
The above d i scuss ion  of twinning and p r e s s u r e  de-  
pendent  diffusion cont ro l led  creep indicate  that e i ther  
can account  for the la rge  magnitude of the SD effect in 
a - P u .  At p r e s e n t  the author favors  the diffusion con-  
t ro l l ed  model  s ince  creep of a - P u  does appear  to be 
diffusion con t ro l led  in this  s t r e s s  range  and no twins 
were  observed .  However,  s ince  the m e c h a n i s m s  of 
p las t ic  deformat ion  in ~ - P u  a re  not comple te ly  unde r -  
stood, fu r the r  m i c r o s t r u c t u r a l  and phenomenologica l  
obse rva t ions  of c reep  a re  n e c e s s a r y  to reso lve  this  
quest ion.  C lea r ly  the r e l a t ion  of the ment ioned s t r u c -  
t u ra l  changes dur ing  de format ion  to flow s t r e s s  is not 
yet unders tood.  The SD effect in ~ - P u  is l a rge r  than 
that in any other  meta l  and this  w a r r a n t s  fur ther  study. 

The author thanks Dr. R. D. Nelson for his helpful 
sugges t ions  and rev iew of the m a n u s c r i p t  and H. E. 
Kjarmo for p e r s e v e r a n c e  in doing the expe r imen ta l  
work. The comment s  of P ro f e s so r  J. P. Hirth on the 

diffusion creep model  for the SD effect were  app rec i -  
ated. 
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Wi l l i ams ,  A. W. Sommer ,  and P.  P .  Tung,  pp. 2979-84. 

Pages  2981-84 

Beginning at the bottom of page 2981, the published text was not in the p roper  sequence.  The following should be 
subst i tu ted.  P l ea se  r e f e r  to above r e f e r ence  for addi t ional  text and f igures .  

B) Thin Foi l  E lec t ron  Microscopy being observed .  F igs .  3(a) to (c) and 4(a) to (c) i l l u s -  

Thin foils were  p repa red  f rom the gage sec t ions  of 
tens i le  spec imens  of a l l  five types of m a t e r i a l  which 
had been deformed at  t e m p e r a t u r e s  between 77 and 
540 K. Twinning was observed  in types I through IV 
m a t e r i a l s  deformed at a l l  t e m p e r a t u r e s  studied.  The 
twin th ickness  dec r ea sed  with i nc reas ing  t e m p e r a t u r e  
and oxygen content  as did the twinning f requency.  Se-  
lected a rea  e l ec t ron  di f f ract ion and t race  ana lys i s  
showed that n e a r l y  al l  the twins were  of the {1012} 
type. In al l  ca ses  where  twins were  observed ,  profuse  
s l ip  had also occu r red  in both the ma t r ix  and the twin. 
Bu rge r s  vec tor  de t e rmina t i on  expe r imen t s  showed 
that the deformat ion  had a lmos t  exclus ively  occur red  
by a vec tor  s l ip .  The re  were  a l so  apprec iab le  n u m -  
b e r s  of c + a type d i s loca t ions  p r e s e n t ,  however these 
d i s loca t ions  were  confined to reg ions  nea r  the twin: 
ma t r ix  interface.s.  All  m a t e r i a l s  showed a t rend to-  
ward more  un i fo rm d i s t r ibu t ions  of d is loca t ions  with 
i n c r e a s i n g  t e m p e r a t u r e  or with dec reas ing  oxygen 
concen t ra t ion  at  low t e m p e r a t u r e s  -< 300 K. With the 
exception of the types I and II m a t e r i a l ,  a t r ans i t i on  
f rom p lana r  to wavy glide was observed;  the t e m p e r -  
a ture  range  over  which the t r ans i t i on  occurs  i n c r e a s e s  
with i n c r e a s i n g  oxygen concen t ra t ion .  When p lana r  

lide occu r s ,  the p r e f e r r e d  glide p lanes  a re  {1010} and 
0 i l }  with e s s en t i a l l y  no wel l -developed basa l  bands 
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t ra te  the s l ip  mode t r ans i t i on  below and above room 
t e m p e r a t u r e  in types III and V m a t e r i a l ,  r e spec t ive ly .  
The types I and II m a t e r i a l  did not show a w e l l - d e -  
fined t r ans i t i on  to p lanar  glide even at  77 K, as is  
shown in F igs .  5(a) to (c). In spec imens  of types III 
through V m a t e r i a l  deformed at t e m p e r a t u r e s  within 
the t r ans i t i on  range ,  i nc r e a se d  n u m b e r s  of d i s l oca -  
t ions c r o s s  s l ipping out of the bands a re  seen  and 
l a rge ,  squa re - ended  loops a re  f requent ly  observed ,  as 
i l l u s t r a t ed  in Fig .  6(a). Bu r ge r s  vec tor  de t e r mina t i on  
on these types of s t r u c t u r e s  showed that the s q u a r e -  
ended loops have the same  a vec tor  as the d i s loca t ions  
within the bands .  In the p l ana r  a r r a y s ,  mos t  of the 
d i s loca t ions  a re  jogged s c r e w s ,  as shown in F ig .  6(b). 
The n u m b e r s  of the jogs and the s ize  of the jogs i n -  
c r e a s e  with i nc r ea s ing  deformat ion  t e m p e r a t u r e .  
Large  n u m b e r s  of dipoles  and loops a re  a l so  observed 
at  a l l  t e m p e r a t u r e s ,  the s ize  of the loops and dipoles 
i n c r e a s e s  with i nc r ea s ing  t e m p e r a t u r e .  The dipoles  
a r e  f requent ly  l ined up along [0001], p robably  ind i -  
cat ing that they l ie on {1010} p lanes .  F ig .  7 i l l u s t r a t e s  
these  loops and dipoles .  Occas iona l  hydr ides ,  which 
a re  seen  in the fo i l s ,  Fig.  3, can be prec luded  by e l ec -  
t ropol i sh ing  at  t e m p e r a t u r e s  < -40~  Thus ,  the hy-  
d r ides  observed  a re  a sc r ibed  to hydrogen pick up d u r -  
ing e lec t ropol i sh ing .  

The sma l l  r eg ions  of second phase observed  by 
optical  meta l lography  in the type III m a t e r i a l  have 
been identif ied in thin foils as  the bcc ;3 phase us ing 
se lec ted  a r e a  e l ec t ron  d i f f rac t ion  techniques .  The 
ex is tence  of ~ phase in c o m m e r c i a l  pur i ty  t i t an ium 
has been p rev ious ly  documented by C u r t i s ,  e t  a l l  
who a sc r i be  the ~ phase to the i ron  content  of these 
a l loys .  
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DISC USSION 

The p r e c e d i n g  r e s u l t s  have shown s e v e r a l  t r e n d s  in 
t i t an ium d e f o r m a t i o n  behav io r  which r e q u i r e  f u r t he r  

d i s c u s s i o n .  T h e s e  a r e :  the r a p i d  i n c r e a s e  in Tint with 
d e c r e a s i n g  t e m p e r a t u r e  in the h igher  oxygen m a t e -  
r i a l s ,  the wavy to p l a n a r  s l ip  mode t r a n s i t i o n  and the 
m ax imum in the 7-*-T p lo t s .  The following d i s c u s s i o n  
wi l l  sugges t  qua l i t a t ive  exp lana t ions  for the f i r s t  two 
of these  r e s u l t s .  

If the 7-int- T and 7-*-T c u r v e s ,  F i g s .  1 and 2, a r e  
c o m p a r e d  with the d i s loca t ion  a r r a n g e m e n t s  at  v a r i -  
ous t e m p e r a t u r e s  and oxygen con ten t s ,  F i g s .  3 to 5, it  
b e c o m e s  appa ren t  that  the t e m p e r a t u r e  which m a r k s  
the onse t  of p l a n a r  gl ide a l so  m a r k s  the r ap id  r i s e  in 
r tat and the max imum in r*.  F u r t h e r ,  i t  a p p e a r s  that  
the magni tude of both the low t e m p e r a t u r e  i n c r e a s e  in 
~' int  and the m a x i m u m  in ~'* is  l a r g e r  in m a t e r i a l s  
which exhib i t  n a r r o w e r  s l ip  bands ,  i . e . ,  in h ighe r  oxy-  
gen m a t e r i a l s .  No s l ip  mode t r a n s i t i o n  was  o b s e r v e d  
in the types  I and II m a t e r i a l ,  and,  a s  seen  in F i g s .  1 
and 2, no m a r k e d  r i s e  in Tin t or  m a x i m u m  in 7-* is  ob-  
s e r v e d  in these  m a t e r i a l s .  Addi t iona l ly ,  i t  should be 
noted that p l ana r  gl ide p e r s i s t s  to h igher  de fo rma t ion  
t e m p e r a t u r e s  with i n c r e a s i n g  oxygen concen t r a t ion ,  
and that  the Tint va lues  for  the h igher  oxygen m a t e -  
r i a l s  only a p p r o a c h  those for  the lower  oxygen l eve l s  
when wavy gl ide o c c u r s  in both m a t e r i a l s .  P r e v i o u s  
inves t iga t ions  have a t t r i bu ted  the s t rong  t e m p e r a t u r e  
dependence  of the flow s t r e s s  to r a p i d  i n c r e a s e s  in 
~.,a-t~ w h e r e a s  our r e s u l t s  indica te  that  the t e m p e r a -  
ture  dependence  of Tint i s  a l so  an i m p o r t a n t  c o n t r i b -  
ut ing f ac to r ,  at  l e a s t  in m a t e r i a l s  whe re  a s l ip  mode 
t r an s i t i on  o c c u r s .  

I t  is  usefu l  to c o n s i d e r  why i n c r e a s i n g  oxygen might  
cause  a t r ans i t i on  to p l a n a r  g l ide  in ~ t i tan ium at  low 
t e m p e r a t u r e s .  In this  connect ion ,  an a t t r a c t i v e  sug -  
ges t ion  is  that  the o r d e r i n g  t endenc ies  exhib i ted  in 
m o r e  concen t r a t ed  T i - O  sol id  so lu t ions  ~~ a r e  p r e c e d e d  
by s h o r t  r ange  o r d e r i n g  in the m o r e  di lu te  so l id  s o l u -  
t ions  s tud ied  h e r e  the reby  produc ing  cop lana r  s l ip .  
D i r e c t  proof  of SRO (or lack  thereof)  is  e x p e r i m e n t a l l y  
v e r y  d i f f icul t  s ince  oxygen has  a low s c a t t e r i n g  power  
for  X - r a y s  and e l e c t r o n s .  Such an explana t ion  for  c o -  
p l a n a r  s l ip  at  low t e m p e r a t u r e  would a l so  r e q u i r e  a 
d i s o r d e r i n g  of the d i lu te  so l id  solut ion in the v ic in i ty  
of r oom t e m p e r a t u r e  to be cons i s t en t  with our  o b s e r -  
va t ions .  Th is  may  not be un rea sonab l e  s ince  the y ie ld  
point  o b s e r v e d  in m a t e r i a l s  III to V dur ing  in i t i a l  
s t r a i n i n g  r e t u r n s  a f t e r  s h o r t  aging t i m e s  a t  r oom 
t e m p e r a t u r e  and above,  indica t ing  that  the oxygen has  
some  mob i l i t y  in this  t e m p e r a t u r e  r ange .  In this  con-  
nec t ion ,  the dependence  of Tin t on oxygen c o n c e n t r a -  
t ion,  c,  v a r i e s  with t e m p e r a t u r e  in the m a t e r i a l s  we 
have s tud ied .  7-int is  a p p r o x i m a t e l y  p r o p o r t i o n a l  to c 
a t  t e m p e r a t u r e s  in the p l a n a r  gl ide r e g i m e  for  m a t e -  
r i a l  types  III through V and i t  is  a p p r o x i m a t e l y  p r o -  
p o r t i o n a l  to c ' /2 at  h igher  t e m p e r a t u r e s .  Such a e ha nge  
in concen t ra t ion  dependence  is  c e r t a i n l y  cons i s t e n t  
with a r e a r r a n g e m e n t  of the oxygen a t o m s .  

The i n t e r r e l a t i o n  between s l ip  mode ,  Tin t and r* 
cannot  be e x p l i c i t l y  s e t  fo r th  a t  p r e s e n t .  However ,  in -  
spec t ion  of the d i s l oca t i on  a r r a n g e m e n t s  in F i g s .  3(a) 
and (c) shows tha t ,  when c o m p a r e d  to the tangled d i s -  
loca t ion  a r r a n g e m e n t s ,  the a v e r a g e  d i s t a n c e  be tween 
d i s l o c a t i o n s  is  l e s s  within the p l a n a r  bands  and that  

the d i s loca t i ons  (al l  of which have the s ame  b) within 
one band a r e  a l m o s t  p a r a l l e l .  Both of these  f ac to r s  
can p o s s i b l y  con t r ibu te  to the obse rved  inc.rease in 
a v e r a g e  i n t e rna l  s t r e s s  which opposes  the motion of 
d i s l oc a t i ons  when they a r e  confined to p l ana r  s l ip  
bands .  The  connect ion  between the max imum in 7-* and 
the onse t  of p l ana r  s l ip  is  not c l e a r  and,  in fac t ,  the 
m a x i m u m  in a T * - T  plot  is  i t se l f  anomalous  in pure  
m e t a l s .  A m a x i m u m  in s t r a i n  r a t e  s e n s i t i v i t y - t e m -  
p e r a t u r e  p lo ts  has  been r e p o r t e d  in the Nb-H s y s t e m ,  t2 
but the o r ig in  of this  m a x i m a  has  not been ana lyzed  in 
t e r m s  of s l ip  mode .  

Throughout  the p a p e r  we have ca l l ed  Tin t the c o m -  
ponent  of the flow s t r e s s  obtained by s t r e s s  r e l axa t i on  
m e a s u r e m e n t s  or  f rom negat ive  r e l a x a t i o n  r a t e  e x -  
p e r i m e n t s ,  both of which have been d e s c r i b e d .  T h e o -  
r i e s  of t h e r m a l l y  ac t iva t ed  flow f o r m a l l y  d iv ide  the 
flow s t r e s s  into t h e r m a l l y  ac t iva t ed  and a t h e r m a l  
componen t s ,  the l a t t e r  being des igna ted  T a .  The exac t  
r e l a t i o n s h i p  between T a and the e x p e r i m e n t a l l y  d e t e r -  
mined p a r a m e t e r ,  Tint, has  r e c e n t l y  been ques t ioned  13 
but in the p r e s e n t  pape r  we have not a t t empted  to i n -  
t e r r e l a t e  the m e a s u r e d  quant i ty  and i ts  t h e o r e t i c a l  
c o u n t e r p a r t .  Ins t ead  we have taken an e x p e r i m e n t a l l y  
m e a s u r a b l e  quant i ty ,  Tint, and have shown that  the 
change in t e m p e r a t u r e  dependence  of this  p a r a m e t e r  
c o r r e s p o n d s  to a change in s l ip  mode.  In this  connec -  
t ion,  i t  should be noted that  the va lues  of Tin t obta ined 
f rom two unre l a t ed  techniques  a r e  in good a g r e e m e n t .  
F u r t h e r ,  i t  has  been r e c e n t l y  shown that  Tint va lues  in 
L i F  obtained by these  two methods  plus  s t r a i n  r a t e  
cyc l ing  a l l  show good a g r e e m e n t J  4 It  thus a p p e a r s  that  
7- int is  p h y s i c a l l y  s ign i f i can t ,  but the p r e c i s e  i n t e r -  
p r e t a t i on  of this  p a r a m e t e r ,  as  wel l  as  i t s  u l t ima te  
des igna t ion ,  is  s t i l l  an unse t t l ed  ques t ion .  

CONC LUSIONS 

I) An increase in the temperature dependence of the 
relaxed portion of the flow stress, designated Tint, has 
been correlated with a wavy to planar slip transition. 

2) The maximum in T* occurs at the temperature 
which corresponds to the onset of planar glide. 

3) The transition from planar to wavy slip is the 
result of increased difficulty of cross slip at lower 
temperatures or at higher oxygen content. 
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Lh'ffusion o f  Hydrogen in Titanium Al loys  Due to Composit ion,  Tempera ture ,  and S t r e s s  Gradients~ by J .  L .  
W a i s m a n ,  G e o r g e  S i n e s ,  and L .  B.  R o b i n s o n ,  pp.  291-302  

Page 300, Equation [2.8] 

T h e  n u m b e r  3 was  o m i t t e d  f r o m  the  d e n o m i n a t o r  of  th i s  e q u a t i o n .  The  equa t ion  shou ld  r e a d :  

~dC~.m__ 3 .55Cm dNAL _ 2.0C m d~" 
Jm = - -D k dx + dx 3R T ~ -  

+ ( 5 3 0 0 - - 5 8 3 N A L  ) Cm d T ]  [2.8] 
R T  2 3 

An Analys i s  o f  P las t i c  Instabil i ty  in Pure  Shear  in High Strength AISI 4340 Steel ,  by Koh ich i  T a n a k a  and J o s e p h  W. 
S p r e t n a k ,  pp.  443-54  

Page 443 

The  equa t ion  on page  443 should  r e a d :  

Ocr.~ + 8a .T~ da = ~k ~-~de + -ff~a -fi--Ta ] = 0  

1190-VOLUME 4, APRIL 1973 METALLURGICAL TRANSACTIONS 


