e  m e t a l  i n  t h e  i n n e r  p a r t  o f  t h e  

c y l i n d e r  w a l l .
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Appendix  I l l s S t a t i s t i c a l  T r e a tm e n t  o f  F a t i g u e  D a ta  i n  A i r

From t a b l e  2 i t  can  be s e e n  t h a t  t h e  a v e r a g e  l i f e t i m e  

was r e l a t i v e l y  0 .0 1 5  h i g h e r  i n  o i l  t h a n  i n  a i r ,  b o t h  a t  

14 p s i  p r e s s u r e .  The s t a n d a r d  d e v i a t i o n  f o r  t h e s e  o b s e r v a ­

t i o n s  was 0 . 1 0 .  I n  o r d e r  t o  s e e  i f  t h i s  d i f f e r e n c e  i n  l i f e ­

t im e  i s  s i g n i f i c a n t ,  t h e  f o l l o w i n g  a s s u m p t io n s  w i l l  be  made : 

-T he  r e l a t i v e  d i f f e r e n c e  i n  l i f e t i m e  i s  a  n o r m a l ,  i n d e p e n d e n t  

random v a r i a b l e .

-T he  t r u e  d i f f e r e n c e  i s  z e r o .

-T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  mean l i f e t i m e  i s  0 . 1 0 /  7 

= 0 . 038 .
U sin g  t h e s e  a s s u m p t i o n s , we w i l l  make a  95 p e r c e n t  c o n f i d e n c e  

i n t e r v a l  f o r  t h e  o b s e r v e d  mean.

w here  A i s  a  c o n s t a n t  we w i l l  d e t e r m i n e . We can change  t h i s  

e x p r e s s i o n  t o

From o u r  a s s u m p t i o n s ,  t h e  t e r m  on t h e  l e f t  s i d e  o f  t h e  

i n e q u a l i t y  s i g n  i s  n o r m a l l y  d i s t r i b u t e d  w i t h  a  mean e q u a l  

t o  z e r o  and a  v a r i a n c e  e q u a l  t o  o ne .  From t a b l e s  f o r  t h e  

n o r m a l  d i s t r i b u t i o n  ( J o h n s o n ,  L eon e ,  p .  460) we f i n d  t h a t

and O i l  Under  A tm o sp h e r ic  P r e s s u r e

(70)

( 7 D
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T h a t  i s *  A = 0 . 0 6 2 .  S i n c e  o u r  o b s e r v e d  mean v a lu e  i s  w e l l  

w i t h i n  t h i s  l i m i t , we can  c o n c lu d e  from  o u r  a s s u m p t io n s  and 

a t  a  95 p e r c e n t  s i g n i f i c a n c e  l e v e l  t h a t  t h e r e  i s  no d i f f e r ­

e n ce  i n  t h e  f a t i g u e  l i v e s  o f  sp e c im en s  ru n  i n  a i r  o r  i n  o i l  

when b o t h  a r e  u n d e r  a t m o s p h e r i c  p r e s s u r e .  T h e r e f o r e ,  t h e  

o i l  i t s e l f  o r  t h e  c o m b i n a t i o n  o f  o i l  and a d s o r b e d  a i r  i n  i t  

h a v e  no  p o s i t i v e  o r  n e g a t i v e  e f f e c t  on t h e  l i f e t i m e  o f  t h e  

s a m p l e s .
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