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The inf luence of 1, 3, and 5 a t .  pct  Mo on the 7 '  p r e c i p i t a t e  has  been  s tudied  in e x p e r i m e n t a l  
wrought  n i c k e l - b a s e  s u p e r a l l o y s  conta in ing about 14 a t .  pc t  Cr  and 6-~, 9, o r  12 a t .  pct  AI ,  o r  
2 a t .  pct  A1 p lus  4 a t .  pc t  Ti .  Concen t r a t i ons  of a l l  o ther  e l e m e n t s  we re  quite low to l i m i t  
the o b s e r v e d  e f fec t s  to those  of molybdenum alone .  Molybdenum m a r k e d l y  i n c r e a s e s  the  
V' so lvus  t e m p e r a t u r e ,  a s  d e t e r m i n e d  by the s ens i t i ve  and r e l a t i v e l y  s imp le  technique  of 
d i f f e ren t i a l  t h e r m a l  a n a l y s i s ;  c o r r e s p o n d i n g l y ,  the weight  f r ac t i on  of 7 '  i n c r e a s e s  with 
molybdenum add i t ions  for  a given aging t r e a t m e n t .  Molybdenum d i s s o l v e s  ex tens ive ly  in 
the y '  of the t i t a n i u m - f r e e  a l l oys ,  but  i t  d i s s o l v e s  to a c o n s i d e r a b l y  s m a l l e r  extent  in the  
7 '  of the t i t a n i u m - b e a r i n g  a l l oys .  Molybdenum subs t i tu t e s  fo r  c h r o m i u m  in y ' ,  but  does  
not a l t e r  the a luminum or  t i t an ium c o n t e n t s  of th i s  phase .  L a t t i c e  p a r a m e t e r s  of both the  
m a t r i x  and the y '  a r e  i n c r e a s e d  m a r k e d l y  by molybdenum,  in p r o p o r t i o n  to the mo lybdenum 
contents  of t h e s e  p h a s e s .  The r e su l t i ng  e f fec t s  on l a t t i c e - p a r a m e t e r  m i s m a t c h  c o r r e l a t e  
r a t h e r  wel l  with o b s e r v e d  7' morpho logy ,  which tends  to change f rom sphe ro ida l  to cu-  
bo ida l  in t i t a n i u m - f r e e  a l l oys ,  and f r o m  cuboidal  to s p h e r o i d a l  in 2 a t .  pct  A1-4 a t .  pct  Ti  
a l l oys ,  a s  mo lybdenum i s  added  to t h e s e  a l l o y s .  

MOST c o m m e r c i a l  n i c k e l - b a s e  s u p e r a l l o y s  in u se  
today depend p r i m a r i l y  on a un i fo rm d i s p e r s i o n  of ve ry  
fine p a r t i c l e s  of the  Y' ( gamma  p r i m e )  phase  fo r  
ach iev ing  su i tab le  e l e v a t e d - t e m p e r a t u r e  s t r eng th .  Th i s  
phase  has  an o r d e r e d  s t r u c t u r e  of the  L12 type ,  based  
on the f o r m u l a  Ni3AI. R e f r a c t o r y  m e t a l s  con t r ibu te  
s ign i f icanf ly  to the  outs tanding  s t reng th  of t h e s e  s u p e r -  
a l l o y s  at e l eva ted  t e m p e r a t u r e s ,  but r e l a t i v e l y  l i t t l e  
ef for t  has  been devoted  to de l inea t ing  the fundamenta l  
e f fec t s  of r e f r a c t o r y  e l e m e n t s  on the c h a r a c t e r i s t i c s  
of 7 ' .  Guard  and c o w o r k e r s  have r e p o r t e d  l i m i t e d  
so lub i l i ty  of molybdenum in the 7 '  of Ni -A1-Mo a l l oys  
at  about 2150~ (1175~ 1'2 Only r ecen t ly  has  m o d e r -  
a te  so lub i l i ty  of r e f r a c t o r y  e l e m e n t s  in the 7 '  of c o m -  
m e r c i a l  n i c k e l - b a s e  s u p e r a l l o y s ,  3~ and the e f fec t s  of 
molybdenum s and tungs ten  6 on l a t t i ce  p a r a m e t e r  and on 
morpho logy  of 7 '  in N i - C r - A 1 - T i  a l l oys ,  been r e p o r t e d .  
B e c a u s e  i n c r e a s e d  soph i s t i ca t ion  of m o d e r n  a l loy  de -  
s ign,  employing  t echn iques  such as  the " P H A C O M P ' 7  
a n a l y s i s ,  has  shown the need  for  b a s i c  in fo rma t ion  r e -  
ga rd ing  the 7 '  phase ,  th is  inves t iga t ion  was  unde r t aken  
to s tudy the i n t e r a c t i o n  of molybdenum with the  7 '  
phase  in n i c k e l - b a s e  s u p e r a l l o y s .  The e f fec t s  of th i s  
e l emen t  on the 7 '  so lvus  t e m p e r a t u r e ,  and on the quan-  
t i ty ,  compos i t ion ,  l a t t i c e  p a r a m e t e r ,  and morpho logy  
of 7 '  w e r e  s tud ied  in a s y s t e m a t i c  s e r i e s  of a l l o y s .  
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EXPERIMENTAL PROCEDURE 

This study was conducted on four series of experi- 
mental wrought alloys of different "hardener" (AI 
+ Ti) levels, the molybdenum content varying regularly 
within each series. Briefly stated, the influence of 
molybdenum on the 7' phase was determined by meas- 
uring the Y' so lvus  t e m p e r a t u r e s  of the a l l o y s ,  and by 
d e t e r m i n i n g  the weight  f r ac t ion ,  compos i t ion ,  l a t t i c e  
p a r a m e t e r ,  and morpho logy  of 7 '  p r e c i p i t a t e  fo r  each 
a l loy  a f t e r  p ro longed  aging at  1400~ (760~ o r  1700~ 
(927~ E x p e r i m e n t a l  t echniques  w e r e  d e s c r i b e d  in 
de ta i l  by L o o m i s  8 and a r e  only out l ined  in th i s  sec t ion .  

Sixteen a l l o y s ,  the compos i t i ons  of which a r e  l i s t ed  
in Tab le  I, w e r e  s tud ied .  A l l o y s  w e r e  r a t h e r  s i m p l e  in 
compos i t i on ,  r e p r e s e n t i n g  molybdenum add i t ions  to the 
N i - C r - A 1  s y s t e m  (Al loys  1 to 12) o r  the N i - C r - T i - A 1  
s y s t e m  (Al loys  13 to 16). T h e s e  t e r n a r y  and q u a t e r n a r y  
s y s t e m s  w e r e  chosen  in p r e f e r e n c e  to complex  com-  
m e r c i a l  a l l o y s  a s  the b a s i s  for  t h i s  s tudy in o r d e r  to 
l i m i t  the  o b s e r v e d  ef fec ts  to those  of molybdenum 
a lone .  The ex i s t ence  of phase  d i a g r a m s  for  t h e s e  s y s -  
t e m s  was  an added  advantage .  ~-13 Carbon  was  p u r p o s e l y  
m a i n t a i n e d  at  low l eve l s  in o r d e r  to avoid  any inf luence  
of s t r u c t u r e -  and t i m e - d e p e n d e n t  c a r b i d e  r e a c t i o n s  on 
the Y' phase .  " H a r d e n e r "  l eve l s  w e r e  a p p r o x i m a t e l y  
64, 9, and 12 a t .  pct  A1 and 2 a t .  pct  A1 + 4 a t .  pct  Ti .  
Molybdenum l e v e l s  of a p p r o x i m a t e l y  0, 1, 3, and 5 a t .  
pct  w e r e  s tud ied  at  each h a r d e n e r  l e v e l .  The a l l oys  
w e r e  des igned  to have a f ixed  N i / C r  r a t i o ,  about  5.2 
b a s e d  on ana lyzed  concen t r a t ions  in a tomic  p e r c e n t .  

A l l o y s  w e r e  p roduced  by vacuum- induc t ion  mel t ing  
e l e c t r o l y t i c  n icke l  (99.95 pct) ,  e l e c t r o l y t i c  c h r o m i u m  
(99.48 pct) ,  s i n t e r e d  molybdenum p e l l e t s  (99.9 pct) ,  
a luminum ingot (99.5 pct) ,  and t i t an ium sponge (99.3 
pct) .  A s m a l l  quant i ty  of g r aph i t e  was  added  in the in i -  
t i a l  cha rge  to deoxide  the me l t  by m e a n s  of a carbon  
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Table I. Chemical Composition of the Alloys* 

Alloy 
Number Al Ti Mo Cr N1 

Weight Percent 

1 3.14 - t  - 14.22 82.53 

2 3.10 - 2.05 13.87 80.87 

3 3.09 - 5.25 13.38 78.17 
4 3.15 - 8.61 12.88 75.25 

5 4.37 - - 14.29 81.23 

6 4.32 - 2.05 13.93 79.59 
7 4.32 - 5.09 13.41 77.07 

8 4.32 - 8.14 12.90 74.54 
9 5.80 - - 13.53 80.56 

10 5.83 - 2.03 13.32 78.71 

11 5.95 - 4.95 12.86 76.13 

12 5.87 - 7.70 12.56 73.76 

13 1.05 3.49 - 13.94 81.41 
14 1.04 3.43 2.00 13.63 79.79 

15 1.04 3.40 4.93 13.17 77.35 
16 1.02 3.40 7.96 12.70 74.81 

Atomic Percent 

1 6.47 - - 15.19 78.12 
2 6.44 - 1 20 14.95 77.21 
3 6.50 - 3.11 14.60 75.57 
4 6.71 - 5.16 14.24 73.69 

5 8.88 - - 15 06 75.86 
6 8.85 - 1.18 14.81 74.97 

7 8.96 - 2.97 14.43 73.46 
8 9.07 - 4.80 14.05 71.89 

9 11 61 - - 14.05 74 13 
10 11.76 - 1.15 13.94 72.95 

11 12.12 - 2.84 13.59 71.27 
12 12.09 - 4.46 13.42 69.83 

13 2.20 4.12 - 15.14 78.34 

14 2.20 4.08 1.19 14.93 77.41 

15 2.22 4 09 2.96 14.59 75.93 
16 2.21 4.14 4.84 14.25 74.36 

*Aluminum was determined by atomic absorpnon analysis, t i tanmm, molybde- 

num and chromium by gravimetric techniques and nickel by difference The con- 
centrations of  trace elements are as follows, m wt pct: 0.004 to 0 011 C, 0.010 to 

0.015 B, approx. 0.02 Si and 0.07 Fe 
tDash  indicates not added and not  analyzed. 

and cooled  in a r g o n  at  a r a t e  of about  18~  
(10~ Abrup t  changes  w e r e  o b s e r v e d  in the 
t r a c e  of the  t e m p e r a t u r e - d i f f e r e n c e  curve ,  p rov id ing  
c l e a r  i nd i ca t ions  of the  ~'  so lvus  t e m p e r a t u r e  dur ing  
heat ing and cool ing.  Th i s  is  thought to be the f i r s t  
m e a s u r e m e n t  of y '  so lvus  t e m p e r a t u r e  by d i f f e r en t i a l  
t h e r m a l  a n a l y s i s .  

Spec imens  fo r  a l l  s tud ies  o t h e r  than DTA w e r e  aged  
at  1400~ (760~ for 63, 328, o r  1000 hr ,  and at  1700~ 
(927~ fo r  3, 27, o r  112 h r ,  fo l lowed by a v igo rous  
quench in co ld  w a t e r .  Although m e t a l l o g r a p h i c  and 
some  X - r a y  d i f f r ac t ion  s tud ie s  w e r e  p e r f o r m e d  on 
so l id  s a m p l e s ,  the  m a j o r  r e s e a r c h  ef for t  was  p e r -  
f o r m e d  on ~ '  p r e c i p i t a t e  e x t r a c t e d  f rom s p e c i m e n s  
aged the m a x i m u m  t i m e  at each t e m p e r a t u r e .  The ex -  
t r a c t s  w e r e  obta ined  e l e c t r o l y t i c a l l y  with a so lu t ion  
of 15 pct  phospho r i c  ac id  in w a t e r .  The weight  f r a c t i o n  
of y '  was  d e t e r m i n e d  by weighing the e x t r a c t e d  y '  and 
c o m p a r i n g  th i s  weight  with the o v e r a l l  weight  l o s s  of 
the s p e c i m e n .  The c h e m i c a l  compos i t i on  of the ex-  
t r a c t e d  y '  was  d e t e r m i n e d  by a t o m i c  abso rp t ion  a n a l -  
y s i s  and by e l e c t r o n  m i c r o p r o b e  a n a l y s i s .  A g r e e m e n t  
be tween  the two methods  was  good,  but  the a tomic  
a b s o r p t i o n  r e s u l t s  a r e  r e p o r t e d  h e r e  b e c a u s e  they 
exhib i ted  c o n s i d e r a b l y  l e s s  s c a t t e r .  L a t t i c e  p a r a m e t e r  
m e a s u r e m e n t s  on so l id  s a m p l e s  and e x t r a c t e d  y '  w e r e  
made  with a ca r e fu l l y  a l igned  d i f f r a c t o m e t e r ,  e m p l o y -  
ing n i c k e l - f i l t e r e d  copper  r a d i a t i on .  L a t t i c e  p a r a m -  
e t e r s  w e r e  computed  by a l e a s t - s q u a r e s  method .  

RESULTS AND DISCUSSION 

7'  Solvus T e m p e r a t u r e  

The inf luence  of molybdenum on the  ~' so lvus  t e m -  
p e r a t u r e  was  d e t e r m i n e d  f rom 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  c u r v e s ,  a s  r e p r e s e n t e d  by  the s c h e m a t i c  d i a -  
g r a m  shown in F ig .  1. As  seen  f rom th i s  d i a g r a m ,  the  
~'  so lvus  t e m p e r a t u r e  dur ing  hea t ing  i s  the  t e m p e r a -  
t u r e  at  which the AT curve  r e t u r n s  to  the  b a s e  l ine  a f t e r  
being d e p r e s s e d  by the e n d o t h e r m i c  d i s so lu t ion  of y ' .  

bo i l  p r i o r  to the add i t ion  of a luminum.  Boron ,  inc luded 
in each a l loy  in an a n a l y z e d  concent ra t ion  of 0.010 to 
0.015 pct  to enhance h o t - w o r k a b i l i t y ,  was  added  as  
NiB.  A l loys  at each " h a r d e n e r "  leve l  w e r e  m e l t e d  in 
A1203 c r u c i b l e s  a s  a s ing le  heat ,  with each hea t  being 
sp l i t  into four  10 lb.  (4.5 kg) ingots  containing a p p r o x -  
i m a t e l y  0, 1, 3, and 5 a t .  pc t  Mo, r e s p e c t i v e l y .  

The 2.5 in.  (64 mm)  d i am ingots  we re  c o n v e r t e d  to 
b a r s  s l igh t ly  l e s s  than 3 in.  (19 mm)  squa re  in a t h e r -  

I~. O m o m e c h a n i c a l  sequence  that  was  des igned  to e l i m i n a t e  
any s e r i o u s  m i c r o s e g r e g a t i o n  and to avoid  an e x c e s -  
s ive ly  l a r g e  g ra in  s i z e .  The a l l o y s  we re  he ld  at  2250~ ~< 
(1232~ a to ta l  t i m e  of a p p r o x i m a t e l y  12 h r ,  dur ing  ~ 
p r e l i m i n a r y  and i n t e r m e d i a t e  homogeniza t ion  t r e a t -  ~ 
m e n t s  and dur ing the ac tua l  ro l l ing  p r o c e s s .  ~ 

The inf luence of molybdenum on the ~' so lu t ion  t e m -  
p e r a t u r e  was  d e t e r m i n e d  on s p e c i m e n s  that  had been ~. 
he ld  a t  1800~ (982~ fo r  1 h r  and f u r n a c e - c o o l e d  to I 
deve lop  the m a x i m u m  amount  of ~' p r e c i p i t a t e .  Spec i -  T 

m e n s  5 in.  (8 mm) in d i a m e t e r  by 5 in. (16 mm)  in 
length  w e r e  then sub j ec t ed  to d i f f e ren t i a l  t h e r m a l  
a n a l y s i s  (DTA), a technique  in which the t e m p e r a t u r e  
d i f f e r ence  between the  t e s t  s p e c i m e n  and a n i cke l  r e f -  
e r e n c e  s p e c i m e n  was  m e a s u r e d  while  both w e r e  hea ted  

] CURIE POINT OF 
N, REFERENCE SPECIMEN 

j, SOLVUS TEMP. 
ON HEATING 

A DISSOLUTION / 

-START" 

k P RECl PITATI 0 N ' \ \ ~  
OF Y' / 

/ 
SOLVUS TEMP. 

ON COOLING 

TEMPERATURE 

F i g .  1 - - S c h e m a t i c  r e p r e s e n t a t i o n  o f  a d i f f e r e n t i a l  t h e r m a l  
analysis trace, obtained at a heating and cooling rate of ap- 
proximately 18 ~ F/min (10 ~ C/min). 
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During cooling, the y '  solvus t empera tu re  is  indicated 
by the point where the curve sharply r i s e s  f rom the 
base  l ine,  as  a resul t  of the exothermic prec ip i ta t ion  
of y ' .  The DTA resu l t s  a r e  re la ted  to molybdenum con- 
centrat ion in Fig.  2. Here ,  each se r i e s  of a l loys  is  
r ep resen ted  by a band, the upper solid curve in each 
band denoting solvus t e m p e r a t u r e s  measured  during 
heating, and the lower sol id  curve represent ing  those 
measu red  during cooling. The noncoincidence of the 
heating and cooling curves  prec ludes  the repor t ing of 
an equil ibrium solvus curve for  each s e r i e s  of a l loys .  
In es t imat ing the location of the equil ibrium curve,  the 
cooling curve might be expected to l ie considerably  
f a r the r  from the equi l ibr ium curve than does the hea t -  
ing curve,  because  of the undercooling normal ly  a s s o -  
ciated with p rec ip i ta t ion  p r o c e s s e s .  The r e su l t s  of 
recent  exp4riments ,  14 however,  which show that the y '  
solvus t empera tu re  measu red  during heating decl ines  
signif icantly as  heating ra te  is  reduced from the 
18~ (10~ ra te  of this  study, indicate that 
the heating curve for each s e r i e s  of a l loys a lso  is  d i s -  

placed by at leas t  a moderate  dis tance from the equi- 
l ibr ium curve.  F o r  this  reason,  the center  of the band, 
r ep resen ted  by a dashed curve,  may be taken as  a f i r s t  
approximation to the equil ibrium y '  solvus curve for 
each s e r i e s  of a l loys .  In Fig. 2(a), the difference be-  
tween solvus t empera tu re s  measu red  on heating vs 
cooling for  the Ni-Cr-A1-Mo a l loys  tends to become 
s m a l l e r  as  the aluminum content i nc r ea se s  from 6-~ 
to 12 at.  pct A1, probably because  of f a s t e r  diffusion at 
the higher solvus t empera tu re s  of the h igher-a luminum 
al loys .  Molybdenum ra i se s  the y '  solvus tempera ture  
monotonically at each aluminum level ,  the inc rease  at 
5 at.  pct molybdenum being approximate ly  240~ 
(133~ in the 64 at .  pct A1 s e r i e s ,  120~ (67~ in the 
9 at .  pct A1 s e r i e s ,  and approximate ly  75~ (42~ in 
the 12 at. pct A1 s e r i e s .  The DTA resu l t s  for the Ni-  
Cr-Ti -A1-Mo a l loys ,  Fig. 2(b), exhibit a wider  s epa ra -  
tion between the heating and cooling curves  than for the 
Ni-Cr-A1-Mo a l loys ,  presumably  because  of slow dif- 
fusion of the la rge  ti tanium atoms.  These  r e su l t s  show 
that the 7 '  solvus band r i s e s  continuously as  molyb-  
denum is  added in this  high-t i tanium s e r i e s  of a l loys .  
Molybdenum r a i s e s  y '  solvus t empera tu re  by a sma l l e r  
amount, approximate ly  100~ (56~ in this  s e r i e s  of 
a l loys ,  however,  than in the two t i t an ium-f ree  s e r i e s  
having the most  near ly  comparable  ranges  of solvus 
t empera tu re s  (the 6~2 and 9 at .  pct A1 al loys) .  

As a means  of descr ibing the influence of molyb-  
denum on the y '  solvus surface,  i. e., on the boundary 
between the 7 and the y + ~' f ie lds ,  in the Ni-Cr-A1-  
t empera tu re  phase model, the foregoing resu l t s  a re  
plotted against  aluminum content in F ig .  3. F o r  each 
alloy,  the average  of the values obtained during heating 
and cooling is  plotted in Fig .  3. These mean values a re  
thought to provide a reasonably good representa t ion  of 
the equi l ibr ium 7' solvus boundary in the Ni-Cr-A1 
sys tem,  and the effects of molybdenum thereon.  Mo- 
lybdenum is seen to shift the boundary upward m a r k -  
edly, the inc rease  being grea tes t  at lower aluminum 
contents. 

The y'  solvus t empera tu re s  for the t i tan ium-bear ing  
a l loys  a r e  a l so  shown in Fig .  3. In addition to i l lus -  
t ra t ing the effect of molybdenum on the y '  solvus t em-  
pera tu re  in this  s e r i e s  of a l loys ,  these data points 
indicate that ,  on an atomic bas i s ,  t i tanium is more  ef- 
fective than aluminum in ra is ing  y '  solvus t e m p e r a -  
ture ,  inasmuch as  these points l ie  above the curves  for 
the t i t an ium-f ree  a l loys .  

Weight Frac t ion  of y '  

As desc r ibed  in the previous  sect ion,  the y '  solvus 
curve in the Ni-Cr-A1 sys tem represen ted  by Fig.  3 is  
r a i sed  by molybdenum additions to the sys tem.  A l t e r -  
natively,  the curves  of Fig .  3 show that,  at any t e m p e r -  
a ture ,  molybdenum reduces  aluminum solubili ty in the 
7 mat r ix .  This suggests  that molybdenum additions 
should inc rease  the quantity of ~' at any t empera tu re ,  
a supposition that is  borne out by s tudies  of specimens  
aged for 1000 hr  at 1400~ (760~ or  112 hr at 1700~ 
(927~ In these  studies,  the weight percent  of 7' ex- 
t r ac ted  e lec t ro ly t ica l ly  f rom the aged specimens  was 
determined.  The resu l t s ,  shown in Fig .  4, indicate that 
the weight f ract ion of y '  is  affected by molybdenum. 
For the Ni-Cr-Ai-Mo alloys aged at 1400~ (760~ 
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Fig. 3--Inf luence of mo lybdenum on ~/' 
so lvus  curve  of N i -C r -A1  s y s t e m ,  fo r  
a l loys  with a Ni :Cr  r a t i o  of a p p r o x i -  
ma te ly  5.2. Data po in t s  for  the t i t a n i u m -  
b e a r i n g  a l loys  a r e  a l s o  shown. 

F i g .  4(a), the weight  f r ac t i on  r i s e s  cont inuous ly  with 
i n c r e a s i n g  molybdenum content  a t  a l l  t h r e e  a l u m i n u m  
l e v e l s .  The r e s u l t s  fo r  the  s p e c i m e n s  aged  at  1700~ 
(927~ show that  mo lybdenum c a u s e s  a s i m i l a r  con-  
t inuous  i n c r e a s e  in 7 '  weight  f r ac t ion  a t  the  9 a t .  pct  

A1 l eve l ,  and a s t rong  in i t i a l  i n c r e a s e  at  1 and 3 a t .  pc t  
Mo,  fo l lowed by a leve l ing  off a t  the h ighes t  m o l y b -  
denum concen t r a t i on  in the  12 a t .  pct  A1 a l l o ys ,  F ig .  
4(b). The  1700~ (927~ cu rve  cannot  be  drawn for  the  
6-~ at .  pc t  A1 a l l oys  b e c a u s e  of the  a b s e n c e  of V' due to  

(a) 
6 0  I i I I I 

~- 40 

10 

O I  I I I I t 
0 1 2 3 4 5 

(b) 
i I I l I 

0 6 -1 /2  a/o AI 
n 9 a/o AI 

- iX 12 a / o A I  

~7 2 a/o AI + 4 a/o Ti 

I I I I I 
6 0 1 2 3 4 5 (: 

MOLYBDENUM CONTENT OF ALLOY (at. pct) 

Fig.  4--Inf luence of m o l y b d e n u m  on weight  f r a c t i on  of Y' e x t r a c t e d  f r o m  s p e c i m e n s  aged at  (a) 1400~ (760~ for  1000 hr ,  o r  
(b) 1700~ (927~ for  112 hr .  
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Table II. Chemical Composition of the Extracted 3" Phase 

Heat Treatment Prior to ExtracUon 

Aged for 1000 Hr at Aged for 112 Hr at 
Alloy 1400 ~ (760~ 1700~ (927 ~ 

Number Mo Cr A1 Ti Mo Cr A1 Ti 

Weight Percent 

1 0 7.1 8.4 - 

2 3.3 4.2 8.2 - 
3 5 6 4.1 8.3 - 
4 6.5 3.5 8 1 - 
5 0 7.5 8.5 - 
6 2.6 5.5 8.2 - 
7 5.0 4.2 8.5 - 
8 6.6 3.1 8.2 - 
9 0 6.9 8 2 - 

10 2 4 4.6 8.0 - 
11 4.7 2.8 8.6 - 
12 6.5 4.4 8.1 - 
13 0 2.1 3.8 12.1 
14 0 7 1.9 3.6 12.6 
15 1.1 1.2 3.6 10.8 
16 1 6 1.1 3.7 11.1 

Atomic Percent 

1 0 7 2 16 .5  - 

2 1.8 4.3 16.4 - 
3 3.2 4.3 16.7 - 
4 3.7 3 7 16.4 - 
5 0 7.6 16.7 - 
6 1.5 5.7 16.3 - 
7 2.8 4.4 17.0 - 
8 3.7 3.3 16.6 - 
9 0 7.0 16.2 - 

10  1 3 4 8 1 6 . 0  - 

11 2.6 2.9 17 3 - 
12 3 7 4.6 16.4 - 
13 0 2.2 ~ 8 13.8 
14 0 39 2.0 7.3 14.4 
15 0.63 1.3 7.5 12.4 
16 092 1 2 7.6 12.8 

0 8.5 10.0 - 
1.8 70 91 - 
3.9 5.1 8.1 - 
5.5 4.0 8.1 - 
0 7.6 8.6 - 
2.1 60 8.5 - 
4.5 4.5 8.2 - 
5.8 4.2 85 - 
0 2.0 3.7 115 
0.5 2.1 3.8 11.6 
1.0 1.5 4.1 13.1 
1.4 1.1 4.2 11.8 

0 8 5 19.3 - 
1.0 7.1 17.8 - 
2 2 5.3 16.2 - 
3.1 42 16.3 - 
0 7.7 16,8 - 
1.2 6.2 16.8 - 
2.5 4.7 16.4 - 
3.3 4.4 17.1 - 
0 2.1 7.5 13.1 
0.28 2 2 7.7 13.3 
0.57 1.6 8.4 14.9 
0.79 1.1 8.6 13.5 

t h e  l o w e r  s o l v u s  t e m p e r a t u r e s .  T h e  c u r v e s  f o r  t h e  t i -  
t a n i u m - b e a r i n g  a l l o y s  c o r r e s p o n d i n g  to  t h e s e  two  
a g i n g  t e m p e r a t u r e s  a l s o  show t h a t  m o l y b d e n u m  c a u s e s  
c o n t i n u o u s  i n c r e a s e s  in  w e i g h t  f r a c t i o n  of Y'.  T h e s e  
i n c r e a s e s  a r e  s m a l l e r  t h a n  f o r  t i t a n i u m - f r e e  a l l o y s .  

Any  s tudy  of e x t r a c t e d  p r e c i p i t a t e  c a r r i e s  w i t h  i t  
t h e  p o s s i b i l i t y  t h a t  t h e  p r e c i p i t a t e  w i l l  b e  c o n t a m i n a t e d  
o r  p a r t i a l l y  d i s s o l v e d  d u r i n g  t h e  e x t r a c t i o n  p r o c e s s .  
E l e c t r o n  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  of e x t r a c t e d  p a r -  
t i c l e s  f a i l e d  to r e v e a l  e i t h e r  c o n t a m i n a t i o n  by  t h e  e x -  
t r a c t i n g  s o l u t i o n  o r  a n y  o b v i o u s  r o u n d i n g  of t h e  e d g e s  
of c u b o i d a l  p a r t i c l e s .  T h e  a u t h o r s  r e c o g n i z e ,  h o w e v e r ,  
t h e  p o s s i b i l i t y  of p a r t i a l  d i s s o l u t i o n  of 7 '  p a r t i c l e s .  
S u b s e q u e n t  to  t h e  p r e p a r a t i o n  of t he  e x t r a c t  f o r  t h i s  
i n v e s t i g a t i o n ,  K r i e g e  a n d  o t h e r s  4'~5 r e p o r t e d  t h a t  o t h e r  
e l e c t r o l y t e s  i n c l u d i n g  a q u e o u s  s o l u t i o n s  of a m m o n i u m  
p h o s p h a t e  p l u s  t a r t a r i c  a c i d  a n d  a m m o n i u m  s u l f a t e  
p l u s  c i t r i c  a c i d  m a y  y i e l d  g r e a t e r  q u a n t i t i e s  of 7' t h a n  
t h o s e  o b t a i n e d  w i t h  t h e  15 pc t  p h o s p h o r i c  a c i d  e l e c -  
t r o l y t e  u s e d  in t h i s  i n v e s t i g a t i o n .  In a s t u d y  of Y' c o -  
a l e s c e n c e , ;  B i s s  ~6 h a s  r e c e n t l y  m e a s u r e d  v o l u m e  f r a c -  
t i o n s  of 7 in  s o m e  of t h e  s a m e  a g e d  s p e c i m e n s  
d e s c r i b e d  in  F i g .  4 .  S t u d y i n g  t h o s e  s p e c i m e n s  t h a t  
l e n d  t h e m s e l v e s  to  m e a s u r e m e n t  by e l e c t r o n  m e t a l l o g -  
r a p h y ,  i . e . ,  s p e c i m e n s  w i t h  low v o l u m e  f r a c t i o n s  
a n d / o r  l a r g e  p a r t i c l e s  of 7 ' ,  h e  o b s e r v e d  s i g n i f i c a n t l y  

l a r g e r  q u a n t i t i e s  of y '  t h a n  t h o s e  s h o w n  in  F ig .  4 ,  even  
a f t e r  a l l o w i n g  f o r  t h e  d e n s i t y - r e l a t e d  d i f f e r e n c e s  b e -  
t w e e n  v o l u m e  a n d  w e i g h t  f r a c t i o n s .  T h i s  s u p p o r t s  t he  
f i n d i n g s  of K r i e g e  a n d  c o w o r k e r s  4'~5 a b o u t  t h e  p o s s i b l e  
d i s s o l u t i o n  of Y' d u r i n g  e l e c t r o l y t i c  e x t r a c t i o n .  T h e  e f -  
f e c t  of m o l y b d e n u m  on v o l u m e  f r a c t i o n  of 7 ' ,  h o w e v e r ,  
w a s  found  by  B i s s  to  b e  a p p r o x i m a t e l y  t h e  s a m e  a s  i t s  
e f f e c t  on  w e i g h t  f r a c t i o n  s h o w n  in  F i g .  4 .  A l t h o u g h  t he  
d a t a  p l o t t e d  in  F i g .  4 m a y  b e  a f f e c t e d  s o m e w h a t  by  
p a r t i a l  d i s s o l u t i o n  of ~ ' ,  t h e  c u r v e s  of F i g .  4 a r e  
t h e r e f o r e  t h o u g h t  to  r e p r e s e n t  t h e  i n f l u e n c e  of m o l y b -  
d e n u m  on t h e  q u a n t i t y  of ~ '  w i t h  r e a s o n a b l e  a c c u r a c y .  

C h e m i c a l  C o m p o s i t i o n  of y '  

T h e  c h e m i c a l  c o m p o s i t i o n s  of 7 '  p r e c i p i t a t e  e x -  
t r a c t e d  f r o m  s p e c i m e n s  a g e d  a t  1400 ~ a n d  1700~ 
(760 ~ a n d  927~ a r e  p r e s e n t e d  in T a b l e  I I .  T h e s e  r e -  
s u l t s  a r e  p l o t t e d  a s  a f u n c t i o n  of t h e  m o l y b d e n u m  c o n -  
t e n t  of t h e  a l l o y s  in  F i g s .  5 t h r o u g h  8. I n  e a c h  of t h e s e  
g r a p h s ,  t h e  r e s u l t s  f o r  a l l  t h e  N i - C r - A 1 - M o  a l l o y s  a r e  
r e p r e s e n t e d  by  a s i n g l e  c u r v e  a t  e a c h  t e m p e r a t u r e ,  
s i n c e  t h e r e  i s  l i t t l e  d i f f e r e n c e  in  y '  c o m p o s i t i o n  f o r  
t h e  t h r e e  a l u m i n u m  l e v e l s .  

S i g n i f i c a n t  c o n c e n t r a t i o n s  of m o l y b d e n u m  w e r e  found  
in  t he  y '  of a l l  m o l y b d e n u m - c o n t a i n i n g  a l l o y s ,  F i g .  5. 
F o r  e a c h  s e r i e s  of a l l o y s ,  t h e  c o n c e n t r a t i o n  of m o l y b -  
d e n u m  in  t h e  y '  i n c r e a s e s  c o n t i n u o u s l y  a s  m o l y b d e n u m  
i s  a d d e d  to  t h e  b a s e  a l l o y .  In t h e  N i - C r - A 1 - M o  a l l o y s ,  
m o l y b d e n u m  d i s s o l v e s  q u i t e  e x t e n s i v e l y  in  7 ' ,  t h e  m a x -  
i m u m  c o n c e n t r a t i o n  b e i n g  3 .7  a t .  p c t  M o .  S u b s t i t u t i o n  
of t i t a n i u m  f o r  m o s t  of t h e  a l u m i n u m ,  h o w e v e r ,  r e -  
s t r i c t s  m o l y b d e n u m  c o n t e n t s  of t h e  y '  t o  m u c h  l o w e r  
l e v e l s ,  t h e  m a x i m u m  v a l u e  in  t h e s e  h i g h - t i t a n i u m  
a l l o y s  b e i n g  0 .92  a t .  pc t  M o .  

T h e  d o t t e d  l i n e s  in  F i g .  5 r e p r e s e n t  e q u a l  p a r t i t i o n  of 
m o l y b d e n u m  b e t w e e n  t h e  m a t r i x  a n d  y '  p h a s e s .  I t  i s  
e v i d e n t  f r o m  F i g .  5(a)  t h a t ,  f o r  t h e  N i - C r - A 1 - M o  a l l o y s  
a g e d  1000 h r  a t  1400~ (760~ m o l y b d e n u m  a c t u a l l y  
d i s s o l v e s  p r e f e r e n t i a l l y  in  t h e  ~ '  p h a s e  a t  t h e  1 a t .  pc t  
M o  l e v e l .  A s  m o l y b d e n u m  c o n t e n t  of t h e  a l l o y  i n c r e a s e s  
b e y o n d  a p p r o x i m a t e l y  2.5 a t .  p c t ,  h o w e v e r ,  m o l y b d e n u m  
p a r t i t i o n s  p r e f e r e n t i a l l y  i n to  t h e  m a t r i x  p h a s e .  R e s u l t s  
f o r  t h e s e  a l l o y s  a g e d  112 h r  a t  1700~  (927~ F i g .  
5(b) ,  show t h a t  m o l y b d e n u m  p a r t i t i o n s  e q u a l l y  b e t w e e n  
y '  a n d  t h e  m a t r i x  in  t h e  1 a t .  p c t  M o  a l l o y s ,  a n d  in 
f a v o r  of t h e  m a t r i x  w i t h  f u r t h e r  i n c r e a s e s  in  t h e  m o -  
l y b d e n u m  c o n c e n t r a t i o n  of t h e  a l l o y .  

T h e  m o l y b d e n u m  c o n c e n t r a t i o n s  in  t h e  y '  d e c r e a s e  a 
s m a l l  a m o u n t  a s  t h e  a g i n g  t e m p e r a t u r e  i n c r e a s e s  f r o m  
1400~ (760~ to  1700~ (927~ in  a l l  f o u r  s e r i e s  of 
a l l o y s .  T h i s  m a y  e x p l a i n  why  G u a r d  et al. r e p o r t e d  
l i t t l e  m o l y b d e n u m  s o l u b i l i t y  in  Ni3A1 a t  a m u c h  h i g h e r  
t e m p e r a t u r e ,  2150~  (1175~ 1'2 M o r e  r e c e n t l y ,  h o w -  
e v e r ,  M a x w e l l  a t t a i n e d  a m o l y b d e n u m  c o n c e n t r a t i o n  of 
4 w t  p c t  (2.5 a t .  pc t )  in  Ni3A1 b y  m e a n s  of a d i f f u s i o n  
c o u p l e  of Ni3A1 a n d  Ni3Mo h e l d  f o r  100 h r  a t  2200~ 
(1204~ 17 

As noted above, molybdenum solubility in y' is re- 
duced sharply by titanium. This is consistent with the 
results of a study reported by Kriege and Baris of y' 
extracted from commercial nickel-base superalloys 
having a wide range of compositions. 4 An analysis of 
their data shows that molybdenum tends to partition 
a w a y  f r o m  t h e  y '  a n d  in to  t h e  m a t r i x  a s  t h e  Ti//A1 
r a t i o  i n c r e a s e s .  

METALLURGICAL TRANSACTIONS VOLUME 3, APRIL 1972-993 



(a) (b) 

i ~ i i i........... 'I.I I i i I i ..' 
O 6 - 1 / 2  a/o AI . . - "  
0 9 a/o AI .'" 

~ 5 A 12 a/o AI - ' 
V 2 a / o A l + 4 a / o T i  . . . . . . " "  

4 -  "" - - 
o E 
l -  
z 
uJ 

z 
o 
o 

z 2 

r~ 
>- 
.._1 
o 1 - .-" ~ 

I 
0 1 2 3 4 5 6 0 1 2 3 4 5 6 

MOLYBDENUM CONTENT OF ALLOY (at. pct) M O L Y B D E N U M  CONTENT OF ALLOY (at. pct) 

Fig. 5--Influence of the molybdenum content of the alloy on the molybdenum content of 7 '  precipitate extracted from specimens 
aged at (a) 1400~ (760~ for 1000 hr, or (b) 1700~ (927~ for 112 hr. 

Molybdenum lowers  the chromium content  of 7'  ap-  
p rec iab ly ,  F ig .  6. In the Ni -Cr -A1-Mo a l loys ,  the ef- 
fect is  especia l ly  pronounced for molybdenum addi t ions 
ranging up to 3 at .  pct .  The curves  for the t i t a n i u m -  
bea r ing  a l loys  in Fig .  6 a re  displaced marked ly  down- 
ward  f rom those for  the a luminum al loys .  This  re f lec ts  
the d ras t i c  inf luence  of t i t an ium on ch romium so lu-  

bility in 7', as described by Taylor for the Ni-Cr-AI- 
Ti system.13 Nevertheless, molybdenum also lowers 
the chromium content of the 7' in the titanium-bearing 
alloys. 

Figs. 7 and 8 show the influence of molybdenum on 
the aluminum and titanium concentrations, respec- 
tively, of 7'. In these plots, data for both aging tern- 
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Fig. 6--1nfluence of the molybdenum content of the alloy on the chromium content of T' precipitate extracted from specimens 
aged at (a) 1400~ (760~ for 1000 hr, or (b) 1700~ (927~ for 112 hr. 
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Fig. 7--Influence of the molybdenum content of the alloy on the 
aluminum content of 7'  precipitate extracted from specimens 
aged at 1400~ (760~ for ~000 hr or 1700~ (927~ for 
112 hr. 

p e r a t u r e s  a~e r e p r e s e n t e d  by s ingle  curves  for  each 
of these  solutes .  Molybdenum is seen to have no s ig-  
n i f ican t  effect on the a l u m i n u m  content of the 7 ' .  As  in 
the case  of ch romium,  the l a rge  downward d i sp l ace -  
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Fig. 8---Influence of the molybdenum content of the alloy on the 
titanium content ofT' precipitate extracted from specimens 
aged at 1400~ (760~ for 1000 hr or 1700~ (927~ for 
112 hr. 

ment  of the curve  for a luminum content  a s soc ia t ed  
_ with the addi t ion of t i t an ium is  cons i s ten t  with the r e -  

su l t s  of T a y l o r ' s  study of the N i - C r - A 1 - T i  s y s t e m #  a 
- It is  worthy of note that the average  A1/Ti  ra t io  (on an 

a tomic bas i s )  in the 7'  of the p r e s e n t  a l loys  is nea r ly  
the same as  the average  A1/Ti  ra t io  of the a l loys ,  0.58 
vs  0.54. This  ag rees  with the f indings of Kr iege  and 
B a r i s  for c o m m e r c i a l  a l loys .  4 

The chemica l  makeup of 7 '  is  s u m m a r i z e d  in the 
ba r  graphs  of Fig .  9. This  type of g raphica l  r e p r e -  

- -  senta t ion of the composi t ion data i l l u s t r a t e s  s eve ra l  
impor tan t  points .  F i r s t ,  the sum of molybdenum plus 

- ch romium concen t ra t ions  is  e s sen t i a l ly  constant  for 
each s e r i e s  of a l loys  at both aging t e m p e r a t u r e s  as  
molybdenum content  of the al loy i n c r e a s e s ,  showing 
that molybdenum subs t i tu tes  chemica l ly  for  ch romium 
in 7 ' .  Second, the chromium plus  molybdenum content 
of the 7'  is  reduced sharply  by the subs t i tu t ion  of t i t a -  
n ium for a m a j o r  par t  of the a l u m i n u m  in these  a l loys .  

- Because  th is  impl i e s  a re jec t ion  of these  Group VI-A 
e lements  to the ma t r ix ,  this  could help explain why 
t i t an ium has  been repor ted  by Dreshf ie ld  and Ash-  

- brook Is to p romote  a format ion  in the n i c k e l - b a s e  
supera l loy ,  IN-100.  F ina l ly ,  the sum of the Mo, Cr ,  

- A1, and Ti  concen t ra t ions  in Fig .  9 equals  approx-  
imate ly  25 at .  pct,  suggest ing (but not proving) that 

- these  a toms  occupy corner  s i tes  in the 7'  unit  cel l .  
The nickel  concen t ra t ion  of approx imate ly  75 at .  pct 

6 (by difference) ,  which ag rees  with the average  concen-  
t r a t i on  of 74 at .  pct Ni (plus m i n o r  amount s  of cobalt  
and iron)  detected in the 7'  of c o m m e r c i a l  a l loys  by 
Kr iege  and Ba r i s ,  4 co r re sponds  to the occupat ion of 
the f a c e - c e n t e r e d  s i tes  by nickel  a toms .  The close 
a g r e e m e n t  of the p re sen t  r e su l t s  with the fo rmula  
Nia(A1, Ti ,  Cr ,  Mo) may be only for tu i tous ,  s ince  other  
inves t iga to r s  have c la imed that c h r omi um,  or  chro-  
mium and molybdenum a toms  can occupy f a ce - cen t e r ed  
as  well  as  c o r n e r  s i tes .  3'15'19'2~ 

Lat t ice  P a r a m e t e r  and Morphology 

Lat t ice  p a r a m e t e r s  of y'  ex t rac ted  f rom spec imens  
aged at 1400 ~ and 1700~ (760 ~ and 927~ a re  l i s ted  in 
Table  HI. The r e su l t s  for  spec imens  aged 1000 hr  at 
1400~ (760~ and 112 hr  at 1700~ (927~ a r e  plotted 
in Fig.  10. These  graphs  show that molybdenum causes  
s ignif icant  and continuous i n c r e a s e s  in y '  la t t ice  p a r a m -  
e te r .  The i n c r e a s e s  a re  g rea t e s t  for the Ni -Cr -A1-Mo 
a l loys ,  and cons iderab ly  s m a l l e r  for the t i t a n i u m - b e a r -  
ing a l loys ,  in keeping with the g r e a t e r  molybdenum 
solubi l i ty  in y '  in the f o r m e r  a l loys .  This  inf luence of 
t i t an ium on the expansion of the y '  la t t ice  by molyb-  
denum is cons i s t en t  with r e su l t s  obtained on N i -Cr -A1-  
T i -Mo a l loys  by Man ia r  and Bridge el and P e t e r  e t  a l .  ~ 

These  inves t iga to r s  observed  molybdenum to i nc r ea se  
the 7'  la t t ice  p a r a m e t e r  cons iderab ly  l e s s  than in the 
t i t a n i u m - f r e e  al loy of this  study, but somewhat  more  
than in the h igh- t i t an ium a l loys  of th is  study. The mo-  
lybdenum effect t he re fo re  i n c r e a s e s  with i nc reas ing  
A1/Ti  ra t io ,  in going f rom the t i t a n i u m - b e a r i n g  a l loys  
of this  study to those of Man ia r  and Bridge 21 and f inal ly  
to those of P e t e r  e t  a l .  s 

The l a rge  upward d i sp lacement  of the curves  of 7'  
la t t ice  p a r a m e t e r  for the t i t a n i u m - b e a r i n g  a l loys ,  
r e la t ive  to those for  the t i t a n i u m - f r e e  a l loys  in F igs .  
10(a) and 10(b) re f l ec t s  the p r e sence  of the la rge  t i t a -  
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Fig .  9 - - C o m p o s i t i o n  (bal  N i )  o f " / '  s h o w n  a s  the s u m  of  the i n d i v i d u a l  c o n c e n t r a t i o n s  of Mo,  Cr ,  A1, and  T i  i n 7 '  p r e c i p i t a t e  e x -  

t r a c t e d  f r o m  s p e c i m e n s  a g e d  at  1 4 0 0 ~  ( 7 6 0 ~  f o r  1 0 0 0  h r  o r  1 7 0 0 ~  ( 9 2 7 ~  f o r  1 1 2  hr.  

nium a t o m s  in the y' of that s e r i e s  of a l l o y s .  This  in-  
c r e a s e  i s  cons i s tent  with the large  i n c r e a s e  in la t t ice  
p a r a m e t e r  reported  by Nordhe im and Grant 22 a f ter  
making a s i m i l a r  subst i tut ion of t i tanium for a luminum 
to produce a N i - C r - A 1 - T i  a l loy .  

Although the main r e s e a r c h  effort w a s  expended on 
s p e c i m e n s  aged for 1000 hr at 1400~ (760~ or  112 hr 

at 1700~ (927~ a l imi ted  number  of lat t ice  p a r a m -  
e t e r s  w e r e  de termined  for s h o r t e r  aging t i m e s ,  Table  
III. The c l o s e n e s s  of these  p a r a m e t e r s  to the va lues  
for the m a x i m u m  aging t i m e s  (average  d i f ference  
= 0.0005,%) s u g g e s t s  that the c h e m i c a l  compos i t ion  of 
the y' i s  e s s e n t i a l l y  constant o v e r  the t i m e  in terva l s  
studied.  F u r t h e r m o r e ,  it i s  worth noting that the la t -  

Table III. Lattice Parameters of 7'  and Matrix after Aging at 1400 ~ and 1700~ (760 ~ and 927~ A 

1 4 0 0 ~  ( 7 6 0 ~  1 7 0 0 ~  ( 9 2 7 ~  

v v 

7 3' 

Alloy 6 3  H r  3 2 8  H r  1 0 0 0  H r  Ma t rLx  

Number Extracted Extracted Extracted In Situ 1 0 0 0  H r  

3 H r  2 7  H r  112  H r  Matrtx 
Extracted Extracted Extracted In Sttu 112  H r  

1 - *  - 3 5 5 9 4  - 

2 - 3 . 5 6 4 9  - 

3 - - 3 . 5 6 9 9  - 

4 - 3 5 7 3 3  - 

5 3 . 5 6 0 4  - 3 . 5 6 0 1  - 

6 3 . 5 6 5 3  3 . 5 6 5 2  3 , 5 6 5 1  - 

7 - - 3 . 5 7 0 1  - 

8 3 . 5 7 2 2  - 3 . 5 7 3 3  3 5 7 4 2  

9 - - 3 . 5 6 1 2  - 

10 - - 3 5 6 6 0  - 
11 -- - 3 5711 -- 
12 - - 3 5 7 4 4  3 5 7 6 6  

13 - -  3 . 5 8 9 5  - -  

14 - - 3 . 5 9 0 2  3 . 5 8 0 5  

15 3 . 5 9 1 5  3 . 5 9 1 4  3 . 5 9 1 2  3 . 5 8 1 6  

16 - - 3 . 5 9 2 3  - 

3 . 5 5 3 7  . . . . .  

3 . 5 5 9 6  . . . . .  

3 . 5 6 6 9  . . . . .  

3 . 5 7 7 9  . . . . .  

3 . 5 5 3 5  - 3 . 5 6 1 4  - 3 . 5 5 8 1  

3 5 6 0 2  - - 3 . 5 6 5 5  - 3 . 5 6 4 5  

3 . 5 7 1 4  3 . 5 7 0 1  3 . 5 6 9 9  3 . 5 6 9 5  - 3 . 5 7 1 7  

3 . 5 7 9 4  3 . 5 7 4 1  - 3 . 5 7 2 6  - 3 . 5 8 1 6  

3 . 5 6 1 9  - - 3 . 5 6 2 5  - 3 . 5 6 0 9  

3 . 5 6 7 0  - - 3 . 5 6 6 6  - 3 . 5 6 7 4  

3 . 5 7 6 5  - - 3 . 5 7 1 0  - 3 . 5 7 7 9  

( 3 . 5 8 6 5 ) *  - - 3 . 5 7 4 4  3 . 5 7 7 3  3 . 5 9 1 7  

3 . 5 5 8 2  - - 3 . 5 8 8 5  - 3 . 5 6 2 5  

3 . 5 6 2 9  - - 3 . 5 8 9 2  - 3 . 5 6 7 9  

3 . 5 7 1 8  3 . 5 9 0 3  3 . 5 9 0 5  3 . 5 9 0 2  - 3 . 5 7 5 5  

3 . 5 8 0 7  - - 3 . 5 9 1 5  - 3 . 5 8 3 9  

* N o t  measured, The value shown in parentheses was determined by extrapolation of the values for alloys 9 to 11 
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Fig.  10--Influence of the mo lybdenum con-  
tent  of the a l loy  on the l a t t i ce  p a r a m e t e r  
o f 'y '  p r e c i p i t a t e  e x t r a c t e d  f r o m  s p e c i m e n s  
aged  at  (a) 1400~ (760~ for  1000 hr ,  o r  
(b) 1700~ (927~ for  112 hr .  
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t i ce  p a r a m e t e r s  of 7 '  a r e  e s s e n t i a l l y  the s a m e  a t  
1700~ (92q~ a s  at  1400~ (760~ the a v e r a g e  d i f f e r -  
ence  for  an a l loy  be ing  0.0007A or  0.02 pc t .  Th i s  i s  
cons i s t en t  with the s i m i l a r i t y  in compos i t ion  of 7 '  b e -  
tween the two t e m p e r a t u r e s ,  noted e a r l i e r .  

I t  has  been  p o s s i b l e  to t e s t  the a g r e e m e n t  be tween  
l a t t i c e  p a r a m e t e r  an~l c h e m i c a l  compos i t ion  of the  y '  
by m e a n s  of pub l i shed  da ta  r e g a r d i n g  expans ion  of the 
l a t t i c e  of pu re  n icke l  by A1, Cr ,  Mo, and T i  in so l id  
solut ion.  A s s u m i n g  s i m p l e  add i t iv i ty  of the e f fec t s  of 
indiv idual  e l e m e n t s ,  l a t t i c e  p a r a m e t e r s  w e r e  c a l c u l a t e d  
by m e a n s  of the fol lowing equat ion,  d e t e r m i n e d  f r o m  
publ i shed  da ta .  23 

ay, = aNi + 0.00186 (at .  pc t  AI) + 0.00105 (at .  pct  Cr)  

+ 0.00435 (at.  pc t  Mo) + 0.00337 (at.  pct  Ti)  

w h e r e  ay, = ca l cu l a t ed  l a t t i c e  p a r a m e t e r  of the  7 '  in 
o 

a n g s t r o m s  and a Ni = 3.5240A, the r e p o r t e d  l a t t i c e  
p a r a m e t e r  for  n icke l .  2~ Th i s  equation i g n o r e s ,  of 
c o u r s e ,  any ef fec ts  r e l a t e d  to the o r d e r e d  s t r u c t u r e  of 
7 ' .  The  coef f ic ien t s  in th i s  equation ind ica te  tha t ,  on 
an a tomic  b a s i s ,  l a t t i c e  p a r a m e t e r  i s  i n c r e a s e d  s l igh t ly  
by c h r o m i u m ,  m o d e r a t e l y  by  a luminum,  and s t r o n g l y  
by t i t an ium and molybdenum,  the molybdenum effect  
be ing  m o r e  than four  t i m e s  that  of c h r o m i u m .  F ig .  11 
shows that  t h e r e  i s  s u r p r i s i n g l y  good a g r e e m e n t  b e -  
tween ca l cu la t ed  and m e a s u r e d  va lues ,  with a l l  da ta  
po in ts  ly ing r e a s o n a b l y  c l o s e  to the dot ted  l ine  that  
c o r r e s p o n d s  to p e r f e c t  a g r e e m e n t .  Th i s  p r o v i d e s  a 
c e r t a i n  amount  of conf idence  in the chemica l  c o m p o s i -  
t ions  of the  y ' ,  Tab le  II ,  upon which the c a l c u l a t e d  l a t -  
t i c e  p a r a m e t e r s  a r e  b a s e d .  A s  seen  f rom F i g .  11, the  
da ta  po in ts  for  the t i t a n i u m - b e a r i n g  a l l oys  show a 
g r e a t e r  va r i a t i on  be tween  ca l cu la t ed  and m e a s u r e d  
va lue s  than for  the t i t a n i u m - f r e e  a l l oys ,  with t i t an ium 
caus ing  a l a r g e r  expans ion  of the ~' l a t t i c e  p a r a m e t e r  
than expec ted .  I n c r e a s i n g  the coeff ic ient  fo r  t i t an ium 
in the  above equation by 12 pc t ,  to 0.00378, c a u s e s  

c lo se  a g r e e m e n t  between c a l c u l a t e d  and m e a s u r e d  
va lue s  for  the  t i t a n i u m - b e a r i n g  a l l o y s .  Th i s  sugges t s  
that  t i t an ium has  a somewhat  g r e a t e r  inf luence  on the 
l a t t i c e  p a r a m e t e r  of y '  than on that  of pu re  n icke l .  

B e c a u s e  molybdenum e x e r t s  a s t r ong  inf luence  on 
l a t t i c e  p a r a m e t e r ,  and b e c a u s e  in mos t  of the  aged 
s p e c i m e n s  molybdenum d i s s o l v e s  m o r e  ex tens ive ly  in 
the m a t r i x  than in the 7 ' ,  the  m i s m a t c h  be tween the l a t -  
t i ce  p a r a m e t e r s  of t h e s e  two p h a s e s  changes  s ign i f i -  
cant ly  a s  molybdenum i s  added  in each s e r i e s  of a l l oys .  
Th is  should  cause  v a r i a t i o n s  in 7 '  morpho logy  in the  

3.6C 

o~ 
k 3.s9 

I - -  

3.58 

b- -  

�9 ~ 3.57 
-J 

< 

3.56 

I r I ' I i , . .  

BASE = 3.5240 A . ' "  
(PURE Ni) 

0-5 a/o 
Mo 

V "O," 
-" VT EQUIVALENCE 

L I N E , ~ ,  . .- 

5 Moa/~ ,"" ."" 

3a/o 1~1,~"{400 E 17O0F 
Mo .'~ (760C) (927C) 

1000 HR 112 HR 
1 a/o , r A  �9 O 6-1/2 a/o AI 
Mo 

0 a/o ~ ' �9 [] 9 a/o AI 
Mo 

- B A  .." �9 A 12  a / o  AI  
gn�9 ... 

�9 �9 V 2 a / o  AI  
- -  "'" + 4  a / o  T i  

I L I I I , 
3.56 3.57 3.58 3.59 3.60 

MEASURED LATTICE PARAMETER OF 7' (,~) 

Fig.  11 - -Cor re l a t i on  of the 7 '  l a t t i ce  p a r a m e t e r ,  ca lcu la ted  
f r o m  the c h e m i c a l  c o m p o s i t i o n  of t h e ' y ' ,  with the m e a s u r e d  "y ' 
l a t t i ce  p a r a m e t e r .  
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Fig.  12--Influence of l a t t i c e - p a r a m e t e r  
m i s m a t c h  on the morpho logy  of the 7 '  
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Fig. 13--Influence of molybdenum con-  
tent  and l a t t i c e - p a r a m e t e r  m i s m a t c h  
( c ~ , -  (~Z) on the morpho logy  of 7 '  p a r -  
t i c i e s  a f t e r  ag ing  for  112 h r  a t  1700~ 
(927~ Magni f ica t ion  4150 t i m e s .  
(a) and (b)--Alloys conta in ing  9 at.  pc t  
Ah  (a) Al!oy No. 5 (0 at. pc t  Mo), Aa 
= +0.0033A; (b) Alloy No. 8 (4,80 at.  pc t  
Mo), Aa = -0 .0090A.  (c) and (d)- -Al loys  
conta in ing  2 at,  pe t  A1 + 4 at. pc t  Ti: 
{c) AlloyoNo. 13 (0 at. pc t  Mo), Aa 
= +0,0260A; (d) Al!oy No. 16 {4.84 at. pc t  
Mo), Aa = +0.0076A. 
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presen t  group of a l loys .  The r e su l t s  of e a r l i e r  inves t i -  
gations 24-26 show that the 7 '  pa r t i c l e s  in n i cke l -ba se  
supera l loys  change f rom spheroids  to cuboids (and 
ul t imately to rods or p la tes)  as  l a t t i c e - p a r a m e t e r  m i s -  
match inc reases ,  because  of the abil i ty of the cubic 
form of a coherent  p rec ip i t a te  to reduce s t ra in  energy.  
To evaluate this  effect,  values  of l a t t i c e - p a r a m e t e r  
mismatch ,  de termined by subtract ing ma t r ix  la t t ice  
p a r a m e t e r  from the ~' la t t ice  pa r ame te r  for the long- 
est  aging t ime at each t empera tu re ,  Table III, a r e  r e -  
la ted in Fig .  12 to qual i tat ive es t imates  of ~' morphol -  
ogy. P a r t i c l e  shape designat ions,  in o rde r  of increas ing  
degree  of cubicity, a r e  as  follows: spheroidal  (the most  
near ly  spher ical ) ,  globular  (sti l l  bas ica l ly  spher ica l  in 
shape), blocky (basical ly  cubical in shape), and cuboidal 
(the most  near ly  cubical in shape). Fig .  12 shows that 
pa r t i c l e s  tend to change f rom spheroidal  to cuboidal as  
the l a t t i c e - p a r a m e t e r  mismatch  inc reases  in absolute  
value.  This is  t rue  both when the V' la t t ice  p a r a m e t e r  
is  l a r g e r  than that of the ~ matr ix ,  and when the oppo- 
s i te  condition exis t s .  Fo r  example,  l a t t i c e - p a r a m e t e r  
mismatch  is  re la t ive ly  close to zero  for  Ni-Cr-A1 
a l loys  containing no molybdenum. As  molybdenum is  
added, however,  mismatch  takes on ra the r  l a rge  nega-  
t ive values,  and ~' p a r t i c l e s  change from spheroidal  to 
cuboidal in shape. This change is shown in the e lect ron 
mic rographs  of F igs .  13(a) and 13(b) for 9 at .  pct A1 
a l loys  aged at 1700~ (927~ Conversely ,  molybdenum 
addit ions to the t i t an ium-bear ing  al loys l e s sen  consid-  
erably  the la rge  degree  of mismatch  that exis ts  in the 
molybdenum-free  base  al loy.  This causes y '  pa r t i c l e s  
in specimens  aged at 1700~ (927~ to change from 
cuboidal to spheroidal ,  F igs .  13(c) and 13(d). Pe t e r  
e t  a l .  5 observed a s i r~ i la r  tendency when 4.5 wt pct 
(2.7 at. pct) molybdenum was added to a N i - C r - A I - T i  
al loy and to a N i -Cr -Co-A1-T i  al loy.  

The micrographs  of F ig .  13 cor robora te  in r a the r  
s t r ik ing fashion the aforement ioned observat ions  24-26 
regarding the effect of l a t t i c e - p a r a m e t e r  mismatch  on 
par t i c le  morphology, namely,  that the morphology of 
pa r t i c l e s  changes f rom spheroidal  to cuboidal a s  l a t -  
t i c e - p a r a m e t e r  mismatch  inc reases .  (It may also  be 
noted that the effects of molybdenum on increas ing  the 
quantity of y ' ,  d i scussed  in an e a r l i e r  sect ion,  a r e  
c lea r ly  evident in Fig.  13.) 

In the 12 at.  pct A1 al loy with the g rea tes t  l a t t i ce -  
p a r a m e t e r  mismatch  (5 at. pct Mo), the V' p rec ip i ta te  
exhibited a dual morphology af ter  aging at 1700~ 
(927~ Cuboids predominated  af ter  aging for 3 hr ,  
but some pa r t i c l e s  with a rod- l ike  appearance  were  
a lso  presen t .  As the pa r t i c l e s  coarsened during subse-  
quent aging to 112 hr,  the cuboidal pa r t i c l e s  continued 
to coalesce  into pa r t i c l e s  with the rod- l ike  appearance ,  
so that the la t te r  morphology predominated af te r  112 
hr .  This tendency to develop plates  or rods is  cons i s -  
tent with the large  la t t ice  p a r a m e t e r  mismatch  ~4-28 in 
this  al loy of high volume fract ion of ~ ' .  The symbol 
represent ing  this aged specimen is marked  by an a r -  
row in Fig.  12, indicating that the average  morphology 
is  that of a par t i c le  with higher la t t ice s t ra in  than that 
of a cubo}d. 

The fact that the minimum in the data band in Fig.  12 
occurs  at a mismatch  of about 0.005/~ instead of at 
ze ro  mismatch is bel ieved to resul t  p r i m a r i l y  from a 
difference in coefficients of thermal  expansion between 
ma t r i x  and y ' .  Morrow 27 has  recent ly  es t imated  that 
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the mean coefficient of linear thermal expansion be- 
tween room temperature and 1472~ (800~ of the 
matrix in the same Ni-Cr-Al alloys described in the 
present investigation is 17 • I0-6/~ This is consid- 
erably higher than the value for NiaAl in the same 
temperature interval, 15 • I0-6/~ obtained by Taylor 
and Floyd 11 and by Stoeckinger and Neumann. 29 This 
difference indicates that the algebraic value of the lat- 
tice-parameter misrnatch (a 7, - aft) for a specimen 
should increase as the specimen is cooled from the 
aging temperature to room temperature (the tempera- 
ture at which lattice parameters were measured). 
Thus, data points for the three Ni-Cr-Al alloys in Fig. 
12 should be displaced to the left by about 0.005A, to 
represent the mismatch at 1400~ (760~ and by 
about 0.006A, to represent the mismatch at 1700~ 
(927~ The results of Morrow suggest that these dis- 
placements would be reduced somewhat by molybdenum 
additions to the Ni-Cr-Al system. Had it been possible, 
therefore, to conduct the precision lattice-parameter 
measurements at the actual aging temperatures, the 
minimum in the data band of Fig. 12 would probably 
occur quite close to zero mismatch. 

The tendency of the data points for the specimens 
aged at 1700~ (927~ to lie above those for speci- 
mens aged at 1400~ (760~ in Fig. 12, suggests that, 
for a given degree of lattice-parameter mismatch, the 
morphology of 7' particles becomes more cuboidal as 
particle size increases. This relationship between size 
and morphology of Ni3Al particles has been observed 
by Ardell and Nicholson 25 and by Hornbogen and Roth. 26 

CONCLUSIONS 

The following conclusions can be made from the in- 
vestigation of the influence of molybdenum on the y' 
phase in wrought nickel-base superalloys. Items 2 
through 5 are based on studies of specimens aged at 
1400 ~ or 1700~ (760 ~ or 927~ 

1) Molybdenum raises the 7' solvus temperature 
markedly. The effect of molybdenum declines as the 
solvus temperature of the base alloy increases, and as 
titanium is substituted for aluminum. 

2) Molybdenum increases the weight fraction of y' 
significantly by reducing the solubility of aluminum in 
the V matrix. 

3) Molybdenum dissolves extensively in V' in Ni-Cr- 
Ai-Mo alloys. Molybdenum substitutes for chromium, 
but has virtually no effect on the aluminum and titanium 
contents of the V'. The molybdenum (and chromium) 
contents of 7' are significantly reduced, however, by 
substitution of titanium for most of the aluminum. 
Molybdenum contents of V' are somewhat lower in spec- 
imens aged at 1700~ (927~ than in those aged at 
1400~ (760~ 

4) The lattice parameter of extracted ~' is increased 
markedly in Ni-Cr-AI-Mo alloys and moderately in 
Ni-Cr-Ti-Ai-Mo alloys as molybdenum content in- 
creases in each series of alloys. The V' lattice param- 
eter can be predicted rather accurately from the chem- 
ical composition of the extracted particles by means of 
a simple linear equation derived from published results 
regarding the individual effects of Al, Cr, Mo, and Ti 
on the lattice parameter of pure nickel. The y' lattice 
parameters of any alloy are virtually the same for the 
two aging temperatures of this study; furthermore, only 
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v e r y  s m a l l  c h a n g e s  i n  l a t t i c e  p a r a m e t e r  o c c u r  a s  a g i n g  

t i m e  i n c r e a s e s  f r o m  63 t o  1000  h r  a t  1 4 0 0 ~  ( 7 6 0 ~  
a n d  f r o m  3 t o  112  h r  a t  1 7 0 0 ~  ( 9 2 7 ~  

5) T h e  m o r p h o l o g y  of  T '  p a r t i c l e s  c h a n g e s  f r o m  s p h e -  
r o i d a l  t o  c u b o i d a l  a s  l a t t i c e - p a r a m e t e r  m i s m a t c h  i n -  
c r e a s e s  i n  a b s o l u t e  v a l u e .  T h i s  o c c u r s  w i t h  i n c r e a s i n g  
m o l y b d e n u m  c o n t e n t  in  t i t a n i u m - f r e e  a l l o y s  a n d  w i t h  
d e c r e a s i n g  m o l y b d e n u m  c o n t e n t  i n  t h e  2 a t .  p c t  A 1 - 4  

a t .  p c t  T i  a l l o y s .  

A C K N O W L E D G M E N T  

T h e  f o l l o w i n g  c o n t r i b u t i o n s  t o  t h i s  r e s e a r c h  a r e  
m o s t  g r a t e f u l l y  a c k n o w l e d g e d :  T h e  v a l u a b l e  s u g g e s t i o n s  
a n d  g u i d a n c e  of  P r o f e s s o r  O .  F .  K i m b a l l ,  p a r t i c u l a r l y  
c o n c e r n i n g  l a t t i c e - p a r a m e t e r  m e a s u r e m e n t s ,  t h e  c o n -  
s t r u c t i v e  a d v i c e  o f  P r o f e s s o r s  L .  O .  D r o c k w a y ,  W .  A .  
H o s f o r d ,  E .  E .  H u c k e ,  W .  C .  B i g e l o w ,  a n d  J .  B .  N e w -  
k i r k  a n d  of  D r .  A .  H a v a l d a  a n d  D r .  O .  H .  K r i e g e ,  t h e  
p r o v o c a t i v e  d i s c u s s i o n s  w i t h  D r .  D .  J .  W i l s o n ,  D r .  
P .  D .  G o o d e l l ,  a n d  D r .  Y .  E .  S m i t h ,  a n d  t h e  i n v a l u a b l e  
a s s i s t a n c e  o f  M r .  V .  B i s s  t o w a r d  t h e  e l e c t r o n  m e t a l -  
l o g r a p h i c  p h a s e  of  t h i s  r e s e a r c h .  T h e  p r i n c i p a l  a u t h o r  
i s  d e e p l y  i n d e b t e d  t o  t h e  C l i m a x  M o l y b d e n u m  C o m p a n y  
of  M i c h i g a n  f o r  f i n a n c i a l  s u p p o r t  a n d  f o r  t h e  u s e  o f  
l a b o r a t o r y  f a c i l i t i e s  t h r o u g h o u t  t h e  c o u r s e  o f  t h i s  

study. 
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