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TITANIUM - A MODERN METAL

S in c e  i t s  i n t r o d u c t i o n  to  t h e  e n g in e e r in g  w orld  

a  few y e a r s  ag o , t i t a n i u m  has  b e en  th e  c a u se  o f  a  g r e a t  

d e a l  o f  i n t e r e s t  and s p e c u l a t i o n .  The r a t h e r  re m a rk a b le  

s e t  o f  i n t r i n s i c  p r o p e r t i e s  o f  t h e  m e ta l  a r e  th e  c h i e f  c au se  

f o r  t h i s  e x c i t e m e n t .  W hile n o t  a s  s p e c t a c u l a r  a s  once 

prom oted  to  b e ,  t h e  f a c t s  i n d i c a t e  t h a t  t i t a n i u m  does p o s s e s s  

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

Pure  t i t a n i u m  i s  s i l v e r y  g ra y  i n  c o l o r ,  s t r o n g ,  

d u c t i l e ,  and h a s  a  d e n s i t y  o f  a b o u t  ^ . 5 ,  midway be tw een  

t h a t  o f  aluminum and i r o n .  I t  h a s  e x c e l l e n t  c o r r o s i o n  

r e s i s t a n c e  i n  many a p p l i c a t i o n s ;  i t s  r e s i s t a n c e  to  s a l t  

w a te r  and m arin e  a tm o sp h e re s  i s  n o t  e q u a l l e d  by  any o t h e r  

s t r u c t u r a l  m e t a l .  To add to  th e  enhancem en t,  t i t a n i u m  i s  

r e a d i l y  a v a i l a b l e ,  o r  a t  l e a s t  I t s  o r e s  a r e  r e a d i l y  

a v a i l a b l e .  I n  f a c t ,  t i t a n i u m  i s  th e  f o u r t h  m ost ab u n d an t 

s t r u c t u r a l  m e ta l  i n  t h e  e a r t h ' s  c r u s t .  O nly aluminum, 

i r o n ,  and magnesium a r e  p r e s e n t  i n  g r e a t e r  p e r c e n t a g e s .

The abundance  o f  t i t a n i u m  f a r  ex ceed s  t h a t  o f  o t h e r  common 

m e ta l s  such  a s  n i c k e l ,  c o p p e r ,  z i n c ,  l e a d ,  chromium, e t c .

A l l  o f  t h e s e  f a c t o r s  w eighed t o g e t h e r  g iv e  some
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i n s i g h t  i n t o  t h e  r e a s o n in g  b e h in d  th e  r a t h e r  r o s y  o u t lo o k  

w hich i s  e n v i s io n e d  f o r  t i t a n i u m  and t i t a n i u m  a l l o y s .

EVALUATION OF TITANIUM FOR MILITARY AND CIVILIAN USE 

AIR FORCE:

T i ta n iu m  i s  v i t a l  to  t h e  A ir  F o r c e .  By v i r t u e  

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

p r i m a r i l y  an  a i r c r a f t  m a t e r i a l  and i s  u r g e n t l y  need ed  f o r  

t h i s  a p p l i c a t i o n .  I t  i s  b e l i e v e d  t h a t  t h e  n a t i o n  w hich 

a d a p t s  t i t a n i u m  s u c c e s s f u l l y  t o  i t s  m i l i t a r y  equ ipm en t w i l l  

a c h ie v e  an im p o r ta n t  a d v a n ta g e  o v e r  i t s  e n em ies .  T h is  

a d v a n ta g e  m ust be  o b ta in e d  f o r  t h e  U n i te d  S t a t e s .

T here  i s  e v e ry  i n d i c a t i o n  t h a t  many m e ta l s  and 

m a t e r i a l s  u s e d  to d a y  w i l l ,  b e c a u s e  o f  t h e i r  i n h e r e n t  

l i m i t i n g  c h a r a c t e r i s t i c s ,  be  in a d e q u a te  f o r  t h e  s u p e r s o n ic  

a i r c r a f t  o f  tom orrow . P r o g r e s s  i n  a i r c r a f t  d e s ig n  and 

d ev e lo p m en t beyond 1 95 6  h a s  b een  s a i d  to  be  s t r o n g l y  

d e p e n d e n t  upon th e  deve lopm en t o f  new m a t e r i a l s  which w i l l  

e x h i b i t  b e t t e r  c o m b in a t io n s  o f  p r o p e r t i e s  th a n  th o s e  

c u r r e n t l y  a v a i l a b l e ,  ( l )  T i ta n iu m  a p p e a r s  v e ry  p ro m is in g  

i n  t h i s  r e s p e c t .  S u p p o r te d  b y  a  r e s e a r c h  program  o f  a d e q u a te  

c a l i b r e ,  t h i s  m e ta l  sh o u ld  a i d  m a t e r i a l l y  i n  m e e t in g  th e  new 

e n g i n e e r i n g  r e q u i r e m e n t s  o f  tom orrow . Through u t i l i z a t i o n  

o f  t i t a n i u m ,  i t  w i l l  be  p o s s i b l e  to  d e s ig n  and p ro d u c e  a i r ­

c r a f t  t o  o p e r a t e  a t  sp ee d s  which in v o lv e  s k i n  t e m p e r a tu r e s
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c o n s i d e r a b l y  i n  e x c e s s  o f  th o s e  t h a t  can  be t o l e r a t e d  by 

t o d a y ' s  m a t e r i a l s ,  s p e c i f i c a l l y  aluminum and magnesium 

a l l o y s .  F u r th e r m o re ,  th e  e f f e c t i v e  u s e  o f  th e  h i g h l y  

a d v a n ta g e o u s  s t r e n g th - w e 'ig h t  r a t i o  o f  f u t u r e  t i t a n i u m  a l l o y s  

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

r a n g e ,  and s t r i k i n g  power o p e r a t i n g  a t  h ig h e r  sp eed s  th a n  

i s  p o s s i b l e  w i th  c u r r e n t l y  a v a i l a b l e  m a t e r i a l s .

B ut t h e r e  i s  a l s o  a n o th e r  n e e d .  . . e q u a l l y  

u r g e n t .  T i ta n iu m  i s  needed  i n  a i r p l a n e s  b e in g  p ro d u c e d  a t  

t h i s  v e ry  moment. I t s  i n c o r p o r a t i o n  i n t o  p r e s e n t  d e s ig n s  

would m a t e r i a l l y  im prove th e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  

o u r  c u r r e n t  a i r c r a f t  by v i r t u e  o f  th e  w e ig h t s a v in g s  which 

i t  would a f f o r d .  The deve lopm ent o f  t i t a n i u m  and t i t a n i u m  

a l l o y s  and f a b r i c a t i o n  m ethods i s  a t  t h e  t h r e s h o l d  o f  

where t i t a n i u m  can  be d e p en d a b ly  and c o n t in u o u s ly  u s e d  i n  

c u r r e n t  p r o d u c t i o n .  T h is  c o n t in u o u s  u s e  would a cc o m p lish ,  

among o t h e r  t h i n g s ,  l )  t h e  w e ig h t  s a v in g s  and im proved 

p e r fo rm a n c e  o f  a i r c r a f t  a s  m en tio n ed  above , 2) im proved  

q u a l i t y  o f  a v a i l a b l e  t i t a n i u m  by v i r t u e  o f  volume 

p r o d u c t i o n ,  and 3) g r e a t l y  expanded knowledge and e x p e r ie n c e  

i n  t h e  f a b r i c a t i o n  o f  t i t a n i u m  a l l o y s  which w i l l  be  so 

n e c e s s a r y  f o r  th e  f u t u r e .  I n  a d d i t i o n ,  many p r o d u c t io n  

econom ies  would be i n t r o d u c e d .  T h e r e f o r e ,  i t  seems im p e r ­

a t i v e  t h a t  f u l l - s c a l e  u s e  o f  t i t a n i u m  m a t e r i a l s  be e f f e c t e d  

a t  t h e  e a r l i e s t  p o s s i b l e  d a t e .
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S e c r e t a r y  o f  D efen se  L o v e t t  h as  s t a t e d  t h a t  "when 

one pound o f  w e ig h t  (pay  lo a d )  i s  added to  a  p l a n e ,  t e n  

pounds m ust be added to  t h e  s t r u c t u r e  a t  a  c o s t  o f  a b o u t  

400 . Hence th e  f e a s a b i l i t y  o f  e c o n o m ic a l ly  u s i n g  

t i t a n i u m  i n  a i r c r a f t  i s  a p p a r e n t .  However, c o s t  co m p ar iso n s  

s h o u ld  be  b a se d  n o t  on t h e  c o s t  o f  a  pound o f  t i t a n i u m  b u t  

on th e  " f a b r i c a t e d  p a r t  c o s t , "  which t a k e s  i n t o  a c c o u n t  

t h e  p r e s e n t  h ig h  p r o d u c t io n  c o s t s  and s c r a p  l o s s e s  

i n v o lv e d .  N e v e r t h e l e s s ,  i n  many s i t u a t i o n s  t h e  s u b s t i t u t i o n  

o f  t i t a n i u m  f o r  s t a i n l e s s  s t e e l  and aluminum i s  f e a s a b l e  

b o t h  e c o n o m ic a l ly  and s t r a t e g i c a l l y .

D e s i r a b l e  a l l o y s  sh o u ld  be v e r s a t i l e  and 

a v a i l a b l e  a s  s h e e t ,  f o r g i n g  s t o c k ,  and  b a r  s t o c k .  

E x p e r im e n ta l ly ,  j e t  e n g in e  d e s i g n e r s  a r e  u s i n g  t i t a n i u m  

f o r  s p a c e r s ,  r i n g s ,  s t a t o r  v a n es ,  co m p resso r  b l a d e s ,  

b e a r i n g  h o u s in g s ,  b a f f l e s ,  and t u b i n g ,  p l u s  o t h e r  m inor 

s t r u c t u r a l  p a r t s .  I n  p r o d u c t i o n ,  t h e  p r e s e n t  consum ption  

i s  r e l a t i v e l y  sm a l l  an d ,  where u s e d ,  th e  t i t a n i u m  i s  i n  

t h e  u n a l lo y e d  o r  c o m m e rc ia l ly  p u r e  fo rm . B a f f l e s ,  s h i e l d s ,  

t u b i n g ,  and c o u p l in g s  a r e  a b o u t  th e  o n ly  t i t a n i u m  

com ponents now g o in g  i n t o  r e g u l a r  a i r c r a f t  p r o d u c t i o n .

T hese  p a r t s  a r e  r e p l a c i n g  a n n e a le d  s t a i n l e s s  s t e e l  i n  m ost 

c a s e s  a t  a  w e ig h t  s a v in g  o f  a b o u t  40 o / o .  G r e a t e r  s a v in g s  

w i l l  be  made p o s s i b l e  a s  soon a s  good s h e e t  a l l o y s  o f  

t i t a n i u m  a r e  d e v e lo p e d .
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I n  a i r f r a m e  c o n s t r u c t i o n ,  t i t a n i u m  i s  c u r r e n t l y  

b e in g  c o n s id e r e d  as  a  r e p la c e m e n t  f o r  p r e s e n t  a l l o y s  i n  

f i r e w a l l s ,  n a c e l l e s ,  f u s e l a g e  s t r u c t u r e ,  s h ro u d in g ,  and 

o t h e r  s t r e s s - b e a r i n g  members. T i tan iu m  n u t s ,  b o l t s ,  

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

have  a l s o  r e c e i v e d  a t t e n t i o n .  B ased  on p r e s e n t  d e s ig n s ,  

t h e s e  s u b s t i t u t i o n s  w i l l  r e s u l t  i n  s u b s t a n t i a l  w e ig h t  

s a v i n g s ,  h e n ce  i n c r e a s e d  pay  lo a d  o r  p e r fo rm an c e  o f  a i r ­

c r a f t .  F o r  exam ple , (2) s u b s t i t u t i n g  u n a l l o y e d  t i t a n i u m  

f o r  p r e s e n t  m a t e r i a l s  i n  f i r e w a l l s ,  c o w lin g ,  d u c t s ,  and 

f a i r i n g s  w i l l  r e s u l t  i n  w e ig h t  s a v in g s  up  to  1 ,1 0 0  l b s . ,  

d e p e n d in g  upon  th e  p l a n e .  S u b s t i t u t i n g  f o r  armament can  

sav e  up  to  3 0 0  l b s .  i n  one c a s e ;  r e p l a c i n g  a l l  a n n e a le d  

s t a i n l e s s  s t e e l  i n  one p la n e  w i th  a  t o t a l  o f  1 ,1 0 0  l b s .  

o f  t i t a n i u m  w i l l  r e s u l t  i n  a  w e ig h t  s a v in g  o f  800 l b s .  

R e p la c in g  p r e s e n t l y  u s e d  b o l t s ,  s c re w s ,  n u t s ,  and r i v e t s  

w i th  2 ,4 0 0  l b s .  o f  a t i t a n i u m  a l l o y  h a v in g  an  u l t i m a t e  

s t r e n g t h  o f  1 5 0 ,000  p s i  w i l l  r e s u l t  i n  a  w e ig h t  s a v in g  o f  

up  to  1 ,5 0 0  l b s .  U n a llo y ed  t i t a n i u m  i s  p r e s e n t l y  b e in g  

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

c i p a l l y  i n  non  l o a d - b e a r i n g  members. I n  t h e  v e ry  n e a r  

f u t u r e ,  more w id e sp re a d  u s e  o f  b o th  c o m m e rc ia l ly  p u re  

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

I t  can  th u s  be s e e n  t h a t  t h e  im p o r ta n c e  o f  t h i s
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m a t e r i a l  t o  t h e  a i r c r a f t  i n d u s t r y  i n  g e n e r a l  and th e  A ir  

F o rce  i n  p a r t i c u l a r  i s  g r e a t .  I n  o r d e r  to  im prove o u r  a i r ­

c r a f t  o f  to d a y  and to  make p o s s i b l e  more advanced  d e s ig n s  

f o r  tom orrow , t h e  s u c c e s s f u l  deve lopm ent and u t i l i z a t i o n  

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

ARMY:

The D ep artm en t o f  th e  Army i s  i n t e r e s t e d  i n  th e  

s u c c e s s f u l  employment o f  t i t a n i u m  and t i t a n i u m  a l l o y s  

p r i m a r i l y  b e c a u se  o f  th e  w e ig h t  s a v in g s  which would b e  made 

p o s s i b l e .  These  s a v in g s  a r e  c o n s id e r e d  t o  be  o f  a d v an ta g e  

i n  t h r e e  p r i n c i p l e  ways: l )  im p ro v in g  th e  m a n e u v e r a b i l i t y  

o f  e q u ip m en t,  2) i n c r e a s i n g  th e  f a c i l i t y  o f  t r a n s p o r t i n g  

t h i s  equ ipm ent by  a i r ,  and 3) i n c r e a s i n g  th e  p o t e n t i a l  o f  

t h e  equ ipm ent l o a d  a f o o t - s o l d i e r  i s  a b le  to  b e a r .  Each  

o f  t h e s e  f a c t o r s  i s  im p o r t a n t  i n  m a t e r i a l l y  i n c r e a s i n g  th e  

e f f e c t i v e n e s s  o f  a  f i g h t i n g  army.

The Ordnance C o rp s ,  U .S . Army, h a s  c o n d u c ted  

e x t e n s i v e  r e s e a r c h  i n t o  th e  p o t e n t i a l i t i e s  o f  t i t a n i u m  i n  

o r d e r  to  d e te r m in e  i t s  v a lu e  i n  c o n n e c t io n  w i th  th e  g o a ls  

m en tio n e d  ab o v e . (3) On Sep tem ber 1 , 1952, p r o d u c t i o n  was 

a u t h o r i z e d  f o r  th e  8 l  m/m M o rta r  B ase  P l a t e ,  t h e i r  f i r s t  

f i r m  a p p l i c a t i o n  o f  t i t a n i u m .  T h is  p l a t e  was f o r m e r ly  made 

a s  a  w elded  s t e e l  s t r u c t u r e  i n  two s e c t i o n s ,  w e ig h in g  a 

t o t a l  o f  ^8 l b s .  Two men were r e q u i r e d  to  t r a n s p o r t  t h i s  

a sse m b ly .  B ecause  o f  i t s  l i g h t n e s s  and s t r e n g t h ,  t i t a n i u m
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a l lo w e d  r e d e s i g n  to  a  o n e - p i e c e  w elded  c o n s t r u c t i o n ,  

w e ig h in g  o n ly  2A l b s .  T h is  r e l e a s e s  one man f o r  o t h e r  

d u t i e s .  A h o s t  o f  o t h e r  a p p l i c a t i o n s  from w heels  to  

guns a r e  u n d e r  c o n s i d e r a t i o n .  T e s t s  were r e c e n t l y  i n i t i a t e d  

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

s u p p r e s s o r s ,  and s t r u c t u r a l  com ponents such  a s  o u t r i g g e r s .  

P r e s e n t  i n d i c a t i o n s  a r e  t h a t  t i t a n i u m - b a s e d  a l l o y s  can  be 

p ro d u c e d  which w i l l  be  s a t i s f a c t o r y  f o r  t h e s e  p u r p o s e s .

I n  a d d i t i o n  t o  t h e  i t e m s  m e n tio n e d ,  a  program  h a s  

b een  i n i t i a t e d  to  r e v ie w  a l l  t y p e s  o f  s t a n d a r d  Army 

e q u ipm en t p e r t a i n i n g  to  t h e  i n d i v i d u a l  s o l d i e r  w i th  a  view 

to w a rd  u s i n g  t i t a n i u m  w h e rev e r  i t  w i l l  l i g h t e n  th e  lo a d  o r  

r e d u c e  p h y s i c a l  e f f o r t .  (3 )  I n  a l l  c a s e s  where th e  

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

and p e rfo rm a n c e  to  p r e s e n t  e q u ip m e n t ,  s e r i o u s  c o n s i d e r a t i o n  

w i l l  be  g iv e n  to  th e  a d o p t io n  o f  t h e  t i t a n i u m  v e r s io n  as  

s t a n d a r d .

S in c e  m ost O rdnance a p p l i c a t i o n s  would r e q u i r e  

t i t a n i u m  i n  c o m p a r a t iv e ly  h ig h  to n n a g e s ,  a  c o n s id e r a b l e  

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

b e f o r e  i t s  u s e  becomes w id e s p r e a d .  Even a t  p r e s e n t  h ig h  

p r i c e s  i t  i s  f e a s a b l e  f o r  some p u r p o s e s ,  b u t  i t  i s  hoped 

t h a t  t h e  p r i c e  r e d u c t i o n  n e c e s s a r y  to  make f u r t h e r  u s e s  

p r a c t i c a b l e  i s  v e ry  n e a r  a t  hand .
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NAVY:

The Navy, l i k e  th e  o t h e r  m i l i t a r y  arms o f  th e  

Governm ent, h a s  a  l a r g e  t i t a n i u m  d ev elopm en t p rog ram .

F o r  u s e  i n  n a v a l  a i r c r a f t ,  t h e  N a v y 's  i n t e r e s t s  i n  t i t a n i u m  

p a r a l l e l  to  th o s e  o f  th e  A ir  F o rc e  and t h i s  p h a se  o f  t h e i r  

r e s e a r c h  i s  c a r r i e d  o u t  i n  c o - o r d i n a t i o n  w i th  t h a t  s e r v i c e .  

S in c e  t h e  a p p l i c a t i o n  o f  t i t a n i u m  i n  a i r c r a f t  h a s  b een  

p r e v i o u s l y  c o v e red  a t  l e n g t h ,  i t  w i l l  n o t  be d e a l t  w i th  

a g a in  i n  t h i s  s e c t i o n .

The a d v a n ta g e o u s  s t r e n g t h - w e i g h t  r a t i o  o f  

t i t a n i u m  i s  somewhat a t t r a c t i v e  i n  n a v a l  a p p l i c a t i o n s  

s in c e  i t  would p e r m i t  w e ig h t  r e d u c t i o n s  i n  f i g h t i n g  s h ip s  

o f  a l l  t y p e s ,  h en ce  p r o v i d i n g  g r e a t e r  sp eed  and c r u i s i n g  

r a n g e .  However, th e  v e ry  l a r g e  to n n a g e s  t h a t  would be 

r e q u i r e d  i n  t h i s  a p p l i c a t i o n  make i t  seem r a t h e r  i m p r a c t i c a l .  

I n  a d d i t i o n ,  t h e  imminence o f  n u c l e a r  power f o r  n a v a l  c r a f t ,  

power a lm o s t  u n l i m i t e d ,  would s t i l l  f u r t h e r  d i s c o u r a g e  th e  

u s e  o f  t i t a n i u m  on n a v a l  v e s s e l s  s o l e l y  a s  a  w e ig h t  s a v e r .

B u t t h e  Navy s t i l l  n eed s  t i t a n i u m .  By f a r ,  t h e  

m ost a t t r a c t i v e  p r o p e r t y  o f  th e  m a t e r i a l ,  so f a r  a s  th e  

s e a - g o in g  Navy i s  c o n c e rn e d ,  i s  i t s  e x c e l l e n t  c o r r o s i o n  

r e s i s t a n c e  i n  s a l t  w a te r  and  m a r in e  a tm o s p h e re s .  I n  t h i s  

r e g a r d ,  i t  i s  s u r p a s s e d  o n ly  by  e l e c t r o l y t i c  p la t in u m .  (A)

I t  i s  one o f  t h e  few known h ig h  s t r e n g t h  s t r u c t u r a l
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m a t e r i a l s  t h a t  h a s  a  c o r r o s i o n  f a t i g u e  l i m i t  i n  s a l t  w a te r  

c l o s e l y  a p p ro a c h in g  t h a t  i n  a i r .  T i ta n iu m  i s  a l s o  t h e  m ost 

c o r r o s i o n  r e s i s t a n t  s t r u c t u r a l  m a t e r i a l  known i n  many o t h e r  

c o r r o s i v e  s i t u a t i o n s .  I n  n a v a l  s e r v i c e ,  t h e  e x c e l l e n t  

c o r r o s i o n  r e s i s t a n c e  and c o r r o s i o n  f a t i g u e  p r o p e r t i e s  o f  

t i t a n i u m  w i l l  mean l e s s  r e p a i r i n g  and m a in te n a n c e  o f  

e q u ip m en t.  I n  t u r n ,  t h i s  i m p l i e s  l e s s  t im e  o u t  o f  s e r v i c e  

f o r  a  g iv e n  u n i t ,  c o n s e q u e n t ly  g r e a t e r  f i g h t i n g  e f f i c i e n c y  

and lo w e r  o p e r a t i n g  c o s t .

T here  a r e  a  number o f  s t r a i g h t f o r w a r d  a p p l i c a t i o n s  

f o r  t i t a n i u m  i n  n a v a l  equ ipm en t t h a t  have b e e n  t e s t e d  and  

w hich now a p p e a r  r e a d y  f o r  s e r v i c e .  (5) D evelopm ent work 

on more com plex com ponents  i s  a l s o  a d v a n c in g .  Such i t e m s  

i n c l u d e :  subm arine  s n o r k e l  t u b e s ,  s u p e r s t r u c t u r e ,  a n d f a i r -  

w e a th e r  c o n s t r u c t i o n ;  s h ip b o a r d  c o n d e n s e r  and h e a t  e x ch an g e r  

tu b e s  and  g lo b e  v a l v e s ;  low te m p e r a tu r e  s team  t u r b i n e  b l a d e s ;  

s a l t  w a te r  pump and  v a lv e  b o d ie s  and p a r t s .  B ecau se  o f  th e  

i n v o lv e d  s t r u c t u r a l  n a t u r e  o r  b e c a u s e 'o f  f a b r i c a t i o n  

p ro b le m s ,  t h i s  work i s  q u i t e  t e d i o u s .  N e v e r t h e l e s s ,  many 

o f  th e  above com ponents a r e  b e in g  t e s t e d  u n d e r  a c t u a l  s h i p ­

b o a rd  c o n d i t i o n s  a l th o u g h  a t  t h e  p r e s e n t  t im e  t h e r e  a r e  

none b e in g  p u t  i n t o  g e n e r a l  s e r v i c e .

I n  a d d i t i o n  t o  t h e  a b o v e ,  th e  B u reau  o f  S h ip s  i s  

c o n s i d e r i n g ,  f o r  t e s t  p u r p o s e s ,  f a b r i c a t i o n  from  t i t a n i u m  

and i n s t a l l a t i o n  o f  t h e  f o l l o w i n g :  gas  t u r b i n e  co m p resso r
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b l a d e s ,  p r o p e l l e r  s h a f t s ,  s a l t  w a te r  pump I m p e l l e r s ,  f i r e  

h o se  n o z z l e s ,  r a d a r  wave g u id e s  and a n t e n n a s ,  m i s c e l l a n e o u s  

m a c h in e ry  p a r t s ,  e t c .  The Navy i s  a l s o  g iv in g  t i t a n i u m  

some c o n s i d e r a t i o n  i n  t h e i r  gun , g u id e d  m i s s i l e ,  and 

a rm or p l a t e  p ro g ram s .  ( 5 ) ,

E x c e p t  i n  a i r c r a f t ,  t h e  N a v y 's  u s e  o f  t i t a n i u m  

i s  s t i l l  v e ry  l i m i t e d .  The B u reau  o f  S h ip s  h a s  no c u r r e n t  

p r o d u c t i o n  u s e s  f o r  t i t a n i u m .  N e i t h e r  h a s  i t  any 

c o n te m p la te d  p r o d u c t io n  u s e s .  However, t h e  s a t i s f a c t o r y  

c o n c l u s i o n  o f  s e v e r a l  t e s t  p rog ram s w i l l  u n d o u b te d ly  be 

fo l lo w e d  b y  th e  r e g u l a r  u s e  o f  t i t a n i u m  on an i n c r e a s i n g  

s c a l e ,  once  t h e  m e ta l  becomes more g e n e r a l l y  a v a i l a b l e  a t  

a  r e d u c e d  c o s t .

CIVILIAN:

T i ta n iu m  w i l l  u n d o u b te d ly  e s t a b l i s h  i t s e l f  f i r m l y  

i n  c i v i l i a n  economy - i n  com m ercia l i n d u s t r y  and p o s s i b l y  

i n  consum er p r o d u c t i o n .  I f  t h i s  i s  to  be done, how ever, 

t h e  m a t e r i a l  w i l l  have  to  p ay  i t s  own way, so to  sp eak .

I n  m i l i t a r y  a p p l i c a t i o n s ,  which have th u s  f a r  b e en  d i s c u s s e d ,  

c o s t  i s  s e c o n d a ry  i n  many s i t u a t i o n s  and o f  p r a c t i c a l l y  no 

a c c o u n t  a t  a l l  i n  c e r t a i n  c r i t i c a l  a p p l i c a t i o n s .  Q u i te  

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

u s e s .  I n  a  c o m p e t i t iv e  p e a c e t im e  economy, t h e  e x t e n t  to  

w h ich  t i t a n i u m  w i l l  be  d e v e lo p e d  and u s e d ,  and t h e  r e l a t i v e
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d e g re e  o f  im p o r ta n c e  w hich i t  w i l l  a t t a i n  i n  t h e  e n g in e e r ­

in g  w o r ld ,  a r e  d i r e c t l y  d ep en d e n t  upon th e  e x t e n t  to  which 

p r i c e s  can  be r e d u c e d .

C i v i l i a n  a p p l i c a t i o n s  w i l l  employ b o th  th e  e x c e l ­

l e n t  c o r r o s i o n  r e s i s t a n c e  and th e  d e s i r a b l e  s t r e n g t h - w e i g h t  

r a t i o  o f  t i t a n i u m .  I t  i s  p ro b a b le  t h a t  u t i l i z a t i o n  o f  

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

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

a t  t o d a y ' s  h ig h  p r i c e s ,  t h e  c h e m ic a l ,  fo o d  p r o c e s s i n g ,  and 

p e t ro le u m  i n d u s t r i e s  have  fo und  i t  s u c c e s s f u l  a s  w e l l  as 

e co n o m ica l  to  u s e  t i t a n i u m .  Many c o r r o s i o n ,  c o n ta m in a t io n ,  

and w ork ing  t e m p e r a tu r e  p rob lem s ' i n  t h e s e  f i e l d s  can  be 

g r e a t l y  a l l e v i a t e d  i n  t h i s  way. S in c e  such  a p p l i c a t i o n s  

can  be j u s t i f i e d  e c o n o m ic a l ly  a t  p r e s e n t ,  i t  seems r e a s o n ­

a b l e  to  assume t h a t  even  a  s l i g h t  d ro p  i n  p r i c e  would 

b r i n g  i n  many more p o s s i b i l i t i e s .

Commercial a i r c r a f t  w i l l  of- c o u r s e  u t i l i z e  t i t a n i u m  

a s  i t  becomes a v a i l a b l e ,  I n  much th e  same way a s  m i l i t a r y  

a i r c r a f t  a r e  p la n n in g  to  u s e  i t  a t  p r e s e n t .  But' s in c e  

p e ak  m a n e u v e r a b i l i t y  and-maximum c r u i s i n g  r a n g e  a r e  n o t  

p r im a ry  c o n s i d e r a t i o n s  i n  p la n e s  o f  t h i s  t y p e ,  t h e  demand 

f o r  th e  u s e  o f  t i t a n i u m  i n  c i v i l i a n  a i r c r a f t  i s  n o t  n e a r l y  

so p r e s s i n g .  D ouglas  A i r c r a f t  i s  c u r r e n t l y  u s i n g  .about 

1 ,0 0 0  l b s .  o f  t i t a n i u m  s h e e t  f o r  e n g in e  n a c e l l e s  i n  each  

DC-7 t r a n s p o r t  t h e y  p ro d u c e .  (6) T h is  a p p l i c a t i o n ,  how ever,
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i s  n o t  e c o n o m ic a l ly  j u s t i f i a b l e  a t  p r e s e n t  t i t a n i u m  p r i c e s . ,  

b u t  i s  b e in g  done s i n c e  t h e  company i s  a n x io u s  to  g e t  

e x p e r i e n c e  i n  d e s i g n ,  f a b r i c a t i o n ,  and u s e  o f  th e  m e t a l .

Even :when t i t a n i u m  becomes g e n e r a l l y  a v a i l a b l e ,  th e  a i r ­

c r a f t  i n d u s t r y  o p e r a t i n g  on a  p e a c e t im e  b a s i s  would p r o b -  ' 

a b ly  n o t  be  a  l a r g e  consum er.

O th e r  f i e l d s  may show p ro m ise  f o r  r a t h e r  h ig h  

t i t a n i u m  co n su m p tio n . One i n  p a r t i c u l a r  i s  t h a t  o f  d i e s e l  

t r u c k  e n g in e s .  I n  many e a s e s  t h e  w e ig h t . l i m i t a t i o n s  a r e  

s e r i o u s  n o t  o n ly  to  pay  l o a d  and e n g in e  s i z e  b u t  to' t h e  

many o t h e r  r e s t r i c t i o n s  p l a c e d  on l a r g e  highw ay v e h i c l e s .  

G o n c iev a b ly  the- m e ta l  c o u ld  be u s e d  i n  e i t h e r  s t r u c t u r a l  

o r  r e c i p r o c a t i n g  p a r t s .  S t a i n l e s s  s t e e l  t r a i l e r s  a r e  now 

s t a n d a r d  i n  th e  m o to r  c a r r i e r  f i e l d ,  and t i t a n i u m  m ig h t  

f i n d  good u s e  h e r e .  M erchan t m a r in e  c r a f t  w i l l  f i n d  t i t a n i u m  

v a lu a b l e  p a r t i c u l a r l y  b e c a u s e  o f  i t s  c o r r o s i o n  r e s i s t a n c e .  

L ik e w is e ,  power g e n e r a t i o n  s t a t i o n s  and o t h e r  i n d u s t r i a l  

u n i t s  u s i n g  l a r g e  volumes o f  s a l t  w a te r  f o r  c o o l in g  p u rp o s e s  

w i l l  f i n d  t h i s  new m a t e r i a l  to  b e  v e ry  h e l p f u l  i n  s o l v i n g  

t h e i r  c o r r o s i o n  p ro b le m s .

D u r in g  th e  n e x t  few y e a r s ,  t i t a n i u m  i s  c e r t a i n  

to  be p u t  i n t o  g e n e r a l  u s e  i n  i n d u s t r y  w herever  i t s  p h y s i c a l  

o r  m e c h a n ic a l  p r o p e r t i e s  can  be  e c o n o m ic a l ly  u se d  to  

a d v a n ta g e .  More w id e sp re a d  u s e  w i l l  d i r e c t l y  accompany th e
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fo r th c o m in g  d e c r e a s e s  i n  t i t a n i u m  c o s t .  However, t i t a n i u m  

i s  i n h e r e n t l y  an  e x p e n s iv e  s t r u c t u r a l  m a t e r i a l .  I t  I s  

p r o b a b le  t h a t  i t s  c o s t  w i l l  a lw ay s  be above t h a t  o f  aluminum 

and m agnesium , and c e r t a i n l y  above t h a t  o f  i r o n  and 

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

f o r  s t r u c t u r a l  p u rp o s e s  i n  consumer goods such  a s  

a u to m o b i le s ,  a p p l i a n c e s ,  fa rm  m a c h in e ry ,  e t c . ,  i s  n o t  

a n t i c i p a t e d . -  However,, where c e r t a i n  c r i t i c a l  c o r r o s i o n  

p ro b lem s  . e x i s t ,  i t  i s  c e r t a i n  to  be em ployed. I n  a 

c i v i l i a n  economy, i t  i s  e x p e c te d  t h a t  t i t a n i u m  and t i t a n i u m  

a l l o y s  may soon .become c o m p e t i t i v e  w i th  many c l a s s e s  o f  

s t a i n l e s s  s t e e l s .
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PRODUCTION OF TITANIUM

OCCURRENCE AND AVAILABILITY:

T i ta n iu m  r a n k s  n i n t h  i n  abundance among th e  

e le m e n ts  i n  t h e  e a r t h ' s  c r u s t  and f o u r t h  among th e  commonly 

u s e d  s t r u c t u r a l  m a t e r i a l s . • I n  t h i s  l a t t e r  g ro u p ,  aluminum, 

i r o n ,  and magnesium a r e  more p l e n t i f u l  th a n  t i t a n iu m .  The 

p r e s e n t  h ig h  p r i c e  o f  t i t a n i u m  ( 05.00  p e r  pound i n  sponge 

form ) and t i t a n i u m  a l l o y s  i s  c au sed  by  s e v e r a l  f a c t o r s  

th e  m ost s i g n i f i c a n t  o f  w hich b e in g  th e  d i f f i c u l t y  o f  

e c o n o m ic a l ly  g e t t i n g  i t  from  th e  o re  to  th e  m e t a l l i c  fo rm . 

M in ing  o f  t h e  o r e  I s  r e l a t i v e l y  i n e x p e n s iv e .  S u c t io n  

d re d g e s  o r  power s h o v e ls  a r e  p r a c t i c a l  f o r  m ost d e p o s i t s .

I t  seems c e r t a i n  t h a t  m e l t i n g  and f a b r i c a t i n g  c o s t s ,  now 

h i g h ,  w i l l  come down as  p r o d u c t i o n  goes  up .

T i ta n iu m  i s  o b t a in e d  c h i e f l y  from i l m e n i t e ,  an 

i r o n  t i t a n a t e  h a v in g  the' t h e o r e t i c a l  fo rm u la  F e0*T i02 

(5 2 .7  o /o  T iO g ) .  A c t u a l l y ,  t h e  TiOg c o n t e n t  o f  i l m e n i t e  

v a r i e s  c o n s i d e r a b l y  from  t h i s  t h e o r e t i c a l  v a lu e ,  th e  

e x a c t  c o m p o s i t io n  d ep en d in g  m a in ly  upon  th e  s e c t i o n  o f  th e  

w o rld  i n  which th e  o r e  was m in ed . I n  N o r th  A m erica , t h e  

b e ac h  s a n d s  o f  F l o r i d a  a r e  an  im p o r ta n t  so u rc e  o f  i l m e n i t e .  

These  d e p o s i t s  have  b een  c o n c e n t r a t e d  s u b s t a n t i a l l y  by
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wave a c t i o n  th ro u g h  th e  y e a r s .  O th e r  im p o r t a n t  d e p o s i t s  

now b e in g  worked a r e  l o c a t e d  i n  e a s t e r n  Quebec* n o r t h e r n  

New York* and  t h e  h ig h la n d s  o f  V i r g i n i a .  D e p o s i t s  a r e  

known to  e x i s t  i n  A rk a n sa s ,  Oregon* Idaho* and W ash ing ton . 

C o n s id e r a b le  I l m e n i t e  and z i r c o n  have  a l s o  b een  found  a t  

th e  m outh o f  th e  R io  Grande R iv e r  I n  T exas .

EXTRACTION PROCESSES:

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

i s  c o n c e n t r a t i o n *  p re c e d e d  by  c r u s h in g  and g r in d i n g  i f  

n e c e s s a r y .  I n  g e n e ra l*  th e  f i r s t  aim i s  to  o b t a i n  a 

r a t h e r  p u re  o x id e  o f  t i t a n i u m .  M agne tic  c o n c e n t r a t i o n  i s  

common f o r  rem ov ing  m a g n e t i t e  and g r a v i t y  m ethods a re  

s u i t a b l e  f o r  s e p a r a t i n g  t i t a n i u m  m i n e r a l s  from  s i l i c a  and 

s i l i c a t e s .  I n  d i f f i c u l t  cases*  f l o t a t i o n  and e l e c t r o s t a t i c  

s e p a r a t i o n  have  b een  u s e d  s u c c e s s f u l l y .

I l m e n i t e  c o n c e n t r a t e s  a r e  th e n  t r e a t e d  w i th  

s u l f u r i c  a c i d  so a s  to  d i s s o l v e  th e  i r o n  and t i t a n i u m .  

F e r r i c  i r o n  i s  re d u c e d  to  t h e  f e r r o u s  s t a t e  u s u a l l y  by  th e  

a d d i t i o n  o f  s c r a p  i ro n *  hen ce  m aking t h e  i r o n  more s o l u b l e .  

The pH o f  th e  s o l u t i o n  i s  a d j u s t e d  p r o p e r l y  and th e n  th e  

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

I s  washed f r e e  o f  i r o n  and  o t h e r  c o n ta m in a n ts  and c a l c i n e d  

to  p ro d u c e  t i t a n i u m  d io x id e  (T iO ^ ) .
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T i t a n i u m  h a s  b e e n  p r o d u c e d  f r o m  i t s  d i o x i d e  by- 

s e .v e r a l  m e th o d s  i n c l u d i n g  t h e  d i r e c t  r e d u c t i o n  o f  T iO ^ w i t h  

h y d r o g e n .  The K r o l l  p r o c e s s ,  t h e  m o s t  s a t i s f a c t o r y  m e th o d  

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

t h e  t e t r a c h l o r i d e :  t i t a n i u m  d i o x i d e  +  c h l o r i n e  —> t i t a n i u m  

t e t r a c h l o r i d e  +  o x y g e n  ( T i 0 2 + 4C1 -» T i C l 4 + 0 2 ) .

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

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

c h l o r i n e  t o  y i e l d  T i C l 4 . The t i t a n i u m  t e t r a c h l o r i d e  i s  

t h e n  r e a c t e d  e x o t h e r m a l l y  w i t h  m o l t e n  m a g n es iu m  u n d e r  a n  

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

m a g n es iu m  c h l o r i d e  a n d  t i t a n i u m  s p o n g e :  t i t a n i u m  t e t r a ­

c h l o r i d e  + m a g n e s iu m  -» m a g n es iu m  c h l o r i d e  +  f r e e  t i t a n i u m  

( T i C l 4 + 2 Mg -» 2 MgCl2 +  T i ) .  The c h l o r i d e  i s  t h e n  

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

d i o x i d e  o r  c a r b i d e ,  m a g n e s iu m  r e a c t i n g  w i t h  t h e  r e s u l t i n g  

t e t r a c h l o r i d e .  M in o r  v a r i a t i o n s  i n  t h i s  p r o c e s s  c a n  b e  

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

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

i n  a  f a i r l y  p u r e  p r o d u c t  c o n t a i n i n g  f r o m  a b o u t  9 9 . 0  o / o

t o  9 9 . 5  o / o  t i t a n i u m .

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

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

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

p r o c e s s e d  d i r e c t l y ,  w i t h o u t  m e l t i n g ,  p r e s s i n g ,  o r  s i n t e r i n g .
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I n  o p e r a t i o n ,  c ru d e  t i t a n i u m  i s  r e a c t e d  w i th  i o d i n e  i n  

t h e  a b se n c e  o f  any  o t h e r  r e a c t i v e ,  g a s .  Below 250°C. ,  

t i t a n i u m  t e t r a i o d i d e  i s  fo rm ed : t i t a n i u m  + io d i n e  

t i t a n i u m  t e t r a i o d i d e  (T i  + 2 I 2 -» T i l 4 ) .  At h ig h e r  

t e m p e r a t u r e s ,  t h e  t e t r a i o d i d e  r e a c t s  w i th  more c ru d e  

m e ta l  t o  form  i o d i d e s  o f  lo w er v a l e n c e .  These lo w e r -  

v a le n c e  i o d i d e s  have  a  much lo w er  v ap o r  p r e s s u r e  th a n  th e  

t e t r a i o d i d e  and t h e r e f o r e  t h e  c ru d e  m e ta l  t e m p e r a tu r e  m ust 

ex ceed  425°C . f o r  s a t i s f a c t o r y  c y c l e  o p e r a t i o n  whenever 

l o w e r - v a l e n c e  i o d i d e s  a r e  fo rm ed . The t i t a n i u m  i o d i d e ( s )  

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

where i t  i s  decomposed: t i t a n i u m  t e t r a i o d i d e  -» t i t a n i u m  + 

i o d i n e  ( T i l 4 T i  + 2 I 2 ) . The i o d i n e  i s  th e n  r e c i r c u l a t e d  

and r e a c t e d  w i th  more c ru d e  m e t a l .  Over a  p e r io d  o f  s e v e r a l  

h o u r s ,  a  h o t  " h a i r p i n "  f i l a m e n t ,  m a in ta in e d  a t  b e tw een  

1090 and 1480° C . ,  can  be e n l a r g e d  t o  an  i n g o t  o f  5 /8 "  

o r  more i n  d i a m e te r .  The f i n a l  p r o d u c t  I s  a  v e ry  d u c t i l e  

t i t a n i u m  o f  h ig h  p u r i t y  c o n t a i n i n g  a t  l e a s t  9 9 . 9  0 / 0  

t i t a n i u m .

CONSOLIDATION OP REPINED TITANIUM:

On a com m ercia l b a s i s ,  f u r t h e r  c o n s o l i d a t i o n  o f  

t i t a n i u m  i s  n e c e s s a r y  i n  o r d e r  t h a t  th e  m e ta l  may be 

g o t t e n  i n t o  a  u s a b l e  form  s i n c e  t h e  p r o d u c t  o f  th e
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c o m m e rc ia l ly  u s e d  K r o l l  o r  c h l o r i d e  r e d u c t i o n  p r o c e s s  i s  

t i t a n i u m  i n  th e  sponge fo rm . As s t a t e d  p r e v i o u s l y ,  i o d i d e  

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

p r o c e s s  h a s  been  fo u n d  s u i t a b l e  o n ly  f o r  l a b o r a t o r y  

p u r p o s e s .  T here  a r e  s e v e r a l  m ethods f o r  c o n v e r t i n g  th e  

t i t a n i u m  sponge to  t h e  i n g o t  fo rm . B a s i c a l l y ,  t h e s e  

in v o lv e  c r u s h in g  and g r i n d i n g  th e  sponge i n t o  powder 

f o l lo w e d  b y  some co m p ac tin g  and  s i n t e r i n g  te c h n iq u e  o r  

d i r e c t  m e l t i n g  o f  t h e  sponge n e c e s s a r i l y  i n  an  i n e r t  

a tm o sp h e re .  B o th  powder and d i r e c t  m e l t i n g  p r o c e s s e s  a r e  

a d a p ta b le  f o r  m aking t i t a n i u m  a l l o y s .

C o n s id e ra b le  a t t e n t i o n  h as  b een  d i r e c t e d  to w ard  

th e  co m p ac tin g  and s i n t e r i n g  o f  t i t a n i u m  and t i t a n i u m  

a l l o y s  by c o n v en t io n a l■ p o w d e r  m e t a l l u r g y  m e th o d s .  W hile

such  a p r o c e s s  c o u ld  b e  made c o m m e rc ia l ly  f e a s a b l e ,  e x c e p t  

i n  s p e c i f i c  a p p l i c a t i o n s .  One in n o v a t io n  o f  t h i s ,  t h e  

s h e a t h  r o l l i n g  o f  t i t a n i u m  pow der, i s  q u i t e  i n t e r e s t i n g .  

T h is  p r o c e s s  in v o lv e s  p l a c i n g  powdered t i t a n i u m  i n  a  m e ta l  

s h e a th  and c o m p le te ly  s e a l i n g  i t  i n  by w e ld in g ;  p l a i n  

c a rb o n  s t e e l  i s  u s u a l l y  u s e d  f o r  th e  s h e a th  m a t e r i a l .  The 

s h e a th  and powder a r e  th e n  r o l l e d  a s  a  s i n g l e  s h e e t  w h ile  

h e a t e d  to  an  e l e v a t e d  t e m p e r a t u r e ,  a b o u t  900°C. S im i l a r  

o r  b e t t e r  r e s u l t s  were o b t a i n e d  i n  t h i s  way t h a n  by 

s t a n d a r d  powder m e t a l l u r g y  t e c h n i q u e s .  A th o ro u g h  weld o f
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t h e  t i t a n i u m  powder i s  o b t a in e d  r e s u l t i n g  i n  a  d e n se ,  

u n i fo r m  s t r u c t u r e .  P r e s s e d  b u t  u n s i n t e r e d  com pacts have  

b e e n  c o n s o l i d a t e d  i n  t h i s  way. Each  com pact was c o m p le te ly  

w elded  d u r in g  r o l l i n g  and no e v id e n c e  o f  th e  o r i g i n a l  

i n t e r f a c e  b e tw een  t h e  com pacts  c o u ld  be fo u n d  on m ic r o ­

s c o p ic  e x a m in a t io n .  F u r th e r m o re ,  t h e  s h e a th  c o u ld  be 

e a s i l y  s t r i p p e d  from  th e  f i n i s h e d  m e ta l  p r o b a b ly  due to  

t h e  f o r m a t io n  o f  a  v e r y  t h i n  l a y e r  o f  a  b r i t t l e  Pe -T1 

a l l o y .  The c o n ta m in a t io n  o f  th e  t i t a n i u m  s u r f a c e  was found  

to  be  s l i g h t  and can  e a s i l y  b e  removed by p i c k l i n g .

There  a r e  s e v e r a l  a d v a n ta g e s  o f  s h e a th  r o l l i n g  

a s  opposed  to  c o n v e n t i o n a l  powder t e c h n i q u e s :  i t  does away 

w i th  th e  n e c e s s i t y  o f  co m p ac tin g  t h e  powder u n d e r  h ig h  

p r e s s u r e ,  i t  e l i m i n a t e s  th e  n eed  f o r  vacuum s i n t e r i n g ,  i t  

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

ium i n  a  s i n g l e  p i e c e ,  and t h e  m e ta l  p r e p a r e d  i n  t h i s  way 

i s  dense  and sm ooth, a s  c o n t r a s t e d  to  th e  p o ro u s  s t r u c t u r e  

u s u a l l y  fo u n d  i n  p r e s s e d  and s i n t e r e d  p a r t s .  The s h e a t h -  

r o l l e d  m a t e r i a l  i s  m ost l i k e  c o n v e n t i o n a l l y  s i n t e r e d  

t i t a n i u m  t h a t  h a s  a l s o  b een  worked and a n n e a le d  and i s  

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

e v e r ,  s h e a th  r o l l i n g  i s  a  com plex o p e r a t i o n  compared to  

s im p le  m e l t i n g  and r o l l i n g .  F u r th e r m o r e ,  i t  i s  n o t  s u i t e d  

to  a l l o y  p r o d u c t i o n .  These d raw backs  would r u l e  i t  o u t  a s  

a  p o s s i b i l i t y  f o r  a com m ercia l p r o d u c t i o n  p r o c e s s .
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The m e l t i n g  a n d  c a s t i n g  o f  t i t a n i u m  p r e s e n t s  

m any d i f f i c u l t  p r o b l e m s .  The m e t a l  h a s  a  v e r y  h i g h  

m e l t i n g  p o i n t  ( a b o u t  1 7 5 0 ° C . )  a n d ,  when m o l t e n  o r  e v e n  a t  

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

w i t h  n e a r l y  e v e r y t h i n g  i t  c o n t a c t s .  A i l  known o x i d e  

r e f r a c t o r i e s  a r e  r e d u c e d  b y  t i t a n i u m  t o  some e x t e n t ,  a n d  

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

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

r e f r a c t o r y .  N e e d l e s s  t o  s a y ,  t h e  a t m o s p h e r e  m u s t  b e  e x c l u d e d  

i n  a n y  p r a c t i c a l  m e l t i n g  p r o c e s s .

One s a t i s f a c t o r y  m e th o d  h a s  b e e n  d e v e l o p e d  w h ic h  

e m p lo y s  i n d u c t i o n  h e a t i n g .  The t i t a n i u m  i s  c o n t a i n e d  i n  

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

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

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

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

c a n  b e  d r o p p e d  i n t o  a  g r a p h i t e  m o ld  i m m e d i a t e l y  b e lo w  when 

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

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

m o s t  c a s e s .  T h i s  sam e t y p e  o f  f u r n a c e  c a n  b e  a d a p t e d  f o r  

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

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

T i t a n i u m  s p o n g e  p r o p e r l y  m e l t e d  i n  g r a p h i t e  w i l l  

c o n t a i n  b e t w e e n  0 . 2  a n d  0 . 7  o / o  c a r b o n ,  t h e  c a r b o n  p i c k u p  

b e i n g  r e d u c e d  b y  u s i n g  s h o r t e r  m e l t i n g  c y c l e s .  O th e r
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i m p u r i t i e s  fo u n d  i n  t h e  f i n i s h e d  p r o d u c t  w ere , f o r  t h e  m ost 

p a r t ,  p r e s e n t  i n  t h e  sponge u s e d  i n  th e  c h a r g e .  T here  h a s  

b e en  c o n s i d e r a b l e  c o n t r o v e r s y  r e g a r d i n g  th e  d e s i r a b i l i t y  

o f  t h e  c a rb o n  c o n te n t  o f  g r a p h i t e - m e l t e d  t i t a n i u m  and 

t i t a n i u m  a l l o y s .  Carbon i n  e x c e s s  o f  0 .8  o /o  i s  d e f i n i t e l y  

u n d e s i r a b l e  s i n c e  i t  c a u s e s  e x c e s s i v e  e m b r i t t l e m e n t  o f  

t i t a n i u m ;  p r e s e n t  i n  }.ower am o u n ts ,  i t  i n c r e a s e s  th e  y i e l d  

and  t e n s i l e  s t r e n g t h s  o f  t h e  m a t e r i a l  b u t  does  so a t  t h e  

e x p en se  o f  d u c t i l i t y .  C arbon  h a s  been  shown to  a f f e c t  th e  

m a c h i n a b i l i t y  o f  t i t a n i u m  q u i t e  a d v e r s e l y ,  even  when 

p r e s e n t  i n  r a t h e r  s m a l l  am o u n ts .

On th e  o t h e r  h a n d ,  t h e  n a t u r a l  s t i r r i n g  a c t i o n  - 

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

t e c h n i q u e  v e ry  s u i t a b l e  f o r  m aking  t i t a n i u m  a l l o y s .

A d d i t i o n s  can  be made i n  a lm o s t  any fo rm , and s i n c e  t h i s  

i s  a  b a t c h  p r o c e s s ,  c o n t r o l  o f  t h e  a d d i t i o n s  i s  q u i t e  s im p le .  

The r e s u l t i n g  i n g o t s  a r e  c h e m i c a l ly  homogeneous and 

g e n e r a l l y  e x h i b i t  good s u r f a c e  q u a l i t y .

I n  s p i t e  o f  th e  a d v a n ta g e s  'o f  t h i s  p r o c e s s ,  t h e  

e m b r i t t l i n g  e f f e c t  o f  c a rb o n  w hich  h as  n o t  th u s  f a r  b e en  

overcom e i s  c a u s in g  i t  t o  be s u p e rc e d e d  by  an  a r c  m e e t in g  

p r o c e s s ,  u s i n g  a  c r u c i b l e  o f  w a te r - c o o l e d  c o p p e r .

F u rn a c e s  f o r  t h e  a r c  m e l t i n g  o f  t i t a n i u m  a r e  

c h a r a c t e r i z e d  by  t h r e e  m ain  f e a t u r e s :  a  w a te r - c o o l e d  co p p e r  

c r u c i b l e ,  a  p r o v i s i o n  f o r  an  i n e r t  gas  a tm o sp h ere  o f  h i g h
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p u r i t y ,  and an  e l e c t r o d e  e i t h e r  o f  w a te r - c o o l e d  t u n g s t e n  

o r  t i t a n i u m ,  o f  th e  consum able ty p e  made o f  t i t a n i u m ,  o r  

o f  c a rb o n ,  W a te r - c o o le d  co p p e r  i s  u s e d  i n  c r u c i b l e  

c o n s t r u c t i o n  s i n c e  i t  i s  n o t  w e t te d  b y  m o l te n  t i t a n i u m .

The th e rm a l  e f f i c i e n c y  o f  m e l t i n g  i s  o b v io u s ly  low.

Argon and  h e l iu m  can  b o th  be u s e d  a s  i n e r t  a tm o s p h e re s .  

B ecause  o f  i t s  g r e a t e r  d e n s i t y ,  how ever, a g ro n  a p p a r e n t l y  

sweeps th e  sy s tem  more th o r o u g h ly  and g iv e s  r i s e  to  a  

p u r e r  p r o d u c t .

I n  one manner o f  o p e r a t i o n ,  th e  c h a rg e  o f  a

c o n t r o l l e d  m ix tu r e  o f  g round t i t a n i u m  sponge and a l l o y i n g

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

where i t  can  d ro p  i n t o  th e  m e l t  a r e a .  The w a te r - c o o l e d  m e ta l

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

s t r i k i n g  an  a r c  w i th  th e  m e l t  and t h e r e b y  i n t r o d u c i n g  th e

n e c e s s a r y  h e a t .  As th e  l e v e l  o f  th e  m e l t  i n  th e  c r u c i b l e

r i s e s ,  t h e  e l e c t r o d e  i s  a u t o m a t i c a l l y  w ithd raw n  from  th e

f u r n a c e ,  so t h a t  th e  c u r r e n t  flowing, h en ce  th e  e n e rg y  i n -*
p u t ,  i s  k e p t  c o n s t a n t .  I n  t h i s  way, t h e  i n g o t  i s  s u c c e s s ­

i v e l y  b u i l t  up  u n t i l  th e  c a p a c i t y  o f  t h e  f u r n a c e  i s  r e a c h e d .  

T h is  method i s  v e ry  s u c c e s s f u l  i n  e l i m i n a t i n g  e x t e r n a l  

c o n ta m in a t i o n .  However, some t u n g s t e n  c o n ta m in a t io n  h a s  

b e e n  n o te d  when a  t u n g s t e n  e l e c t r o d e  i s  u s e d ,  which i s  

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

m i s c i b l e  w i th  m o l te n  t i t a n i u m  and s e p a r a t e s  o u t  i n  an  a lm o s t

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



23

p u re  fo rm . F u r th e r m o re ,  m aking a l l o y  a d d i t i o n s  su ccessF  

f u l l y  and e n d in g  up  w i th  a  homogeneous p r o d u c t  h a s  been  

d i f f i c u l t .  T h is  i s  p r i n c i p a l l y  due to  t h e  l a y e r  e f f e c t  

n o te d  i n  m e l t i n g .

I n  an  a t t e m p t  t o  m in im ize  t h e s e  d i f f i c u l t i e s ,  

c o n s i d e r a t i o n  h a s  b e en  g iv e n  to  t h e  consum able  e l e c t r o d e  

ty p e  o f  f u r n a c e .  I n  t h i s  sy s te m , th e  t i t a n i u m  sponge i s  

com pacted i n t o  a  s u i t a b l e  e l e c t r o d e  shape  and f e d  i n t o  

th e  f u r n a c e  d i r e c t l y ,  b e in g  m e l te d  i n t o  an  i n g o t  by  i t s  

own a r c .  I t  i s  a l s o  p o s s i b l e  t o  make a l l o y  a d d i t i o n s  

d i r e c t l y  i n  th e  com pacted  e l e c t r o d e ,  b u t  t h e  u n i f o r m i t y  

o b t a in e d  by t h i s  m ethod may be no b e t t e r  th a n  t h a t  p o s s i b l e  

by  m aking c o n t r o l l e d  a l l o y  a d d i t i o n s  to  th e  f u r n a c e  d u r in g  

th e  m e l t in g  c y c l e .  D ouble  m e l t i n g  i s  one p o s s i b i l i t y  

f o r  im p ro v in g  u n i f o r m i t y  b u t  t h i s  l e a d s  to  i n c r e a s e d  

p r o d u c t io n  c o s t s .  N e v e r t h e l e s s ,  c o n s u m a b le - e le c t r o d e  a r c  

m e l t i n g  seems a t  p r e s e n t  t o  be th e  b e s t  s o l u t i o n  to  th e  

p ro b lem  o f  t i t a n i u m  sponge c o n s o l i d a t i o n .  Of c o u r s e ,  a  

m ethod f o r  p ro d u c in g  th e  b a s i c  m e ta l  i n  o t h e r  th a n  sponge 

fo rm  may d r a s t i c a l l y  r e v i s e  th e  whole p r o d u c t i o n  p r o c e s s  

f o r  t i t a n i u m .
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t it a n iu m  ALLOYS

METALLURGICAL CHARACTERISTICS:

T i ta n iu m  o f f e r s  v e r y  a t t r a c t i v e  p o s s i b i l i t i e s  

f o r  a l l o y  d e v e lo p m en t .  T h is  becomes more and more 

e v i d e n t  a s  r e s e a r c h  i n  th e  f i e l d  p r o g r e s s e s .  The a to m ic  

d ia m e te r  o f  t i t a n i u m  i s  f a v o r a b l e  f o r  a l l o y i n g  w i th  m ost 

common m e t a l s .  F u r th e r m o r e ,  p u re  t i t a n i u m  can  e x i s t  i n  

two d i f f e r e n t  c r y s t a l l o g r a p h i c  fo rm s: b o d y - c e n te r e d  c u b ic  

( b e t a )  above 885°C. and h e x a g o n a l  c l o s e  packed  ( a lp h a )  

be low  t h i s  t e m p e r a t u r e .  I t  i s  t h i s  same s o r t  o f  t r a n s ­

f o r m a t io n  o c c u r r i n g  i n  p u re  i r o n  t h a t  makes p o s s i b l e  th e  

wide v a r i e t y  o f  s t e e l s  a s  we know them to d a y .  U n f o r t u n a t e l y ,  

t h e r e  a r e  c e r t a i n  d i f f e r e n c e s  b e tw een  i r o n  and th e  t i t a n i u m  

sy s te m s  which te n d  to  m in im ize  th e  i n f l u e n c e  o f  t h i s  

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

a s  v a r i e d  a s  t h a t  p o s s i b l e  w i th  i r o n  and s t e e l  c a n n o t  

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

i n h e r e n t l y  a  u s e f u l  m a t e r i a l  and  a p r o p e r  deve lopm en t and 

u n d e r s t a n d i n g  o f  i t s  a l l o y  sy s te m s  w i l l  be  m ost w o r th w h i le .

The b a s i c  r e s u l t  o f  a d d in g  a l l o y i n g  e le m e n ts  to  

t i t a n i u m  i s  t h e  m arked i n f l u e n c e  e x e r t e d  on th e  c r y s t a l l o ­

g r a p h ic  t r a n s f o r m a t i o n ,  r e s u l t i n g  i n  e i t h e r  a  r a i s i n g  o r  

lo w e r in g  o f  th e  t e m p e r a tu r e  a t  w hich  i t  o c c u r s .  By th e
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a d d i t i o n  o f  c e r t a i n  e le m e n ts ,  t h e  h i g h - t e m p e r a t u r e  b e t a  

p h a s e  can  be s t a b i l i z e d  down to  and be low  room t e m p e r a t u r e .  

Such e le m e n ts  a r e  c a l l e d  b e t a  s t a b i l i z e r s  and i n c l u d e  

molybdenum, columbium, vanadium , and  t a n t a lu m .  (7) The 

t y p i c a l  p h a se  e q u i l i b r i u m  d iag ram  f o r  t h e s e  a l l o y  

sy s tem s  i s  shown i n  F ig .  1 .  T h is  d ia g ram  i s  o f  th e  b e t a -  

isom orphous  ty p e  and i s  c h a r a c t e r i z e d  by a  c o n t in u o u s  

r a n g e  o f  b e t a  s o l i d  s o l u t i o n  w i th  th e  f o r m a t io n  o f  an 

a lp h a  p l u s  b e t a  f i e l d  which grows w id e r  w i th  d e c r e a s i n g  

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

O th e r  e le m e n ts  such  a s  m anganese , chromium, i r o n ,  

an d  n i c k e l  c au s e  a  s t a b i l i z a t i o n  o f  t h e  b e t a  p h a se  s i m i l a r  

to  t h a t  j u s t  d e s c r i b e d ,  e x c e p t  t h a t  a  e u t e c t o i d  r e a c t i o n  

t a k e s  p l a c e  somewhere above room t e m p e r a t u r e .<(7) A t y p i c a l  

e u t e c t o i d  p h a se  d iag ram  f o r  t h i s  ty p e  o f  r e a c t i o n  i s  shown 

i n  F i g .  2 .  A lth o u g h  i t  would be  th e  e q u i l i b r i u m  c o n d i t i o n ,  

t h e s e  sy s tem s  f r e q u e n t l y  do n o t  e x h i b i t  a  e u t e c t o i d  

d e c o m p o s i t io n  i n  t h e  a l l o y  r a n g e s  c o n s id e r e d  u s e f u l .  T h e i r  

g e n e r a l  c h a r a c t e r i s t i c s  a r e  t h e r e f o r e  a b o u t  l i k e  th o s e  o f  

t h e  b e ta - i s o m o rp h o u s  t y p e .  S hould  a  e u t e c t o i d  r e a c t i o n  

t a k e  p l a c e ,  ho w ev er ,  th e  u s u a l  e f f e c t  i s  a  r a t h e r  s e v e r e  

e m b r i t t l e m e n t  c a u se d  by  th e  f o r m a t io n  o f  t h e  t h i r d  p h a s e ,  

shown i n  F i g .  2 a s  gamma ( ^ ).

A few e le m e n ts ,  n o t a b l y  alum inum , c a r b o n ,  oxygen , 

and n i t r o g e n ,  have  t h e  a f f e c t  o f  s t a b a l i z i n g  a lp h a  r a t h e r
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th a n  h e t a  ( 7 ) .  Hence a lp h a  can  be fo u n d  i n  such  a l l o y s  

above t h e  t r a n s i t i o n  te m p e r a tu r e  o f  p u re  t i t a n i u m ,  880°C.

A t y p i c a l  p h a se  d iag ram  f o r  t h i s  sy s te m  i s  fo u n d  i n  F i g .

3 . I t  h a s  b e en  d e s i g n a t e d  a s  t h e  p e r i t e c t o i d  t y p e .  I t  is 

s i g n i f i c a n t  to  n o te  i n  t h i s  c a se  t h a t  a lp h a  can  b e  s t a b i l i z e d  

from  w e l l  above th e  t r a n s i t i o n  p o i n t  down to  room 

te m p e r a tu r e  and b e low . Upon th e  p o s s i b i l i t y  o f  t h i s  

s i n g l e  c o n t in u o u s  p h a se  i s  b a se d  m ost hope f o r  u s e f u l  

h ig h  t e m p e r a t u r e  t i t a n i u m  a l l o y s .

The m echanism o f  p h a se  s t a b i l i z a t i o n ,  i n  o t h e r  

words th e  r e a s o n i n g  b e h in d  w h e th er  a  p a r t i c u l a r  a d d i t i o n  

e le m e n t  w i l l  s t a b i l i z e  a lp h a  o r  b e t a ,  depends  on which 

ph ase  i t  i s  m ost s o l u b l e  i n .  A l l  b e t a  s t a b i l i z e r s  a r e  

more s o l u b l e  i n  b e t a  th a n  i n  a l p h a .  C o n v e r s e ly ,  a l l  a lp h a  

s t a b i l i z e r s  a r e  more s o lu b le  i n  a lp h a  th a n  i n  b e t a .  Under 

p r o p e r  c o n d i t i o n s ,  s e g r e g a t i o n  i n  k e e p in g  w i th  th e s e  

s o l u b i l i t i e s  w i l l  t a k e  p l a c e .  F o r  exam ple, i n  an  a n n e a le d  

t i t a n i u m  a l l o y  c o n t a i n i n g  7  o /o  m anganese ( a  b e t a  s t a b i l i z e r ) ,  

t h e  a lp h a  may c o n t a i n  l e s s  th a n  1 o /o  m anganese w hereas  t h e  

b e t a  may c o n t a i n  a s  much a s  12 o /o  m anganese . An 

s i m i l a r l y ,  an  a l p h a - s t a b i l i z i n g  e le m e n t  would p a r t i t i o n  i t ­

s e l f  p r e d o m in a n t ly  i n  t h e  a lp h a  p h a se  p r e s e n t .  I t  s h o u ld  

be added  t h a t  t h e  g e n e r a l  e f f e c t  o f  a lp h a  s t a b i l i z e r s  i s  

to  s t r e n g t h e n  t h e  a lp h a  p h a s e ,  and f o r  b e t a  s t a b i l i z e r s  to  

s t r e n g t h e n  th e  b e t a  p h a s e .  " S t r e n g th e n "  i n  t h i s  c a s e  i s
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r e f e r r e d  t o  i n  t h e  n o r m a l  m e c h a n i c a l  s e n s e .

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

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

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

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

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

A l l o y e d  a l p h a  h a s  b e t t e r  h o t  s t r e n g t h  t h a n  b e t a  b u t  a l s o  

h a s  c o n s i d e r a b l y  l o w e r  d u c t i l i t y .  B u t  f o r  a  c o m p ro m ise  

i t  i s  e n t i r e l y  p o s s i b l e  a n d  a c t u a l l y  common p r a c t i c e  t o  

m ake a d d i t i o n s  o f  b o t h  a l p h a  a n d  b e t a  s t a b i l i z e r s  t o  

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

s t a b i l i z e d ,  h e n c e  a  t w o - p h a s e  a l l o y .  I n  t h i s  c a s e ,  t h e  

a l p h a  s t a b i l i z e r s  w i l l  p a r t i t i o n  t h e m s e l v e s  i n  t h e  a l p h a  

a n d  t h e  b e t a  s t a b i l i z e r s  i n  t h e  b e t a .  T h i s  s t r e n g t h e n s  

e a c h  p h a s e  s e p a r a t e l y ,  m a k in g  i t  t h e o r e t i c a l l y  p o s s i b l e  

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

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

b e t a  t o  b e  r e a l i z e d  t o  a  l a r g e  e x t e n t  i n  a  s i n g l e  a l l o y .

A lp h a  t i t a n i u m  h a s  g e n e r a l l y  g o o d  m e c h a n i c a l  

c h a r a c t e r i s t i c s  a n d  f a b r i c a t i o n  p r o p e r t i e s  e x c e p t  f o r  i t s  

d u c t i l i t y  w h ic h  i s  n o t a b l y  p o o r  i n  b e n d i n g .  N e v e r t h e l e s s ,  

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

t h a t  d i s p l a y e d  b y  o t h e r  m e t a l s  w h ic h  c r y s t a l l i z e  i n  a  

h e x a g o n a l  l a t t i c e ,  s u c h  a s  m a g n e s iu m , cadm ium , a n d  z i n c .  

A lp h a  c a n  b e  s t a b i l i z e d  f r o m  room  t e m p e r a t u r e  t o  w e l l
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above 8 8 5 °C .,  as  m en tio n e d  b e f o r e .  Aluminum does t h i s  job  

v e r y  e f f i c i e n t l y  and  p r o v id e s  p r o m is in g  p o s s i b i l i t i e s  f o r  

t h e  d eve lopm en t o f  h i g h - t e m p e r a tu r e  a l l o y s .  Aluminum a l s o  

p r o v id e s  some o x i d a t i o n  r e s i s t a n c e  to  t h e  m a t e r i a l  w hich 

f u r t h e r  en h an ces  th e  o u t lo o k  f o r  i t s  u s e  a t  e l e v a t e d  

t e m p e r a t u r e s .  Even when u s e d  i n  an a l p h a - b e t a  a l l o y ,  th e  

aluminum c o n t e n t  o f  th e  a lp h a  seems to  im prove th e  

e l e v a t e d  te m p e r a tu r e  p r o p e r t i e s .  Aluminum d o e s ,  how ever, 

f u r t h e r  s t r e n g t h e n  a lp h a  aLloys and a n t a g o n i z e  t h e i r  a l r e a d y  

low d u c t i l i t y .

The b o d y - c e n te r e d  c u b ic  s t r u c t u r e  o f  b e t a  

t i t a n i u m  i s ,  a s  p r e v i o u s l y  n o te d ,  more v e r s a t i l e  t h a n  t h a t  

o f  a l p h a .  T h is  i s  b e c a u se  a  c u b ic  s t r u c t u r e  h a s  i n h e r e n t l y  

more p l a n e s  on which s l i p  can t a k e  p l a c e  and th u s  can  u n d e r ­

go p l a s t i c  d e fo rm a t io n  more r e a d i l y .  T h e r e f o r e ,  w h ile  

a l l o y s  i n  which a l p h a  i s  s t r e n g t h e n e d  a r e  good f o r  

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

t o  fo rm . A l lo y s  c o n t a i n i n g  some o r  a l l  b e t a  a r e  fo r g e d  

and r o l l e d  r a t h e r  e a s i l y  and a r e  i d e a l l y  s u i t e d  f o r  low er 

t e m p e r a t u r e  a p p l i c a t i o n s .  M a te r i a l s '  c o n t a i n i n g  l a r g e  

am ounts o f  b e t a  s h o u ld  be i d e a l  a s  s h e e t  a l l o y s .

Very l a r g e  a d d i t i o n s  o f  b e t a - s t a b i l i z i n g  e le m e n ts  

t o  t i t a n i u m  r e s u l t  i n  a  c o m p le te ly  s t a b l e  b e t a  a l l o y .  Such 

a l l o y s  w i l l  re m a in  a l l  b e t a  r e g a r d l e s s  o f  th e rm a l  and 

m e c h a n ic a l  t r e a t m e n t .  They r e q u i r e  v e r y  l a r g e  a d d i t i o n s
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o f  b e t a  s t a b i l i z e r s :  20 o /o  o r  g r e a t e r .  Betw een t h i s  very- 

s t a b l e  r a n g e  and t h a t  c h a r a c t e r i z e d  by  a l p h a - b e t a  a l l o y s  

c o n t a i n i n g  o n ly  sm a l l  am ounts o f  b e t a  s t a b i l i z e r s ,  i s  a  r e ­

g io n  i n  which a l l o y s  w i l l  r e t a i n  b e t a  i n  an  u n s t a b l e  form  

on w a te r  q u e n ch in g  o r  even  on a i r  c o o l in g .  However, s e v e r a l  

h o u rs  to  s e v e r a l  days  a t  t e m p e r a t u r e s  b e tw een  15 0  and 450°C . 

p e r m i t  some o f  t h i s  b e t a  t o  t r a n s f o r m .  T h is  c h a r a c t e r i s t i c  

g e n e r a l l y  a p p e a r s  to  c a u s e  e m b r i t t l e m e n t  b u t  t h e r e  a r e  some 

i n d i c a t i o n s  t h a t  i f  c a r e f u l l y  c o n t r o l l e d  i t  can  a i d  m a te r ­

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

t h i s  c a t e g o r y .  M a t e r i a l s  i n  t h i s  class have  b een  te rm ed  

u n s t a b l e  b e t a .

I n d u s t r i a l  i n t e r e s t s  to  d a t e  have  b e en  c e n t e r e d  

a lm o s t  e x c l u s i v e l y  on c o m m e rc ia l ly  p u re  t i t a n i u m  and th e  

a l p h a - b e t a  a l l o y s ,  b o th  o f  which have  e s t a b l i s h e d  th e m s e lv e s  

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

have  th u s  f a r  b e en  u s e d  o n ly  i n  t h e  a n n e a le d ,  a s - f o r g e d ,  

o r  a s - r o l l e d  c o n d i t i o n .  No s p e c i a l l y  h e a t  t r e a t e d  m a t e r i a l s  

have  a c t u a l l y  b een  u s e d  i n  p r o d u c t i o n .  The a l p h a - b e t a  

a l l o y s  g e n e r a l l y  have  a  medium a l l o y  c o n te n t  o f  5 to  9 o / o .  

I t  i s  a c t u a l l y  n o t  n e c e s s a r y  to  add a lp h a  s t a b i l i z e r s  to  

t i t a n i u m  i n  a l l  a l p h a - b e t a  a l l o y s .  M ere ly  a d d in g  o n ly  sm a l l  

q u a n t i t i e s  o f  b e t a  s t a b i l i z e r  w i l l  c au se  o n ly  p a r t i a l  b e t a  

s t a b i l i z a t i o n ,  t h e  b a la n c e  b e in g  s o f t ,  r e l a t i v e l y  d u c t i l e
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a l p h a .  T h is  can  be s e e n  from  P i g s .  1 and  2 .  A 

co m p ar iso n  o f  t h e  s t r e n g t h - w e i g h t  r a t i o  v s . t e m p e r a tu r e s  

o f  s e v e r a l  t i t a n i u m  a l l o y  ty p e s  and o t h e r  common s t r u c t u r a l  

m a t e r i a l s  i s  fo u n d  i n  F i g .  4 ( 8 ) .  The t i t a n i u m  c u rv e s  a r e  

r e p r e s e n t a t i v e  o f  th o s e  a l l o y s  i n  th e  a s - f o r g e d  c o n d i t i o n .

I t  can  r e a d i l y  be see n  t h a t  t i t a n i u m  i s  m ost u s e f u l  on a  

s t r e n g t h - w e i g h t  b a s i s  i n  f i l l i n g  th e  gap b e tw een  aluminum 

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

be tw een  10 0  and 5 5 0 °C.

I t  i s  t y p i c a l  o f  m e ta l s  and a l l o y s  t h a t  any 

t r e a t m e n t  which r a i s e s  th e  s t r e n g t h  l e v e l  lo w e rs  th e  

d u c t i l i t y  a c c o r d i n g l y .  T i ta n iu m ,  i n  t h i s  r e g a r d ,  i s  no 

e x c e p t i o n .  T h is  h a s  b e e n  a  m a jo r  p ro b lem  i n  t i t a n i u m  a l l o y  

d ev e lo p m en t b u t  p r e s e n t  i n d i c a t i o n s  a r e  t h a t  h ig h  s t r e n g t h  

a l l o y s  c an  be made u s e a b le  a l th o u g h  c o m b in a t io n s  o f  v e ry  

h i g h  s t r e n g t h  and  h ig h  d u c t i l i t y  a r e  c e r t a i n l y  n o t  p r o b a b le .  

Some a l l o y s  have a l s o  e x h i b i t e d  low im p a c t  s t r e n g t h ,  n o tc h  

s e n s i t i v i t y ,  and r e l a t i v e l y  low  f a t i g u e  s t r e n g t h ,  th e  l a t ­

t e r  b e in g  e q u a l  to  a b o u t  h a l f  o f  th e  u l t i m a t e  s t r e n g t h  o f  

a  g iv e n  m a t e r i a l .  W hile  n o t  o u t s t a n d i n g ,  some p r o g r e s s  h a s  

been  made i n  c o r r e c t i n g  t h e s e  d e f i c i e n c i e s .

The m odulus o f  e l a s t i c i t y  o f  t i t a n i u m  and t i t a n i u m  

a l l o y s  i s  o n ly  a b o u t  h a l f  t h a t  o f  s t e e l s .  T h is  means t h a t  

t i t a n i u m  s t r e t c h e s  twice a s  much u n d e r  a  g iv e n  lo a d  when 

compared to  a p i e c e  o f  s t e e l  o f  s i m i l a r  s i z e .  Such a
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d i f f e r e n c e  w i l l  p ro b a b le  n o t  be s e r i o u s  i n  sm a l l  sh ap es  and 

m ost c o n t in u o u s  s e c t i o n s  b u t  would d e f i n i t e l y  r e q u i r e  

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

members. T h is  p ro b lem  i s  one t h a t  can  be  e a s i l y  c o r r e c t e d  

by  r e d e s i g n  b u t  i n  some c a s e s  t h e  u se  o f  t i t a n i u m  'would 

n o t  be  p r a c t i c a l  from  a s t i f f n e s s  o r  r i g i d i t y  s t a n d p o i n t  

e v en th o u g h  s t r e n g t h  r e q u i r e m e n t s  were e a s i l y  m e t .  I t  i s  

n o t  l i k e l y  t h a t  new a l l o y s  o r  h e a t  t r e a t m e n t s  w i l l  b r i n g  

ab o u t  a  s i g n i f i c a n t  change i n  t h e  e l a s t i c  m odulus o f  

t i t a n i u m .

Many o f  th e  t i t a n i u m  a l l o y s  can  show a  wide 

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

T h is  i s  p a r t i c u l a r l y  t r u e  o f  t h o s e  m a t e r i a l s  c o n t a i n i n g  

a l l  o r  some u n s t a b l e  b e t a ,  t h e  m i c r o s t r u e t u r a l  changes  

o b s e rv e d  b e in g  p r i m a r i l y  th e  r e s u l t  o f  d i f f e r e n t  modes o f  

b e t a  d e c o m p o s i t io n .  I f  b e t a  i s  decomposed s lo w ly  a s  i n  

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

p r o d u c t  ( a lp h a )  and th e  r e s i d u a l  b e t a  w i l l  r e s u l t .  The 

a l l o y  c o n t e n t  i n  t h i s  s i t u a t i o n  w i l l  d e te r m in e  th e  f i n a l  

p r o p o r t i o n s  o f  a lp h a  and b e t a .  F a s t e r  and  f a s t e r  r a t e s  o f  

c o o l i n g  w i l l  r e s u l t  i n  f i n e r  and f i n e r  a lp h a  f o r m a t io n  and 

i n  some c a s e s ,  n e a r l y  co m p le te  r e t e n t i o n  o f  t h e  b e t a  

p h a se  i s  p o s s i b l e  by  r a p i d  c o o l i n g .  The c o o l in g  r a t e  

n e c e s s a r y  to  r e t a i n  a l l  b e t a  i s  a g a in  d e p e n d e n t  on th e  

a l l o y  c o m p o s i t io n .  Under c e r t a i n  c o n d i t i o n s ,  a  m a r te n -
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s i t i c  s h e a r  r e a c t i o n  t a k e s  p l a c e  i n  t i t a n i u m  a l l o y s .  

U n f o r t u n a t e l y ,  t i t a n i u m  m a r t e n s i t e  i s  n o t  hard, a s  i s  th e  

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

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

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

A second  h e a t  t r e a t m e n t  r e s p o n s e  i s  m a n i f e s t  i n  

r e t a i n e d  b e t a .  T h is  m a t e r i a l  w i l l  u n d e rg o  an  a g e in g  o r  

d e c o m p o s i t io n  to a lp h a  upon h o ld in g  a t  e l e v a t e d  t e m p e r a tu r e s  . 

T h is  p r o c e s s  t a k e s  p l a c e  g e n e r a l l y  on a  su b m ic ro sc o p ic  

b a s i s  and  r e s u l t s  o n ly  i n  a  g r a d u a l  d a r k e n in g  o f  t h e  m ic ro ­

s t r u c t u r e .

T h e re  i s  a  r e a s o n a b l e  change  i n  p h y s i c a l  

p r o p e r t i e s  w i th  b o th  o f  th e  ty p e s  o f  h e a t  t r e a t m e n t  j u s t  

m e n t io n e d .  Slow ccoLing from  f o r g i n g  te m p e r a tu r e  r a n g e s  

and  i s o t h e r m a l  h o ld in g  w i th  p r i o r  q u en ch in g  g e n e r a l l y  

r e s u l t  i n  a l l o y s  s o f t e r  and more d u c t i l e  th a n  t h e  a s -  

f o r g e d  m a t e r i a l s .  Ageing r e t a i n e d  b e t a  f o l l o w i n g  a quench 

t o  room te m p e r a tu r e  g e n e r a l l y  r e s u l t s  i n  s u b s t a n t i a l  s t r e n g t h  

im provem ent c o u p le d  w i th  g r e a t  l o s s  o f  d u c t i l i t y .  The 

a p p ro x im a te  r a n g e  o f  p o s s i b l e  h e a t  t r e a t m e n t  r e s p o n s e  i n  

a l p h a -  and b e t a - s t a b i l i z e d  a l l o y s  i s  shown i n  P i g s .  5 and 

6 ( 9 ) .  I n f o r m a t io n  i s  to o  s c a t t e r e d  a t  p r e s e n t ,  b u t  i t  seems 

r e a s o n a b l e  t h a t  more co m p le te  d a t a  on t h e s e  c l a s s e s  .o f  

r e a c t i o n s  w i l l  e n a b le  u s e f u l ,  h i g h - s t r e n g t h  a l l o y s  and 

c o n c o m i ta n t  h e a t  t r e a t i n g  c y c l e s  to  be  d e v e lo p e d .

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

o
o
o

in
CL

Xh"o
2
LUa:h-cn
LU
- j
cn z
LU(-
LU

£

b

200

W a te r  Q u e n c h e d ’
150

100

30Annealed

2050

du ctil it  y ^ O \ \  , \ ^

Water  Quenched

0

PER CENT OF ALPHA STABILIZER

F i g u r e  5

INFLUENCE OF ALPHA AND BETA

200

150

1 0 0

50

Age Hardened

St re n g th

S of t  Annea led

- D u c t i l i t y

Age
Hardened

PER CENT OF BETA STABILIZER

Figure  6

STABILIZERS ON TITANIUM ALLOYS

EL
O

N
G

A
TI

O
N

 
, 

PE
R 

C
E

N
T



3k

FABRICATION CHARACTERISTICS:

The d eve lopm en t o f  s u i t a b l e  f a b r i c a t i o n  p r o ­

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

A l th o u g h  t h e r e  a r e  d i f f e r e n c e s  o f  o p in io n  on th e  e a s e  o f  

f a b r i c a t i o n . ,  a v a i l a b l e  i n f o r m a t i o n  i n d i c a t e s  t h a t  th e  norm al 

t r o u b l e s  to  be e x p e c te d  i n  w ork ing  w i th  a  new m a t e r i a l  a r e  

g r a d u a l l y  b e in g  overcom e. On e o f  t h e  m a jo r  d i f f i c u l t i e s  

h a s  b e e n  a l a c k  o f  u n i f o r m i t y  o f  t h e  m a t e r i a l  b e in g  

p ro d u c e d .  T h is  s i t u a t i o n  can  be re m e d ied  o n ly  by  t r u e  

volume p r o d u c t io n  accom pan ied  by p o s s i b l e  im proved  m e l t i n g  

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

d i r e c t i o n ,  a  c o n s i d e r a b l e  im provem ent p a r t i c u l a r l y  i n  s h e e t  

q u a l i t y  h a s  b een  r e c e n t l y  n o te d .

C om m erc ia lly  p u re  t i t a n i u m  can  be f a b r i c a t e d  by  

b e n d in g ,  s p in n in g ,  d ra w in g ,  and s i m i l a r  o p e r a t i o n s .

A n n ea led  s h e e t  can  be  b e n t  on d ia m e te r s  o f  IT  to  1 .5 T ;*  

h a l f  h a r d  m a t e r i a l  r e q u i r e s  a b o u t  5T. B la n k in g ,  edge 

r o l l i n g ,  e t c .  a r e  a l s o  p o s s i b l e  on th e  com m ercia l  g r a d e s .

More d i f f i c u l t  w ork ing  o p e r a t i o n s  can  i n  many i n s t a n c e s  b e  

p e r fo rm e d  i n  t h e  t e m p e r a t u r e  r a n g e  from  250 to  400°C.

Commercial t i t a n i u m  can  b e  r e a d i l y  w elded  by  

r e s i s t a n c e  i n e r t - g a s - s h i e l d e d  a r c  m e th o d s .  V a r io u s  

r e s i s t a n c e  w e ld in g  t e c h n i q u e s  p ro d u c e  a d u c t i l e  and 

g e n e r a l l y  s a t i s f a c t o r y  u n i o n ,  w i th  s t r e n g t h  a p p ro a c h in g

* T r e f e r s  t o  t h e  t h i c k n e s s  o f  t h e  s h e e t .
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t h a t  o f  t h e  p a r e n t  m e t a l .  F u s io n  w e ld in g  m ust be p e rfo rm ed  

I n  an  i n e r t  g a s  a tm o sp h e re  b e c a u se  o f  t h e  r e a c t i v i t y  o f  

t i t a n i u m  w i th  a i r  a t  h ig h  t e m p e r a t u r e s .  B o th  to p  and 

b o tto m  s u r f a c e s  m ust be  p r o t e c t e d .  However, s t r o n g ,  

d u c t i l e  w e lds  can  be r e g u l a r l y  o b t a in e d  w i th  u n a l lo y e d  

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

I n  g e n e r a l ,  w e ld in g  o f  t h e  a v a i l a b l e  a l l o y  g r a d e s  h a s  n o t  

been  fo u n d  s a t i s f a c t o r y .  Of c o u r s e ,  t h e s e  m a t e r i a l s  can  

a lw ays  be  j o i n e d  by o t h e r  m ethods t h a t  do n o t  I n v o lv e  a 

f u s i o n  o f  t h e  m e ta l .  W elding p r o c e d u r e s  f o r  j o i n i n g  

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

ment s t a g e . ;  t h e r e  a r e  r e p o r t s  t h a t  s u c c e s s f u l  u n io n s  w i th  

aluminum can  be made. T i ta n iu m  can  be  b r a z e d  u s in g  

t i t a n i u m - c o p p e r  o r  m a n g a n e s e -n ic k e l  a l l o y s  a s  b r a z i n g  

m a t e r i a l s .  S o l d e r i n g  can  be  a c c o m p lish e d  by  f i r s t  p l a t i n g  

th e  t i t a n i u m  w i th  co p p e r  and th e n  p r o c e e d in g  i n  th e  norm al 

f a s h i o n .  A lth o u g h  t h e  m e ta l  does n o t  g e n e r a l l y  h a n d le  

w i th  g r e a t  e a s e ,  t h e r e  a r e  p r o b a b ly  no d e f i c i e n c i e s  i n  

t h i s  a r e a  o f  t i t a n i u m  m e t a l l u r g y  t h a t  c a n n o t  be  overcome 

o r  a t  l e a s t  b y - p a s s e d  by  j u d i c i o u s  e n g i n e e r i n g .
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FUTURE OUTLOOK FOR TITANIUM

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

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

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

o f  t h e  ra w  m a t e r i a l ,  i s  b a s i c  t o  a l l  o f  t h e s e  d i f f i c u l t i e s  

The s o l u t i o n  o f  t h i s  p r o b l e m  o f  c o s t  i n  i t s e l f  i s  q u i t e  

c o m p le x .  The K r o l l  p r o c e s s ,  c u r r e n t l y  u s e d  f o r  a l l  

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

L a r g e ,  e f f i c i e n t  p l a n t s  d e s i g n e d  t o  o p e r a t e  o n  t h e  K r o l l  

r e d u c t i o n  c y c l e  h a v e  n o t  b e e n  b u i l t  s i n c e  i t  seem s 

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

a n y  m om ent.  As a  r e s u l t ,  t i t a n i u m  i s  now p r o d u c e d  i n  o v e r  

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

e x p e n s e  o f  t h e  K r o l l  p r o c e s s .  I f  f u l l  a t t e n t i o n  w e re  

p r e s e n t l y  d e v o t e d  t o  m a k in g  t h e  K r o l l  p r o c e s s  a s  e f f i c i e n t  

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

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

e n t  v a l u e  w o u ld  b e  u l t i m a t e l y  r e a c h e d .  H o w ev er ,  f r o m  t h e  

l o n g - r a n g e  p o i n t  o f  v ie w ,  i t  h a s  b e e n  f e l t  t h a t  a  w i s e r  

i n v e s t m e n t  i n v o l v e s  r e s e a r c h  f o r  a n  e n t i r e l y  new p r o c e s s  

i n h e r e n t l y  l e s s  e x p e n s i v e  t o  o p e r a t e .  A t t h e  p r e s e n t  t im e  

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

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

m any o r  m o re  e n g i n e e r i n g  p r o b l e m s  t h a n  t h e  m ag n es iu m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

r e d u c t i o n  ( K r o l l )  p r o c e s s .  The r e c e n t  r e - e x a m in a t i o n  o f  

th e  o ld  i o d i d e  method by one l a r g e  o r g a n i z a t i o n  em phas izes  

t h e  f a c t  t h a t  no new p r o c e s s  i s  l i k e l y  to  a p p e a r  i n  th e  

n e a r  f u t u r e .

The u l t i m a t e  p l a c e  o f  t i t a n i u m  i n  th e  e n g in e e r in g  

w o rld  i s  o f  c o u r s e  d i f f i c u l t  to  p r e d i c t .  T h e re  i s  no 

do ub t t h a t  v e ry  u s e f u l  t i t a n i u m  and t i t a n i u m  a l l o y  p r o d u c t s  

w i l l  be  d e v e lo p e d .  I t  i s  c e r t a i n  t h a t  t h e i r  r e l a t i v e  

im p o r ta n c e  among e n g in e e r in g  m a t e r i a l s  w i l l  depend g r e a t l y  

upon th e  econom ies  o f  p r o d u c t io n  w hich  can  be r e a l i z e d .  

I n h e r e n t l y ,  b e c a u s e  o f  i t s  h ig h  r e a c t i v i t y  and m e l t in g  

p o i n t ,  t i t a n i u m  w i l l  p ro b a b ly  re m a in  more e x p e n s iv e  th a n  

th e  o t h e r  common s t r u c t u r a l  m e t a l s .  I t  i s  e x p e c te d  t h a t  

i t s  to n n ag e  p r o d u c t io n  w i l l  c e r t a i n l y  re m a in  f a r  b e h in d  t h a t  

o f  i r o n  and aluminum, and p r o b a b ly  b e h in d  magnesium, f o r  

many, many y e a r s  to  come. B ased  on p r e s e n t l y  f a m i l i a r  

a p p l i c a t i o n s ,  i t  i s  v i s u a l i z e d  t h a t  t i t a n i u m  w i l l  be m a in ly  

u s e d  i n  c o r r o s i o n  s i t u a t i o n s  where l e s s  e x p e n s iv e  m a t e r i a l s  

a r e  n o t  s a t i s f a c t o r y ,  and a s  a s t r u c t u r a l  m a t e r i a l  i n  

t r a n s p o r t a t i o n  e q u ip m en t,  p a r t i c u l a r l y  a i r c r a f t .
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THE THESIS

The p u rp o s e  o f  t h i s  i n v e s t i g a t i o n  was to  s tu d y  

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

c o m m e rc ia l ly -p ro d u c e d  t i t a n i u m  f o r g i n g  a l l o y  n o m in a l ly  

c o n t a i n i n g  2 . 5  o /o  i r o n ,  2 . 5  o /o '  vanadium , t h e  b a l a n c e ,  

t i t a n i u m .  T h is  a l l o y  i s  one o f  s e v e r a l  m a n u fa c tu re d  by 

t h e  M a l lo ry -S h a ro n  T i ta n iu m  C o r p o r a t io n ,  u n d e r  whose 

s p o n s o r s h ip  t h i s  p rogram  was c a r r i e d  o u t .

F i r s t  s u p p l i e d  to  t h e  a u th o r  were sam ples  o f  

t h i s  a l l o y  w hich  had been  i n d u c t i o n  m e l te d  i n  a  g r a p h i t e  

c r u c i b l e .  The i n d u c t i o n  m e l te d  m a t e r i a l ,  H ea t IM J>1} 

c o n ta i n e d  a b o u t  0 .5 0  o /o  c a r b o n .  Toward th e  end o f  t h i s  

p ro g ram , p e r f e c t i o n  o f  m e l t i n g  te c h n i q u e s  a t  t h e  M a llo ry  

p l a n t  made a v a i l a b l e  t h e  same n om ina l a l l o y  which had  b een  

c o n s o l i d a t e d  i n  a  w a te r - c o o l e d  c o p p e r  c r u c i b l e  by  

c o n s u m a b le - e le c t r o d e  m e l t i n g  (a  form  o f  a r c  m e l t i n g ) .

Sam ples o f  t h i s  c o n s u m a b le - e le c t r o d e  m e lte d  a l l o y  were 

o b t a i n e d  f o r  co m p ar iso n  to  th e  i n d u c t i o n  m e l te d  m a t e r i a l .  

T hese  s a m p le s ,  from  H eat CE 14 , c o n ta in e d  a b o u t  0 .1 1  o /o  

c a r b o n .

The d a t a  o b t a in e d  a s  a  r e s u l t  o f  t h i s  i n v e s t i g a t i o n  

a r e  p r e s e n t e d  h e r e  c h i e f l y  i n  th e  form  o f  i s o t h e r m a l
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t r a n s f o r m a t i o n  d ia g ra m s , f r e q u e n t l y  r e f e r r e d  to  a s  t im e ,  

t e m p e r a t u r e ,  t r a n s f o r m a t i o n  (T-T-T) d ia g ra m s .  T h is  

m ethod o f  p r e s e n t a t i o n  h a s  become c l a s s i c  i n  th e  f i e l d  o f  

f e r r o u s  m e t a l l u r g y  and i s  b e l i e v e d  to  be e q u a l l y  

a p p l i c a b l e  i n  t h i s  s i t u a t i o n .  S u p p le m e n ta ry  i n f o r m a t io n  

i s  a l s o  i n c lu d e d  i n  t h i s  s e c t i o n  a s  w e l l  as  i n  t h e  l a t e r  

s e c t i o n  e n t i t l e d  " E x p e r im e n ta t io n ."
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SIGNIFICANCE OF THIS WORK

The m ech an ics  and  m a n i f e s t a t i o n s  o f  many s o l i d  

s t a t e  r e a c t i o n s  may be  c o n v e n i e n t l y  and s y s t e m a t i c a l l y  

i n v e s t i g a t e d  by  i s o t h e r m a l  t r a n s f o r m a t i o n  s t u d i e s .  T h is  

t e c h n iq u e  h a s  been  w e l l  d e v e lo p e d  i n  r e c e n t  y e a r s  and 

h a s  become p r a c t i c a l l y  i n v a l u a b l e  i n  th e  u n d e r s t a n d in g  o f  

many c o m p le x i t i e s  o f  f e r r o u s  m e t a l l u r g y ,  where i t  h a s  

b e en  c h i e f l y  a p p l i e d .  F u r th e r m o r e ,  p r o p e r  a p p l i c a t i o n  

o f  T-T-T d a t a  h a s  made p o s s i b l e  f a r  r e a c h in g  ad v an c e s  

i n  t h i s  same f i e l d .  M ar tem p erin g  and A u stem p erin g  a r e  

exam ples  o f  two such  d e v e lo p m e n ts .  The im p o r ta n c e  o f  

p h a se  e q u i l i b r i u m  d iag ram s i s  w e l l  known. W hile t h e s e  

d ia g ra m s  r e p r e s e n t  s t a t i c  o r  e q u i l i b r i u m  c o n d i t i o n s ,  as 

t h e i r  name i m p l i e s ,  i s o t h e r m a l  t r a n s f o r m a t i o n  d iag ram s  

r e p r e s e n t  dynamic c o n d i t i o n s  w i t h i n  s o l i d s .  The 

s i g n i f i c a n c e  o f  t h e s e  two ty p e s  o f  d iag ram s  may be  c l o s e l y  

p a r a l l e l e d .

I n  th e  m ost g e n e r a l  s e n s e ,  i s o t h e r m a l  t r a n s ­

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

r e a c t i o n s .  A e u t e c t o i d  may be d e f in e d  a s  t h a t  c o n d i t i o n  

where one s o l i d  s o l u t i o n ,  s t a b l e  a t  h ig h  t e m p e r a t u r e s ,  

decom poses i n t o  two d i f f e r e n t  s o l i d  p h a s e s  on c o o l i n g .  I t  

i s  c h a r a c t e r i z e d  by  an  e q u i l i b r i u m ,  t e m p e r a t u r e - c o n c e n t r a t i o n  

d iag ram  a s  shown i n  F i g .  7 ,  t 2 b e in g  th e  e u t e c t o i d  r e a c t i o n
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t e m p e r a t u r e .

C o n s id e r in g  an  a l l o y  o f  c o m p o s i t io n  "A" i n  

F i g .  J, we f i n d  on c o o l in g  t h a t  b e t a  f i r s t  becomes 

s u p e r s a t u r a t e d  w i th  r e s p e c t  to  a lp h a  a t  t e m p e r a t u r e s  

be low  t i  and above t 2 . I f  homogeneous b e t a  were h e l d  a t  

a  c o n s t a n t  t e m p e r a tu r e  w i t h i n  t h i s  r a n g e , s e p a r a t i o n  o f  

a lp h a  would t a k e  p l a c e .  T h is  r e a c t i o n  would b e g in  and a l s o  

p r o g r e s s  more r a p i d l y  a s  t h e  te m p e r a tu r e  o f  h o ld in g  i s  s e t  

more c l o s e l y  to  t 2 . T h is  i s  p r i m a r i l y  b e c a u se  o f  t h e  

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

c o n d i t i o n s .  The change i n  r e a c t i o n  t im in g  i s  shown 

g r a p h i c a l l y  i n  F i g .  8 . A s e p a r a t i o n  o f  t h i s  ty p e  i s  

known as  a  p r o e u t e c t o i d  r e a c t i o n  and i s  n o rm a l ly  c o n s id e r e d  

a s  a  p a r t  o f  a  e u t e c t o i d  r e a c t i o n  s tu d y .  I f  a l l o y  "A" i s  

h e l d  a t  t e m p e r a t u r e s  be low  t h e  e u t e c t o i d  t e m p e r a tu r e  ( t 2 ) ,  

t h e  e u t e c t o i d  d e c o m p o s i t io n  w i l l  a l s o  ta k e  p l a c e  a t  

v a r y in g  r a t e s ,  d e p en d in g  upon  t e m p e r a t u r e .  The p r o g r e s s  

o f  t h i s  r e a c t i o n  from  b e g in n in g  to  end i s  a l s o  shown i n  

F i g .  8 .

I t  i s  s i g n i f i c a n t  to  n o t e  th e  w ide v a r i a t i o n  i n  

t im e  r e q u i r e d  f o r  a  r e a c t i o n  to  s t a r t .  Of p a r t i c u l a r  

i n t e r e s t  i s  t h e  f a c t  t h a t  b e t a  may re m a in  u n t r a n s f o r m e d  

f o r  lo n g  p e r i o d s  (som etim es  i n d e f i n i t e l y )  a t  v e ry  low 

t e m p e r a t u r e s .  T h i s  i s  q u i t e  i n  c o n t r a s t  to  t h e  e q u i l i b r i u m
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c o n d i t i o n s  d e p i c t e d  i n  P i g .  7 "but i s  n e v e r t h e l e s s  a 

d e f i n i t e  r e a l i t y .

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

d epends  upon th e  r e l a t i v e  r a t e s  o f  n u c l e a t i o n  and grow th  

i n  a  g iv e n  sy s te m . R e f e r r i n g  to  F i g .  8 , i t  i s  s e e n  t h a t  

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

r a n g e  o f  th e  "nose"  o f  t h e  c u rv e  where th e  r e a c t i o n  s t a r t s  

m ost r a p i d l y .  T h is  n u c l e a t i o n  r a t e  d e c r e a s e s  w i th  e i t h e r  

an  i n c r e a s e  o r  d e c r e a s e  i n  t e m p e r a t u r e .  As i l l u s t r a t e d  

i n  F i g .  8 , th e  g row th  r a t e  i s  r e l a t i v e l y  low a t  h ig h  

te m p e r a t u r e s  s i n c e  a  r e a c t i o n  t a k e s  a  lo n g  t im e  to  go to  

c o m p le t io n .  As th e  t e m p e r a tu r e  i s  lo w e re d ,  t h e  g row th  

r a t e  i n c r e a s e s  s t e a d i l y  a s  e v id e n c e d  by  s h o r t e r  and 

s h o r t e r  t o t a l  r e a c t i o n  t im e s .

A n o th e r  way to  i l l u s t r a t e  t h i s  would be w i th  a  

s e r i e s  o f  t y p i c a l  i s o t h e r m a l  r e a c t i o n  c u r v e s ,  shown i n  F i g .

9 ( 1 5 ) .  Curve "A" h a s  a  h ig h  n u c l e a t i o n  and h ig h  g row th  

r a t e ;  cu rv e  "B" h a s  th e  same n u c l e a t i o n  b u t  a  lo w er  g row th  

r a t e .  Curve "C" h a s  b o th  a  low n u c l e a t i o n  and a  low 

g ro w th  r a t e .  I s o th e r m a l  r e a c t i o n  c u rv e s  t y p i f i e d  by  F ig .

9 c an  b e  u s e d  d i r e c t l y  i n  th e  c o n s t r u c t i o n  o f  t h e  more - 

commonly u s e d  T-T-T c u r v e s .  I t  can  e a s i l y  be s e e n  t h a t  

m a t e r i a l s  w i th  i n h e r e n t l y  d i f f e r e n t  n u c l e a t i o n  and grow th  

p r o p e r t i e s  w i l l  e x h i b i t  w id e ly  v a r y in g  t r a n s f o r m a t i o n
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c h a r a c t e r i s t i c s .

The a d d i t i o n  o f  a l l o y i n g  e le m e n ts  i s  known to  

hav e  a m arked i n f l u e n c e  on t h e  p h a se  e q u i l i b r i u m  d iag ram  

o f  a  g iv e n  sy s te m . The e f f e c t  o f  such  a d d i t i o n s  on T-T-T 

c h a r a c t e r i s t i c s  i s  u s u a l l y  even  more p ro n o u n ced  s in c e  n u ­

c l e a t i o n  and g row th  r a t e s  a s  w e l l  a s  e q u i l i b r i u m  p h a se s  

a r e  i n f l u e n c e d .  By a  s y s t e m a t i c  s tu d y  o f  th e  i n f l u e n c e  o f  

a  p a r t i c u l a r  a l l o y i n g  a d d i t i o n  on n u c l e a t i o n  and g ro w th ,  

a lm o s t  any d e s i r e d  T-T-T c h a r a c t e r i s t i c  can  t h e o r e t i c a l l y  

be  p ro d u c e d .  I t  i s  e x a c t l y  t h i s  s o r t  o f  s tu d y ,  w hich h a s  

b e en  so s u c c e s s f u l l y  e x e c u te d  i n  th e  f i e l d  o f  f e r r o u s  

m e t a l l u r g y ,  t h a t  makes p o s s i b l e  t h e  i n t e l l i g e n t  u s e  o f  th e  

wide v a r i e t i e s  o f  s t e e l  a s  we know them to d a y .

B u t i t  sh o u ld  b e  em phasized  t h a t  i s o t h e r m a l  

t r a n s f o r m a t i o n  s t u d i e s  a r e  n o t  l i m i t e d  t o  f e r r o u s  m a t e r i a l s ;  

n o r  a r e  t h e y  l i m i t e d  to  e u t e c t o i d  r e a c t i o n s .  A c t u a l l y ,  

a lm o s t  a l l  s o l i d  s t a t e  r e a c t i o n s  c o u ld  b e  s t u d i e d  i n  t h i s  

way, th o u g h  many ty p e s  o f  sy s te m s  would n o t  be  b e s t  

a p p ro a c h e d  from  t h i s  p o i n t  o f  v iew . I s o th e r m a l  s t u d i e s  

a r e  o f  p a r t i c u l a r  v a lu e ,  h o w ever , i n  f o l l o w i n g  th e  

d e c o m p o s i t io n  o f  th e  h i g h  t e m p e r a tu r e  p h a se  i n  t h o s e  m a te r ­

i a l s  w hich e x h i b i t  an  a l l o t r o p i c  m o d i f i c a t i o n .  I r o n  i s  

one su ch  m e ta l ;  o t h e r s  i n c l u d e  t i t a n i u m ,  z i r c o n iu m ,  c o b a l t ,  

and u ra n iu m .

When one c o n s i d e r s  t h e  s i m i l a r i t y  betw eep4.ron and
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t i t a n i u m ,  p a r t i c u l a r l y  w i th  a  view to w ard  th e  a l l o t r o p i c  

m o d i f i c a t i o n  o c c u r r i n g  i n  each  and th e  g r e a t  v a lu e  t h i s  

m o d i f i c a t i o n  h a s  p ro v ed  to  have  i n  th e  c a s e  o f  i r o n ,  th e  

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

seems m ost l o g i c a l .  T here  a r e  many r e a s o n s  to  b e l i e v e  t h a t  

a wide v a r i e t y  o f  u s e f u l  t i t a n i u m  a l l o y s  can  b e  d ev e lo p e d  

i f  a l l  o f  th e  p o s s i b i l i t i e s  p r e s e n t e d  b y  th e  m e t a l ' s  

change  i n  c r y s t a l  s t r u c t u r e  a r e  f u l l y  e x p l o i t e d .
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THE TITANIUM-IRON-VANADIUM SYSTEM

T h is  r e s e a r c h  i s  c e n t e r e d  on th e  i s o th e r m a l  

s tu d y  o f  a  t e r n a r y  t i t a n iu m - i r o n - v a n a d i u m  a l l o y .  The 

s e p a r a t e  T i -F e  and T i-V  b i n a r y  e q u i l i b r i u m  ph ase  

d iag ram s  a r e  shown i n  F i g s .  10 and 11 ( 7 ) .  The s i m i l a r i t y  

b e tw een  th e  F e -T i  sy s tem  and F ig .  7 w i l l  be  seen  

im m e d ia te ly .  The T i-V  sy s tem  i s  a l s o  l i k e  F ig .  7 i f  

we c o n s id e r  t h a t  a e u t e c t o i d  r e a c t i o n  may ta k e  p l a c e  

b e lo w  6 0 0 °C .,  t h e  lo w e s t  t e m p e r a tu r e  shown. ( E q u i l ib r iu m  

c o n d i t i o n s  may w e l l  c a l l  f o r  such  a  e u t e c t o i d  d e c o m p o s i t io n  

i n  t h e  T i-V  sy s te m , b u t  t h i s  r e a c t i o n ,  i f  e x i s t e n t ,  i s  so 

s l u g g i s h  a s  to  have  th u s  f a r  evaded  o b s e r v a t i o n . )  The 

t e r n a r y  sy s tem  T i-F e -V  h a s  n o t  b een  s t u d i e d  as s u c h ,  b u t  th e  

i n f l u e n c e  o f  vanadium  p r o b a b ly  does  n o t  g r e a t l y  a l t e r  th e  

T i -F e  sy s tem  shown i n  F i g .  10 , e x c e p t  to  e n l a r g e  t h e  b e t a  

f i e l d  and r e d u c e  t h e  e u t e c t o i d  t e m p e r a t u r e .  T h e r e f o r e ,  

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

can  be  e x p e c te d  to  r e a c t  v e ry  much l i k e  a b i n a r y  a l l o y  o f  

t h e  e u t e c t o i d  t y p e .  The c o n c lu s io n s  s e t  f o r t h  p r e v i o u s l y  

f o r  e u t e c t o i d  r e a c t i o n s  s h o u ld  i n  g e n e r a l  a p p ly  e q u a l l y  w e l l  

i n  t h i s  c a s e .

To f a c i l i t a t e  com parison  w i th  s u b s e q u e n t ly  

p r e s e n t e d  work, m i c r o s t r u c t u r e s  o f  IM y i and  CE 14 i n  th e  

a s - f o r g e d  c o n d i t i o n  a r e  shown i n  F i g s .  12 and 1 J .

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



5 0

1800,

1720

1600

1400

L+/3 \

° °  1200 
r*

LU
a:
3
£  iooo
cc
UJ

2  8 8 5
UJ
I- 8 0 0

; L+Ti Fe
1080'

/3+TiFe I

Ti Fe

c<
*- o< + /3

6 0 0

4 0 0

6 05 04 020 3 010

WEIGHT PER CENT IRON

Figure 10

PHASE DIAGRAM 

T I T A N I U M - I R O N  SYSTEM

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



si

A  A  / V .  .
£ U U U

1800

1700

1600

o°

w 1400
~D
H<
CC 
UJ 
O.
2  
UJ 
(-

1200

1000

8 8 5

8 0 0

6 0 0

L
L^ \

s ' /  
s' /  S' S

^  /
S <

» 0

©<+/3
V.

2 0  4 0  6 0  8 0

WEIGHT PER CENT VANADI UM  

F i g u r e  II

P H A S E  DIAGRAM 

T I T A N I U M - V A N A D I U M  S YST EM

to o

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Figure 12*

Induction Melted MST-2.5Fe-2.5V, 
Heat IM 31 (as fo rg ed ).

X 500

Showing basketweave alpha, a duplex structure  
o f grain-boundary alpha and Widmanstatten alpha, 
plus carb id es. Some beta (not v is ib le )  i s  
re ta in ed .
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Figure 13•

Consumable-electrode Melted MST-2 .£Fe~2 «£v, 
Heat GE lk  (as fo rg ed ),

X £00

Showing basketweave alpha, a duplex structure o f  
grain-boundary alpha and Widmanstatten alpha, 
plus carb id es. A very sm all amount o f beta  
(not v is ib le )  i s  r e ta in ed .
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ANALYSIS OF THE T -T -T  DIAGRAMS

IN D U C T IO N  MELTED M A TER IA L:

T h e  t i m e - t e m p e r a t u r e - t r a n s f o r m a t i o n  d i a g r a m  f o r  

M S T - 2 . 5 P e - 2 . 5 V  ( i n d u c t i o n  m e l t e d ,  H e a t  IM  5 1 )  i s  s h o w n  i n  

F i g .  1 4 .  P h o t o m i c r o g r a p h s  o f  t y p i c a l  s t r u c t u r e s  a r e  

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

o f  m e t a l l o g r a p h i c ,  X - r a y ,  h a r d n e s s ,  d i l a t o m e t r i c ,  a n d  

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

T h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  o f  e a c h  o f  t h e s e  t e c h n i q u e s  

i s  d i s c u s s e d  e l s e w h e r e  i n  t h i s  t h e s i s .

E v a l u a t i n g  F i g .  1 4  i n  d e t a i l ,  c o n s i d e r a t i o n  w i l l  

f i r s t  b e  g i v e n  t o  t h e  z o n e  d e s i g n a t e d  a s  " m e t a s t a b l e  b e t a . "  

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

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

B e t a t i z e d  s p e c i m e n s  q u e n c h e d  d i r e c t l y  i n t o  w a t e r  o r  h e l d  

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

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

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

b e g i n s ,  t h e  r e m a i n i n g  b e t a  m a t r i x  i s  a g a i n  s t a b i l i z e d .  I n  

o t h e r  w o r d s ,  b e t a  w i l l  q u e n c h  o u t  ( a t  2 5 ° C . )  w i t h  t h e  

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

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

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

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



o o o o o o o
o o o O o o o
O ) 0 0  N - CD t o  'T  r o

3 0  V H 9 I 1 N 3 9  3 3 3 ^ 9 3 0  ‘ z

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

LU
LUCC
CD
LU
Q

LU
o:
r>
I-
oc
LU
CL
5
UJ

3 0 0

200

100

Beginning of Transformation

Ms TEMPERATURE

- 1 0 0

(V w  i .

0.01 100 . 0 5  0.1 0.5 1.0 5

TRANSFORMATION TIME, MINUTES  

Figure 14

T I M E - T E M P E R A T U R E “ TRANSFORMATION 

DIAGRAM FOR IM 31

100



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

UJ
o:
ZD  '

£
£ 200 
Q.
s
LU

100

- 1 0 0

B e g i n n i n g  of T r a n s f o r m a t i o n

F>

Ms T E M P E R A T U R E

W///////////////M

0.01 0.05 O.i 0.5 1.0 5 10

TRANSFORMATI ON T I M E ,  M I N U T E S

Figure 14

T I M E - T E M P E R A T U R E - T R A N S F O R M A T I O N  

DIAGRAM FOR IM 31

100



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

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

I t  i s  p r o b a b l y  p r o m p te d  b y  a l p h a  n u c l e i  f o r m in g  on  a  p r e ­

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

G r a i n - b o u n d a r y  a l p h a ,  r e f e r r e d  t o  i n  F i g .  l 4  a s  

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

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

h o l d i n g  a b o v e  a b o u t  7 1 5 °C . T h i s  t y p e  o f  a l p h a  i s  n u c l e a t e d  

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

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

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

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

i s  q u i t e  d e p e n d e n t  u p o n  t h e  t e m p e r a t u r e  o f  f o r m a t i o n .

S l i g h t l y  a b o v e  7 1 5 ° C . ,  t h e  l a m e l l a e  f o r m e d  a r e  q u i t e  

n e e d l e - l i k e ,  g r o w in g  o u t  f r o m  t h e  g r a i n  b o u n d a r i e s  a s  

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

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

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

G ro w th  i n  t h e  d i r e c t i o n  o f  l e n g t h  i s  r e t a r d e d ;  t h a t  i n  t h e  

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

t h e  a l p h a  x f o r m e d  a b o v e  8 0 0 °C . h a s  l o s t  m o s t  o f  i t s  

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

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

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

m a k in g  t h e  "E nd  o f  T r a n s f o r m a t i o n "  d i f f i c u l t  t o  l o c a t e .
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T h i s  a c c o u n t s  f o r  t h e  o p e n  e n d  shown o n  t h e  T - T -T  d i a g r a m  

i n  t h i s  r e g i o n .

W i d m a n s t a t t e n  a l p h a ,  r e f e r r e d  t o  i n  F i g .  14 a s

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

a t  t e m p e r a t u r e s  b e lo w  7 1 5 ° C .  T h i s  d e c o m p o s i t i o n  p r o d u c t

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

b e e n  o b s e r v e d  t o  s u p p r e s s  t h e  a l p h a x  r e a c t i o n .  The

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

f r o m  t h a t  o f  g r a i n - b o u n d a r y  a l p h a .  T h i s  h a s  b e e n  shown

m e t a l l o g r a p h i c a l l y  ( c o m p a re  F i g s .  25 a n d  2 6 ) a n d  a l s o  b y  
*

t h e r m a l  a n a l y s i s .  T h i s  m i c r o s t r u c t u r e  i s  n o t  p a r t i c u l a r l y  

d e p e n d e n t  u p o n  t e m p e r a t u r e  e x c e p t  t h a t  i t  b e c o m e s  som e­

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

n u c l e a t i o n  r a t e  o f  a l p h a 2 i s  much h i g h e r  t h a n  t h a t  o f  

a l p h a i  a l t h o u g h  t h e  g r o w th  r a t e s  a r e  p r o b a b l y  a b o u t  t h e  

sam e .  B e c a u s e  o f  t h i s  v e r y  h i g h  n u c l e a t i o n  r a t e ,  t h e  

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

o f  t i m e .  N e v e r t h e l e s s ,  i t  i s  t o  b e  r e a l i z e d  t h a t  m ore  

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

t a k e  p l a c e .

T h e r e  h a v e  b e e n  r e p o r t s  i n  t h e  l i t e r a t u r e  t h a t  

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

m i c r o s t r u c t u r e  was m a r t e n s i t i c  i n  n a t u r e .  T h i s  was 

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

a t  a n  a p p a r e n t  c o n s t a n t  t e m p e r a t u r e  a n d  t o  i t s  m i c r o -  

s t r u c t u r a l  r e s e m b l a n c e  t o  some k i n d s  o f  n o n - f e r r o u s
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m a r t e n s i t e .  H o w ev e r ,  W i d m a n s t a t t e n  a l p h a  ( a l p h a 2 ) 

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

h e  n o n - m a r t e n s i t i c  i n  n a t u r e .  T h i s  i s  p r e d i c t e d  on  

t h e r m a l  a n a l y s i s  d a t a  w h ic h  i n d i c a t e s  t h a t  t h e  t e m p e r a t u r e  

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

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

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

The k a p p a  p h a s e  i n d i c a t e d  i n  F i g .  14 i m p l i e s  

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

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

p o i n t i n g  t o  i t s  e x i s t e n c e .  F o r  o n e  t h i n g ,  t h e  X - r a y  

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

b e t w e e n  250  a n d  400°C .£ .show  e v i d e n c e  o f  a  new p h a s e  a s  

i n d i c a t e d  b y  a  d i f f r a c t i o n  l i n e  a t  a  f o r w a r d  r e f l e c t i o n  

a n g l e  o f  a b o u t  1 6 ° .  T h i s  l i n e  d i d  n o t  a p p e a r  i n  a n y  

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

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

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

o f  m a t e r i a l  s o m e t h i n g  l i k e  a l p h a 2 , a l t h o u g h  X - r a y  p a t t e r n s  

show a b s o l u t e l y  no a l p h a  w h a t e v e r  t o  b e  p r e s e n t .

F u r t h e r m o r e ,  s p e c im e n s  t r e a t e d  b e tw e e n  250  an d  

4 0 0 °C . show a n  i n c r e a s e  i n  h a r d n e s s  o v e r  t h e  w a t e r -  

q u e n c h e d  m a t e r i a l  ( r e t a i n e d  b e t a ) ,  w h i l e  t r e a t m e n t  i n  a l l  

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

S e e  F i g .  1 8 .  T h e r e  i s  no  s h a r p  c h a n g e  i n  m i c r o s t r u c t u r e
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o b s e r v e d  b e tw e e n  t h e  a l p h a 2 a n d  k a p p a  r e g i o n s  a n d  when 

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

i t  i s  d i f f i c u l t  t o  d e t e c t  a  d i f f e r e n c e .  H o w ev e r ,  when 

i s o l a t e d  a t  e a r l y  s t a g e s  o f  t r a n s f o r m a t i o n ,  t h e  a l p h a 2 

unices uxie j. orm  o± a s e r ± e s  o f  o v e r r a p p i n g  t r i a n g l e s  w m l e  

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

e a c h  r e s e m b l i n g  a  s i x - p o i n t e d  s t a r .

A l l  o f  t h e s e  i t e m s  seem  t o  c o n t r i b u t e  p o s i t i v e  

p r o o f  o f  t h e  e x i s t e n c e  o f  t h i s  new p h a s e .  I t  o c c u r s  

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

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

c o n n e c t e d  w i t h  t h i s  e u t e c t o i d  r e a c t i o n .  I n  t h i s  e v e n t ,  

h o w e v e r ,  t h e  r e a s o n  f o r  t h e  a b s e n c e  o f  a n y  a l p h a  a s  

d e t e c t e d  b y  X - r a y  a n a l y s i s  i s  n o t  c l e a r .  I t  i s  f e l t  

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

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

i s  l o w e r e d  s t i l l  f u r t h e r ,  m ore  a n d  m o re  b e t a  i s  r e t a i n e d .  

S p e c im e n s  w a t e r - q u e n c h e d ,  w h ic h  i n  r e a l i t y  a r e  t r a n s f o r m e d  

i n d e f i n i t e l y  a t  2 5 ° C . ,  r e t a i n  m o s t  i f  n o t  a l l  o f  t h e  b e t a .  

H o w ev e r ,  d i l a t o m e t r i c  t e s t s  i n d i c a t e  a  s l i g h t  t r a n s f o r m a t i o n  

o c c u r r i n g  a t  2 5 °C . o v e r  a  p e r i o d  o f  s e v e r a l  h o u r s .  A l th o u g h  

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

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

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

" n o s e ” o f  t h e  t r a n s f o r m a t i o n  c u r v e ,  t h u s  a v o i d i n g  t h e  

f o r m a t i o n  o f  a l p h a 2 o r  k a p p a ,  s a m p l e s  o f  IM 31  w e re  f o u n d  

t o  fo r m  a  m a r t e n s i t i c  s t r u c t u r e  a t  - 7 5 ° C .  a n d  b e lo w .

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

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

q u e n c h i n g  f ro m  t h e  m e t a s t a b l e  b e t a  z o n e ’i n t o  w a t e r .  A 

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

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

I f  t h e  a l l o y  was h e l d  f o r  a n y  l e n g t h  o f  t im e  a t  room  

t e m p e r a t u r e  b e f o r e  t h e  s u b - z e r o  q u e n c h i n g ,  no  m a r t e n s i t i c  

r e a c t i o n  was o b s e r v e d .  P rom  t h e  b e h a v i o r  o f  s e v e r a l  

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

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

i s  e x t r e m e l y  d e p e n d e n t  u p o n  t h e  p r i o r  t r e a t m e n t  t o  w h ic h  

t h e  b e t a  was s u b j e c t e d .

I n  t h e  i s o t h e r m a l  w ork  w i t h  t h e  i n d u c t i o n  

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

d e co m p o se  a l l  t h e  b e t a  o r i g i n a l l y  p r e s e n t .  C o n s e q u e n t l y ,  

t h e  "E nd  o f  T r a n s f o r m a t i o n "  c u r v e  i l l u s t r a t e d  i n  P i g .  14 

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

r e a c t i o n ,  b u t  r a t h e r ,  t h e  c o n d i t i o n  a t  w h ic h  i t  s t o p s ,  

p r e s u m a b l y  b e i n g  c l o s e  t o  a n  e q u i l i b r i u m  s t a t e .  T h e r e f o r e ,  

t o  i l l u s t r a t e  m ore  c l e a r l y  t h e  u l t i m a t e  e f f e c t  o f  i s o t h e r m a l
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t r a n s f o r m a t i o n ,  a  c h a r t  s h o w in g  t h e  e q u i l i b r i u m  p h a s e  

d i s t r i b u t i o n  o f  t r a n s f o r m e d  IM 31 i s  i n c l u d e d  a s  F i g .  1 5 .  

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

o b t a i n e d  a s  a  r e s u l t  o f  t r a n s f o r m i n g  b e t a  t o  t h e  end  o f  

t h e  i s o t h e r m a l  r e a c t i o n  a t  v a r i o u s  t e m p e r a t u r e s .

CONSUMABLE-ELECTRODE MELTED MATERIAL:

The t i m e - t e m p e r a t u r e - t r a n s f o r m a t i o n  d i a g r a m  f o r  

M S T - 2 .5 F e -2 .5 V  ( c o n s u m a b l e - e l e c t r o d e  m e l t e d ,  H e a t  CE 14 )  

i s  ::shown i n  F i g .  l 6 . Many o f  t h e  com m ents  s t a t e d  a b o v e  

f o r  t h e  i n d u c t i o n  m e l t e d  a l l o y  a n d  t h e  T -T -T  d i a g r a m  

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

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

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

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

c o n s u m a b l e - e l e c t r o d e  m e l t e d  m a t e r i a l .  The  i n d u c t i o n  

m e l t e d  a l l o y  c o n t a i n s  a b o u t  f i v e  t i m e s  a s  m uch c a r b o n  a s  

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

e a c h  a l l o y  i s  p r o b a b l y  a b o u t  t h e  sam e . H o w ev e r ,  n i t r o g e n ,  

a  s t r o n g  a l p h a  f o r m e r ,  i s  p r e s e n t  I n  m uch g r e a t e r  q u a n t i t i e s  

i n  t h e  c o n s u m a b l e - e l e c t r o d e  m e l t e d  a l l o y :  0 . 0 5 3  o / o  

c o m p a re d  t o  0 . 0 1 4  o / o  n i t r o g e n  i n  t h e  i n d u c t i o n  m e l t e d  

m a t e r i a l .  I t  i s  b e l i e v e d  t h a t  t h i s  d i f f e r e n c e  i n  

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

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

M e t a s t a b l e  b e t a  was a l s o  f o u n d  i n  t h e  

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

p r i m e  on  q u e n c h i n g .  The a l p h a  p r i m e  t e n d e d  t o  fo rm  

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

o f  t h e  g r e a t e r  a l p h a - f o r m i n g  t e n d e n c y  o f  CE l 4 .  I t  was 

a l s o  o b s e r v e d  t h a t  a  g r e a t e r  n u m b e r  o f  a l p h a  p r im e  

n e e d l e s  w e re  fo r m e d  i n  t h i s  a l l o y  t h a n  i n  IM J 1  f o l l o w i n g  

.a  q u e n c h  f ro m  t h e  m e t a s t a b l e  b e t a  z o n e .

The a l p h a i  a n d  a l p h a 2 f o r m e d  i n  CE 14 w e re  l i k e  

t h e i r  c o u n t e r p a r t s  i n  IM 3 1 ,  e x c e p t  t h a t  t h e  t e m p e r a t u r e  

r a n g e s  i n  w h ic h  t h e y  f o r m e d  w e re  d i f f e r e n t .  G e n e r a l l y  

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

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

e q u i v a l e n t  t o  t h e  i n d u c t i o n  m e l t e d  m a t e r i a l  a t  a  

t e m p e r a t u r e  o f  a b o u t  5 0 ° C . h i g h e r .  The r e a l  c o m p a r i s o n ,  

h o w e v e r ,  i s  i n  s t a r t i n g  t i m e s .  I n s p i t e  o f  t e m p e r a t u r e  

d i f f e r e n c e s ,  a  s e r i e s  o f  m i c r o s t r u c t u r e s  f o r  a  g i v e n  i s o ­

t h e r m a l  t r a n s f o r m a t i o n  i n  one  a l l o y  w i l l  co m p are  v e r y  

c l o s e l y  t o  t h a t  s e r i e s  i n  t h e  o t h e r  a l l o y  w h ic h  e x h i b i t s  

t h e  sam e s t a r t i n g  t i m e .  T h i s  i s  s i g n i f i c a n t  s i n c e  i t  show s 

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

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

T h e r e  i s  no s h a r p  t r a n s i t i o n  b e tw e e n  a l p h a i  a n d

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



a l p h a 2 f o r m a t i o n  i n  CE 1 4 .  I t  d o e s  t a k e  p l a c e  g r a d u a l l y ,  

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

a n a l y s i s .  L i k e w i s e ,  t h e  e x a c t  n a t u r e  o f  t h e  a l p h a  r e a c t i o n  

b e l o w  t h e  n o s e  o f  t h e  T - T - T  c u r v e  i s  n o t  c l e a r ,  s i n c e  i t  

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

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

w h e r e a s  t h e  IM  m a t e r i a l  w i l l  r e t a i n  a l l  b e t a  u n d e r ,  t h e s e

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

a l p h a  s t a b i l i t y  i n  CE 1 4 .  T h e  n o s e  o f  t h e  t r a n s f o r m a t i o n  

c u r v e  i s  s o  f a r  t o  t h e  l e f t ' :  t h a t  t h e  a l p h a 2 r e a c t i o n  

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

B u t  t h i s  i s  n o t  t o  b e  c o n s t r u e d  a s  m a r t e n s i t e ,  

f o r  i t  h a s  b e e n  f o u n d  t h a t  CE l 4  w h e n  q u e n c h e d  i n  s u b ­

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

d o e s  IM  J>1. I n  t h i s  c a s e ,  h o w e v e r ,  m o r e  m a r t e n s i t i c

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

t h e  g r e a t e r  a l p h a  f o r m i n g  t e n d e n c y  o f  CE 1 4 ,  i t  h a s  b e e n  

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

e l e c t r o d e  m e l t e d  a l l o y  i s  s o m e w h a t  h i g h e r  t h a n  i n  IM  31,  

b u t  i s  s t i l l  b e l o w  2 5 ° C .

T h e  X - r a y  p a t t e r n s  o f  CE 1 4  a r e  m u c h  m o r e  d i f f i c u l t  

t o  i n t e r p r e t  t h a n  a r e  t h o s e  o f  IM  3 1 .  T h i s  i s  a t t r i b u t e d  

t o  t h e  l a r g e  a m o u n t  o f  a l p h a  f o r m e d  a t  a l l  t e m p e r a t u r e s .

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

p o s s i b l e  t o  d e t e c t  i t  b y  t h e  X - r a y  m e t h o d  u s e d  i n
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c o n n e c t i o n  w i t h  t h i s  r e s e a r c h .  L i k e w i s e ,  no  h a r d n e s s  o r  

m i c r o s t r u c t u r e  c h a n g e s  w e re  n o t e d .  H o w ev e r ,  i t  m u s t  b e  

r e a l i z e d  t h a t  a l l  s u c h  t e n d e n c i e s  c o u l d  e a s i l y  h e  o b s c u r e d  

b y  t h e  l a r g e  am o u n t o f  a l p h a  w h ic h  I s  e v e r  p r e s e n t .

I n s p i t e  o f  t h e  s t r o n g  t e n d e n c y  t o  fo rm  a l p h a ,  b e t a  i s  

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

t r a n s f o r m a t i o n .  An i n d i c a t i o n  o f  t h e  a p p r o x i m a t e  

e q u i l i b r i u m  p h a s e  d i s t r i b u t i o n  i s  shown i n  P i g .  1 7 .
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EVALUATION OP INDUCTION AND CONSUMABLE-ELECTRODE 

MELTED M S T - 2 .5 F e -2 .5 V

U s i n g  t h e  T -T -T  d i a g r a m s  a s  a  g u i d e ,  a  few  h e a t  

t r e a t m e n t s  w e re  s e l e c t e d  w h ic h  w o u ld  i s o l a t e  t h e  s e v e r a l  

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

a l l o y s .  T e n s i l e  b a r s  o f  a s - f o r g e d  m a t e r i a l  w e re  s u b j e c t e d  

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

p r o p e r t i e s .  The  r e s u l t s  o f  t h e s e  t e s t s  a r e  shown i n  

T a b l e  1 .  H a r d n e s s  v a r i a t i o n s  o f  s e v e r a l  t y p i c a l  m i c r o ­

s t r u c t u r e s  a r e  show n i n  B i g s .  1 8  a n d  1 9 .

Upon e x a m i n i n g  t h e  p h y s i c a l  p r o p e r t i e s  c l o s e l y ,  

i t  c a n  b e  s e e n  t h a t  no w o r t h w h i l e  t r e n d  i s  e v i d e n c e d .  Any 

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

d u c t i l i t y .  I n  f a c t ,  t h e  t e n d e n c y  to w a r d  e m b r i t t l e m e n t  i s  

d i s p r o p o r t i o n a t e l y  g r e a t .  N e v e r t h e l e s s ,  t h e s e  i s o t h e r m a l  

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

some i n t e r e s t i n g  t r e n d s .  The c h a r a c t e r i s t i c s  o f  IM 51 s h o u l d  

a i d  i n  t h e  m ore  d e t a i l e d  s t u d y  o f  many t i t a n i u m  a l l o y  

s y s t e m s . '
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TABLE I

PHYSICAL PROPERTIES OP ISOTHERMALLY TRANSFORMED MST-2 . 5P e-2 . 5V 

ISOTHERMAL TREATMENT INDUCTION MELTED ALLOY CONSUMABLE-ELECTRODE MELTED ALLOY

UTS
(Heat IM 31)

YS, 0 . 2$  $ E long , 2" UTS
(Heat CE 13) a 
YS, 0 . 2$  $  E long,

As forged 139,000 12k,900 1 2 .1 137,500 128,000 1 5 .6
lip7,800 136,200 9 .8 - -

Water quenched 162,220 * 178,600 it *
161,100 * «• l6 l ,6 0 0 * it

30 m ins. a t 355°C. 107,500 a «• l4 4 ,6 0 0 «• ■fr
117,300 *• 165,200 it it

30 m ins. a t  66o°C. 139,200 127,100 8 .5 138,600 132,100 10 .9
lij.1,300 130 ,lp00 7 .0 140,700 133,900 6 .3

30 m in s. a t 750°C. 171,900 157,400 7 .0 162,300 148,700 3 .9
173,500 159,400 7 .8 163,600 152,100 7 .8

15 m ins. a t 825°C. 169,900 * it 154,800 * a
161,100 * & 159,000 * it

a Heat CE 13 I s  very s im ila r  ch em ica lly  to  Heat CE lip which was used in  the  
balance o f  t h i s  resea rch .

■M- In d ic a te s  a b r i t t l e  fr a c tu r e .

CTn
— C\
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I I I

EXPERIMENTATION

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

t h i s  i n v e s t i g a t i o n  was t o  s t u d y  t h e  i s o t h e r m a l  t r a n s f o r m ­

a t i o n  c h a r a c t e r i s t i c s  o f  M S T - 2 .5 E e -2 .5 V ,  b o t h  i n d u c t i o n  

a n d  c o n s u m a b l e - e l e c t r o d e  m e l t e d .  F u n d a m e n t a l l y ,  s u c h  

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

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

o f  t i t a n i u m ,  b e t a t i z i n g  t o  fo r m  t h e  s i n g l e  p h a s e ,  b e t a )  

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

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

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

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

t e m p e r a t u r e .  The m i c r o s t r u c t u r e  i s  t h e n  e x a m in e d  m a k in g  

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

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

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

a t i o n  o n  t h i s  a l l o y  i t  was f i r s t  n e c e s s a r y  t o  i n v e s t i g a t e  

s u i t a b l e  b e t a t i z i n g  c o n d i t i o n s .  Once t h e  o p tim u m  c o n d i t i o n  

was e s t a b l i s h e d ,  t h e  i s o t h e r m a l  t r a n s f o r m a t i o n  a n d  m e t a l -  

l o g r a p h i c  w o rk  c o n n e c t e d  w i t h  t h i s  s t u d y  was b e g u n .  A 

r o u g h ,  o v e r a l l  p l o t  o f  t h e  d e s i r e d  T -T -T  d i a r g r a m  was
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o b t a i n e d  f i r s t ,  f o l l o w e d  b y  a  m o re  d e t a i l e d  s t u d y  o f  t h e  

c r i t i c a l  p o i n t s .  T h e rm a l  a n a l y s i s ,  X - r a y  d i f f r a c t i o n ,  a n d  

d i l a t o m e t r y  w e re  s u b s e q u e n t l y  u s e d  t o  c l a r i f y ,  s u b s t a n t i a t e ,  

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

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

r e s u l t e d  i n  t h e  T -T -T  c u r v e s  p r e s e n t e d .
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SPEC IM EN S

T h e  a l l o y  a r o u n d  w h i c h  t h i s  w o r k  i s  c e n t e r e d ,  

M S T - 2 . 5 E e - 2 . 5 V ,  i s  i n t e n d e d  b y  t h e  m a n u f a c t u r e r  t o  b e  

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

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

w a s  t h e r e f o r e  t h o u g h t  d e s i r a b l e  t o  h a v e  t h e  m a t e r i a l  f o r  

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

T o  p r o v i d e  t h i s  m a t e r i a l ,  a  3 0 - p o u n d  m e l t  o f  

t y p i c a l  c h e m i c a l  a n a l y s i s  w a s  s e l e c t e d .  T h e  a s - c a s t  

i n g o t  w a s  f o r g e d  i n  o n e  o p e r a t i o n  t o  a  4  l / 2 - i n c h  d i a m e t e r  

b a r  a n d  i n  a  s e c o n d  o p e r a t i o n  t o  5 / 8 - i n c h  d i a m e t e r  b a r  

s t o c k .  T h e  s p e c i m e n s  w e r e  m a c h i n e d  f r o m  t h i s  5 / 8 - i n c h  

d i a m e t e r  b a r  t o  f o r m  s m a l l  f l a t  d i s c s  0 . 5 0 0 "  d i a .  x  

0 . 1 2 5 "  t h i c k .  A N o .  d r i l l  h o l e  w a s  p l a c e d  n e a r  t h e  

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

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

h a n d l i n g .  A f l a t  s u b t e n d i n g  a n  a r c  o f  a b o u t  6 0 °  w a s  m i l l e d  

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

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

t r e a t m e n t .

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

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

s t r u c t u r e  d u e  t o  c u t - o f f  w h e e l s  a n d  o t h e r  c o m m o n  

s e c t i o n i n g  d e v i c e s .  A l l  s p e c i m e n s  w e r e  p r e p a r e d  b y

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



P .R . M a l lo ry  and Co. and s u p p l i e d  to  th e  a u th o r  i n  t h i s  

f i n i s h e d  fo rm , m inus th e  s t e e l  w i r e s .  A c o n s i d e r a b l e  

amount o f  5/ 8 - i n c h  b a r  s t o c k  from  th e  same h e a t  \  a s  t h e  

spec im ens  was s e t  a s i d e  f o r  s u b se q u e n t  p h y s i c a l  t e s t i n g .
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A c o m p le t e  b e t a t i z a t i o n  s t u d y  was c a r r i e d  o u t  

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

i n  t h i s  c a s e  t o  c o n v e r t  t h e  a s - f o r g e d  s t r u c t u r e  t o  

h o m o g e n e o u s  b e t a  a t  some e l e v a t e d  t e m p e r a t u r e ,  t h u s  

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

s t u d i e s .  The t i t a n i u m  c a r b i d e  p a r t i c l e s  shown i n  a l l  

m i c r o s t r u c t u r e s  o f  t h i s  a l l o y  (IM 3±) c a n n o t  b e  t a k e n  i n t o  

s o l u t i o n  b y  a n y  r e a s o n a b l e  t r e a t m e n t .  T h e y ,  a l t h o u g h  

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

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

c a r b i d e s  do h a v e  some s l i g h t  n u c l e a t i v e  e f f e c t  d u r i n g  t h e  

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

A p r e l i m i n a r y  e s t i m a t e  o f  a  s u i t a b l e  b e t a t i z i n g  

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

p h a s e  d i a g r a m s  f o r  t h e  T i - F e  a n d  T i - V  s y s t e m s .  I t  

w as f o u n d  t h a t  i n  b o t h  c a s e s  b e t a  i s  s t a b i l i z e d  b y  t h e s e  

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

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

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

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

a  t e m p e r a t u r e  som ew here  n e a r  t h e  a l p h a - b e t a  t r a n s i t i o n  i n  

p u r e  t i t a n i u m ,  8 8 5 ° C . ,  w o u ld  p r o b a b l y  b e  s u i t a b l e .

T he s e l e c t i o n  o f  a t m o s p h e r i c  c o n d i t i o n s  f o r
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b e t a t i z i n g  t i t a n i u m  i s ,  o f  c o u r s e ,  a  c o m p ro m is e .  T i t a n i u m  

i s  a  v e r y  r e a c t i v e  m e t a l  a n d  a b s o r b s  o x y g e n ,  n i t r o g e n ,  a n d  

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

One c h o i c e  w o u ld  b e  t h e  u s e  o f  a n  i n e r t  a t m o s p h e r e  f u r n a c e ,  

p u r g e d  w i t h  h e l i u m  o r  a r g o n ,  t h e  l a t t e r  b e i n g  p r e f e r a b l e  

b e c a u s e  o f  i t s  g r e a t e r  d e n s i t y .  H o w ev e r ,  o p e r a t i n g  

c o n s i s t e n t l y  u n d e r  t h e s e  c o n d i t i o n s  w o u ld  h a v e  b e e n  q u i t e  

t e d i o u s  w i t h  t h e  e q u ip m e n t  a v a i l a b l e .  A s e c o n d  c h o i c e  w o u ld  

b e  t o  b e t a t i z e  i n  a i r  i n  a n  e l e c t r i c  m u f f l e  f u r n a c e .  Un­

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

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

was q u e s t i o n e d .  S e v e r a l  s p e c im e n s  w e re  s o a k e d  f o r  u p  t o  

f i v e  h o u r s  i n  a i r  a t  8 8 5 °C . a n d  e x a m in e d .  I t  was f o u n d  

t h a t  t h e  c o n t a m i n a t i o n  was p r i n c i p a l l y  l i m i t e d  t o  t h e  

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

r e g i o n .  An e x a m p le  o f  t h i s  p h en o m en o n  i s  i l l u s t r a t e d  b y  

F i g .  2 0 .  F u r t h e r m o r e ,  i t  was r e c o g n i z e d  t h a t  t h i s  a l l o y  

h a s  b e e n  p r e v i o u s l y  f o r g e d  i n  a i r  a t  9 5 0 °C . a n d  p o s s i b l y  

h i g h e r ,  w h e re  t h e  t e n d e n c y  to w a r d  a t m o s p h e r i c  a b s o r p t i o n  

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

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

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

was s e l e c t e d  a s  t h e  s t a n d a r d  b e t a t i z i n g  m edium  f o r  t h i s  

w o rk .

I n  l a t e r  w ork  w h e re  t h e  e f f e c t s  o f  b e t a t i z i n g  i n
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Figure 20#

Titanium A lloy  B etatized  in  Air for  
One Hour at 900°C. (N otice the alpha 
s ta b il iz e d  at the surface due to  
atmospheric contam ination.)

X 2^0

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



a i r  v s .  b e t a t i z i n g  i n  a n  i n e r t  a t m o s p h e r e  b e c a u s e  o f  i n t e r e s t  

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

a l l o y s ,  a n  a t t e m p t  was made t o  s e t  u p  a n  i n e r t  a tm o s p h e r e  

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

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

re m o v e  a n y  o x y g e n  p r e s e n t ,  a n d  t h r o u g h  h o t  m ag n es iu m  t u r n i n g s  

( m a i n t a i n e d  j u s t  b e lo w  t h e  m e l t i n g  p o i n t )  t o  rem o v e  n i t r o g e n .  

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

t h e  t i t a n i u m  s a m p le s  b e i n g  b e t a t i z e d ,  a n d  o u t  t o  t h e  

a t m o s p h e r e  t h r o u g h  a  p r e s s u r e  t r a p  d i s p l a c i n g  a b o u t  1 5  i n c h e s  

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

o f  t h e  n i t r o g e n  f ro m  t h e  a r g o n ,  h o w e v e r ,  a n d  t h i s  p l a n  was 

a b a n d o n e d .

I n  o r d e r  t o  d e t e r m i n e  t h e  o p tim u m  t im e  a n d  

t e m p e r a t u r e  f o r  b e t a t i z i n g ,  a  s e r i e s  o f  s p e c im e n s  w e re  

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

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

800 a n d  1 0 0 0 ° C . ,  f o l l o w e d  b y  a  w a t e r  q u e n c h .  The r e s u l t s  

o f  t h i s  s t u d y  a r e  shown i n  F i g .  2 1 .  B e t a  was c o n s i d e r e d  

h o m o g e n eo u s  a t  t h e  s o l u t i o n  t r e a t i n g  t e m p e r a t u r e  when t h e  

q u e n c h e d  s t r u c t u r e  was u n i f o r m ,  s h o w in g  no t r a c e s  o f  t h e  

p r i o r  b a s k e t w e a v e  a l p h a  s t r u c t u r e .  A fe w  i n c o n s i s t e n c i e s  

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

t r e n d  i l l u s t r a t e d  was q u i t e  d e f i n i t e .

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

a t  9 0 0 ° C .  w o u ld  b e  a  s u i t a b l e  b e t a t i z i n g  t r e a t m e n t .
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G e n e r a l l y  s p e a k i n g ,  t h i s  t e m p e r a t u r e  w o u ld  a v o i d  g r a i n  

g r o w th  a n d  y e t  b e  h i g h  e n o u g h  t o  l i m i t  t h e  t o t a l  

b e t a t i z i n g  t i m e ,  h e n c e  l i m i t  a t m o s p h e r i c  c o n t a m i n a t i o n .  

S u b s e q u e n t  w ork  p r o v e d  t h i s  t o  b e  a n  e n t i r e l y  s a t i s f a c t o r y  

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

m a t e r i a l .

A t  a  l a t e r  d a t e ,  when i t  b ecam e  d e s i r a b l e  t o  com­

p a r e  t h e  new c o n s u m a b l e - e l e c t r o d e  m e l t e d  a l l o y  ( lo w  c a r b o n )  

w i t h  t h e  i n d u c t i o n  m e l t e d  a l l o y ,  t h e  same b e t a t i z i n g  

p r o c e d u r e  was u s e d  (o n e  h o u r  a t  9 0 0 ° C . ) .  W h i le  p o s s i b l y  

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

t h o u g h t  b e t t e r  n o t  t o  v a r y  b e t a t i z i n g  c o n d i t i o n s  i n  a  

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

t h i s  v a r i a b l e  o n  t h e  i s o t h e r m a l  t r a n s f o r m a t i o n  c h a r a c t e r ­

i s t i c s  o f  t i t a n i u m  a l l o y s  i s  u n k n o w n .
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T h e r e  a r e  m any ways o f  d e t e r m i n i n g  t h e  p r o g r e s s  

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

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

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

i n  h a r d n e s s  a n d  e l e c t r i c a l  r e s i s t e n c e .  The o p t i c a l  

m e th o d  i s  t h e  m o s t  h a s i c  a n d  d i r e c t  a n d  t h e r e f o r e  was 

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

TECHNIQUE:

I t  was known t h a t  i s o t h e r m a l  t r a n s f o r m a t i o n  was t o  

b e  c a r r i e d  o u t  a t  t e m p e r a t u r e s  r a n g i n g  f ro m  s l i g h t l y  b e lo w  

t h e  e q u i l i b r i u m  p o i n t  ( a b o u t  8 5 0 ° C . )  down t o  an d  b e lo w  

room  t e m p e r a t u r e .  The s e l e c t i o n  o f  s u i t a b l e  m e d ia  was 

n e c e s s a r y .  L e a d  a n d  t i n  b a t h s  w e re  c o n s i d e r e d  f o r  t h e  

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

r e a d i l y  a v a i l a b l e  a n d  a r e  m o l t e n  o v e r  m uch o f  t h e  d e s i r e d  

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

i t  t o  a n y  g r e a t  e x t e n t  ( 1 0 ) .  S i n c e  t i n  i s  m o l t e n  o v e r  a  

b r o a d e r  r a n g e  t h a n  l e a d  a n d  s i n c e  t h e r e  i s  no d a n g e r  o f  

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

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

W a t e r ,  a  m i x t u r e  o f  d r y  i c e  a n d  a c e t o n e ,  a n d  l i q u i d  a i r  

w e re  u s e d  f o r  t r a n s f o r m a t i o n  a t  t e m p e r a t u r e s  n o t  p o s s i b l e
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w i t h  m o l t e n  t i n .

S p e c im e n s  w e re  t r e a t e d  i s o t h e r m a l l y  b y  b e t a t i z i n g  

f o r  o n e  h o u r  a t  9 0 0 ° C .  a s  p r e v i o u s l y  d e s c r i b e d ,  w i t h d r a w i n g  

th e m  f r o m  t h e  b e t a t i z i n g  f u r n a c e  a n d  q u i c k l y  i m m e r s in g  th em  

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

i n  a  w e l l - i n s u l a t e d  e l e c t r i c  p o t  f u r n a c e .  S p e c im e n s  w e re  

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

b a t h  a n d  t h e n  a l l o w e d  t o  " s o a k "  u n d i s t r u b e d  f o r  w h a t e v e r  

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

w e re  t h e n  w i th d r a w n  a n d  q u e n c h e d  i n t o  w a t e r  a t  a b o u t  2 5 ° C . 

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

n o t  e x c e e d  o n e  s e c o n d .  F u r n a c e s  w e re  m a i n t a i n e d  a t  + 2 °C . 

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

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

in u m , 6 6 0 . 2 °C .

S p e c im e n s  q u e n c h e d  i n t o  s u b - z e r o  b a t h s  ( a c e t o n e -  

d r y  i c e  a n d  l i q u i d  a i r )  w e re  a t  f i r s t  q u e n c h e d  d i r e c t l y ,  

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

l o w e r  t h a n  a  q u e n c h  i n  w a t e r  (b y  o b s e r v i n g  t h e  r e s u l t i n g  

m i c r o s t r u c t u r e ) .  T h i s  was d u e  t o  e x c e s s i v e  g a s s i n g  o f  t h e s e  

m e d ia  when t h e  h o t  t i t a n i u m  was im m e r s e d .  H o w ev e r ,  a  

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

f o l l o w e d  b y  a  q u e n c h  i n t o  t h e  s u b - z e r o  b a t h  e n a b l e d  a  m o re  

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

t h e  i n t e r m e d i a t e  w a t e r  q u e n c h  b e i n g  n e c e s s a r y  t o  s u p p r e s s
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t h e  s l i g h t  t r a n s f o r m a t i o n  w h ic h  t o o k  p l a c e  a t  a b o u t  5 0 0 ° C .  

d u r i n g  t h e  s l o w e r  c o o l  d i r e c t l y  i n  t h e  s u b - z e r o  m e d ia .

F o l l o w i n g  t h e  f i n a l  q u e n c h ,  t h e  s p e c im e n s  w e re  

w e t - b e l t - g r o u n d  v e r y  l i g h t l y  o n  o n e  f l a t  f a c e  a n d  m a rk e d  

f o r  i d e n t i f i c a t i o n  w i t h  a  m a r k i n g  t o o l .  G r i n d i n g  was n e x t  

b e g u n  on  t h e  f l a t  c u t  i n  t h e  s p e c im e n . '  . d u r i n g  p r e p a r a t i o n  

a n d  a p p r o x i m a t e l y  l / 1 0 - i n c h  o f  m e t a l  was r e m o v e d .  The 

g e o m e t r i c  c e n t e r  o f  t h e s e  s m a l l  t e s t  s p e c im e n s  was now 

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

t h e  A p p e n d ix  f o r  d e t a i l s  o f  t h i s  o p e r a t i o n .

METALLOGRAPHIC ANALYSIS:

As a  b e g i n n i n g ,  s p e c i m e n s  o f  i n d u c t i o n - m e l t e d  

m a t e r i a l  ( H e a t  IM 5 1 )  w e re  t r a n s f o r m e d  i s o t h e r m a l l y  a t  

6 6 0 ,  6 9 0 , 7 2 0 ,  a n d  7 5 0 °C . f o r  a p p r o x i m a t e l y  e q u a l  

i n c r e m e n t s  o f  l o g  t im e  r a n g i n g  f r o m  tw o s e c o n d s  t o  5 0  

m i n u t e s .  Log  t i m e  was c h o s e n  s i n c e  t h e  r a t e  o f  t h e s e  

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

t u r n  T -T -T  c u r v e s  a r e  g e n e r a l l y  p l o t t e d  u s i n g  l o g  t im e  

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

t a k e n  a t  500X u s i n g  o f f s e t  i l l u m i n a t i o n  a n d  2 - i n c h  s q u a r e  

p r i n t s  w e re  m o u n te d  a t  t h e i r  p r o p e r  p o s i t i o n s  o n  a  l a r g e  

p l o t  o f  l o g  t i m e  v s .  t e m p e r a t u r e  w h ic h  h a d  b e e n  d ra w n .  A t 

t h e  c o m p l e t i o n  o f  t h i s  e a r l y  w o r k ,  t h e  d i r e c t i o n  w h ic h  

s u b s e q u e n t  r e s e a r c h  s h o u l d  t a k e  was c l e a r l y  i n d i c a t e d .
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T i m e  a n d  t e m p e r a t u r e  w e r e  v a r i e d  o v e r  a  m u c h  w i d e r  

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

r a n g e  o f  m o l t e n  t i n  p l u s  w a t e r  a n d  s u b - z e r o  b a t h s .  T i m e s  

u p  t o  t w o  h o u r s  a n d  t e m p e r a t u r e s  f r o m  - 1 7 5  t o  8 4 0 ° C .  

w e r e  c o v e r e d .  A c t u a l l y ,  v a l u e  m i g h t  w e l l  h a v e  b e e n  

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

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

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

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

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

A t o t a l  o f  9 ^  s a m p l e s  o f  IM 51 w e re  s u b j e c t e d  t o  

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

w e re  r u n  t w i c e  a s  a  c h e c k  on  r e p r o d u c i b i l i t y .  T h e s e  r e s u l t s  

w e re  q u i t e  s a t i s f a c t o r y  i n d i c a t i n g  t h a t  r e l i a b l e  m e t a l ­

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

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

i n f o r m a t i o n  was a s s e m b l e d ,  a  goo d  i d e a  o f  t h e  t r a n s ­

f o r m a t i o n  c u r v e s  c o u l d  b e  o b t a i n e d  a t  a  g l a n c e .  H o w ev e r ,  

o p t i c a l  m e th o d s  w e re  f o u n d  c o m p l e t e l y  s u i t a b l e  o n l y  i n  t h e  

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

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

t e m p e r a t u r e s  o f  a b o u t  7 0 0 °C . an d  l o w e r ;  o t h e r  t e c h n i q u e s  

w e re  n e c e s s a r i l y  r e s o r t e d  t o .

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

m e l t e d  m a t e r i a l  ( H e a t  CE 1 4 )  t o  t h e  i n d u c t i o n  m e l t e d  t y p e

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



u >

45 s p e c im e n s  o f  t h e  l o w - c a r b o n  a l l o y  w e re  t r e a t e d  i s o ­

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

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

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

a d d i t i o n ,  a  c r o s s - c o m p a r i s o n  b e t w e e n  CE a n d  IM m a t e r i a l s  

was m a d e .  The p r o c e d u r e  e n a b l e d  a  d e t a i l e d  s e t  o f  

T -T -T  c u r v e s  t o  b e  d ra w n  f o r  t h e  CE m a t e r i a l  a l s o ,  a l t h o u g h  

a b o u t  h a l f  a s  m any s a m p le s  w e re  a c t u a l l y  h e a t  t r e a t e d .

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

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

h a s  b e e n  a s s u m e d  t o  b e g i n  when t h e r e  i s  a  g e n e r a l  

s c a t t e r i n g  o f  t h e  new p h a s e '  e v e n l y  d i s t r i b u t e d  o v e r  t h e  

m i c r o s t r u c t u r e .  H e n c e ,  t h e  s o - c a l l e d  " B e g i n n i n g  o f  

T r a n s f o r m a t i o n "  g e n e r a l l y  r e f e r s  t o  som ew here  b e t w e e n  2 

a n d  4 0 / 0  o f  t r a n s f o r m a t i o n ,  i f  s t r i c t l y  e v a l u a t e d .  O th e r  

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

v i s u a l l y .  The "End o f  T r a n s f o r m a t i o n "  I s  som ew hat m ore 

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

o n  t h e  b a s i s  o f  m i c r o s t r u c t u r e  a f t e r  a  m i n u t e  o r  e v e n  l e s s  

t i m e  a t  t e m p e r a t u r e  h a s  e l a p s e d ,  X - r a y  s t u d i e s  h a v e  shown 

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

5 0 0  h o u r s ( l 4 ) .  Some o f  t h e s e  c h a n g e s ,  h o w e v e r ,  may b e  d u e  

t o  a  s e c o n d a r y  r e a c t i o n .  F o r  t h e  p u r p o s e s  o f  t h i s  w o rk ,  

t h e  "End o f  T r a n s f o r m a t i o n "  h a s  b e e n  d e f i n e d  a s  a p p r o x i m a t e l y  

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

i n  X - r a y  p a t t e r n s .  I t  d o e s  n o t  i m p l y  c o m p l e t e  b e t a  

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

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

9 5  o / o  o f  t h e  t r u e  e q u i l i b r i u m  c o n d i t i o n  a t  t h e  p a r t i c u l a r  

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

S e v e r a l  e x a m p le s  o f  t h e  t y p e  o f  m e t a l l o g r a p h i c  

d a t a  o b t a i n e d  a r e  show n i n  F i g s .  22 t h r o u g h  3 1 .  I t  s h o u l d  

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

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

o r  c o m p le x  c a r b i d e s  o n  o r  j u s t  u n d e r  t h e  s u r f a c e .  T h e s e  

may b e  i g n o r e d  f o r  t h e  p u r p o s e  o f  t h i s  s t u d y ,  e x c e p t  t o  

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

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

THERMAL ANALYSIS:

The s i g n i f i c a n c e  o f  s e v e r a l  p o i n t s  r e m a i n e d  so m e­

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

o f  t h i s  r e s e a r c h .  Of p r i m e  i m p o r t a n c e  was t h e  m a rk e d  

d i f f e r e n c e  i n  a l p h a  f o r m a t i o n  o b s e r v e d  b e t w e e n  s p e c im e n s  

o f  IM 31 q u e n c h e d  a t  6 9 0 ° C .  a n d  lo w e r  a n d  s p e c im e n s  o f  IM 

31 q u e n c h e d  a t  7 0 0 °C . a n d  a b o v e .  S e e  F i g s .  25  a n d  26 f o r  

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

p h a s e ,  a p p e a r i n g  a s  W i d m a n s t a t t e n  a l p h a ,  h a s  o n  s e v e r a l
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F igure 22.

(a) 30 seconds

(b) 2 m inutes

(c ) 10 m inutes

(d) lj.0 m inutes

IM 31 Transformed a t 820°C. fo r  the Times In d icated*  X £00

no transform ation; showing r e ta in e d  b e ta  p lu s carb ides*

quenched from m etastab le  b eta  zone; showing alpha prime 
n e e d le s , r e ta in ed  b e ta , and ca rb id es .

transform ation  b eg in s; showing some alpha^, a few alpha  
prime n e e d le s , p lu s re ta in ed  b e ta  and carb ides*

tran sform ation  p ro g ressin g ; showing alpha^ and carb id es  
In a m atrix  o f re ta in ed  b e ta .
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F igure 23,

(a) 10 seconds

(b) 20  seconds

( c ) 1 minute

(d) £> m inutes

IM 31 Transformed a t 79^°C. fo r  th e  Times In d ic a te d . X £>00

■ no t r  fins form at io n ; showing re ta in ed  b eta  p lus c a rb id es .

quenched from the m etastab le  beta  zone; showing strong  
alpha prime form ation p lus carb id es and some reta in ed  b e ta .

transform ation  b eg in s; showing some a l p h a i n  a d d itio n  
to  reta in ed  b eta  and c a r b id e s .

transform ation  p rogress in g ; showing alpha^ la m ella e  and 
carb id es in  a m atrix o f  re ta in ed  b e ta .
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Figure 2lf.o IM 31 Transformed a t 720°C. fo r  the Times In d ica ted . X 500

(a) 5 seconds -  s t i l l  in  m etastable b eta  zone, transform ation  alm ost 
beginn ing; showing alpha prime n eed les  and some alpha, 
plu s re ta in ed  b eta  and c a r b id e s .

(b ) 10 seconds -  transform ation  p ro g ressin g ; showing alpha-] 
boundaries p lu s re ta in ed  b e ta  and carb ides,'

a t  grain

(c) 20 seconds -  l ik e  b but more com plete.

(a ) 1 minute -  l ik e  b and _c but s t i l l  more com plete. (Note 
o f the alphas la m e lla e .)

the th ick en in g

(9 ) 5 minute s -  apparently  com plete form ation o f  a lpha, p lu s carb id es  
which are In h eren tly  p r e se n t . (Though not v i s i b l e .
X-ray a n a ly s is  in d ic a te s  some r e ta in e d  b e ta  in  t h is  stru ctu re ,,)
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a b e d

Figure 25* IM 31 Transformed a t  700°C. fo r  the Times In d ica ted , X 5oo

(a) 5 seconds -  transform ation  b eg in s ;  showing alpha, p lu s re ta in e d  
b eta  and c a rb id es .

(b) 10 seconds -  transform ation  p rogress in g ; showing alpha-^ p lus  
b eta  and c a rb id es .

r e ta in ed

(c) 20 seconds -  l ik e  b but more com plete.

(d) 1 minute -  transform ation  n ear ly  com plete; showing network o f  alpha-.
n eed les  p lu s carb id es and sm all areas o f untransform ed b e ta .
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a b o d e

F igure 260 IM 31 Transformed a t 690°C. fo r  the Times In d icated*  X 5>00

(a) 2 seconds -  quenched from m etastab le  b eta  zone; showing alpha prime 
n eed les  and carb id es in  a m atrix  o f  r e ta in e d  b e ta .

(*> 5 seconds -  tran sform ation  about 10$  com plete; showing alphag n eed les  
p lu s carb id es in  r e ta in ed  beta* (Compare w ith  F ig . 2S>a.)

(c ) 10 seconds -  transform ation  about h a l f  com plete; showing n eed les  o f  
alphag p lu s r e ta in ed  b eta  and c a rb id es .

(a) 20 seconds -  l ik e  £  but n ea r ly  com plete.

(e) 1 minute -  apparently  complete transform ation; showing alpha2 and 
ca rb id es . Though not v i s i b l e ,  some b eta  I s  reta ined*
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F igure 27* IM 31 Transformed a t 37f?°C* fo r  th e  Times In d ica ted , X £00

(a) 5  seconds -

(b) 1$ seconds -

(c )  1  minute -

(d) $ m inutes

tran sform ation  p rogressin g ; showing ty p ic a l  kappa form ation  
p lu s carb id es in  a m atrix  o f r e ta in e d  beta ,,

l ik e  a .

l ik e  a and b but more com plete, 

l ik e  c but s t i l l  more com p lete .
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Figure 2 8 . CE ll|.

(a ) 10 seconds

(b) 30 seconds

(c) 1 minute

(d) 5 m inutes

b o
/ / .

x  5oo

quenched from m etastab le b e ta  zone; showing alpha prime 
n eed les*  Some b e ta  i s  r e ta in ed  though n ot d is tin g u ish a b le*

tran sform ation  p rogress in g ; showing alpha* a t  grain  
boundaries and alpha prime*

l ik e  b; n ote  su pp ression  o f  alpha prime r ea c tio n  due to  
quencKing from fr in g e  area o f  the m etastable b eta  zone.

transform at!on p rogressin g ; showing alpha^ la m ella e  in  
a m atrix o f  r e ta in ed  beta®

I k
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a

Figure 29* CE llj. Transformed a t  76o°0o fo r  the Times Indicated# X 5>00

tran sform ation  b eg in s; showing alpha^ and alpha prime*(a ) f> seconds

(b) 10 seconds

(c )  20 seconds

( d) 1  minute

tran sform ation  p ro g ressin g ; showing alphs.-^ lam ellae  
and r e ta in ed  beta*

l ik e  b but more com p lete .

l ik e  b and jc but s t i l l  more com p lete .
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a b o d e

Figure 3 0 . CE l lf  Transformed a t  7 20°0 . fo r  th e  Times In d icated *  X J?00

(a) 5 seconds » transform ation  about h a l f  com plete; showing alpha2  and 
r e ta in e d  beta*

(b) 10 seconds - l ik e  a but more complete*

(o') 20 seconds - l ik e  above but more com p lete .

(d) 1 minute - l ik e  above but more com plete.

(e). 30  m inutes _ l ik e  above but s t i l l  more com p lete . Not© some coa lesen ce
o f th e  alphag n eed les#
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Figure 31®

(a) 5
(b) l
(c) 10

CE llj. Transformed a t  300°C® fo r  the Times In d icated!

seconds ) 
)

minute j

X 500

A ll  e x h ib it  a f in e  alpha2 stru c tu re  p lu s some re ta in ed  
b e ta , the l a t t e r  b e in g  d e tec ta b le  on ly  by X-ray analysis®

-0



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

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

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

a l s o  b e c a u s e  o f  i t s  e x t r e m e l y  r a p i d  f o r m a t i o n .  I t  was 

n o t e d ,  h o w e v e r ,  t h a t  w a t e r - q u e n c h i n g  w o u ld  s u p p r e s s  

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

i t s  n o t  b e i n g  m a r t e n s i t i c .

A n o t h e r  c h a r a c t e r i s t i c  o f  m a r t e n s i t e  i s  t h e  c o n ­

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

r e a c t i o n  c a n n o t  b e  d e p r e s s e d  b y  q u e n c h i n g ,  no  m a t t e r  how 

r a p i d  ( 1 1 ) .  I t  was d e c i d e d  t o  i n v e s t i g a t e  t h i s  l a t t e r  

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

w i t h  m o re  c e n t a i n t y  w h e t h e r  o r  n o t  t h e  o b s e r v e d  s u d d e n  

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

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

m a r t e n s i t e  s t a r t  t e m p e r a t u r e  (M_) c a n  b e  d e t e c t e d  b y  

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

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

o f  t h e  m a r t e n s i t i c  p r o d u c t  ( 1 2 ,  1 3 ) .  The l a s t  m e n t i o n e d  

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

f o r e ,  a  s e t u p  t o  do t h e r m a l  a n a l y s i s  w o rk  was i n i t i a t e d .

A f t e r  c o n s i d e r a b l e  d e v e l o p m e n t ,  a  t e c h n i q u e  was 

p e r f e c t e d  w h ic h  i n v o l v e d  t h e  i n s e r t i o n  o f  t h e  w e ld e d  

j u n c t i o n  o f  a  2 8 - g a g e  c h r o m e l - a l u m e l  t h e r m o c o u p l e  i n  t h e  

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

5 / 8 - i n c h  i n  d i a m e t e r  b y  l / 4 - i n c h  t h i c k .  (T h e  s m a l l e r
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s a m p l e s  u s e d  I n  t h e  m e t a l l o g r a p h i c  w ork  w e re  t r i e d  h u t  

w e re  f o u n d  t o o  s m a l l  t o  g i v e  a  s u i t a b l e  t h e r m a l  r e s p o n s e . )

The t h e r m o c o u p l e  w i r e s  w e re  i n s u l a t e d  b y  5 / 6 ^ - i n c h  d i a m e t e r  

2 - h o l e  a lu n d u m  t u b e s ,  c o u n t e r s u n k  i n t o  t h e  p e r i p h e r a l  

s u r f a c e  o f  t h e  s p e c i m e n .  A S p eed o m ax  T ype  G r e c o r d e r  was 

u s e d  i n  c o n j u n c t i o n  w i t h  t h i s  w o rk .  I t  was a l t e r e d  t o  

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

r a n g e  o f  15 m v . } r e a d i n g  25  mv. a t  t h e  lo w  e n d  a n d  40 mv. 

a t : t h e  h i g h  e n d  o f  t h e  . s c a l e .  T h e s e  m o d i f i c a t i o n s

e n a b l e d  t h e  f u l l  r a n g e  o f  t h e  S p eed o m ax  t o  b e  u s e d ,  t h u s  

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

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

i n s e r t e d  w e re  b e t a t i z e d  i n  t h e  u s u a l  w ay. T ow ard  t h e  en d  

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

t o  t h e  r e c o r d e r  a n d  t h e  t e m p e r a t u r e  c h e c k e d .  I n  m o s t  c a s e s ,  

t h e  t e m p e r a t u r e  i n d i c a t e d  b y  t h e s e  s p e c im e n s  was w i t h i n  

5 °C . o f  t h a t  i n d i c a t e d  b y  t h e  m a s t e r  t h e r m o c o u p l e  i n  t h e  

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

a n d  w i t h  t h e  r e c o r d e r  r u n n i n g ,  t h e  t e m p e r a t u r e  o f  t h e  t i n  

b a t h  was c h e c k e d  a n d  r e c o r d e d ;  t h e  s p e c im e n  was t h e n  w i t h ­

d ra w n  f r o m  t h e  b e t a t i z i n g  f u r n a c e  a n d  p u t  i n t o  t h e  t i n  

b a t h .  A f t e r  e q u i l i b r i u m  was r e a c h e d ,  t h e  a c t u a l  t i n  b a t h  

t e m p e r a t u r e  a s  w e l l  a s  t h a t  i n d i c a t e d  b y  t h e  s p e c im e n  w e re  

r e c o r d e d .  Any e r r o r  n o t e d  h e r e  was a p p l i e d  a s  a  c o r r e c t i o n  

t o  t h e  c o o l i n g  c u r v e  d ra w n  b y  t h e  r e c o r d e r .
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S p e c im e n s  o f  i n d u c t i o n  m e l t e d  m a t e r i a l  w e re  

q u e n c h e d  i n t o  t i n  b a t h s  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  730 

down t o  5 5 0 ° C .  A t  7 2 0 °C . a n d  a b o v e ,  t h e  n o r m a l  l o g ­

a r i t h m i c  c o o l i n g  c u r v e  was i n d i c a t e d ,  e x c e p t  t h a t  t h e  

l a s t  d r o p  o f  3 o r  ^ C .  was v e r y  s lo w .  T h r e e  m i n u t e s  w e re  

r e q u i r e d  t o  r e a c h  e q u i l i b r i u m  a t  7 3 0 ° C . ;  2 . 5  m i n u t e s  a t  

7 2 0 °C . T h i s  i s  b e l i e v e d  t o  i n d i c a t e  t h e  p r o g r e s s i o n  o f  t h e  

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

Many s p e c im e n s  q u e n c h e d  a t  7 1 0 °C . a n d  b e lo w  e x h i b i t  a  

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

t y p i c a l  o f  t h a t  o c c u r i n g  i n  w a t e r  when u n d e r c o o l e d  d u r i n g  

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

a  c o n s t a n t  t e m p e r a t u r e  b u t  r a t h e r  a t  f r o m  5 t o  1 5 °  C . a b o v e  

t h e  b a t h  t e m p e r a t u r e .  S e v e r a l  t y p i c a l  c u r v e s  a r e  shown i n  

F i g .  3 2 .  D a t a  o b t a i n e d  f r o m  r e a d i n g  t h e  c o m p l e t e  s e t  o f  

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

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



101

- t -

o o o o

c n
c
1/5
oW
k_(J
c

UJ 
or 
=5 
I- 
<  
q:
LlI
CL
5
LU
I-

o>c
u>
aa>
t _oa>Q

OJ
rO
05l_O
O'

to
S

Ll.
O

C/5
LU
>
£E
3
a

o

z
_ i
o
o
o

<
o
CL
>-
h"

SQ N 0 3 3 S  43 I/MII

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



| 0 2

C o o lin g  Curve D a ta  f o r  IM 31

Q uenching Temp. o f D u r a t io n  o f
B a th  Temp. I s o th e r m a l I s o th e r m a l

°C. A r r e s t A r r e s t
°C. S e c .

730 none —--------

720 none -------------

711 716 1 5 .6
710 713 6 .7
693 698 9 .5
680 690 3
680 687 i n s t a n t -
668 685 i n s t a n t
660 680 i n s t a n t
649 679 i n s t a n t
638 684 jo g  i n  c u rv e
619 665 jo g  i n  c u rv e
590 661 jo g  i n  c u rv e
530 645 jo g  i n  c u rv e
500 none -------------

The i s o t h e r m a l  a r r e s t  i n d i c a t e d  above c o in c i d e s  

w i th  t h e  f o r m a t i o n  o f  W id m a n s ta t te n  a lp h a  and i s  presum ed 

to  be due to  t h a t  fc e a c t io n .  W id m a n s ta t te n  a lp h a  i s  

o b s e r v e d  h e r e  (by  th e rm a l  a n a l y s i s )  i n  spec im ens  quenched 

a t  7 H ° C .  and lo w e r ,  w h i le  a p p e a r in g  i n  t h e  r e g u l a r  

sp ec im en s  ( s m a l l e r ,  w i th o u t  th e rm o c o u p le s )  o n ly  f o l l o w i n g  

a  quench  a t  690°C. o r  lo w e r .  The p r e s e n c e  of t h i s  p r o d u c t  

i n  th e  l a r g e r  th e rm a l  a n a l y s i s  spec im ens  f o l l o w i n g  s l i g h t l y  

h i g h e r  q u e n c h in g  te m p e r a t u r e s  was v e r i f i e d  m e t a l l o g r a p h i c a l l y .  

I t  i s  c o n c lu d e d  t h a t  th e  low er c o o l i n g  r a t e  o b ta in e d  i n  th e  

l a r g e r  sp ec im en s  may w e l l  b e  r e s p o n s i b l e  f o r  t h i s ,  p r e d i c t e d  

on t h e  a s s u m p t io n  t h a t  W id m a n s ta t te n  a lp h a  i s  a  n u c l e a t i o n
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a n d  g r o w th  p r o d u c t .

R e v e r t i n g  now t o  t h e  o r i g i n a l  p r o b l e m ,  i t  i s  

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

t a k e  p l a c e  a t  c o n s t a n t  te m p e rd su re .  T h i s  f a c t  c o u p l e d  w i t h  

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

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

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

c o o l i n g  c u r v e  o b t a i n e d ,  h o w e v e r ,  i n d i c a t e s  t h a t  Widman­

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

t h e  T -T -T  c u r v e  i n  t h i s  r e g i o n  i s  v e r y  c l o s e  t o  t h e  z e r o  

t i m e  a x i s .

I t  was e v i d e n t  f r o m  a n  e x a m i n a t i o n  o f  t h e  m i c r o ­

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

a l l o y  (CE 1 3 )  t h a t  t h i s  same s o r t  o f  W i d m a n s t a t t e n  

r e a c t i o n  was o c c u r r i n g  i n  t h a t  m a t e r i a l  a l s o .  I t  was 

o b s e r v e d  a t  so m ew h a t h i g h e r  t e m p e r a t u r e s ,  h o w e v e r ,  a n d  

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

a l p h a  f o r m a t i o n  w h ic h  a l s o  t a k e s  p l a c e .  T h e rm a l  a n a l y s i s  

o f  t h i s  m a t e r i a l  f o l l o w e d  t h e  same p a t t e r n  a s  t h e  a n a l y s i s  

o f  IM 3 1 .  I n  t h i s  c a s e ,  h o w e v e r ,  i t  i s  i n t e r e s t i n g  t o  

n o t e  t h a t  t h e  m a n i f e s t a t i o n  b y  t h e r m a l  a n a l y s i s  o f  t h i s  

W i d m a n s t a t t e n  r e a c t i o n  i s  l e s s  p r o n o u n c e d  i n  CE 14 t h a n  i n  

IM 3 1 , p a r a l l e l i n g  t h e  l e s s  d i s t i n c t  d e m a r c a t i o n  o f  m i c r o ­

s t r u c t u r e .  S e v e r a l  t y p i c a l  c o o l i n g  c u r v e s  a r e  show n i n  

F i g .  3 3 .  D a t a  o b t a i n e d  f r o m  r e a d i n g  t h e  c o m p l e t e  s e t  o f  

c o o l i n g  c u r v e s  i s  c o n t a i n e d  i n  t h e  f o l l o w i n g  t a b l e :
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C o o l i n g  C u r v e  D a t a  f o r  CE 1 4

Q u e n c h in g Temp, o f D u r a t i o n  o f
B a t h  Temp. I s o t h e r m a l I s o t h e r m a l

°C . A r r e s t A r r e s t
° C . S e c .

7 8 0 n o n e _  -  —

7 7 2 7 7 7 1 7
760 7 6 3 5
7 5 0 7 5 8 i n s t a n t
7 3 5 7 4 4 i n s t a n t
6 9 7 7 2 0 j o g  i n  c u r v e
6 4 9 n o n e -------

I n  g e n e r a l ,  t h e  c o n c l u s i o n s  d r a w n  a b o v e  r e g a r d ­

i n g  t h e  v a l i d i t y  o f  t h e r m a l  a n a l y s i s  i n  t h e  c a s e  o f  IM 5 1  

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

a l l o y .

O n e  a d d i t i o n a l  d e t a i l  c o n s i d e r e d  m o s t  w o r t h w h i l e  

e v o l v e d  f r o m  t h i s  w o r k  o n  t h e r m a l  a n a l y s i s .  I t  w a s  o b v i o u s  

f r o m  t h e  b e g i n n i n g  t h a t  a  t r u e  i s o t h e r m a l  t r a n s f o r m a t i o n  

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

t h e  t i n  b a t h  w a s  o f  t h e  o r d e r  o f  f i v e  o r  t e n  s e c o n d s .

A f i n i t e  t i m e  l a g  e x i s t e d  b e f o r e  t h e  t r a n s f o r m a t i o n  

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

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

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

i t  w a s  f o u n d  t h a t  f i v e  s e c o n d s  w e r e  r e q u i r e d  f o r  t h e  

s p e c i m e n  t o  c o m e  t o  w i t h i n  3  o r  4 ° C .  o f  t h e  b a t h  t e m p e r a t u r e
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a n d  a b o u t  f i v e  m o re  s e c o n d s  t o  a c t u a l l y  r e a c h  e q u i l i b r i u m .  

T a k in g  t h i s  i n t o  a c c o u n t ,  a n  a p p r o x i m a t e  c o m p e n s a t i o n  

t o  T -T -T  d a t a  was made b y  c o n s i d e r i n g  t h a t  s t r u c t u r e s  

t r a n s f o r m e d  f o r  f i v e  s e c o n d s  i n  t i n  w e re  a c t u a l l y  t y p i c a l  

o f  1 5 ° C .  h i g h e r  t h a n  t h e  b a t h  t e m p e r a t u r e ;  s p e c im e n s  

t r a n s f o r m e d  f o r  t e n  s e c o n d s  w e re  c o n s i d e r e d  t y p i c a l  o f  

5 ° C .  h i g h e r  t h a n  t h e  b a t h  t e m p e r a t u r e .  No c o m p e n s a t i o n  was 

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

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

t h e  t r u e  s i t u a t i o n  t h a n  w o u ld  b e  t h e  c a s e  w i t h o u t  a n y  

c o r r e c t i o n  w h a t e v e r .  ( T h i s  c o m p e n s a t i o n  was a p p l i e d  i n  

t h e  d r a w i n g  o f  t h e  f i n a l  T -T -T  c u r v e s  o n l y .  I t  was n o t  

u s e d  i n  c o m p o s in g  F i g s .  22 t h r o u g h  5 1 . )

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

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

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

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

a l l o y  c o n t a i n i n g  a lu m in u m  w e re  e a c h  f i t t e d  w i t h  t h e r m o ­

c o u p l e s ,  so  c o n n e c t e d  t h a t  t h e  n e t  EMF w o u ld  b e  i n d i c a t e d .  

When t h e  s p e c im e n s  w e re  a t  t h e  same t e m p e r a t u r e ,  t h i s  EMF 

w o u ld  b e  z e r o .  As t h e  s p e c im e n s  w e re  s i m u l t a n e o u s l y  w i t h ­

d ra w n  f r o m  t h e  b e t a t i z i n g  f u r n a c e  a n d  q u e n c h e d  i n t o  t i n  

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

t h i s  EMF w o u ld  p r e s u m a b l y  r e m a i n  z e r o  u n t i l  t r a n s f o r m a t i o n  

b e g a n  i n  t h e  m a t e r i a l  u n d e r  t e s t .  ( T h e r e  w o u ld  b e  no
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t r a n s f o r m a t i o n  i n  t h e  a l p h a - s t a h l e  m a t e r i a l  a n d  t h i s  

w o u ld  c o o l  n o r m a l l y . )  As t r a n  s f o r m a t i o n  h e g a n  i n  one  

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

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

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

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

z e r o .  T h i s  p r o c e d u r e  w o u ld  r e s u l t  d i r e c t l y  i n  a  p l o t  

o f  t r a n s f o r m a t i o n  v s . t i m e  a n d  t h e  d u r a t i o n  o f  t r a n s f o r m ­

a t i o n  c o u l d  b e  m ore  e a s i l y  e v a l u a t e d .  I n  p r a c t i c e ,  

h o w e v e r ,  t h e  i n f l u e n c e  o f  t h e  t r a n s f o r m a t i o n  was o b s c u r e d

b y  t h e  d i f f e r e n c e  i n  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  
1

tw o a l l o y s  a n d  t h e  p l a n  was n e c e s s a r i l y  a b a n d o n e d  due  

t o  l a c k  o f  o t h e r ,  m o re  s u i t a b l e  m a t e r i a l s .

X-RAY ANALYSIS:

I t  was d e c i d e d  t h a t  X - r a y  s t u d i e s  w o u ld  b e  v e r y  

u s e f u l  i n  t h i s  r e s e a r c h  t o  s u b s t a n t i a t e  t h e  c o n c l u s i o n s  

d ra w n  f r o m  m e t a l l o g r a p h i c  o b s e r v a t i o n s  a n d  a l s o  t o  c l a r i f y  

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

The t i t a n i u m  a l l o y  c o n t a i n i n g  a lu m in u m  i s  i n h e r e n t l y  m ore  

r e s i s t a n t  t o  o x i d a t i o n  t h a n  t h e  a l l o y  w i t h o u t  a lu m in u m .

The d i f f e r e n c e  i n  s u r f a c e  f i l m s  f o r m e d  d u r i n g  b e t a t i z i n g  

i s  h e n d e  b e l i e v e d  r e s p o n s i b l e  f o r  t h e  d i f f i c u l t y  e n c o u n t e r e d .
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From  a  m e t a l l o g r a p h i c  p o i n t  o f  v ie w ,  t h i s  r e s e a r c h  was som e­

w h a t  e a s i e r  t h a n  s i m i l a r  w ork  d o n e  w i t h  o t h e r  t i t a n i u m  

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

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

W h i le  t h i s  f a c i l i t a t e s  o p t i c a l  w o rk ,  a  s u i t a b l e  c h e c k  was 

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

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

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

a s  o b s e r v e d  b y  o p t i c a l  m e th o d s  c a n  b e  d e t e c t e d .  L i k e w i s e ,  

d i s t i n c t i o n  b e t w e e n  two o r  m o re  p h a s e s  a l i k e  i n  a p p e a r a n c e  

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

c a n  b e  a c c o m p l i s h e d .

The f i r s t  X - r a y  w o rk  was d o n e  t o  d e t e r m i n e  

w h e t h e r  t h e  i n d u c t i o n  m e l t e d  a l l o y  (IM j5l) w o u ld  r e t a i n  

b e t a  o n  a  q u e n c h  i n  w a t e r  a t  2 5 ° C . I t  h a d  b e e n  a n t i c i p a t e d  

b y  t h e  m a n u f a c t u r e r  t h a t  n o t  a  g r e a t  d e a l  o f  b e t a  w o u ld  b e  

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

i n  t h i s  m a n n e r  show ed  no e v i d e n c e  w h a t e v e r  o f  a n y  a l p h a  o r  

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

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

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

v e r y  c a r e f u l l y  p r e p a r e d  (b y  f i l i n g )  f r o m  two w a t e r - q u e n c h e d  

s a m p l e s  o f  IM 51 a n d  X - r a y  p o w d e r  d i f f r a c t i o n  p a t t e r n s  w e re  

t a k e n .  T h e s e  p a t t e r n s  show ed  a l m o s t  e q u a l l y  s t r o n g  a l p h a
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a n d  b e t a  l i n e s ,  b y  c o m p a r i s o n  t o  d i f f r a c t i o n  p a t t e r n s  o f  

o t h e r  m e t a l s  known t o  b e  a l l  a l p h a  a n d  a l l  b e t a  ( l 6 ) .  T h i s  

m e a n t  d e f i n i t e l y  t h a t  a t  l e a s t  some b e t a  was r e t a i n e d  on  

w a t e r  q u e n c h i n g . H o w ev e r ,  a l p h a  was a l s o  i n d i c a t e d  w h ic h  

c o u l d  n o t  b e  d e t e c t e d  o p t i c a l l y .  W h i le  a  v e r y  f i n e  a l p h a  

d i s p e r s i o n  i s  m o s t  p r o b a b l y  p o s s i b l e ,  i t  d i d  n o t  seem  to o  

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

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

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

some d o u b t  a s  t o  t h e  s u i t a b i l i t y  o f  t h i s  m e th o d .

I t  was r e c o g n i z e d  t h a t  b e t a  t i t a n i u m  i s  q u i t e  

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

seem ed  v e r y  p o s s i b l e  t h a t  t h e  a l p h a  d e t e c t e d  b y  p o w d e r  

a n a l y s i s  m e th o d s  wwas n o t  p r e s e n t  i n  t h e  a l l o y  o r i g i n a l l y ,  

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

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

f r o m  t h e  h e a t - t r e a t e d  s p e c i m e n s .  L a t e r  w o rk  c o n f i r m e d  t h i s .

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

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

o b t a i n i n g  X - r a y  d a t a  n o t  i n v o l v i n g  p o w d e r in g  o f  t h e  s a m p le  

w e re  c o n s i d e r e d .  A r r a n g e m e n t s  w e re  f i n a l l y  made t o  h a v e  

X - r a y  a n a l y s e s  r u n  b y  P .  R .  M a l l o r y  a n d  Company o f  

I n d i a n a p o l i s .  T h e i r  l a b o r a t o r i e s  a r e  e q u i p p e d  w i t h  a  

G e i g e r  C o u n t e r  S p e c t r o m e t e r  m a n u f a c t u r e d  b y  t h e  O hio  X - r a y  

Company c o u p l e d  t o  a  G e n e r a l  E l e c t r i c  X - r a y  u n i t ,  m o d e l  

XRD-1. F o r w a r d - r e f l e c t i o n  p a t t e r n s  c o u l d  b e  c o n v e n i e n t l y
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m a d e 'W i th  t h i s  u n i t ,  h e n c e  e l i m i n a t i n g  t h e  p r o b le m  o f  

p o w d e r in g  t h e  s a m p l e .

By t r i a l  a n d  e r r o r ,  i t  was d e c i d e d  t o  u s e  t h e  

same f a c e  o f  e a c h  s p e c im e n  w h ic h  h a d  b e e n  p r e v i o u s l y  u s e d  

f o r  m e t a l l o g r a p h i c  w o rk .  T h i s  was f o u n d  t o  b e  t h e  s u r f a c e  

m o s t  f r e e  o f  s t r a i n  a n d  d i s t o r t i o n ,  b y  v i r t u e  o f  i t s  

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

X - r a y  t u b e  o p e r a t i n g  o n  23 m i l l i a m p e r e s  a t  5 ,0 0 0  v o l t s  

was u s e d .  R u n s  w e re  made w i t h  r a d i a t i o n  b o t h  u n f i l t e r e d  

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

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

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

P i g s .  3 ^  a n d  35 i l l u s t r a t e  s e v e r a l  t y p i c a l  X - r a y  

d i f f r a c t i o n  p a t t e r n s  t a k e n  o f  v a r i o u s l y  t r e a t e d  s a m p le s  o f  

M S T - 2 .5 F e - 2 .5 V .  E a c h  p a t t e r n  h a s  b e e n  s e l e c t e d  on  t h e  

b a s i s  o f  i t s  b e i n g  t y p i c a l  o f  s e v e r a l  s p e c im e n s  i n  t h e  

same m i c r o s t r u c t u r e  g r o u p .  T h e i r  p a t t e r n s  h a v e  b e e n  

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

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

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

W h i le  t h e  X - r a y  d a t a  was s u f f i c i e n t l y  c o n s i s t e n t  t o  e n a b l e  

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

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

d ra w n  f r o m  t h e  X - r a y  d a t a  a l o n e .  T h e r e  w e re  a  few  

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

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

f a c t  t h a t  t o o  few  g r a i n s  a r e  c o v e r e d  d u r i n g  t h e  G e i g e r  C o u n t ­

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

r o t a t i n g  t h e  s p e c im e n s  b e i n g  X - r a y e d .  H o w ev er ,  t h e  

e q u ip m e n t  was n o t  a v a i l a b l e  f o r  t h i s  m o d i f i c a t i o n  i n  

t e c h n i q u e  t o  b e  t r i e d .

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

c h a r t s ,  a  fe w  d e f i n i t e  c o n c l u s i o n s  c a n  b e  r e a c h e d .  F i g .  3 ^ a ,  

t y p i c a l  o f  IM 31 t r a n s f o r m e d  i s o t h e r m a l l y  a t  r e l a t i v e l y  

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

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

show i n c r e a s i n g  a m o u n ts  o f  a l p h a  a n d  d e c r e a s i n g  a m o u n ts  

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

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

G e n e r a l l y ,  h o w e v e r ,  X - r a y  d i f f r a c t i o n  r e v e a l s  m ore  r e t a i n e d  

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

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

m i c r o g r a p h s  o f  t h e  i n d u c t i o n  m e l t e d  a l l o y .  F i g .  3^h  i s  

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

b e t w e e n  500  a n d  6 5 0 ° c . I t  w i l l  b e  n o t e d  t h a t  t h i s  p a t t e r n  

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

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

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

t i t a n i u m  c a r b i d e  (T iC )  l i n e s  becom e m o re  p r o n o u n c e d ;  c o m p are
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F i g s .  34b  a n d  3 4 c .  The t i m e  o f  i s o t h e r m a l  h o l d i n g  i n  

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

s t r u c t u r e .  F i g .  3 4 c  a l s o  r e v e a l s  a  d e f i n i t e  l i n e  a t  a b o u t  

l 6 ° .  T h i s  t r e n d  was f o u n d  i n  s e v e r a l  s p e c im e n s  t r a n s ­

fo rm e d  b e t w e e n  250  an d  4 2 5 ° C . I t  m a t c h e s  no known l i n e s  

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

sumed i n d i c a t i v e  o f  a  new p h a s e .  T h i s  p h a s e  h a s  b e e n  

l a b e l e d  k a p p a .

W a t e r - q u e n c h e d  s p e c im e n s  ( F i g .  3 4 d )  a r e  f o u n d ,  

b y  X - r a y  e x a m i n a t i o n ,  t o  c o n t a i n  v i r t u a l l y  a l l  r e t a i n e d  

b e t a .  A s e c o n d  s t r o n g  b e t a  l i n e  a p p e a r s  a s  a b o u t  2 8 . 3 ° .  

T h i s  i s  r e f l e c t i o n  f ro m  t h e  200  p l a n e  o f  b e t a  t i t a n i u m  an d  

i s  m o d e r a t e l y  i n t e n s e .  I t s  a p p e a r a n c e  was f o u n d  t o  b e  

som ew hat e r r a t i c ,  h o w e v e r .  I t  was n e v e r  o b s e r v e d  i n  

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

a m o u n ts  o f  b e t a  p r e s e n t  w e re  h i g h .  T h i s  b e h a v i o r  i s  n o t  

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

N o t i c e  t h a t  t r a c e s  o f  t h e  c a r b i d e  l i n e s  a n d  t h e  k a p p a  l i n e  

h a v e  d i s a p p e a r e d  i n  t h e  p a t t e r n  o f  t h e  w a t e r - q u e n c h e d  

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

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

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

o b s e r v a t i o n  t h a t  a l l  b e t a  i s  r e t a i n e d  o n  a  w a t e r  q u e n c h  o f  

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

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

a r e  n o t  s u i t a b l e  f o r  X - r a y  s t u d i e s  o f  a t  l e a s t  some c l a s s e s  

o f  t i t a n i u m  a l l o y s .

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

a n c e  o f  t h e  TiC  l i n e s  i s  u n k n o w n .  A l l  o f  t h e s e  i n d u c t i o n  

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

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

sam e i n  a l l  c a s e s .  One p o s s i b l e  e x p l a n a t i o n  m i g h t  b e  t h a t  

t h e  t h e r m a l  t r e a t m e n t  i n  t h e  r e g i o n  w h e re  t h e s e  l i n e s  

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

r i s e  t o  a  m o re  i n t e n s e  X - r a y  d i f f r a c t i o n .  On t h e  o t h e r  

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

o f  t h e  k a p p a  p h a s e ,  j u s t  h a p p e n i n g  t o  b e  c o i n c i d e n t  w i t h  

t h e  known TiC l i n e s .  T h e r e  i s  no f u r t h e r  e v i d e n c e  

a v a i l a b l e  a t  t h e  moment t o  i n d i c a t e  w h ic h  o f  t h e s e  p o s s i ­

b i l i t i e s  i s  m o re  f e a s a b l e .

I n d u c t i o n  m e l t e d  s p e c im e n s  q u e n c h e d  i n  s u b - z e r o  

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

some d i f f e r e n c e s  i n  m i c r o s t r u c t u r e .  T h e r e f o r e ,  t h e y  h a v e  

a b o u t  t h e  same X - r a y  p a t t e r n  a s  t h e  w a t e r - q u e n c h e d  a l l o y ,  

P i g .  3 4 d .

F i g .  35 i l l u s t r a t e s  t y p i c a l  X - r a y  d i f f r a c t i o n  

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

a l l o y ,  H e a t  CE 1 4 .  As i n d i c a t e d  b y  F i g .  3 5 a ,  . good

s e p a r a t i o n  o f  a l p h a  a n d  b e t a  i s  o b t a i n e d  a t  t h e  e l e v a t e d
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t e m p e r a t u r e s .  B e lo w  6 0 0 ° C .  h o w e v e r ,  a  m a rk e d  B r o a d e n i n g  

o f  a l l  l i n e s  i s  n o t e d ,  r e s u l t i n g  i n  c o n s i d e r a b l e  u n ­

c e r t a i n t y  i n  i n t e r p r e t i n g  t h e  d i a g r a m s .

C o m p a r in g  P i g s  JK a n d  35> i t  i s  e v i d e n t  L th a t  

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

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

o b s e r v a t i o n s .  The am o u n t  o f  b e t a  r e t a i n e d  d e c r e a s e s  

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

q u e n c h ,  l i t t l e  b e t a  i s  r e t a i n e d .

T h i s  i s  s e e n  t o  b e  t h e  p r i n c i p l e  d i f f e r e n c e  

b e t w e e n  i n d u c t i o n  m e l t e d  a n d  c o n s u m a b l e - e l e c t r o d e  m e l t e d  

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

p a t t e r n s  o b t a i n e d ,  t h e r e  i s  no  p o s i t i v e  i n d i c a t i o n  o f  a  

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

W h i le  t h e s e  X - r a y  d a t a  h a v e  b e e n  o f  i n t e r e s t  a n d  

t o  some d e g r e e  u s e f u l ,  a  c o n s i d e r a b l e  r e f i n e m e n t  i n  

t e c h n i q u e  i s  c l e a r l y  d e s i r a b l e .  I n  a n y  e v e n t ,  t h e  p o t e n t i a l  

u s e f u l n e s s  o f  X - r a y  m e th o d s  i n  c l a r i f y i n g  m any o f  t h e  

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

DILATOMETRY:

I n  o r d e r  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  

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

o v e r  a  p e r i o d  o f  s e v e r a l  h u n d r e d  h o u r s ,  a  d i l a t o m e t e r  was
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s e t  u p .  T h i s  c o n s i s t e d  o f  a  h e a v y  c a s t  i r o n  j i g  i n  w h ic h  

a  s e n s i t i v e  e x t e n s o m e t e r  c o u l d  b e  h e l d  i n  l i n e  w i t h  a  

m e c h a n i c a l  s l u g  o f  t i t a n i u m  i n  s u c h  a  way t h a t  a n y  

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

b e  o b s e r v e d .

From  a  p i e c e  o f  5 / 8 - i n c h  d i a m e t e r  b a r  s t o c k  o f  

i n d u c t i o n  m e l t e d  t i t a n i u m  was c u t  a s a m p le  0 . 6 0 0 " i n  

d i a m e t e r  b y  1 . 2 5 "  l o n g .  A s l i g h t  p r o j e c t i o n  was fo rm e d  

o n  e a c h  e n d  o f  t h e  s p e c im e n  so  t h a t  p o i n t  c o n t a c t  c o u l d  

b e  o b t a i n e d  b e tw e e n  t h e  t i t a n i u m  s a m p le  a n d  t h e  j i g ,  t h u s  

a s s u r i n g  b e t t e r  a c c u r a c y  o f  t h e  t e s t .  T h i s  s p e c im e n  was 

t h e n  b e t a t i z e d  f o r  t h e  u s u a l  t i m e  (o n e  h o u r  a t  9 0 0 ° C . )  

a n d  q u e n c h e d  i n  r a p i d l y  a g i t a t e d  w a t e r  a t  2 5°C . W i t h i n  

t h r e e  m i n u t e s  o f  q u e n c h i n g ,  t h e  s p e c im e n  was m o u n te d  i n  t h e  

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

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

W i t h i n  t h e  f i r s t  t e n  h o u r s ,  a  s l i g h t  c o n t r a c t i o n  

a m o u n t in g  t o  0 . 0 2  0 / 0  was o b s e r v e d .  A s e c o n d  c o n t r a c t i o n  

was o b s e r v e d  a f t e r  a b o u t  200  h o u r s  a n d  was t h o u g h t  som ew hat 

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

c o n t r a c t i o n  was v e r i f i e d ,  t h e  s e c o n d  was n o t .  A s i m i T a r  

t e s t  was r u n  w i t h  c o n s u m a b l e - e l e c t r o d e  m a t e r i a l ,  b u t  no 

d i m e n s i o n  c h a n g e s  w e re  o b s e r v e d .

I n  t h e  c a s e  o f  i n d u c t i o n  m e l t e d  M S T - 2 .5 F e -2 .5 V ,  

a l l  o r  a l m o s t  a l l  b e t a  i s  r e t a i n e d  o n  w a t e r  q u e n c h i n g ,  a s
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we h a v e  s e e n  m e t a l l o g r a p h i c a l l y  a n d  b y  X - r a y  a n a l y s i s .

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

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

i t i o n  d u r i n g  t h e  f i r s t  fe w  h o u r s  o f  t r a n s f o r m a t i o n  a t  

ro o m  t e m p e r a t u r e .  The c o n s u m a b l e - e l e c t r o d e  m e l t e d  a l l o y  

d o e s  n o t  r e t a i n  much b e t a  o n  a  w a t e r  q u e n c h ,  a s  h a s  a l s o  

b e e n  show n . The l a c k  o f  d i m e n s i o n a l  c h a n g e  i n  t h i s  a l l o y  

c a n  t h e r e f o r e  b e  a t t r i b u t e d  d i r e c t l y  t o  t h e  l a c k  o f  

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

n o t i c a b l e  c h a n g e  o r  t o  a  c o n d i t i o n  o f  t h e  b e t a  w h ic h  w o u ld  

n o t  f a v o r  i t s  d e c o m p o s i t i o n .
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CHEMICAL ANALYSES OF ALLOYS

NOMINAL DESIGNATION: M S T - 2 .5 F e -2 .5 V  ( S p e c i f i c a t i o n s
c a l l  f o r  5 o / o  F e r r o v a n a d i u m ,  t h e  
l a t t e r  b e i n g  o / o  F e ,  5 6  0 / 0  V. 
T h i s  r e s u l t s  i n  t h e  f o l l o w i n g  t r u e  
n o m in a l  c o m p o s i t i o n  T i - 2 . 2 F e - 2 . T V .)

INDUCTION MELTED ALLOY: ( H e a t  IM 5 1 ,  a s  c a s t  a n d  s c a l p e d )

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

F e ,  0 / 0  2 . 6 5  2 . 5 3
V, 0 / 0  3 . 1 5  3 . 2 5

Wet a n a l y s i s :  (A i s  s p e c im e n  f r o m  o r i g i n a l  i n g o t  e n d ;  
B i s  s p e c im e n  f r o m  c u t  e n d . ) :

A B

F e ,  0 / 0  2 . 1 3  2 . 2 4
v ,  0 / 0  2 . 9 7  2 . 9 6
C, 0 / 0  0 . 4 9  0 . 5 0
N, 0 / 0  0 . 0 1 3 5  0 .0 1 5 3

CONSUMABLE-ELECTRODE MELTED ALLOY: ( H e a t  CE 1 4 ,  a s  c a s t
a n d  s c a l p e d )

Wet a n a l y s i s :  (A i s  s p e c im e n  f r o m  t o p  o f  i n g o t ;  B i s  
s p e c im e n  f r o m  t h e  b o t t o m . )

A B
F e ,  0 / 0  2 . 0 1  2 . 1 0
V, 0 / 0  2 . 8 0  2 . 9 5
C, 0 / 0  0 .1 1
N, 0 / 0  0 .0 5 3
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| 2 0

METALLOGRAPHIC PREPARATION OE TITANIUM AND TITANIUM ALLOYS:

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

c o n n e c t i o n  w i t h  t h i s  p r o j e c t  was d o n e  b y  e l e c t r o l y t i c  

m e a n s .  S a m p le s  w e re  w e t - b e l t - g r o u n d  i n  o r d e r  t o  rem ove  

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

d u r i n g  b e t a t i z i n g .  T h e y  w e re  n e x t  g r o u n d  b y  h a n d  on  e i t h e r  

e m ery  o r  s i l i c o n  c a r b i d e  p a p e r s ,  f r o m  No. 1 down t h r o u g h  

3 / 0 .  E l e c t r o l y t i c  p o l i s h i n g  was d o n e  o n  a  D i s a  E l e c t r o p o l  

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

e l e c t r o l y t e  reco m m en d ed  b y  P .R .  M a l l o r y  a n d  Company:

5 90  c c .  M e th y l  A l c o h o l
3 5 0  c c . E t h y l e n e  G l y c o l

3 6  c c .  7 0 -7 2  0 / 0  P e r c h l o r i c  A c id
24 c c . M a te r

T he  e l e c t r o l y t e  t e m p e r a t u r e  was m a i n t a i n e d  b e lo w  1 5 °C . f o r

b e s t  r e s u l t s ,  s i n c e  i t  'was o b s e r v e d  t h a t  o p e r a t i n g  a t  

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

s t r u c t u r e .  U s u a l l y ,  a  p o t e n t i a l  o f  25  t o  30  v o l t s  a p p l i e d  

f o r  1 0  t o  1 5  s e c o n d s  was m o s t  s a t i s f a c t o r y ,  a l t h o u g h  i n  

some c e r t a i n  i n s t a n c e s ,  a  s l i g h t l y  h i g h e r  v o l t a g e  was 

f o u n d  d e s i r a b l e .

S i n c e  t h e  a l l o y s  w o rk e d  w i t h  c o n t a i n e d  m o d e r a t e  

a m o u n ts  o f  b e t a  s t a b i l i z e r s ,  t h e  f o l l o w i n g  e t c h  was 

e m p lo y e d ,  u s u a l l y  f o r  a b o u t  1 5  s e c o n d s :
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10 cc . Hydrofluoric Acid
10 cc . Nitric Acid
20 cc . Glycerine

Specimens were stored in a dessicator when not 
being examined and could be kept satisfactorily for 
several weeks in this manner.
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