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The s t r u c t u r e  and m e c h a n i c a l  p r o p e r t i e s  of a l loy 718 p r e p a r e d  f rom a rgon  a t o m i z e d  
powder  have been  i nves t i ga t ed  for  a wide range  of e x t r u s i o n  r a t i o s  and t e m p e r a t u r e s .  
The t en s i l e  and s t r e s s - r u p t u r e  p r o p e r t i e s  of ex t ruded  b a r  a r e  s ens i t i ve  to heat  t r e a t -  
men t .  Notch duc t i l i t y  can be c o n f e r r e d  th rough  a p p r o p r i a t e  combina t ion  of so lu t ion  annea l  
and i n t e r m e d i a t e  t e m p e r a t u r e  age .  S t r u c t u r a l  eva lua t ion  shows that  such t r e a t m e n t  p r o -  
v i d e s  a un i form g r a i n  s t r u c t u r e  t oge the r  with a c o a r s e  ~" p r e c i p i t a t e  d i s p e r s i o n  and s m a l l  
amounts  of 6 Ni3Cb phase  at  g r a i n  b o u n d a r i e s .  

ALLOY 718 i s  a v e r s a t i l e  high s t r eng th ,  we ldab le  
wrought  n i c k e l - b a s e  a l loy  which was deve loped  fo r  
use  at  t e m p e r a t u r e s  up to about  704~ 

The p h y s i c a l  m e t a l l u r g y  of a l loy  718 has  been the 
sub jec t  of a number  of i nves t i ga t i ons .  A c o n s i d e r a b l e  
amount  of work  was done in i t i a l l y  to d e t e r m i n e  the 
phase s  p r e c i p i t a t e d  dur ing  a g i n g )  "4 It  i s  now f i r m l y  
e s t a b l i s h e d  that  ha rden ing  is  due to the f o r m a t i o n  of 
the m e t a s t a b l e ,  d i s c - s h a p e d  7" .  5,6 This  phase ,  which 
i s  coheren t  with the m a t r i x ,  has an o r d e r e d  body cen-  
t e r e d  t e t r a g o n a l  s t r u c t u r e  (D022 type s u p e r l a t t i c e )  
with a c/a r a t i o  of about 2.044. The  7" phase  f o r m s  
on the cube p lanes  of the m a t r i x  such  that :  

and (001)~/,,/./, (001!y 
[100]y,, / / [ 1 0 0 ] 7 .  

Upon p ro longed  aging the y" phase  i s  r e p l a c e d  by the 
equ i l i b r ium o r tho rhombic  5 phase  having the s a m e  
c h e m i c a l  compos i t i on  (NisCb). The 6 phase  may  fo rm 
e i t h e r  by a c e l l u l a r  p r e c i p i t a t i o n  at  g r a i n  b o u n d a r i e s  
o r  a s  i n t r a g r a n u l a r  p l a t e s .  Al though the m a j o r  
s t r eng then ing  phase  in a l loy  718 i s  the ~" phase ,  the 
work  of Pau lon i s  et al 5 r e v e a l e d  that  the o r d e r e d  face  
c e n t e r e d  cubic 7 '  phase  a l so  f o r m s ,  but  in s m a l l e r  
quan t i t i e s .  

The  excep t iona l ly  high s t r eng th  of a l loy  718 has  
enabled  the a l loy  to gain u t i l i za t ion  in gas  tu rb ine  
engines  as  d i s c s ,  b l ades  and v a r i o u s  s t r u c t u r a l  sha pe s .  
F o r  the l a t t e r  app l i ca t ion ,  ro l l i ng  to c lo se  t o l e r a n c e  
i s  a common  f a b r i c a t i o n  method al though l imi t ed  to 
r e l a t i v e l y  s i m p l e  shapes .  E x t r u s i o n  o f fe r s  g r e a t e r  
f l ex ib i l i t y  but the high s t r eng th  of the m a t e r i a l  l i m i t s  
the  e x t r u s i o n  r a t i o  that  can be employed  and r e s t r i c t s  
the  s i ze  of the ex t ruded  p a r t .  

The advent  of powder  m e t a l l u r g y  (P/M) t echnology  
has  added  a new d imens ion  to the manufac tu re  of 
s u p e r a l l o y  s h a p e s .  Deve lopmen t s  such as  the " f i l l e d -  
b i l l e t "  technique 7 enable  complex  shapes  having qui te  
thin c r o s s  s ec t ions  to be ex t ruded .  At  the p r e s e n t  
t ime  t h e r e  i s  s t i l l  v e r y  l i t t le  in fo rmat ion  r e g a r d i n g  
the p r o p e r t i e s  of ex t ruded  P/M s u p e r a l l o y  p roduc t s .  
The  p r e s e n t  inves t iga t ion  was under t aken  to b roa de n  
the knowledge of P/M a l loy  p r o p e r t i e s  by a study of 
the  ef fec t  of heat  t r e a t m e n t  on the s t r u c t u r e  and 
p r o p e r t i e s  of ex t ruded  P/M a l loy  718. 
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EXPERIMENTAL PROCEDURE 

P r e p a r a t i o n  of P o w d e r  

F o u r  45 kgm m e l t s  w e r e  ind iv idua l ly  vacuum induc-  
t ion m e l t e d  us ing  v i r g i n  raw m a t e r i a l s  and cas t  into 
g raph i t e  mo lds .  Subsequent ly ,  the ingots  were  r e -  
me l t ed  in an a tomiza t i on  unit ,  poured  into a p r e -  
hea ted  tundish  f rom a tap t e m p e r a t u r e  of 1482~ and 
a t o m i z e d  with a rgon .  The - 8 0  m e s h  f r ac t i on  of the 
powder  f rom each  of the four  m e l t s  was then cone 
b lended  to p rov ide  suff ic ient  powder  fo r  ex t ru s ion  
and m e c h a n i c a l  p r o p e r t y  eva lua t ion .  P r e c a u t i o n s  w e r e  
o b s e r v e d  dur ing  powder  handl ing to i n s u r e  f r e e d o m  
f r o m  contamina t ion  al though a l l - i n e r t  handl ing was  
not used .  L a t e r  a fifth me l t  (a l loy 5) was p r e p a r e d  
and a t o m i z e d  in l ike  fashion .  Th is  batch of powder  
was not b lended with the o r i g i n a l  four  m e l t s .  Th is  
m a t e r i a l  was used  for  add i t iona l  m e c h a n i c a l  p r o p e r t y  
eva lua t ion  and fo r  much of the s t r u c t u r a l  s t ud i e s .  The 
c h e m i c a l  a n a l y s e s  of each  of the a t o m i z e d  powder s  i s  
given in Table  I .  

Ex t ru s ion  

Powder  was packed  into mi ld  s t e e l  cans  each  f i t -  
ted  with an evacua t ion  tube.  Each  can of powder  was 
evacua ted  to about  30~ p r e s s u r e  and hea ted  for  about 
2 h at  260~ p r i o r  to s ea l ing .  E x t r u s i o n  to round b a r  
was p e r f o r m e d  at  982, 1038 and 1093~ and at  r a t i o s  
of 9 : 1 to 30 : 1. In  each  c a s e ,  f la t  faced  d ies  were  
employed .  

Heat  T r e a t m e n t  

Fo l lowing  e x t ru s ion ,  s a m p l e s  of b a r  we re  solut ion 
annea led  at  t e m p e r a t u r e s  f rom 954 to 1177~ Two 
aging  t r e a t m e n t s  w e r e  examined :  

T r e a t m e n t  A:  8 h/718~ FC to 621~ and hold 
lo h/AC. 

T r e a t m e n t  B: 4 h/843~ + 8 h/718~ FC to 621~ 
and hold 10 h / A C .  

M e c h a n i c a l  P r o p e r t y  Eva lua t ion  

Room t e m p e r a t u r e  and 649~ t ens i l e  da ta  we re  ob-  
t a ined  us ing  s p e c i m e n s  having a 0.635 cm d i am and 
2.54 cm gage length.  Dupl ica te  649~ s t r e s s  r up tu r e  
t e s t s  w e r e  p e r f o r m e d  us ing  combina t ion  n o t c h / s m o o t h  
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Table I. Chemical Analysis of Individual Atomized Powder Heats (Wt Pct) 

Heat Number C Cr Mo Fe AI Ti Cb O N Ni 

1 0.041 19.3 3,3 18.1 0.38 1.2 5.3 0.0079 0.0059 Balance 
2 0.045 19,3 3,2 17.9 0.44 1.2 5.2 0.01 l 0 0.0056 Balance 
3 0.049 19.7 3.2 18.1 0.36 1.2 5.1 0.0098 0.0067 Balance 
4 0.042 19.2 3,2 18. t 0.48 1.2 5.2 0.0071 0.0048 Balance 
5 0.037 19.3 3.2 18.4 0.42 1.1 4.8 0.0075 0.0045 Balance 

Note: Powder batches 1 through 4 only were cone blended to provide master stock. 

Table II. Effect of Solution Anneal on Stress Rupture Properties of 
Bar Given Aging Treatment A *  

Test Condition: 649~ and 689 MN/m 2 

Extrasion Conditions 
Fracture 

Solution Anneal Temperature, ~ Ratio Life, h Location 

1 h/954~ 1038 16:1 2.3 Notch 
1.1 Notch 

1 h/954~ 1093 16:1 23.9 Notch 
1,1 Notch 

lh/954~ 1093 22:1 8,8 Notch 
4,7 Notch 

1 h/1066~ 1038 16:1 86.2 Notch 
34.8 

1 h/1066~ 1093 16:1 2.0 Notch 
5. l Notch 

i h/10660C 1093 22:1 0.6 Notch 
0.6 Notch 

1 h/1177~ 1038 15:1 199.7 Notch 
127.2 Notch 

1 h/1177~ 1093 22:1 5.9 Notch 

*Treatment A: 8 h/718~ FC to 621~ hold 10 h/AC. 

s p e c i m e n s  having 0.635 cm d iam.  A notch acu i ty  
f a c to r ,  Kt, of 3.5 was employed .  

Me ta l l og raphy  

Sample s  fo r  examina t ion  by op t i ca l  m i c r o s c o p y  were  
p r e p a r e d  us ing s t a n d a r d  m e t a l l o g r a p h i c  p r o c e d u r e s .  
An i m m e r s i o n  e tchant  cons i s t ing  of 92 pct  HC1-5 pct  
H2SO4-3 pet  HNOs was found to p rov ide  adequate  a t -  
t ack  for  s t r u c t u r a l  eva lua t ion .  This  e tchant  was a l so  
used  in the p r e p a r a t i o n  of su r f ace  r e p l i c a s  fo r  e l e c -  
t r on  m i c r o s c o p y .  

Thin fo i l s  fo r  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  
w e r e  p r e p a r e d  us ing  a d i sh ing  technique.  D i s c s ,  
a p p r o x i m a t e l y  0.025 to 0.038 cm th ick  we re  s p a r k  
mach ined  f rom t e s t  s a m p l e s  and e l e c t r o p o l i s h e d  in 
the DISA A-2  so lu t ion  us ing  a P T F E  ho lder  to p rov ide  
a d i shed  p ro f i l e .  Fo l lowing  d ish ing  the d i s c s  were  
f u r t h e r  e l e c t r o p o l i s h e d  in a 10 pct  p e r c h l o r i c  ac id -  
e thyl  a lcohol  m i x t u r e  unt i l  a s m a l l  p e r f o r a t i o n  oc-  
c u r r e d .  At th is  point  po l i sh ing  was  d i scont inued  and 
the d isc  washed  p r i o r  to examina t ion  in the e l e c t r o n  
m i c r o s c o p e .  

RESULTS 

Mechan i ca l  P r o p e r t i e s  

S t r e s s  Rupture  P r o p e r t i e s .  The 649~ M N f m  2 
s t r e s s  rup tu re  p r o p e r t i e s  a r e  l i s t ed  in Tab l e s  II and 
III .  Ex t ruded  b a r  so lu t ion  annea led  1 h at  954, 1066 o r  
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Fig. l--Effect o f  annealing temperature on grain size 
of extruded bar. 1 h anneal. 

1177~ and aged acco rd ing  to t r e a t m e n t  A w e r e  a l l  
notch b r i t t l e  (Table  II) .  F o r  the 954~ so lu t ion  annea l ,  
r u p t u r e  l ives  w e r e  r e l a t i v e l y  i n sens i t i ve  to ex t ru s ion  
t e m p e r a t u r e  and r a t i o .  I n c r e a s i n g  the so lu t ion  annea l -  
ing t e m p e r a t u r e  for  b a r  ex t ruded  16 : 1 at  1038~ 
s ign i f i can t ly  i m p r o v e d  rup tu r e  l i fe  but the a l loy  r e -  
ma ined  notch b r i t t l e .  T h e r e  was no s i m i l a r  i m p r o v e -  
ment  in r up tu r e  l i fe  with annea l ing  t e m p e r a t u r e  fo r  
b a r  ex t ruded  22 : 1 at  1093~ 

Notch duc t i l i ty  was obta ined  by the app l i ca t ion  of a 
4 h/843~ i n t e r m e d i a t e  t e m p e r a t u r e  aging t r e a t m e n t  
( t r e a t m e n t  B),  though not fo r  a l l  so lu t ion  a nnea l -  
ing t e m p e r a t u r e s  (Table  HI).  A so lu t ion  annea l  of 1 h 
at  1066~ p rov ided  notch duc t i l i t y  for  a l l  e x t r u s i o n  
condi t ions .  Rupture  l ives  r anged  f rom 21 to 81 h. 
Notch b r i t t l e n e s s  was  o b s e r v e d  for  b a r  so lu t ion  
annea led  at  982~ and 1177~ Anneal ing  at 1121~ ap -  
p e a r s  to be a b o r d e r l i n e  c a s e .  

T e ns i l e  P r o p e r t i e s .  The t e n s i l e  p r o p e r t i e s  of b a r  
so lu t ion  annea led  1 h at  954 to 1177~ and aged a c -  
co rd ing  to t r e a t m e n t  A a r e  l i s t e d  in Tab le  IV. In 
g e n e r a l  the y ie ld  and u l t ima te  t e n s i l e  s t r e n g t h s  ex-  
h ib i ted  a t  r oom t e m p e r a t u r e  and 649~ a r e  t yp i ca l  of 
those  quoted for  convent ional ly  cas t  and wrought  
a l loy  718. The t e n s i l e  d u c t i l i t i e s ,  however ,  a r e  
r a t h e r  lower ;  p a r t i c u l a r l y  those  for  649~ An-  
nea l ing  at  1066~ i n c r e a s e s  the y ie ld  and u l t ima te  
t e n s i l e  s t r eng th .  This  is  due to m o r e  comple t e  so lu-  
t ioning of the 5 phase  (Ni3Cb) [see  M i c r o s t r u c t u r e ] .  

The t e n s i l e  p r o p e r t i e s  of b a r  given aging t r e a t m e n t  
B a r e  shown in Tab le  V. The impos i t i on  of the i n t e r -  
me d i a t e  t e m p e r a t u r e  age (4 h/843 C) cause s  a r e d u c -  
t ion in a l loy  s t r eng th  at  both room t e m p e r a t u r e  and 
649~ The t e n s i l e  d u c t i l i t i e s ,  however ,  a r e  b e t t e r  
than those  exhib i ted  for  b a r  given aging t r e a t m e n t  A 
(Table  IV). F o r  the range  examined ,  the t e n s i l e  
p r o p e r t i e s  a r e  f a i r l y  i n sens i t i ve  to so lu t ion  annea l -  
ing t e m p e r a t u r e  and ex t ru s ion  condi t ion.  
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Table Ill. Effect of Solution Anneal on Stress Rupture Properties of Bar Given Aging Treatment B* 

Test Condition: 649~ and 689 MN/m ~ 

Extrusion Conditions 

Solution Anneal Temperature, ~ Ratio Life, h Pct Elongation Pet R.A. Fracture Location 

1 h/982~ 982 9:1 3.0 4.0 6.3 
3.1 5.0 5.4 

1 h/982~ 982 22:1 9.0 3.0 4.0 
6.3 2.0 2.4 

1 h/1066~ 982 9:1 25.6 5.0 8.2 
21.0 3.0 6.2 

1 ~ 1 0 6 6 ~  1038 16:1 42.2 4.0 6.2 
34.8 1.6 5.1 

1 h/1066~ 1093 22:1 46.6 3.0 4.8 
52.0 6.0 8.2 

1 h/1066~ 1093 30:1 81.0 4.0 8.0 
77.0t 

1 h / l l 2 1 ~  1038 16:i 93.4 - - 
99.0 5.0 4.8 

1 h / l l 2 1 ~  1093 30:1 98.2 - - 
72.8 - - 

1 ~ 1 1 7 7 ~  1038 16:1 75.8 0.8 0.8 
56.8 

Notch 
Notch 
Notch 
Notch 
Smooth Section 
Smooth Section 
Smooth Section 
Smooth Section 
Smooth Section 
Smooth Section 
Smooth Section 
Notch 
Notch 
Smooth Section 
Notch 
Notch 
Notch 
Notch 

o + o 
*Treatment B: 4 h/843 C 8 h/718 C, FC to 621~ hold 10 h/AC. 
~'Determined to be improperly machined specimen. 

Table IV. Tensile Properties of Extruded Bar Given Aging Treatment A*  

Tensile Properties 

Room Temperature 649~ 
Ext msion Conditions 

0.2 Pet Y.S. U.T.S. Pct 0.2 Pct Y.S. U.T.S. 
Solution Anneal Temperature, ~ Ratio (MN/m 2) (MN/m ~) Elongation Pct R.A. (MN/m 2) (MN/m 2 ) 

Pct 
Elongation Pet R.A. 

1 h/954~ 1038 16:1 1250.5 1471.7 15 19 1039.7 1197.5 
1 h/954~ 1093 16:1 1198.2 1408.3 14 22 1022.5 1182.3 
lh /954~  1093 22:1 1187.1 1402.8 14 21 989.4 1113.4 
1 h/1066~ 1038 16:1 1329.1 1447.6 17 36 1077.6 1209.9 
lh /1066~  1093 16:1 1218.7 1465.5 15 25 1057.6 1206.4 
t h/1066~ 1093 22:1 1290.5 1450.3 15 24 1052.1 1172.7 
1 h/1177~ 1038 16:1 1304.3 1464.8 22 37 1053.5 1187.1 
1 h/1177~ 1083 22:1 1191.9 1355.9 17 27 938.4 I064.5 

10 
10 
10 
13 
11 
8 

16 
22 

14 
13 
11 
19 
15 
12 
22 
27 

*Treatment A: 8 h/718~ FC to 621~ hold 10 h/AC. 

Table V~ Tensile Properties of Extruded Bar Given Aging Treatment B* 

Tensile Properties 

Room Temperature 
Extrusion Conditions 

0.2 Pct Y.S. U.T.S. Pet 
Solution Anneal Temperature, ~ Ratio (MN/m 2) (MN/m 2) Elongation Pct R.A. 

649~ 

0.2PctY.S. U.T.S. 
(MN/m 2) (MN/m 2) 

Pct 
Elongation Pct R.A. 

1h11066~ 982 9:1 - - ND - - 
1 h/1066~ 1038 16:1 - - ND - 
lh /1066~  1093 22:1 - - ND - 
1 h/1066~ 1093 30:1 1152.7 1434.5 14 20 
1 h / l l 2 1 ~  1038 16:1 1109.3 1431.7 15 23 
1 h / l l 2 1 ~  1093 30:1 1100.3 1426.2 14 18 
1 h/1177~ 1038 16:1 11155 1408.3 17 29 

923.9 1088.6 
940.5 1149.9 
917.1 1098.3 

1008.7 1150.6 
971.5 1152.7 
965.9 1157.5 
961.2 1138.9 

t7 22 
13 15 
16 18 
13 15 
18 27 
17 22 
18 26 

*Treatment B: 4 h/843~ + 8 h/718~ FC to 621~ hold 10 h/AC. 
ND = not determined. 
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M i c r o s t r u c t u r e  

Effect  of Annea l ing  T e m p e r a t u r e .  In  the a s - e x -  
t r uded  s t a t e  (e.g., 16 : 1 at  1038~ the g r a i n  s i ze  of 
P / M  a l loy  i s  10 /~m. The g ra in  s i ze  i s  not s ign i f i -  
can t ly  inf luenced by ex t ru s ion  r a t i o  o r  t e m p e r a t u r e  
in the r ange  examined .  A plot  of g r a i n  s i ze  vs annea l -  
ing t e m p e r a t u r e  i s  shown in F ig .  1. T h e r e  i s  a s m a l l  
i n c r e a s e  in g ra in  s i ze  upon annea l ing  at  954 and 
1066~ This  i s  due to solu t ioning of the 5 phase  as  
shown in F ig .  2(a) and (b). Annea l ing  at  1177~ c a u s e s  
a m o r e  m a r k e d  i n c r e a s e  in g r a i n  s i z e .  The g r a i n  
s i ze  however  i s  nonuni form and exh ib i t s  a duplex s i ze  
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( c )  i h / 1 1 7 7 ~  N o t e  p r e s e n c e  o f  a c i c u l a r  N i 3 C b  f o r  954~  
a n n e a l .  
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25ox  
(c) 

d i s t r i bu t i on  (F ig .  2(c)). The a v e r a g e  g r a i n  s i ze  i s  26 
/ ~ m .  

Ef fec t  of Aging T r e a t m e n t .  Opt ica l  m i c r o g r a p h s  i l -  
l u s t r a t i n g  the effect  of aging t r e a t m e n t  on the s t r u c -  
tu re  of b a r  ex t ruded  16 : 1 at  1038~ and annea led  1 h 
at  1066~ a r e  c o m p a r e d  in F ig .  3. I t  i s  ev ident  that  by 
employ ing  the 4 h/843~ i n t e r m e d i a t e  age ( t r e a t m e n t  
B) ,  a c o a r s e r  g e n e r a l  p r e c i p i t a t e  f o r m s  within the 
g r a i n s .  Add i t iona l ly ,  t h e r e  is  ev idence  of a c i c u l a r  5 
phase  at  the g r a i n  b o u n d a r i e s .  

Sur face  r e p l i c a t i o n  and thin fo i l  e l e c t r o n  m i c r o s -  
copy were  employed  to examine  the m i c r o s t r u c t u r e  
in m o r e  de t a i l .  F ig .  4 shows the m i c r o s t r u c t u r e  of 
b a r  not given the i n t e r m e d i a t e  t e m p e r a t u r e  age and 
for  which notch b r i t t l e n e s s  i s  e x p e r i e n c e d .  C o a r s e  
MC type c a r b i d e s  a r e  p r e s e n t  throughout  the g r a i n s .  
The g ra in  b o u n d a r i e s  a r e  qui te  smooth  and in only a 
few i n s t a n c e s  we re  s m a l l  p r e c i p i t a t e s  o b s e r v e d  on 
them.  The i n t e r g r a n u l a r  p r e c i p i t a t e  was iden t i f i ed  
by e l e c t r o n  d i f f r ac t ion  of thin fo i l s  as  the body cen-  
t e r e d  t e t r a g o n a l  7" phase  (F ig .  5(a) and (b)). The 
d a r k  f ie ld  m t c r o g r a p h  F ig .  5(c) shows that  the ~/' 
p r e c i p i t a t e s  cont inuously  to the g ra in  boundary .  The 
~/' f o r m e d  by th is  t r e a t m e n t  i s  t yp i ca l l y  25 to 35 nM 
in d i am and 7 to 12 nM thick.  

The m i c r o s t r u c t u r e  of m a t e r i a l  given the i n t e r -  
med i a t e  t e m p e r a t u r e  age p r i o r  to the s t a n d a r d  low 
t e m p e r a t u r e  age ( t r e a tmen t  B) i s  shown in F ig .  6. 
Th is  s t r u c t u r e  confe r s  notch duc t i l i ty .  Signif icant  
quan t i t i e s  of the a c i c u l a r  o r t ho rhombic  5 phase  a r e  
f o r m e d  at  the g ra in  bounda r i e s  p roduc ing  an i r r e g u -  
l a r  morpho logy .  The  7" p r e c i p i t a t e  f o r m e d  at  843~ 
i s  much c o a r s e r ,  t yp i ca l l y  150 to 200 nM in d i am 
and 15 to 30 nM th ick ,  but  does  not p r e c i p i t a t e  
i m m e d i a t e l y  ad jacen t  to the g r a i n  b o u n d a r i e s .  Dur -  
ing subsequent  ag ing  at  718~ and 621~ f ine r  7" and 
7 '  p r e c i p i t a t e s  in  t hese  r e g i o n s .  The d a r k  f ie ld  e l e c -  
t ron  m i c r o g r a p h  shown in F ig .  7 was obta ined  us ing 
a 100 s u p e r - l a t t i c e  r e f l e c t i on .  F o r  a l loy  718, i m a g e s  
due to both 7" and 7 '  would be o b t a i n e d J  The 7" 
would be seen  edge on as  l e n t i c u l a r  p a r t i c l e s .  Th is  
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(a) 

(0) 
Fig. 3--Effect of an in termedia te  t empera ture  age on the mi -  
c ros t ruc ture  of bar  extruded 16:1 at 1038~ Samples an- 
nealed 1 h/1066~ and (a) aged using Trea tment  A (no in ter -  
mediate t empera tu re  age) and (b) aged using Trea tment  B 
(with in termediate  t empera ture  age). 

is evident for the coarse  precipitates produced by the 
843~C anneal. The finer precipitates are spherical 
which suggests these are predominantly ~'. 

Higher solution annealing temperatures;  i .e. ,  1121 
and 1177~C reduce the amount of acicular 5 phase 
that can form during aging at 843~C (Fig. 8). The 
i r regular  grain boundary morphology is less well de- 
veloped and increased susceptibility to notch embritt le- 
ment is observed (Table IH). 

Fracture  

Scanning electron micrographs illustrating the 
effect of heat treatment on the creep fracture charac-  

ter is t ics  at 649~ are shown in Fig. 9. In the notch 
brittle condition (aging treatment A) fracture  occurs 
by intergranular  crack nucleation and growth. As il- 
lustrated in Fig. 9(a) the fracture surface reveals 
predominantly smooth grain boundary facets indicat- 
ing easy crack propagation. 

By contrast ,  the 843~ aging treatment B which 
confers notch ductility, results in the fracture appear- 
ance illustrated in Fig. 9(b). Although crack propaga- 
tion is still intergranular the fracture surface has a 
uniform ductile, dimpled appearance. The dimples 

Fig. 4--Thin foil e lec t ron micrograph  of extruded P/M Alloy 
718 annealed i h/1066~ and aged according to Trea tment  A 
(no intermediate  t empera ture  age). Note smooth grain bound- 
ary morphology. 

Fig. 5--Thin foil e lec t ron micrographs  showing ~"phase  in ex-  
traded bar annealed 1 h/t066~ and aged according to Trea t -  
ment  A (no intermediate  age). (a) Bright field, (b) diffraction 
pattern,  (c) dark field of grain boundary region. 
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C o a r s e  p l a n a r  d e f o r m a t i o n  is  a c h a r a c t e r i s t i c  of 
n i c k e l - b a s e  a l l oys  conta in ing  fine V" (or  ~,') p r e c i p i -  
tates.5,8,9 Wi l son  9 has  shown s i m i l a r  d e f o r m a t i o n  
s t r u c t u r e s  fo r  convent iona l  wrought  a l loy  718 and has  
l inked th is  to notch b r i t t l e n e s s  s u s c e p t i b i l i t y .  

M a t e r i a l  Aged A c c o r d i n g  to T r e a t m e n t  B. The ap-  
p l i ca t ion  of an i n t e r m e d i a t e  t e m p e r a t u r e  age (4 h /  
843~ a l lows  m o r e  homogeneous  d e f o r m a t i o n  c h a r a c -  
t e r i s t i c s .  D e f o r m a t i o n  twins a r e  again  o b s e r v e d  but  
on a much r e f ined  s c a l e .  An example  of the m i c r o -  
twinning in c o a r s e  ~" i s  shown in F ig .  l l ( a ) .  Aga in  
s t r e a k s  a r e  o b s e r v e d  on d i f f r ac t ion  p a t t e r n s  and can 
be used  to i m a g e  the m i c r o t w i n s  in d a r k  f ie ld  (F ig .  
l l ( b ) ) .  D i s loca t i on  loops a r e  f o r m e d  about the fine 
~" and y '  dur ing  aging at 718~ and 621~ (F ig .  12). 

(b) 

Fig. 5-Continued. 

a r e  p r e s u m a b l y  due to the p r e s e n c e  of 5 phase  at  the 
g r a i n  b o u n d a r i e s  which impede  c r a c k  p r o p a g a t i o n  and 
i n c r e a s e  the  w o r k  of f r a c t u r e .  

D e f o r m a t i o n  C h a r a c t e r i s t i c s  

M a t e r i a l  Aged A c c o r d i n g  to  T r e a t m e n t  A .  The na -  
t u r e  of c r e e p  d e f o r m a t i o n  at  649~ fo r  m a t e r i a l  aged  
a c c o r d i n g  to t r e a t m e n t  A is  shown in F ig .  10. The de -  
f o r m a t i o n  i s  c o a r s e ,  p l a n a r  and faul t ing i s  o b s e r v e d  
(F ig .  10(a)). D i f f r ac t i on  p a t t e r n s  (F ig .  10(c)) show 
s t r e a k s  in (111) m a t r i x  d i r e c t i o n s .  Note a l so  the 
e x t r a  r e f l e c t i o n s  at  twinning pos i t ions  (T) ind ica t ing  
that  many of the faul t s  a r e  th ick  enough to be de -  
f o r m a t i o n  twins .  A d a r k  f ie ld  image  of the twins  ob-  
t a ined  us ing  a d i f f r ac t ion  s t r e a k  i s  shown in F i g .  10(b). 

�9 ~ ~ 

(a) 

(b) 
Fig. 6--Microstructure of P/M Alloy 718 annealed 1 h/1066~ 
and aged according to Treatment B (with intermediate tem- 
perature age). (a) Surface replica, (b) thin foil. Note coarse 
T" and presence of acicular 5 phase (Ni3Cb) at grain bound- 
aries.  
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Fig. 7--Thin foil electron micrograph (dark field) showing T" 
and T r precipitates at grain boundary region in bar annealed 1 
h/1066~C and aged according to Treatment B (with intermedi- 
ate temperature age). 

This  m o r e  homogeneous  f o r m  of de fo rmat ion  is  con-  
s i de r ed  to contr ibute  to a t ta ining notch duct i l i ty .  9 

DISCUSSION 

The results of this study show that P/M alloy 718 
can be extruded over a fairly broad range of ratio 
and t e m p e r a t u r e  ranging f rom 9 : 1 at 982~ to 30 : 1 
at 1093~ and, t h e r e f o r e  exhibi ts  g r e a t e r  f lex ib i l i ty  
in ex t rus ion  than does convent ional  cas t  and wrought  
a l loy 718 (Ref. 10). Conven t iona la l loy  718 is s ens i t i ve  to 
notch e m b r i t t l e m e n t  un less  final  hot working is  con-  
ducted at t e m p e r a t u r e s  l ess  than approx ima te ly  

(a) 
Fig. 8--Optical and electron mierographs showing effect of a 
I h/1177oc solution anneal on the microstructure of P / M  Alloy 
718. Samples subsequently aged according to Treatment B. 

METALLURGICAL TRANSACTIONS A 

Fig. 8--Continued. (b) 

(a) 

(b) 
Fig. 9--Scanning electron mierographs illustrating the frac- 
ture appearance of samples creep tested at 649~C. (a) Notch 
brittle (1 h/1066~ plus aging Treatment A) and (b) notch duc- 
tile (1 h/1066~ plus aging Treatment B). 
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982oc 1o In the presen t  study it has been found that 
ba r  extruded at t empera tu re s  of 1038 and 1093~ can 
be rendered  notch ductile though the application of an 
in te rmedia te  t empera tu re  (843~ age p r io r  to the 
commonly used aging t rea tment  (8 h/718 C, FC to 
621~ hold 10 h/AC). 

Three  fac tors  contribute to at taining notch ducti l-  
i ty .  The f i r s t  is  gra in  boundary morphology.  The 
843~ age allows smal l  amounts of 5 phase (NiaCb) to 
develop at grain boundar ies .  The 5 phase is  benefic ia l  
because it provides  an i r r e g u l a r  gra in  boundary mor -  
phology. This impedes grain boundary sliding and 
as shown in Fig .  9(b) r e su l t s  in a more  ductile f r ac -  
ture .  

If solution annealed ba r  is  not given the 843~ age 

Fig. 10--Thin foil electron micrographs showing coarse 
planar deformation developed during creep at 649~ (a)Bright 
field, (b) dark field, (c) diffraction pattern, [0111 zone. Speci- 
men heat treated i h/1066~ and aged according to Treatment 
A (no intermediate temperature age). 

only fine y" and ~ '  p rec ip i t a tes  form and these de- 
velop continuously to the grain boundary (Fig.  5(c)). 
The grain boundaries  remain  quite s t ra ight  and pro-  
vide easy paths for  c rack  propagation (Fig.  9(a)). In 
this  condition the ma te r i a l  is  notch br i t t l e .  Ray- 
mond n has noted that for  conventional a l loy 718, 
notch embr i t t l ement  can be avoided by preventing the 
format ion of zones adiacent to the grain boundar ies  
which a re  f ree  of ~" p rec ip i ta tes .  This apparent ly 
is  not a sufficient c r i t e r ion  for extruded P/M alloy 
718. The nature of the grain boundary i t se l f  is  a 
dominating fac tor .  

The second factor  affecting notch sensi t iv i ty  is 
the p r i o r  solution annealing t empera tu re .  If the 
annealing t empera tu re  is  too low (954 or 982~ com- 
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(a) (b) 
Yig. 11-Thin foil electron micrographs showing fine planar deformation developed during creep at 649~C. (a) Bright field, (b) 
dark field. Specimen heat treated 1 h/1066~C and aged according to TreatmentB (with intermediate temperature age). 

Fig. 1Z--Bright field electron micrograph showing dislocation 
loops about fine 7' and possibly y" precipitates after creep at 
649~ Sample annealed 1 h/1066~ and aged according to 
Treatment B (with intermediate temperature age). 

p l e t e  initial so lu t ion ing  of 5 phase  i s  not obta ined  and 
notch e m b r i t t l e m e n t  ensues  even when the 843~ in-  
t e r m e d i a t e  t e m p e r a t u r e  age i s  app l ied .  High so lu -  
t ion  armeals, 1121 and 1177~ also increase the sus- 
ceptibility to notch embrittlement. For each of these 
cases the necessary grain boundary morphology is 
not properly developed when the 843~ intermediate 
temperature age is employed. 

High solution annealing temperatures (1121 and 
1177~ in addition to influencing the grain morpho- 
logy that develops upon aging, also cause a nonuniform 
grain size distribution. Stroup and Heacox le have 
shown that a mixed grain size of this type can of itself 
lead to notch brittleness in conventional alloy 718. 

METALLURGICAL TRANSACTIONS A 

They a l so  o b s e r v e d  that  m a t e r i a l  which was notch 
s e n s i t i v e  could ,  in some  c a s e s ,  be r e n d e r e d  notch 
duc t i l e  if given a long t ime  s t r e s s  exposu re  (e.g., 500 
h at  704~ and 345 MN//m 2 s t r e s s )  p r i o r  to t e s t i ng  
at  649~ This  ove rag ing  t r e a t m e n t  c a u s e s  a g e n e r a l  
c o a r s e n i n g  of the ~" p r e c i p i t a t e  and i n c r e a s e s  the 
amount  of 5 phase  at  g r a i n  b o u n d a r i e s .  The p r e s e n c e  
of 5 phase  a t  g r a i n  b o u n d a r i e s  in th i s  c a s e  s u p p o r t s  
the content ion that  i t  i s  a n e c e s s a r y  a t t r i bu t e  in ach iev -  
ing notch duc t i l i t y  in ex t ruded  P/M al loy 718. 

The th i rd  f a c t o r  inf luencing  notch s e n s i t i v i t y  i s  
the na tu re  of the i n t r a g r a n u l a r  de fo rma t ion .  Wi l son  9'1~ 
has  employed  th is  f ac to r  in d i s c u s s i n g  the t ime  de -  
pendent  notch e m b r i t t l e m e n t  in both a l loy  718 and W a s -  
pa loy  shee t .  The p r e s e n c e  of a c o a r s e  7" (or  ~ '  a s  in 
Waspa loy)  l eads  to a m o r e  homogeneous  d e f o r m a t i o n  
mode .  Th is  in tu rn  inh ib i t s  c r a c k  nuc lea t ion .  The 
p r e s e n t  o b s e r v a t i o n s  for  P/M alloy 718 cortf i rm the 
m o r e  homogeneous  d e l o r m a t i o n  c h a r a c t e r  a s s o c i a t e d  
with the p r e s e n c e  of c o a r s e  ~," (developed by the 843~ 
i n t e r m e d i a t e  t e m p e r a t u r e  age) .  This  homogeneous  in-  
t r a g r a n u l a r  d e f o r m a t i o n  mode undoubtedly p l ays  a 
ro l e  in p reven t ing  notch e m b r i t t l e m e n t  for  P/M a l loy  
718. Howeve r ,  i t  i s  not a p p a r e n t l y  a suf f ic ien t  c r i -  
t e r i on .  The T" s i ze  and d i s t r i b u t i o n  deve loped  by the 
843~ age is essentially independent of solution anneal- 
ing treatment. The mechanism of creep deformation, 
therefore, would be the same for all solution anneal- 
ing treatments. ~f the nature of the intragr~n~lar 
d e f o r m a t i o n  we re  the  so le  c r i t e r i o n  inf luencing notch 
b e h a v i o r ,  no g r a i n  s i ze  dependence  (as a f fec ted  by the 
so lu t ion  anneal)  would be expec ted .  

C ONC LUSIONS 

1) The stress rupture properties of extruded P/M 
alloy 718 are sensitive to heat treatment. Notch duc- 
tility can be imparted through appropriate combination 
of solution anneal and intermediate temperature age. A 
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heat treatment of 1 h/1066~ + 4 h/84322 + 8 h/718~ 
FC to 62122, hold 10 h/AC has been found satisfactory. 

2) A uniform grain size in combination with coarse 
~" precipitates and small amounts of 5 phase (Ni3Cb) at 
grain boundaries appear to be necessary for maintain- 
ing notch ductility in extruded P/M alloy 718. 

3) Thin foil electron micrographs reveal that an 
intermediate temperature aging treatment significantly 
modifies the deformation character is t ics  during creep 
and in tensile tests.  Fine scale microtwinning of 
coarse ~" coupled with dislocation looping about fine 
y" and ~'  develops. This leads to a more homogeneous 
deformation and contributes to attaining notch ductility. 

4) Notch ductility has been demonstrated in P/M al- 
loy 718 bar extruded at 103822 and 109322. This is in 
contrast to conventional cast and wrought alloy 718 
for which finish hot working must be conducted at 
temperatures  less than approximately 98222 if notch 
ductility is to be achieved. 

5) P/M alloy 718 can be extruded over a broad range 
of temperature and extrusion ratio and in this respect  
exhibits greater  flexibility than conventionally cast 
ahoy 718. 
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