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Fig. 2--1nPh/Pc as a function of time for the temperatures 
investigated. 

i nves t iga t ions  is  shown schema t i ca l l y  in Fig.  1. B a s i -  
cal ly it cons i s t ed  of a s p e c i m e n  a s s e m b l y ,  which con-  
ta ined  the pa l lad ium m e m b r a n e  (1.4 cm d iam,  0.1 cm 
thick), a heat ing and a cooling b lock to provide the 
t e m p e r a t u r e  gradient ,  and a hot and cold side gas vo l -  
ume.  The pa l lad ium used  was 99.99 pct Pd and hydro-  
gen was employed d i rec t ly  f rom the cy l inder .  The 
p r o c e d u r e  followed when mak ing  a run  cons is ted  of 
ad jus t ing  the hydrogen p r e s s u r e s  on both s ides  of the 
m e m b r a n e  to va lues  close to the s t eady- s t a t e  p r e s s u r e  
d i s t r i bu t i on  and then following the va r i a t ion  of the 
quant i ty  In P h / P c  with t ime  to the f inal  s t a t ionary  
s ta te .  Fo r  each p a r t i c u l a r  m e a n  m e m b r a n e  t e m p e r a -  
tu re ,  the steady state was approached f rom both d i -  
r ec t i ons .  That  is ,  f rom in i t i a l  In P h / P c  values  g r e a t e r  
than and s m a l l e r  than the s t e a d y - s t a t e  value.  In this  
way an average  In P h / P c  was de t e rmined .  

Fig.  2 shows r e p r e s e n t a t i v e  r e s u l t s  for  t e m p e r a -  
t u r e s  inves t iga ted .  E x p e r i m e n t a l  de ta i l s  a re  l i s ted  in 
the table  of this  f igure together  with the ca lcula ted  
heats  of t r anspo r t .  The so lubi l i ty  data  of S iever t s  4 and 
S iever t s  and Zapf 5 were  used  to evaluate  the heat of 
solut ion at each t e m p e r a t u r e .  It is evident  f rom the 
tabula ted  va lues  of Q* that over  the t e m p e r a t u r e  range  
s tudied,  t h e r m o m i g r a t i o n  of hydrogen in pa l lad ium is  
s m a l l  and effect ively independent  of t e m p e r a t u r e .  An 
average  Q* of +1.5 ~: 0.5 kcal  p e r  g atom can be a s -  
s igned to the sys t em for the e n t i r e  range .  

One of the au thors  (JGS) would l ike to thank the 
Broken Hil l  P r o p r i e t a r y  Co. Ltd. for  the award of 
the i r  scho la r sh ip .  
1. R. A. Or~176 J. Phys. Chem. Solids, 1969, vol. 30, p. 339. 
2. O. D. Gonzalez and R. A. Or~176 Trans. TMS-AIME, 1965, vol. 233, p. 1878. 

Experiments on Macrosegregation 
and Freckle Formation 

R. MEHRABIAN, M. A. KEANE, AND 

M. C. FLEMINGS 

I N  a s e r i e s  of r ecen t  pape r s ,  we have concluded that 
a n u m b e r  of i n d u s t r i a l l y  impor tan t  types  of m a c r o -  
segrega t ion  a r e  caused  by the same bas ic  m e c h a n i s m ,  
i n t e rdend r i t i c  f luid flow. The flow is  caused  by sol i -  
dif icat ion c o n t r a c t i o n s ,  gravi ty  ac t ing  on a fluid of 
va r i ab l e  dens i ty ,  o r  both. Types  of s eg rega t ion  caused 
by this  m e c h a n i s m  include cen t~r l ine  s eg rega t ion ,  in-  
v e r s e  seg rega t ion ,  banding and channe l - type  s e g r e -  
gates ,  such as  " f r e c k l e s " .  1-s 

Th i s  note p r e s e n t s  d i rec t  e x p e r i m e n t a l  evidence that 
g rav i ty  induced i n t e r d e n d r i t i c  fluid flow leads  to 
m a c r o s e g r e g a t i o n .  In two e x p e r i m e n t s  on hor izon ta l  
un id i r ec t iona l  so l id i f i ca t ion ,  s eg rega t ion  i s  found to 
agree  c lose ly  with that predic ted  by theory .  In a th i rd  
expe r imen t ,  channe l - type  s eg rega t e s  a r e  found under  
condi t ions  qua l i t a t ive ly  predic ted  by theory .  

The basic  a p p a r a t u s  and p rocedure  have prev ious ly  
been desc r ibed .  3 The  ingots  cas t  were  ho r i zon ta l l y ,  
un id i r ec t iona l ly  sol id i f ied ,  Fig .  1 (d). Heat  was ex-  
t r ac ted  through a wa te r -coo led  chi l l  at one ex t r emi ty  
while the s ides  and top were insu la ted  with mold ing  
m a t e r i a l  heated to above the me l t i ng  point  of the a l -  
loys cas t .  The ingots  were of un i fo rm c r o s s - s e c t i o n ,  
5 by 25 by 10 cm high with a 5 by 5 by 10 cm high 
r i s e r  on the end.  In one ingot,  Al-9 .5  pct Cu, six 
the rmocoup les  were  placed along the ho r i zon t a l  ingot 
c en t e r l i ne  to ob ta in  a cont inuous r e c o r d  of so l id i f ica-  
t ion.  Movement  of l iquidus and so l idus  i s o t h e r m s  ob- 
ta ined  f rom these  t h e r m a l  data a re  shown in Fig.  2(c). 
For  ca lcu la t ions  de sc r i be d  below, i s o t h e r m  movemen t  
was a s s u m e d  to be the same  in the A1-4.4 pct Cu ingot.  

Alloys were p r e p a r e d  f rom high pur i ty  a l u m i n u m  
(99.99 pct Al), A1-Cu m a s t e r  al loy (50 pct OFHC Cu, 
50 pct high pur i ty  A1). Degass ing  was accompl i shed  
with ch lo r ine ,  which was bubbled through the mel t  for 
15 min  at 100 ~ to 150~ above the l iquidus  t e m p e r a -  
t u re .  Melt  compos i t ion  was d e t e r m i n e d  by chemical  
a n a l y s i s  of two s p e c i m e n s  taken before  and af ter  
pour ing.  Mac roseg rega t i on  in the ingots  cas t  was 
de t e rmined  by both wet chemica l  and X - r a y  f l uo re s -  
cence a na l y s i s .  De ta i l s  of the X - r a y  f l u o r e s c e n c e  
method have p r ev ious ly  been de sc r i be d f l  

R. MEHRABIAN, M. A. KEANE, and M. C. FLEMINGS are Re- 
search Associate, Research Assistant, and Professor, respectively, De- 
partment of Metallurgy and Materials Science, M.I.T., Cambridge, 
Mass. 
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Fig. 1 - -Macrosegrega t ion  in hor izonta l  
unidi rec t ional ly  sol idif ied A1-4.4 pct Cu 
ingot. (a) and (b) show exper imenta l  
data for  two locations, (c) shows move-  
ment of i so therms ,  and (d) is a sketch 
of the ingot. 
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E x p e r i m e n t a l  r e s u l t s  for  two ingo ts ,  A l -4 .4  pct  Cu 
and A1-9.5 pc t  Cu, a r e  s u m m a r i z e d  in F i g s .  1 and 2, 
r e s p e c t i v e l y .  F i g s .  l(a) and l (b)  show coppe r  c o m p o -  
s i t i ons  for  the A l - 4 . 4  pct  Cu ingot .  Compos i t i on  
v a r i a t i o n ,  zlC s ( i .e . ,  m a c r o s e g r e g a t i o n )  a r e  p lo t ted  vs  
d i s t a n c e  a long the ingot  he igh t .  F ig .  1 (a) i s  for  the 
l o c a t i o n s  5 cm f rom the ch i l l  and F ig .  l (b)  for  l o c a -  
t ions  10 c m  f rom the ch i l l .  Also  in F ig .  l (a )  and l (b ) ,  
d a s h e d  c u r v e s  shown a r e  s e g r e g a t i o n s  c a l c u l a t e d  by 
n u m e r i c a l  a n a l y s i s  a s  d e s c r i b e d  be low.  

F i g .  2 shows e x p e r i m e n t a l  and c a l c u l a t e d  s e g r e g a -  
t ion in the A l -9 .5  pct  Cu ingot ,  fo r  two loca t i ons  5 and 
8 cm f r o m  the ch i l l .  The  s e g r e g a t i o n  i s  of  the s a m e  
f o r m  a s  tha t  in the A l - 4 . 4  pc t  Cu ingot ,  but of g r e a t e r  
m a g n i t u d e .  Again ,  t h e r e  is  a p p r o x i m a t e  a g r e e m e n t  of 
the e x p e r i m e n t a l  r e s u l t s  with t hose  c a l c u l a t e d  a s  d e s -  
c r i b e d  be low.  

A t h i r d  un id i rec t iona l ,  ingot ,  A l - 2 0  pct  Cu, was c a s t  
u s ing  a s i m i l a r  p r o c e d u r e  e x c e p t  tha t  r a t e  of hea t  e x -  

t r a c t i o n  was g r e a t l y  r e d u c e d  by h e a v i l y  coa t ing  the 
ch i l l  with f i b e r f r a x .  Thus ,  i s o t h e r m  v e l o c i t i e s  were  
l owered ,  cool ing  r a t e  was d e c r e a s e d ,  and d e n d r i t e  a r m  
spa c ing  i n c r e a s e d .  Al l  of t he se  f a c t o r s  f a v o r  enhanced  
s e g r e g a t i o n ,  l e a d ing  u l t i m a t e l y  to the  f o r m a t i o n  of 
c h a n n e l - t y p e  s e g r e g a t e s  ( " f r e c k l e s " ) .  F i g .  3 shows a 
c r o s s - s e c t i o n  of th i s  l a b o r a t o r y  t e s t  ingot .  The  s e g -  
r e g a t e s  which a r e  r e a d i l y  seen  a r e  a d i r e c t  l a b o r a t o r y  
s imu la t i on  of the  c o m m e r c i a l l y  we l l -known  
" f r e c k l e s " .  5 The  r e l a t i v e l y  high c o p p e r  content  of th i s  
ingot  m a k e s  the " f r e c k l e s "  c l e a r l y  v i s i b l e  (because of 
the  l a r g e  amount  of eu t ec t i c  in the a l l oy ) .  S i m i l a r  
" f r e c k l e s "  have been  ob ta ined  under  s i m i l a r  t h e r m a l  
condi t ions  at  l ower  copper  content .  

In the p r e v i o u s  work ,  5 h y d r o d y n a m i c s  of i n t e r d e n -  
d r i t i c  f luid f low were  c o n s i d e r e d  qua n t i t a t i v e ly .  In 
tha t  work  it was  conc luded  that  f low in the d i r e c t i o n  op-  
pos i t e  to m o v e m e n t  of i s o t h e r m s  l o w e r e d  loca l  c o m p o -  
s i t i on ,  f low in the s a m e  d i r e c t i o n  as  i s o t h e r m s  r a i s e d  
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Fig. 2- -Maerosegregat ion  in horizontal  
unidlrect ionally solidif ied A1-9.5 pct Cu 
ingot. (a) and (b) show exper imenta l  
data for two locations, (c) shows move-  
ment  of i sotherms,  and (d) is a sketch 
of the ingot. 

c o m p o s i t i o n ,  and flow both in the  s a m e  d i r e c t i o n  a s  
i s o t h e r m s  and moving  f a s t e r  than  i s o t h e r m s  r e s u l t e d  
in " c h a n n e l i n g "  and f o r m a t i o n  of s e g r e g a t e s  such a s  
" f r e c k l e s " .  N u m e r i c a l  c a l c u l a t i o n s  of f low b e h a v i o r  
and r e s u l t i n g  s e g r e g a t i o n  we re  m a d e  for  some  s i m p l e  
s t e a d y - s t a t e  c a s e s  of t w o - d i m e n s i o n a l  f luid flow. 

In th i s  work ,  in o r d e r  to c o m p a r e  our  e x p e r i m e n t s  
with t h e o r y ,  it was n e c e s s a r y  to ex tend  the fo rego ing  
a n a l y s i s  to so lu t ion  of the c a s e  of uns teady  s ta te  hea t  
f low. C o n s i d e r  the ingot of  F i g .  1 (d) so l id i fy ing  uni-  
d i r e c t i o n a l l y  with hea t  f low in the x d i r e c t i o n  and 
g r a v i t y  a c t i n g  in the y d i r e c t i o n .  In the p r e v i o u s  
s t e a d y - s t a t e  t r e a t m e n t ,  the s i z e  of the l i q u i d - s o l i d  
" m u s h y "  reg ion  was a s s u m e d  cons tan t .  In c a l c u l a -  
t ions  p e r f o r m e d  for  th i s  work ,  the  width of the l iqu id -  
so l id  r e g i o n  was a l lowed  to v a r y  dur ing  so l i d i f i c a t i on  
a s  e x p e r i m e n t a l l y  o b s e r v e d ,  F i g .  l (c ) .  The only e s -  
s e n t i a l  change  to a c c o m p l i s h  t h i s  i s  that  in Eqs .  [7] 
and [17] of the p r e v i o u s  p a p e r ,  s c and G a r e  taken  a s  

a funct ion of pos i t i on  and t i m e .  (c is  r a t e  of t e m p e r a -  
t u r e  change and G t h e r m a l  g r ad i en t . )  S e g r e g a t i o n  is  
then e s t i m a t e d  by a s s u m i n g  a va lue  of 7 fo r  Eq. [13] 
of the p r e v i o u s  p a p e r  :9 

1 [1] 
7 - 24n~c 3 

where  n i s  the  n u m b e r  of f low channe l s  p e r  unit  a r e a  
p e r p e n d i c u l a r  to  d i r e c t i o n  of f low and c i s  a g e o m e t r i c  
f ac to r  to account  fo r  the fac t  that  c h a n n e l s  a r e  n e i t h e r  
s t r a i g h t  nor  s y m m e t r i c a l .  Al l  o the r  d a t a  n e c e s s a r y  fo r  
so lu t ion  of the  d i f f e r e n t i a l  equa t ions  by  n u m e r i c a l  

5 methods  were  given in the p rev ious  p a p e r .  
The  va lue  of 7 u sed  for  a l l  c a l c u l a t i o n s  (for both 

ingots)  was 6 • 10 -7 sq  cm.  Th i s  va lue  was chosen  to 
a g r e e  b e s t  with e x p e r i m e n t .  The  va lue  can  be seen  to 
be r e a s o n a b l e ,  h o w e v e r ,  s ince  i t  c o r r e s p o n d s  to a 
va lue  of c of 1.3 and n of 104 channe l s  p e r  sq  cm.  The  
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Fig. 3 - -Channe l - type  segrega te  ( " f r e c k l e " )  in hor izon ta l  
un id i rec t iona l ly  sol idif ied A1-20 pct Cu ingot. 

v a l u e  of c i s  a b o u t  t h a t  o f t e n  found  f o r  f l o w  in p o r o u s  
m e d i a ,  a n d  t h e  v a l u e  of  n i s  of the  o r d e r  t h a t  would  be  
e x p e c t e d  i f  t h e r e  w e r e  one  c h a n n e l  b e t w e e n  e a c h  p a i r  
of d e n d r i t e  a r m s  ( d e n d r i t e  a r m  s p a c i n g s  m e a s u r e d  
w e r e  in  the  r a n g e  of 80  to  100 ~ in t h e  r e g i o n  5 to  
10 c m  f r o m  t h e  c h i l l ) .  R e s u l t s  of  c a l c u l a t i o n s  a r e  s e e n  
in F i g s .  1 a n d  2 to  a g r e e  a p p r o x i m a t e l y  a t  b o t h  l o c a -  
t i o n s  in  t h e  two i n g o t s  s t u d i e d ,  e v e n  w i t h  t h e  a p p r o x i -  
m a t i o n  of c o n s t a n t  v a l u e  of 7 a t  a l l  l o c a t i o n s .  

1) D i r e c t  e x p e r i m e n t a l  e v i d e n c e  i s  g i v e n  t h a t  
g r a v i t y - i n d u c e d  i n t e r d e n d r i t i c  f lu id  f l o w  l e a d s  to 
m a c r o s e g r e g a t i o n  in i n g o t  s o l i d i f i c a t i o n .  R e s u l t s  of  
e x p e r i m e n t s  a r e  in  a g r e e m e n t  wi th  t h e o r y .  

2) I t  i s  s h o w n  t h a t  c h a n n e l - t y p e  s e g r e g a t e s  ( e . g . ,  
" f r e c k l e s " )  c a n  b e  r e a d i l y  r e p r o d u c e d  in s m a l l  i n -  
g o t s  in  t h e  l a b o r a t o r y ,  u n d e r  c o n d i t i o n s  q u a l i t a t i v e l y  
p r e d i c t e d  by t h e o r y .  

T h i s  w o r k  w a s  s p o n s o r e d  b y  t h e  O f f i c e  of  N a v a l  
R e s e a r c h  a n d  b y  g r a n t  of A m e r i c a n  I r o n  a n d  S t e e l  
I n s t i t u t e .  
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Hydrogen Induced Sustained Load 
Crack Growth in Ti-6AI-4V 

G. F .  P I T T I N A T O  AND S. F .  F R E D E R I C K  

T H E  m e c h a n i c a l  p r o p e r t i e s  of  T i - 6 A 1 - 4 V  a t  n e a r  a m -  
b i e n t  t e m p e r a t u r e  c a n  b e  l o w e r e d  b y  a h y d r o g e n  e n -  
v i r o n m e n t  w h e n  t h e  m a t e r i a l  c o n t a i n s  a h i g h  s t r e s s  
c o n c e n t r a t i o n .  ~-3 F a t i g u e  c r a c k  p r o p a g a t i o n  t e s t s  c o n -  
d u c t e d  in  h e l i u m  a n d  h y d r o g e n  g a s  h a v e  s h o w n  t h a t  
h y d r o g e n  i n c r e a s e s  t h e  c r a c k  g r o w t h  r a t e  in  T i - 6 A 1 -  
4V in  t h e  t e m p e r a t u r e  r a n g e  of  a m b i e n t  to  - 100~ 2' 3 
In t h e  f o l l o w i n g  s t u d y ,  i t  w a s  f o u n d  t h a t  a h y d r o g e n  e n -  
v i r o n m e n t  c a n  a l s o  i n d u c e  s u s t a i n e d  l oad  c r a c k  g r o w t h  
in  a n n e a l e d  T i - 6 A 1 - 4 V  a t  a m b i e n t  t e m p e r a t u r e .  

F l a t  t e n s i l e  s p e c i m e n s  c o n t a i n i n g  a 1 in  w i d e  r e -  
d u c e d  s e c t i o n  w e r e  m a c h i n e d  f r o m  0 .080  in  t h i c k  
s h e e t s  of  a n n e a l e d  E L I  T i - 6 A 1 - 4 V .  A s e m i e l l i p t i c a l ,  
p a r t i a l  t h i c k n e s s  c r a c k  m e a s u r i n g  0 .100  in  long  w a s  
f o r m e d  in  t h e  c e n t e r  of t h e  r e d u c e d  s e c t i o n  in e a c h  
s p e c i m e n  b y  u s i n g  a n  e l o x e d  s t a r t e r  n o t c h  a n d  f l e x u r e  
f a t i g u e  c y c l i n g .  4 T h e  s u s t a i n e d  l oad  s p e c i m e n s  w e r e  
t e s t e d  in  a s e a l e d  r e t o r t  a t  a m b i e n t  t e m p e r a t u r e  in  
a i r  a n d  25 p s i g  p r e s s u r e  of  h y d r o g e n  u s i n g  g r o s s  
s t r e s s  l e v e l s  of 82 a n d  110 k s i .  P r i o r  to  a p p l y i n g  t h e  
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s u s t a i n e d  l o a d ,  t h e  p r e c r a c k s  in  s e l e c t e d  s p e c i m e n s  
w e r e  e x t e n d e d  in  h y d r o g e n  g a s  by  u s i n g  t e n s i o n - t e n s -  
ion  f a t i g u e .  T h e  d e g r e e  of c r a c k  e x t e n s i o n  w a s  d e t e r -  
m i n e d  by  m e a s u r i n g  t h e  c r a c k  l e n g t h  t h r o u g h  a v i e w -  
ing  p o r t  in t h e  t e s t  c h a m b e r .  F o l l o w i n g  t h e  s u s t a i n e d  
l oad  t e s t s ,  t h e  s p e c i m e n s  w e r e  s t r e s s e d  to f a i l u r e  in  
a i r  a n d  t h e  f r a c t u r e  s u r f a c e s  e x a m i n e d  u s i n g  b o t h  
o p t i c a l  a n d  e l e c t r o n  m i c r o s c o p y .  

T h e  s u s t a i n e d  l o a d  t e s t  r e s u l t s  a r e  s u m m a r i z e d  in  
T a b l e  I .  S p e c i m e n s  A - 2 8  a n d  A - 2 2  w e r e  t e s t e d  in a i r  
to  c o n f i r m  t h a t  c r a c k  g r o w t h  wou ld  n o t  o c c u r  a s  a d i -  
r e c t  r e s u l t  of t h e  h i g h  s t r e s s  l e v e l s  u s e d  in  t h e  s u s -  
t a i n e d  l oad  t e s t s .  E x a m i n a t i o n  of t h e  s p e c i m e n s  a f t e r  

Table I. Tabulation of Sustained Load Test Results 

Length of Sustained Load Test Evidence Found 
Precrack, Stress, of Sustained 

in. ksi Time Atmosphere Load Crack Growth 
Sample 
Number 

A-28 0.100 110 96 hr Air No 
A-22 0.124 110 220 hr Air No 

Extended to 
0.141 110 l l3hr  Hydrogen No 

A-37 0.100 110 96 hr Hydrogen No 
A-35 0.100 82 112 hr Hydrogen No 
A-41 0.112" 82 8 hr Hydrogen Yes 
A-34 0.127" 82 116 hr Hydrogen Yes 
A-88 0.126" 110 4 min Hydrogen Failed 
A-62 0.115* 110 90 hr Hydrogen Yes 

Extended to 
0.140" 110 11 min Hydrogen Failed 

*Crack entended in hydrogen gas from 0.100 in. to length shown by using 
tension-tension fatigue. 
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