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T h i s s t u d y was d e s i g n e d to p r o v i d e a c r i t i c a l t e s t f o r the p o s t u l a t e that the m i s m a t c h b e t w e e n
the l a t t i c e s of a u s t e n i t e (7) a n d the a g e - h a r d e n i n g g a m m a - p r i m e ( 7 ' ) p r e c i p i t a t e s a n d the r e -
s u l t a n t c o h e r e n c y s t r a i n s h a v e a s i g n i f i c a n t i n f l u e n c e on the e l e v a t e d t e m p e r a t u r e , p a r t i c u l a r l y
s t r e s s r u p t u r e , p r o p e r t i e s o f a n i c k e l - b a s e s u p e r a l l o y . T w o e x p e r i m e n t a l a l l o y s w i t h a b a s e
a n a l y s i s o f N i , 20 C r , 5 . 5 M o w e r e d e s i g n e d w i t h v a r i a b l e t i t a n i u m a n d a l u m i n u m a d d i t i o n s . T o
d i s c e r n the e f f e c t o f m i s m a t c h , a n a l l o y w i t h o u t m o l y b d e n u m was a l so e x p e r i m e n t e d w i t h . By
m a n i p u l a t i n g the m i s m a t c h a n d v o l u m e f r a c t i o n 7 ' by h e a t t r e a t m e n t a n d c h e m i s t r y , i t was s h o w n
t h a t a l o w e r ~ - 7 ' m i s m a t c h i n d e e d i s b e n e f i c i a l to s t r e s s r u p t u r e l i f e . I m p o r t a n c e of v o l u m e
f r a c t i o n ~ ' on t h i s e l e v a t e d t e m p e r a t u r e was a l so e s t a b l i s h e d .

N O R D H E I M a n d G r a n tx c o r r e l a t e d the m i s m a t c h b e -
t w e e n the l a t t i c e s of a u s t e n i t e (~) a n d a g e - h a r d e n i n g
g a m m a - p r i m e ( 7 ' ) p r e c i p i t a t e s w i t h c r e e p s t r e n g t h in
8 0 N i - 2 0 C r c o n t a i n i n g t i t a n i u m a n d a l u m i n u m a s h a r d -
e n e r s . B i g e l o w e t a l . ~ a n d M i h a l i s i n a n d D e c k e r3 SUE-
g e s t e d t h a t t h e 7 - ~ ' m i s m a t c h a n d r e s u l t a n t c o h e r e n c y
s t r a i n s c o n t r i b u t e d to the a g e - h a r d e n i n g in 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 I l o y s a n d e x p e r i m e n t a l N i - T i - A 1 a l -
l o y s , r e s p e c t i v e l y . V e r y r e c e n t l y , h o w e v e r , A n s e l l a n d
h i s c o l l e a g u e s 4-6 q u e s t i o n e d the i m p o r t a n c e of c o h e r -
e n c y s t r a i n s in Y ' s t r e n g t h e n e d a l l o y s . In a s y s t e m a t i c
s t u d y d e s i g n e d to p r o v i d e a c r i t i c a l t e s t f o r the b e n e -
f i c i a l r o l e of c o h e r e n c y s t r a i n s , D e c k e r a n d M i h a l i s i n 7
s h o w e d that by m a n i p u l a t i n g 7 - Y ' m i s m a t c h , a n d t h u s
the c o h e r e n c y s t r a i n s , a g e d h a r d n e s s of N i - A 1 a l l o y s
c o u l d i n d e e d be c o n t r o l l e d . In a s i m i l a r i n v e s t i g a t i o n ,
M a n i a r et a l l c o r r e l a t e d 7 - V ' m i s m a t c h w i t h s t r e s s
r u p t u r e l i f e in a s e r i e s of N i - C r / F e - N i - C r e x p e r i m e n -
t a l a l l o y s c o n t a i n i n g t i t a n i u m , a l u m i n u m m~d, in a f e w
c a s e s , m o l y b d e n u m . A l t h o u g h t r e n d s w e r e d e v e l o p e d t o
e s t a b l i s h the c r i t i c a l i n f l u e n c e of m i s m a t c h , e f f e c t of
o t h e r equa l ly i m p o r t a n t v a r i a b l e s , s u c h a s v o l u m e f r a c -
tion y ' a n d 7 ' m o r p h o l o g y w e r e not c o n t r o l l e d . T h i s
s t u d y was d e s i g n e d to d i s c e r n the e f f e c t of m i s m a t c h
f r o m s o m e of t h e s e v a r i a b l e s .

E X P E R I M E N T A L P R O C E D U R E

M a t e r i a l

T h r e e (3) 1 7 - 1 b h e a t s , w i t h Ni, 2 0 C r b a s e , o n e w i t h -
out m o l y b d e n u m a n d t w o with 5.5 M o , w e r e m e l t e d b y
v a c u u m i n d u c t i o n p r a c t i c e . T h e t i t a n i u m a n d a l u m i n u m
w e r e v a r i e d to y i e l d 3.0 (in t w o h e a t s ) a n d 4.5 w t pct
t o t a l h a r d e n e r c o n t e n t , at a c o n s t a n t T i / A l r a t i o of two.
T h e C , M n , Si, P , S a n d F e w e r e kept as m i n i m a l as
p o s s i b l e .

The c h e m i c a l a n a l y s e s of the a l l o y s s t u d i e d a r e g i -
v e n in T a b l e I. A t r a c e q u a n t i t y of b o r o n was a d d e d to
a l l t h r e e h e a t s f o r e a s e in h o t w o r k i n g . T h e h e a t s w e r e
c a s t into 2 by 2-~ in. i n g o t s a n d h o m o g e n i z e d a t 2 1 0 0 ° F
f o r 6 h r . The h o m o g e n i z e d i n g o t s w e r e f o r g e d t o -~ i n .
sq b a r s a t 2 0 5 0 ° F . T h e p r o c e s s i n g of the t h r e e h e a t s
w a s m a i n t a i n e d a s u n i f o r m a s p o s s i b l e .

X - r a y D i f f r a c t i o n A n a l y s i s

T h e Y - 7 ' m i s m a t c h d e t e r m i n a t i o n s w e r e m a d e in a c -
c o r d a n c e w i t h t h e p r o c e d u r e d e s c r i b e d e a r l i e r f A f e w
s a m p l e s f r o m h e a t V 0 0 2 4 7 w e r e o v e r a g e d to p r e c i p i -
t a t e 7 ' of f a i r l y c o a r s e s i z e . T h e a 0 m e a s u r e m e n t s
m a d e o n the o v e r a g e d s o l i d s a m p l e s w e r e c o m p a r e d
w i t h the s i m i l a r d a t a o b t a i n e d f r o m the e x t r a c t e d V ' .

T h e l a t t i c e p a r a m e t e r v a l u e s , a s we l l a s the m i s -
m a t c h d a t a , a r e g i v e n in T a b l e II a n d a r e p l o t t e d in
F i g s . 1 a n d 2 .

V o l u m e F r a c t i o n 7 '

F o r v o l u m e f r a c t i o n 7' d e t e r m i n a t i o n s , the s a m p l e s
w e r e s u b j e c t e d to e l e c t r o l y s i s in a s o l u t i o n of 2 0 pct H a P O 4
- H 2 0 a n d w t f r a c t i o n y ' c a l c u l a t e d for e a c h s a m p l e . T h e w t
f r a c t i o n 7 ' w a s c o n v e r t e d to v o l u m e f r a c t i o n y ' f o r e a c h
s a m p l e f T h e s e data a r e l i s t e d in T a b l e III.

S t r e s s R u p t u r e a n d E l e v a t e d T e m p e r a t u r e
T e n s i l e T e s t i n g

A s in the p r e v i o u s s t u d y ,s the a l l o y s w e r e t e s t e d for
s t r e s s r u p t u r e p r o p e r t i e s . T h e s e d a t a a r e l i s t e d in

Heat No.

Table I. Chemical Analyses of the Heats Studied in wt pct
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Wt
Fraction

Cr Ni Mo 1'i A~ B Ti/AI Ti+ Ai Ti

20.07 76.16 - 2.02 0.92 0.0046 2.20 2.94 0.687
19.60 70.90 5.38 1.98 0.87 0.0055 2.28 2.85 0.695
19.85 70.12 5.46 2.90 1.35 0.0054 2.15 4.25 0.682
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T a b l e II, La t t ice Parameters o f 3' a n d 3"', a n d Pet Mismatch

7 no, A* 7 ' no, A* Pct Mismatch

Heat Treatment V02802 V00246 V00247 V02802 V00246 V00247 V02802 V00246 V00247

1950°F/1 hr/A.C. (A) 3.5636

A + 1350°F/15 hr/A.C. 3.5628
A + 1350°F/50 hr/A.C. 3.5619

2050°F/1 hr/W.Q. (B) 3.5656

B + 1350°F/15 hr/A.C. 3.5634
B + 1350°F/50 hr/A.C. 3.5626
B + 1550°F/50 hr/iC. 3.5624
B + 1600°F/50 hr/A.C. 3.5636
B + 1650°F/50 hr/A.C. 3.5639
B + t550°F/50 hr/A.C. X
B + 1600°F/50 hr/A.C. X
B + 1650°F/50 hr/A.C. X

3.5800 3.5859 No No 3.5914 X X -0.15
Residue Residue

3.5795 3.5859 3.5920 3.5942 3.5915 -0.82 -0.41 -0.16
3.5797 3.5847 3.5877 3.5907 3.5902 -0.72 -0.31 -0.16

3.5818 3.5890 No No No X X X
Residue Residue Residue

3.5811 3.5859 3.5908 3.6032 3.5993 -0.76 -0.62 -0,37
3.5791 3.5850 3.5884 3.5917 3.592l -0,73 -0.35 -0.19
3.5792 3.5871 3.5877 3.5921 3,5916 -0.71 -0.36 -0.13
3.5800 3.5862 3,5882 3.5922 3.5917 -0.69 -0.34 -0 . I1
3.5810 35879 3.5890 3.5925 3.5908 -0.70 -0.32 -0.08

X 3,5871 X X 3.5924t X X -0.15
X 3.5862 X X 3.5924% X X -0.17
X 3.5879 X X 3.5924t X X -0.13

*Precision, -+0.0005A.
tin situ measurements,
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Fig. 1--Variation in m a t r i x lattice p a r a m e t e r (T-a0) a s a
function of a g i n g . (Treatments B, T a b l e II only).

T a b l e s 1V t o VI f o r 1 2 0 0 ° F (60 k s i ) a n d 1 4 0 0 ° F (55 k s i )
t e s t i n g . T h e n o t c h - s m o o t h (K t , the s t r e s s c o n c e n t r a -
tion f a c t o r , = 3.8) c o m b i n a t i o n s a m p l e s w e r e u t i l i z e d .
F o r s t r e s s r u p t u r e t e s t i n g , both the 1950°F s o l u t i o n
t r e a t m e n t f o l l o w e d by a i r c o o l i n g a n d t h e h i g h e r t e m -
p e r a t u r e of 2 0 5 0 ° F , w a t e r q u e n c h e d w e r e i n v e s t i g a t e d .

T h e e l e v a t e d t e m p e r a t u r e ( 1 4 0 0 ° F ) t e n s i l e s t r e n g t h
d a t a w e r e o b t a i n e d only f r o m h e a t s V 0 0 2 4 6 a n d V 0 0 2 4 7 .
T h e s e p r o p e r t i e s a r e g i v e n in T a b l e V I I .

M e t a l l o g r a p h y

T h e s a m p l e s w e r e e x a m i n e d by 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 to c h a r a c t e r i z e the a g e - h a r d e n i n g ~ ' p h a s e .
S a m p l e s w e r e e t c h e d e l e c t r o l y t i c a l l y in " G " e t c h a n t
(12 HaPO4, 47 HzSO4, 4 1 H N O a ) . C h r o m i u m s h a d o w e d
p a r l o d i o n r e p l i c a s a n d c a r b o n e x t r a c t i o n r e p l i c a s w e r e
e x a m i n e d in e l e c t r o n m i c r o s c o p e .

D I S C U S S I O N O F R E S U L T S

The N i , 2 0 C r , 5 . 5 M o , 2 T i , 1A1 a n a l y s i s was s e l e c -
t e d , f r o m t h e e a r l i e r w o r k , 8 a s the b a s i s f o r t h i s s t u d y .
T o a s c e r t a i n the e f f e c t of v o l u m e f r a c t i o n 7 ' , a n o t h e r
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Fig. 2--Lattice p a r a m e t e r of g a m m a p r i m e ( T ' - a 0) v s a g i n g
treatment . (Treatments B, T a b l e II only).

c o m p o s i t i o n w i t h t h e s i m i l a r a n a l y s i s but w i t h i n c r e a s e d
h a r d e n e r c o n t e n t ( 3 T i , 1 . 5 A 1 ) was s e l e c t e d . P r e v i o u s
w o r k h a d s h o w n a c o n s i d e r a b l e e f f e c t o f m o l y b d e n u m ,
in t h i s b a s e a n a l y s i s , o n t h e m i s m a t c h . T o d i s c r i m -
i n a t e the e f f e c t of m i s m a t c h a t a c o n s t a n t v o l u m e f r a c -
tion y ' , one h e a t w i t h o u t m o l y b d e n u m w a s u t i l i z e d .

L a t t i c e P a r a m e t e r s of So l id B l o c k S a m p l e s :
M a t r i x A u s t e n i t e

The l a t t i c e p a r a m e t e r s ( a o ' s ) o b t a i n e d f r o m the s o l i d
s a m p l e s , s o l u t i o n t r e a t e d a n d a g e d , a r e g i v e n in T a b l e
I I . G e n e r a l l y , the m a t r i x a u s t e n i t e a o d e c r e a s e s a s t h e
a l l o y s a r e a g e d a t 1 3 5 0 ° F , a n d t h i s i s r e l a t e d to the 7 '
p r e c i p i t a t i o n . I n the c a s e of h e a t V 0 2 8 0 2 a n d V 0 0 2 4 6 ,
the ~,' s t a r t s to s o l u t i o n o n o v e r a g i n g (1500 °, 1600 ° a n d
1 6 5 0 ° F f o r 5 0 h r ) . T h i s r e s u l t s in the m a t r i x ao r e -
v e r t i n g v e r y c l o s e to the s o l u t i o n t r e a t e d v a l u e s , F i g . 1 .

The s i g n i f i c a n t e f f e c t of m o l y b d e n u m c a n be s e e n by
c o m p a r i n g t h e a 0 ' s o f V 0 2 8 0 2 ( w i t h o u t m o l y b d e n u m ) a n d
V 0 0 2 4 6 ( w i t h m o l y b d e n u m ) . T h e m a t r i x a u s t e n i t e ao of
V 0 0 2 4 6 i s i n c r e a s e d c o n s i d e r a b l y by the a d d i t i o n of the
l a r g e m o l y b d e n u m a t o m . T h e e f f e c t of the i n c r e a s e d
h a r d e n e r c o n t e n t , in V 0 0 2 4 7 a s c o m p a r e d to V 0 0 2 4 6 , i s
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a r e l a t i v e l y s m a l l i n c r e a s e in the m a t r i x a u s t e n i t e ao.

Lattice Parameter o f E x t r a c t e d 7' P r e c i p i t a t e s

T h e l a t t i c e p a r a m e t e r (no) v a l u e s o f e x t r a c t e d 7 '
p r e c i p i t a t e s a r e p l o t t e d in F i g . 2 a s a f u n c t i o n of a g i n g
t r e a t m e n t s . It i s s e e n that the 7 ' - a o i s d e p e n d e n t o n
c o m p o s i t i o n , a n d "the m o l y b d e n u m a d d i t i o n h a s the e f -
f e c t of i n c r e a s i n g the ao; c o m p a r e V 0 0 2 4 6 a n d V 0 0 2 4 7
v s V 0 2 8 0 2 (no m o l y b d e n u m ) . T h e e f f e c t , h o w e v e r , i s
not a s l a r g e on the Y ' a o a s i t i s on the 7 a0. T h i s i n -
d i c a t e s that the m o l y b d e n u m , a t t h i s l e v e l (~ 5.5 p c t ) ,
i s p a r t i t i o n e d f a v o r a b l y in the Y l a t t i c e . L o o m i s 9 h a s
m a d e s i m i l a r o b s e r v a t i o n s . T h e i n c r e a s e d h a r d e n e r
c o n t e n t , in h e a t V 0 0 2 4 7 a s c o m p a r e d to V 0 0 2 4 6 , h a s
l i t t l e e f f e c t o n the 7 ' ao, i n d i c a t i n g the c o m p o s i t i o n i s
n e a r l y the s a m e . The i n c r e a s e d h a r d e n e r c o n t e n t h a s
a p r o n o u n c e d e f f e c t on t h e v o l u m e f r a c t i o n 7 ' p r e -
c i p i t a t e d .

A c o m p a r i s o n of 7 ' - a 0 ' s f o r 15 v s 50 h r a t 1 3 5 0 ° F ,
F i g . 2 , a g i n g t e m p e r a t u r e i n d i c a t e s l o w e r i n g of l a t t i c e
p a r a m e t e r in a l l t h r e e h e a t s . T h i s d e c r e a s e i s not q u i t e
a s p r o n o u n c e d in h e a t V 0 2 8 0 2 a s t h e o t h e r t w o h e a t s .
On o v e r a g i n g f o r 50 h r at 1550 ° to 1 6 0 0 ° F , the 7 ' a o ' s
do not a p p e a r to c h a n g e s i g n i f i c a n t l y . H e a t V 0 0 2 4 7
s h o w s a g r a d u a l d e c r e a s e in ao v a l u e s a s the a g i n g
t e m p e r a t u r e i n c r e a s e d f r o m 1350 ° to 1 6 5 0 ° F . C o n s i d -
e r i n g the p r e c i s i o n of s u c h a m e a s u r e m e n t , t h i s d e -
c r e a s e i s not c o n s i d e r e d s i g n i f i c a n t . T h i s w o u l d , t h e n ,
s u g g e s t that a n equ i l i b r ium 7 ' f o r m s a t 1 3 5 0 ° F a f t e r a
50 h r a g e . E f f e c t of o v e r a g i n g d i f f e r s in t h e s e h e a t s in
t h e i r r a t e s of d i s s o l u t i o n of y ' , to be d i s c u s s e d l a t e r .

A Comparison of V' a o M e a s u r e m e n t s
(In s i t u v s E x t r a c t e d 7 ' )

I n the o v e r a g e d s a m p l e s of heat V 0 0 2 4 7 , the 7 ' p r e -
c i p i t a t e s w e r e p r e s e n t i n a s u f f i c i e n t q u a n t i t y and w e r e

T a b l e I I I . W t Pet a n d V o l u m e F r a c t i o n ~"

Wt Pct T ' Volume Fraction 7 '

Heat Treatment V02802 V00246 V00247 V02802 V00246 V00247

1950°F/1 hr/A.C. (A) - -
A + 1350°F/15 hr/A.C. 7.0 9.2
A + 1350°F/50 hr/A.C. 7.6 11.5

2050°F/1 hdW.Q (B)
B + 1350°F/15 hr/A.C. 7.5 8.5
B + 1350°F/50 hr/A.C. 8.5 9.9

(7.8)* (10,0)
B + 1550°F/50 hr/A.C. 4,0 6,7
B + 1600°F/50 hr/A.C, 2.6 5.4
B + 1650°F/50 hr/A.C. 1.2 3.2

15,0 - - 16.2
18.4 8.0 10.0 19.8
14.8 8.4 12.6 16.1

15.8 8.3 9.4 17,2
19,8 9.4 10.8 21.4

(8.7) (10.9)
18.O 4.4 7.4 19.4
15.9 2.9 5.9 17.2
14.4 1.4 3.5 15.6

*Duplicate determinations shown in parentheses.

T a b l e I V . Stress R u p t u re Data-Tested at 1200 ° F , 6 0 ksi

Stress Rupture Data

Heat No, Treatment Life, Hrs. Pct El. Pct R.A, Pct Mismatch
Volume

Fraction 3"

V02802 1950°F/1 hr/A.C. + 1350°F/15 hr/A.C. 111 5.7 10.0 -0.82
1950°F/1 hr/A.C. + 1350°F/15 hr/A.C. 148 5.0 8.0

V00246 1950°F/1 hr/A.C. + 1350°F/15 hr/A.C. 2057 12.5 15.2 -0.41
1950°F/1 hr/A.C. + 1350°F/15 hr]A.C. 3011 12.4 14.0

V00247 1950°F/1 hr/A.C. + 1350°F/15 hr/A.C. 7266* 9.3 12.0 -0.16
106

1950*F/1 hr/A.C. + 1350°F/15 hr]A.C. 7266* 10.3 13.2
94

*Test conditions changed after 7266 hr at 1200°F, 60 ksi to 1400°F, 55 ksi, The rupture life obtained at 1400"F, 55 ksi of t06 and 94 hr'.Heat V00247 only.

8.0

10.0

19.8

T a b l e V . Stress R u p t u r e Data-Tested at 1200 ° F , 60 ksi

Stress Rupture Data

lteat No. Treatment Life, hrs Pct El. Pct R.A. Pct Mismatch
Volume

Fraction 3"

V00246 2050°1=/1 hr/W.Q. + 1350°F/15 hr/A.C. 3166 8.8 14.0 -0.62
2050°F/1 hr/W.Q. + 1350°F/15 hr/A.C, 4040 10.7 15.2

V00247 2050°F/1 hr/W.Q. + 1350°F/15 hr/A.C. 5058* 12.1 15,2 -0.37
99

2050°F/1 hr/W.Q. + 1350°F/15 hr/A.C. 5058* 9.0 16.0
83

9.4

17.2

*Test conditions changed after 5058 hr at 1200°F, 60ksi to 1400°F, 55 ksi. The rupture life obtained at 1400°F, 55 ksi of99 and 83 hr. Heat V00247 only.
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o f s u i t a b l e s i z e to e n a b l e a n a n a l y s i s of s u p e r l a t t i c e r e -
f l e c t i o n s in s o l i d s a m p l e s . T h e s e w e r e m e a s u r e d a n d
the a o ' s so o b t a i n e d c o m p a r e d to the s a m e f r o m e x -
t r a c t e d 7 ' in T a b l e I I . The a g r e e m e n t b e t w e e n the t w o
c a n be c o n s i d e r e d f a i r l y r e a s o n a b l e to a f f o r d s o m e d e -
g r e e of c o n f i d e n c e in the m i s m a t c h d a t a g e n e r a t e d us-
i n g the a o v a l u e s of e x t r a c t e d 7 ' .

P e r c e n t M i s m a t c h

The p c t m i s m a t c h b e t w e e n the m a t r i x a u s t e n i t e a n d
t h e a g e - h a r d e n i n g 7 ' p r e c i p i t a t e was c a l c u l a t e d a s in
e a r l i e r w o r k .s

E x a m i n a t i o n of the m i s m a t c h d a t a , T a b l e II, s h o w s
the f o l l o w i n g t r e n d s :

a ) T h e 5.5 p c t m o l y b d e n u m a d d i t i o n h a s a p r o n o u n c e d
e f f e c t on d e c r e a s i n g the m i s m a t c h v a l u e ( c o m p a r e
V 0 0 2 4 6 a n d V 0 2 8 0 2 ) . M o l y b d e n u m p a r t i t i o n s in the
l a t t i c e to a g r e a t e r d e g r e e than the 7 ' l a t t i c e , a n d
t h e r e f o r e wi l l r e d u c e the m i s m a t c h .

b) I n c r e a s e d h a r d e n e r c o n t e n t a l so d e c r e a s e s the
m i s m a t c h ; c o m p a r e V 0 0 2 4 7 v s V 0 0 2 4 6 .

c ) C o m p a r i n g the m i s m a t c h v a l u e s a t 1 3 5 0 ° F , the
m i s m a t c h d e c r e a s e s w i t h t i m e (50 v s 15 h r ) . A s w a s
s h o w n e a r l i e r a n d to be f u r t h e r d i s c u s s e d l a t e r , the 7 '
p r e c i p i t a t i o n h a s r e a c h e d a n e q u i l i b r i u m a t 50 h r a g i n g
t i m e a t 1 3 5 0 ° F .

d) H e a t V 0 0 2 4 7 s h o w e d ~ ' p r e c i p i t a t e s in s o l u t i o n
t r e a t e d c o n d i t i o n a t 1 9 5 0 ° F , 1 h r , a i r c o o l e d . T h e p c t
m i s m a t c h f o r t h i s 7 ' i s in a g r e e m e n t w i t h that f o r t h e
s a m p l e t r e a t e d f o r 50 h r a t 1 3 5 0 ° F ( - 0 . 1 5 v s - 0 . 1 9 p c t ) .

e ) The m i s m a t c h v a l u e f o r V 0 0 2 4 6 s o l u t i o n t r e a t e d
a t 2 0 5 0 ° F , 1 h r , a i r c o o l e d + a g e d a t 1 3 5 0 ° F f o r 50 h r
i s a p p r o x i m a t e l y e q u a l t o t h e m i s m a t c h f o r V 0 0 2 4 7 s o -
l u t i o n t r e a t e d a t 2 0 5 0 ° F , 1 h r , a i r c o o l e d + a g e d a t
1 3 5 0 ° F f o r 15 h r . T h i s i n f o r m a t i o n was u t i l i z e d in d e -
s i g n i n g h e a t t r e a t m e n t f o r s t r e s s r u p t u r e t e s t i n g , to be
d i s c u s s e d l a t e r , to d i s c r i m i n a t e the e f f e c t of m i s m a t c h
f r o m that of v o l u m e f r a c t i o n 7 ' .

V o l u m e F r a c t i o n ~ '

The e f f e c t o f m o l y b d e n u m a n d i n c r e a s e d h a r d e n e r
c o n t e n t on t h e v o l u m e f r a c t i o n ),' i s s h o w n in T a b l e III.
T h e wt p c t u s e d to d e r i v e the v o l u m e f r a c t i o n s a r e a l so
s h o w n . T h e e l e c t r o l y t e u s e d in t h i s s t u d y h a s b e e n r e -
p o r t e d 1° to y i e l d m a r k e d l y l e s s ~ ' r e c o v e r y , in c o m -
p a r i s o n w i t h o t h e r e l e c t r o l y t e s , due to p a r t i a l d i s s o l u -
tion of ~ ' . F o r t h i s s t u d y , h o w e v e r , a l l t h e e x p e r i m e n -
t a l c o n d i t i o n s b e i n g i d e n t i c a l , i t i s b e l i e v e d that t h e
v o l u m e f r a c t i o n ~ ' v a l u e s c o u l d be u s e d to r e l a t e o n e
c o m p o s i t i o n w i t h t h e o t h e r w i t h o u t j e o p a r d i z i n g the sig-
n i f i c a n c e of the r e s u l t s .

E v a l u a t i n g t h e d a t a i n T a b l e III~ i t a p p e a r s that m o l y b -

Table VI. Stress Rupture Properties at 1400°F, 55 ksi

Rupture Data Grain Size Pct Mismatch Volume Fraction 3"
ASTM Before* After* Before* After*Test Heat No. Treatment Life, Hr Pct El. Pct R.A.

(a) V00246 1950°F/1 hr/A.C.+ 18.9 18.3 21.9 3.0 -0.41 -0.31 10.0 8.0
1350°F/15 hr/A.C.

1950°F/1 hr/A.C.+ 20.4 21.3 26.1
1350°F/15 hr/A.C.

(b) V00246 2050°F/1 hr/W.Q.+ 34.5 21.3 27.3 2.0 -0.35 -0.34 10.8 7.5
1350°F/50 hr/A.C.

2050°F/lhr/W,Q.+ 36.5 25.4 26.1
1350°F/50 hr/A.C.

(c) V00247 2050°F/1 hr/W.O.+ 88,6 14.0 18.4 2.0 -0.37 -0.15 17.2 23.2
1350°F/15 hr/A.C.

2050°F/1 hr/W.Q.+ 126,6 14.0 17.9
1350°F/15 hr/A.C,

(d) V00247 2050°F/1 hr/W.Q.+ 151.2 14.7 19.2 2.0 -0.19 -0.20 21.4 21.1
13500F/50 hr/A.C,

2050°F/1 hr/W.Q.+ 166.4 13.9 18.0
1350°F/50 hr/A.C.

*"Before" and "After"-Stress Rupture Testing.

Table VII. Short-Time Elevated Temperature Tensile Data; Test Temperature 1400°F

0.2 Pct Tensile Volume
Heat No. Treatment Y.S. psi Strength psi Pct El. Pct R.A. Pct Mismatch Fraction 3"

V00246 2050°F/1 hr/W.Q. + 1350°F/50 hr/A.C. 68,000 105,000 26.2 27.4 -0.35 10.8
74,500

2050°F/1 hr/W.Q. + 1350°F/50 hr/A.C. 67,000 100,000 28.3 31.3
72,500

2050°F/1 hr/W.Q. + 1350°F/15 hr/A.C. 86,509 111,835 11.9 21.4 -0.37 17.2
92,778

2050°F/1 hr/W.Q. + 1350°F/15 hr/A.C. 84,002 113,340 11.0 17.4
94,032

V00247
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d e n u m i n c r e a s e s but v e r y s l i g h t l y t h e v o l u m e f r a c -
tion 7 ' in V 0 0 2 4 6 w h e n c o m p a r e d to the s a m e in
V 0 2 8 0 2 . E f f e c t of m o l y b d e n u m , h o w e v e r , i s m o r e p r o -
n o u n c e d in i n c r e a s i n g the 7 ' s o l v u s t e m p e r a t u r e a n d ,
t h e r e f o r e , in i n h i b i t i n g the r a t e of d i s s o l u t i o n . T h i s i s
a p p a r e n t f r o m the v o l u m e f r a c t i o n 7 ' d a t a f o r t h e s e t w o
h e a t s in o v e r a g e d c o n d i t i o n s , 1550 ° to 1 6 5 0 ° F , 50 h r .
T h e 7 ' q u a n t i t y d e c r e a s e s in V 0 0 2 4 6 a s the o v e r a g e
t e m p e r a t u r e i n c r e a s e s but n o t a t the s a m e r a t e a s t h a t
in h e a t V 0 2 8 0 2 .

T h e e f f e c t of i n c r e a s e d h a r d e n e r c o n t e n t c a n be s e e n
by c o m p a r i n g t h e v o l u m e f r a c t i o n 7 ' f o r V 0 0 2 4 7 a n d
V 0 0 2 4 6 . T h e i n c r e a s e d h a r d e n e r c o n t e n t r e s u l t e d in
s i g n i f i c a n t l y h i g h e r v o l u m e f r a c t i o n 7 ' in the f o r m e r . E f -
f e c t of i n c r e a s e d ( T i + A1) on 7 ' s o l v u s t e m p e r a t u r e
w a s m o r e p r o n o u n c e d t h a n that due to m o l y b d e n u m ad-
d i t i o n . I n c r e a s e in o v e r a g i n g t e m p e r a t u r e f r o m 1550°
to 1650°F r e s u l t e d in only a s l i g h t d e c r e a s e in v o l u m e
f r a c t i o n 7 ' . (a)

Stress R u p t u r e Properties

As was stated earlier, the e m p h a s i s w a s placed on
correlating the effect of m i s m a t c h on a high t e m p e r a -
ture m e c h a n i c a l property. This w a s done by m a n i p u -
lating heat treatment/chemistry to yield constant mis-
m a t c h at varying v o l u m e fraction 7' or vice versa.
Stress rupture data obtained at 1200°F, 60 ksi and
1400°F, 55 ksi are given in T a b l e s IV to VI.

The m o l y b d e n u m addition in heat V 0 0 2 4 6 (Table IV)
decreased the m i s m a t c h to -0.41 pct as c o m p a r e d to
- 0 . 8 2 pct in V 0 2 8 0 2 (in 1 9 5 0 ° F solution treatment)
without significantly affecting the vol fraction 7', I0
and 8 pct, respectively. T h e i m p r o v e m e n t in rupture
life at 1200°F, 60 ksi w a s quite significant (2500 hr vs
130 hr). In comparison, duplicate test s a m p l e s from
heat V 0 0 2 4 7 s h o w e d rupture life of 7266 hr at 1200°F,
60 ksi without failing. T o subject these s a m p l e s to a
m o r e critical test, the test temperature w a s increased
to 1400°F with a slight lowering of stress (from 60 to
55 ksi). T h e test s a m p l e s s h o w e d a further life of 100
hr at 1400°F, 55 ksi. U s i n g the Larson-Miller p a r a -
m e t e r approach,~ the rupture life data were converted
from 1200°F, 60 ksi to 1400°F, 55 ksi and vice versa.
T h u s , heat V 0 0 2 4 7 s h o w e d a cumulative rupture life of

50,000 hr at 1200°F, 60 ksi or over 120 hr at 1400°F,
55 ksi. It should be pointed out that this practice of
changing test conditions m i d w a y is not to be r e c o m -
m e n d e d . It w a s done only for practical necessity since
e n o r m o u s l y long rupture life of heat V 0 0 2 4 7 at 1200°F,
60 ksi w a s already established.

The m i s m a t c h values for the two heats (V00247 and
V 0 0 2 4 6 ) are - 0 . 1 6 and -0.41 pct, respectively. T h e vol-
u m e fraction 7' for the two heats for the treatments
tested are I0.0 and 19.8 pct, respectively. It will be
seen f r o m the electron m i c r o g r a p h s in Fig. 3 that the
1950°F treatment did not solution all the 7' in V 0 0 2 4 7 .
T h e s e residual 7' are the larger particles seen on the
right of the grain b o u n d a r y in Fig. 3(b). T h u s , the
V 0 0 2 4 7 s a m p l e s h o w e d a duplex 7' even though the
coarse 7' w a s not uniformly dispersed. Also, note that
the aging Y' in V 0 0 2 4 7 are of slightly larger size as
c o m p a r e d to the ones in V 0 0 2 4 6 . This is attributed to
higher hardener content of the heat, V00247. O n air
cooling, fine T' probably precipitated which, on aging,

(b)
Fig. 3--Electron micrographs from h e a t s V00246 and V00247.
Magnification 25,000 t i m e s . Treatment : 1950°F, t hr, a i r
cooled, a g e d at 1350°F, 50 hr, a i r cooled. C h r o m i u m
s h a d o w e d ~)arlodion r e p l i c a s . Etchant: " G " electrolytic. The
g r a i n boundary precipitates in both identified a s M23C6 c a r -
b ide s . Fig. (b) s h o w s c o a r s e , r e s i d u a l T ' not solutioned at
1950°F. The matrix T' precipitated during heat treatment
slightly coarse in (b). (a)--V00246, (b)--V00247.

c o a r s e n e d s l i g h t l y a s c o m p a r e d to the a g i n g 7 ' in
V 0 0 2 4 6 . The g r a i n b o u n d a r y p r e c i p i t a t e s in both the
h e a t s , s h o w n in F i g s . 3(a) a n d 3 ( b ) , w e r e i d e n t i f i e d a s
M23C8 type c a r b i d e s by e l e c t r o n d i f f r a c t i o n a n a l y s i s .
M o s t of the g r a i n b o u n d a r i e s in t h e s e s a m p l e s w e r e
f a i r l y c l e a n . It i s b e l i e v e d that t h e c o n s i d e r a b l e i m -
p r o v e m e n t in r u p t u r e l i f e of t h i s h e a t m a y be due to a
c u m u l a t i v e e f f e c t of l o w e r m i s m a t c h , l a r g e r v o l u m e
f r a c t i o n 7 ' , a n d p o s s i b l y the d i s p e r s i o n of 7 ' of d u p l e x
s i z e . The l a t t e r m a y be p a r t i c u l a r l y t r u e f o r the t e s t
condition used, 1200°F, 60 ksi. 12

It was determined, metallographically, that a solu-
tioning treatment of 2050°F, l h r dissolved all the 7'in
V00247. It was also found necessary to water quench
the samples after this treatment to prevent the Y' from
precipitating during cooling. The microstructure of the
three heats solution treated a t 2050°F, 1 hr, water
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q u e n c h e d , f o l l o w e d by a g i n g f o r 15 a n d 50 h r a t 1 3 5 0 ° F
i s s h o w n in F i g s . 4 a n d 5 . The p r e c i p i t a t e s a p p e a r to be
c l o s e - p a c k e d in h e a t s V 0 0 2 4 6 a n d V 0 0 2 4 7 , c o n t a i n i n g
m o l y b d e n u m . T h e h e a t w i t h o u t m o l y b d e n u m , V 0 2 8 0 2 ,
s h o w s s l i g h t l y c o a r s e r ~ ' a n d l a r g e r i n t e r p a r t i c l e
s p a c i n g , t i P S ) , a s c o m p a r e d t o the h e a t s w i t h m o l y b -
d e n u m . A l s o ~ a f e w g r a i n b o u n d a r i e s in V 0 2 8 0 2 s h o w
c e l l u l a r - l i k e p r e c i p i t a t e s , e v e n t h o u g h i t was not a p r e -
d o m i n a t e c o n d i t i o n . T h e ~ ' p a r t i c l e s w e r e f o u n d to be
s l i g h t l y l a r g e r in s i z e in V 0 0 2 4 7 a s c o m p a r e d to V 0 0 2 4 6
a n d i t s d i s p e r s i o n in V 0 0 2 4 7 m o r e u n i f o r m . T h e c o a r s e
g r a i n b o u n d a r y p r e c i p i t a t e s in V 0 0 2 4 6 a n d V 0 0 2 4 7 w e r e
i d e n t i f i e d a s M23C~ c a r b i d e s . S o m e f i n e 7 ' i s a l so s e e n
in the g r a i n b o u n d a r i e s ; s e e F i g s . 4(c) a n d 5 ( c ) .

S a m p l e s f r o m the t w o h e a t s , V 0 0 2 4 6 a n d V 0 0 2 4 7 ,
t r e a t e d a t 2 0 5 0 ° F , 1 h r ~ w a t e r q u e n c h e d + 1 3 5 0 ° F , 1 5
h r , a i r c o o l e d , w e r e s t r e s s r u p t u r e t e s t e d a t 1 2 0 0 ° F ,
60 k s i . T h e 7 ' s i z e f o r the s a m p l e s so t r e a t e d was
v e r y s i m i l a r . T h e a v e r a g e s t r e s s r u p t u r e l i f e , s h o w n
in T a b l e V , w a s f o u n d to be a p p r o x i m a t e l y 3500 h r f o r
h e a t V 0 0 2 4 6 . I n c o m p a r i s o n , the d u p l i c a t e t e s t s a m -
p l e s f r o m h e a t V 0 0 2 4 7 s h o w e d a r u p t u r e l i f e of o v e r
5000 h r w i t h o u t f a i l i n g . A g a i n , the t e s t t e m p e r a t u r e was
i n c r e a s e d to 1 4 0 0 ° F w i t h a s l i g h t l o w e r i n g of s t r e s s
( f r o m 60 to 55 k s i ) . T h e t e s t s a m p l e s s h o w e d a f u r t h e r
l i f e of ~ 90 h r a t 1 4 0 0 ° F , 55 k s i .

T h e m i s m a t c h a n d v o l u m e f r a c t i o n 7 ' d a t a , a l so
s h o w n in T a b l e V, i n d i c a t e that t h e i n c r e a s e d r u p t u r e
l i f e in V 0 0 2 4 7 m a y be a t t r i b u t e d to a c u m u l a t i v e e f f e c t
of l o w e r m i s m a t c h a n d i n c r e a s e d v o l u m e f r a c t i o n 7 '
a t s i m i l a r 7 ' s i z e .

T o d i s c e r n the e f f e c t of m i s m a t c h f r o m that of v o l -
u m e f r a c t i o n 7 ' , s t r e s s r u p t u r e t e s t s s h o w n in T a b l e
VI w e r e c a r r i e d o u t . U s i n g the m i s m a t c h a n d v o l u m e
f r a c t i o n ~ ' d a t a in T a b l e s I I a n d III, r e s p e c t i v e l y , s a m -
p l e s w e r e h e a t t r e a t e d to y i e l d e q u i v a l e n t m i s m a t c h
v a l u e s but d i f f e r e n t v o l u m e f r a c t i o n ~,', a p p r o x i m a t e l y
10 a n d 17 p c t in V 0 0 2 4 6 a n d V 0 0 2 4 7 , r e s p e c t i v e l y . T w o
s o l u t i o n t r e a t m e n t s w e r e u s e d f o r h e a t V 0 0 2 4 6 , 1950 °
a n d 2 0 5 0 ° F . F r o m the m i s m a t c h d a t a in T a b l e I I , i t w a s
f o u n d that a 1 9 5 0 ° F , a i r c o o l e d + 1 3 5 0 ° F , 15 h r age
t r e a t m e n t r e s u l t e d in a m i s m a t c h v a l u e ( - 0 . 4 1 ) v e r y
s i m i l a r to t h e o n e f o u n d in 2 0 5 0 ° F , w a t e r q u e n c h e d s a m -
p l e s w h e n a g e d f o r 50 h r a t 1 3 5 0 ° F ( - 0 . 3 5 ) . It w a s f e l t
that s i n c e the s o l v u s t e m p e r a t u r e in h e a t V 0 0 2 4 6 w a s
b e l o w 1 9 5 0 ° F a n d the f a c t that the 7 ' d id not p r e c i p i t a t e
o u t on a i r c o o l i n g , t h i s t r e a t m e n t wi l l p r o v i d e a d i r e c t
c o m p a r i s o n w i t h h e a t V 0 0 2 4 7 s o l u t i o n t r e a t e d a t 2 0 5 0 ° F ,
1 h r , w a t e r q u e n c h e d + 1 3 5 0 ° F , 15 h r , a i r c o o l e d . The
v o l u m e f r a c t i o n in t h e s e t h r e e t e s t s a m p l e s a r e a l so
g i v e n in T a b l e V I . The g r a i n s i z e , f o r a l l p r a c t i c a l
p u r p o s e s , i s s i m i l a r . In a d d i t i o n , d u p l i c a t e s a m p l e s o f
h e a t V 0 0 2 4 7 , a g e d a t 1 3 5 0 ° F , 50 h r , a i r c o o l e d , w e r e
a l so t e s t e d . T h i s t r e a t m e n t r e s u l t e d in l o w e r m i s m a t c h
( - 0 . 1 9 v s - 0 . 3 7 ) a s c o m p a r e d to 15 h r age w i t h v e r y
s i m i l a r v o l u m e f r a c t i o n 7 ' (21 v s 17 p c t ) . T h e y ' p a r -
t i c l e s i z e in t h e s e s a m p l e s was f o u n d to be v e r y s i m i -
l a r , a s d e t e r m i n e d by the p r o c e d u r e d e s c r i b e d by
M a n i a r et aI. 8 T h u s , the e f f e c t of s t r e s s r u p t u r e , to be
d i s c u s s e d b e l o w , i s a r e s u l t of v o l u m e f r a c t i o n y ' a t
c o n s t a n t m i s m a t c h a n d s i m i l a r 7 ' s i z e .

T h e s e s a m p l e s w e r e t e s t e d f o r s t r e s s r u p t u r e p r o p -
e r t i e s a t 1 4 0 0 ° F , 55 k s i . T h e t e s t r e s u l t s , g i v e n in
T a b l e V I , i n d i c a t e a n a v e r a g e r u p t u r e l i f e of 20 a n d
35 h r f o r h e a t V 0 0 2 4 6 in t w o h e a t t r e a t e d c o n d i t i o n s ,

(a)

(b)

( c )

Fig. 4--Electron m i e r o g r a o h s from s a m o l e s solution t r e a t e d
at 2050°F, 1 hr, w a t e r q u e n c h e d and a g e d at 1350°F, 15 hr, a i r
cooled. Magnification 25,000 t i m e s . Chromium s h a d o w e d p a r -
lodion r e p l i c a s Etchant: "G" electrolytic. Note the 7 ' - d e -
n u d e d zone and i n c r e a s e d (IPS~ in V02802. The g r a i n boundary
in (a) s h o w s c e l l u l a r y ' . M23C6 c a r b i d e s seen in the g r a i n
b o u n d a r i e s in (b) and (c). (a)--V02802. (b)--V00246,
(c)--V00247.
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respectively. Even though such a small difference may
not normally be considered significant, the almost
identical lives obtained in duplicate t e s t s suggest that
the higher solution treating temperature may indeed
have resulted in a slight increase in rupture life. This
may be due to equilibrium y' precipitates formed a t 50
hr aging time. The volume fraction y' (10.0vs 10.8 pct)
and the grain size (ASTM 3 vs 2) difference is not con-
sidered of any significance. Comparing the test data
for 15 hr age test samples of heat V00247 with that of
V00246, the rupture life has increased in the f o r m e r
by a factor of 3 to 4. The treatment used for this heat
resulted in a volume fraction 7' of 17.2 pct, The mis-
match value of -0.37 pct for V00247 is very similar to
that of the other two test samples from V00246. The
increased life thus may be attributed to the higher vol-
ume fraction 7'. T o discern the effect of a lower mis-
match value, samples from heat V00247, aged for 50
hr a t 1350°F, were tested. (See (d) in Table VI). The
average rupture life is further increased to 160 hr and
may be attributed to a lower mismatch at essentially
similar volume fraction y' (17 and 21 pct).

The broken s t r e s s rupture samples were analyzed
for changes, if any, in pct mismatch and volume frac-
tion y' values. The thread-ends were used for this
analysis. The data, also shown in Table VI, therefore
reflect effect of exposure time a t the test temperature,
1400°F. The following inferences may be drawn from
t h e s e d a t a :

1) The m i s m a t c h v a l u e s a r e not s i g n i f i c a n t l y a f f e c t e d
in h e a t V 0 0 2 4 6 f r o m the e x p o s u r e a t the t e s t t e m p e r a -
t u r e in both t e s t s (a) a n d (b).

2) T h e v o l u m e f r a c t i o n y ' a p p e a r s to h a v e s l i g h t l y
d e c r e a s e d in the two t e s t s (a) a n d (b), f o r h e a t V 0 0 2 4 6 ,
f r o m 10 to 8 p c t . T h i s i s a t t r i b u t e d to s l i g h t c o a r s e n i n g
of y'.

3) The mismatch value for test (c), heat V00247, 15
hr age, however, decreased from -0.37 to -0.15 pct with
a slight increase in volume fraction Y'. This, as will
be discussed in (4) below, may be attributed to the ag-
ing time of 50 hr required at 1350°F to precipitateequi-
librium 7'. The improved rupture life for this heat in
t h i s t e s t was a t t r i b u t e d e a r l i e r to i n c r e a s e d v o l u m e
f r a c t i o n y ' . It i s p o s s i b l e that l o w e r i n g of m i s m a t c h
f r o m - 0 . 3 7 t o - 0 . 1 5 p c t m a y a l so h a v e c o n t r i b u t e d
b e n e f i c i a l l y .

(4) The s a m p l e s f r o m h e a t V 0 0 2 4 7 , a g e d a t 1 3 5 0 ° F
f o r 50 h r did not u n d e r g o a n y c h a n g e in m i s m a t c h o r
v o l u m e f r a c t i o n y ' e v e n a f t e r a n e x p o s u r e of o v e r 150
h r a t 1 4 0 0 ° F . T h i s w o u l d i n d i c a t e a n " e q u i l i b r i u m " 7 '
p r e c i p i t a t i o n in t h i s t r e a t m e n t . P r e s e n c e of " e q u i l i b -
r i u m " 7 ' p r i o r to t e s t i n g , a c c o m p a n i e d by a l o w e r m i s -
m a t c h v a l u e , m a y h a v e c o n t r i b u t e d t o w a r d s t h e e x c e l -
l e n t r u p t u r e l i f e . T h e s e d a t a a l so s u p p o r t the e a r l i e r
o b s e r v a t i o n of " e q u i l i b r i u m " 7 ' f o r m a t i o n a t 1 3 5 0 ° F ,
50 h r a g e .

s u l t a n t v o l u m e f r a c t i o n s y ' a r e 10.8 a n d 17.2 p c t r e -
s p e c t i v e l y . The t e n s i l e t e s t r e s u l t s in T a b l e V I I s h o w
t h a t a t a s i m i l a r m i s m a t c h v a l u e , the i n c r e a s e d v o l u m e
f r a c t i o n y ' i n c r e a s e d , but by a v e r y s m a l l p e r c e n t a g e ,

(a}

(b)

E l e v a t e d T e m p e r a t u r e T e n s i l e D a t a

In a f u r t h e r a t t e m p t to d i s c e r n the e f f e c t of h i g h e r
v o l u m e f r a c t i o n y ' due to i n c r e a s e d h a r d e n e r c o n t e n t ,
h e a t s V 0 0 2 4 6 a n d V 0 0 2 4 7 w e r e t e s t e d a t 1400°F f o r
e l e v a t e d t e m p e r a t u r e t e n s i l e p r o p e r t i e s . A g a i n , the
t e s t s a m p l e s f r o m V 0 0 2 4 6 a g e d a t 1350°F f o r 50 h r w e r e
u s e d t o e q u a t e the m i s m a t c h v a l u e of - 0 . 3 7 pct in
V 0 0 2 4 7 o b t a i n e d a f t e r a 15 h r age a t 1 3 5 0 ° F . T h e r e -

(C)
Fig. 5--Electron micrographs from samples solution treated
a t 2050°F, 1 hr, water quenched and aged at 1350°F, 50 hr,
air cooled. Magnification 25,000 times. Chromium shadowed
parlodion replicas. Etehant: "G" electrolytic. Note coarse
T ' and denuded zones in V02802. The grain boundary preci-
pitates in (b) and (c) are M23C6 carbides. Some fine ~' also
seen in the boundaries in (c). (a)--V02802, (b}--V00246,
(c)--V00247.
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the 1 4 0 0 ° F s t r e n g t h in V 0 0 2 4 7 . T h e s e r e s u l t s , w h e n
c o m p a r e d w i t h the 1 4 0 0 ° F , 55 k s i s t r e s s r u p t u r e d a t a
d i s c u s s e d b e f o r e , w o u l d j u s t i f y the e a r l i e r c l a i m 8 that
the s t r e s s r u p t u r e p r o p e r t y m a y be a m o r e c r i t i c a l t e s t
f o r s u c h a l l o y s .

D I S C U S S I O N

It i s s h o w n t h a t a d d i t i o n of m o l y b d e n u m in h e a t
V 0 0 2 4 6 r e d u c e d the m i s m a t c h to - 0 . 4 1 p c t f r o m - 0 . 8 2
p c t in V 0 2 8 0 2 (of s i m i l a r c h e m i s t r y w i t h o u t m o l y b d e -
n u m ) a t e s s e n t i a l l y s i m i l a r v o l u m e f r a c t i o n 7 ' . T h e
i m p r o v e m e n t in r u p t u r e l i f e was q u i t e s i g n i f i c a n t (2500
h r v s 130 h r ) . D a v i e s a n d J o h n s t o n 13 h a v e s i m i l a r l y
s h o w n t h a t the r u p t u r e l i f e c a n be m a x i m i z e d by l o w e r -
i n g the p c t m i s m a t c h ( c l o s e to z e r o ) in N i - C r - A 1 a l l o y s .

The b e n e f i c i a l e f f e c t of l o w e r m i s m a t c h i s f u r t h e r
s h o w n by c o m p a r i n g the s t r e s s r u p t u r e t e s t d a t a f o r
h e a t V 0 0 2 4 7 in 15 a n d 50 h r , 1 3 5 0 ° F a g e d c o n d i t i o n s
( T a b l e V I ) . At e s s e n t i a l l y c o n s t a n t v o l u m e f r a c t i o n T ' ,
the l o w e r m i s m a t c h ( 0 . 1 9 v s 0 . 3 7 ) , i n c r e a s e d t h e r u p -
t u r e l i f e by a p p r o x i m a t e l y 50 h r - - a s i g n i f i c a n t g a i n .

It i s not i n t e n d e d t o m i n i m i z e the i m p o r t a n c e o f v o l -
u m e f r a c t i o n )~'. T h e t e s t d a t a in T a b l e VI i n d i c a t e that
a t c o n s t a n t m i s m a t c h v a l u e , the i n c r e a s e d v o l u m e f r a c -
tion ) , ' i m p r o v e d the r u p t u r e p r o p e r t i e s a n d c o n v e r s e l y
a l o w e r m i s m a t c h v a l u e a t c o n s t a n t v o l u m e f r a c t i o n 7 ' ,
l i k e w i s e , r e s u l t s in i m p r o v e d r u p t u r e p r o p e r t i e s .

P r a g e r a n d S h i r a 14 h a v e c o r r e l a t e d the h a r d e n e r c o n -
t e n t a n d the m a x i m u m o p e r a t i n g t e m p e r a t u r e . T h e
m a x i m u m o p e r a t i n g t e m p e r a t u r e s f o r W a s p a l o y a n d
U d i m e t 500 w e r e r e p o r t e d to be 1400 ° a n d 1 5 0 0 ° F , r e -
s p e c t i v e l y , w h e r e a s t h e ) , - y ' m i s m a t c h v a l u e s f o r the
a l l o y s w e r e s h o w n to be s i m i l a r , ~ 0 . 3 0 pct . T h e v o l -
u m e p e r c e n t a g e s of 7 ' , h o w e v e r , w e r e 30 t o 4 0 a n d 50
to 60 p c t , r e s p e c t i v e l y , f o r W a s p a l o y a n d U d i m e t 500 .
T h u s , the h i g h e r o p e r a t i n g t e m p e r a t u r e f o r U d i m e t 500
was a t t r i b u t e d t o i n c r e a s e in v o l u m e f r a c t i o n 7 ' . A n -
o t h e r i m p o r t a n t c o n s i d e r a t i o n in a n y d e s i g n of s u p e r -
a l l o y s s h o u l d be the equ i l i b r ium Y ' . T h i s i s e v i d e n t
f r o m the d i s c u s s i o n p e r t a i n i n g to the t e s t d a t a g i v e n in
T a b l e V I .

D e c k e r a n d M i h a l i s i n 7 h a v e s h o w n a l i n e a r r e l a t i o n -
s h i p b e t w e e n t h e e l e v a t e d t e m p e r a t u r e h a r d n e s s a n d
m i s m a t c h in N i - A 1 a l l o y s s t r e n g t h e n e d w i t h T a , C b , C ,
a n d so f o r t h . T h e y h a v e a l so p o i n t e d o u t the i m p o r t a n c e
o f s e r v i c e t e m p e r a t u r e in a l l o y d e s i g n . At t e m p e r a -
t u r e s in the r e g i o n o f 0.6 T m ( T m - - m e l t i n g t e m p e r a -
t u r e ) , they c l a i m the l o w e r c o h e r e n c y s t r a i n s ( 7 - ~ '

m i s m a t c h ) to be m o r e u s e f u l f o r m a x i m u m p h a s e s t a -
b i l i t y . A s s u m i n g ~ 2 4 0 0 ° F to be the m e l t i n g t e m p e r a -
t u r e of t h e s e a l l o y s , a t 1 4 0 0 ° F the l o w e r 7 - T ' m i s m a t c h
a n d the r e s u l t a n t c o h e r e n c y s t r a i n s p l a y a m a j o r r o l e
in s t r e n g t h e n i n g t h e s e a l l o y s .

C O N C L U S I O N S

1) T h e m i s m a t c h b e t w e e n t h e l a t t i c e s of 7 a n d V' h a s
a c r i t i c a l e f f e c t on e l e v a t e d t e m p e r a t u r e s t r e s s r u p t u r e
p r o p e r t i e s . A m i s m a t c h v a l u e c l o s e to z e r o ( i . e . , s i m -
i l a r l a t t i c e p a r a m e t e r s o f ~ a n d y ' ) i m p r o v e s the r u p -
t u r e l i f e c o n s i d e r a b l y .

2) E q u a l l y c r i t i c a l i s the e f f e c t of i n c r e a s e d h a r d e n -
e r (within practical limits) and resultant v o l u m e frac-
tion y ' . At e q u i v a l e n t m i s m a t c h v a l u e , the r u p t u r e l i f e
c a n be f u r t h e r i m p r o v e d by i n c r e a s e d v o l u m e f r a c t i o n
7 t .

3) M o l y b d e n u m a t the l e v e l s t u d i e d (5.5 wt pc t ) d o e s
i n c r e a s e the 7 ' s o l v u s t e m p e r a t u r e s in the a n a l y s e s
s t u d i e d a n d r e t a r d s t h e 7 ' d i s s o l u t i o n o n o v e r a g i n g .
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