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T h e i n f l u e n c e of m i c r o s t r u c t u r e o n t h e s t r e n g t h a n d f r a c t u r e t o u g h n e s s of 18 N i ( 3 5 0 ) m a r a g -
i n g s t e e l was e x a m i n e d . C h a n g e s in m i c r o s t r u c t u r e w e r e f o l l o w e d by X - r a y a n d n e u t r o n d i f -
f r a c t i o n a n 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 . T h e s e o b s e r v a t i o n s h a v e b e e n c o r r e l a t e d
w i t h the f r a c t u r e m o r p h o l o g y e s t a b l i s h e d by s c a n n i n g e l e c t r o n m i c r o s c o p y . A i r c o o l i n g t h i s
a l l o y f r o m t h e a u s t e n i t i z i n g t e m p e r a t u r e r e s u l t s in a d i s l o c a t e d m a r t e n s i t e . D u r i n g t h e i n i -
t i a l s t a g e o f age h a r d e n i n g , m o l y b d e n u m a t o m s t e n d to c l u s t e r ( f o r m i n g p r e p r e c i p i t a t e s ) a n d
t h e c o b a l t a s s u m e s s h o r t r a n g e o r d e r e d p o s i t i o n s . S u b s e q u e n t a g i n g r e s u l t s in N i a M o a n d a -
F e T i w i t h o v e r a g i n g b e i n g a s s o c i a t e d w i t h t h e f o r m a t i o n o f e q u i l i b r i u m r e v e r t e d a u s t e n i t e
a n d F e 2 M o . T h e f r a c t u r e b e h a v i o r i s e x a m i n e d in t e r m s o f e l e m e n t a r y d i s l o c a t i o n p r e c i p i -
t a t e i n t e r a c t i o n s . It i s s u g g e s t e d t h a t the d e v e l o p m e n t of c o p l a n a r s l ip in t h e u n d e r a g e d c o n -
d i t i o n s l e a d s t o i t s i n c r e a s e d s t r e s s c o r r o s i o n s u s c e p t i b i l i t y a n d d e c r e a s e d f r a c t u r e t o u g h -
n e s s . T h e o p t i m u m a g e d c o n d i t i o n i s t h e n a s s o c i a t e d w i t h c r o s s - s l i p d e f o r m a t i o n . T h e
f r a c t u r e b e h a v i o r o f t h e o v e r a g e d c o n d i t i o n i s a d y n a m i c b a l a n c e b e t w e e n a b r i t t l e m a t r i x
a n d t h e d u c t i l e ( c r a c k b l u n t i n g ) r e v e r t e d a u s t e n i t e .

ALTHOUGH m a r a g i n g s t e e l s h a v e b e e n c o m m e r c i a l l y
a v a i l a b l e f o r a l m o s t t e n y e a r s , t h e f a c t o r s c o n t r o l l i n g
t h e i r f r a c t u r e t o u g h n e s s a r e s t i l l u n k n o w n . 1 P r e v i o u s
i n v e s t i g a t i o n s of t h e s t r e n g t h a n d f r a c t u r e b e h a v i o r o f
18 p c t n i c k e l s t e e l s h a v e b e e n d e v o t e d to t h e 8 p c t
c o b a l t - t y p e w i t h s t r e n g t h s up to 300 k s i . 2'3 R e c e n t l y ,
a 12 p c t c o b a l t g r a d e h a s b e e n d e v e l o p e d w h i c h c a n be
h e a t t r e a t e d to t h e 350 k s i s t r e n g t h l e v e l . 4'5 H o w e v e r ,
a i r c r a f t s t r u c t u r a l a p p l i c a t i o n s o f t h i s h i g h e r s t r e n g t h
g r a d e h a v e b e e n l i m i t e d b e c a u s e o f i t s l o w f r a c t u r e
t o u g h n e s s ; t h e c r i t i c a l c r a c k d e p t h i s a p p r o x i m a t e l y
f i v e t i m e s s m a l l e r t h a n that f o r t h e m o s t c o m m o n l y
u s e d l a n d i n g g e a r m a t e r i a l ( a s i l i c o n m o d i f i e d 4 3 4 0 ) .5
T h i s p a p e r e x a m i n e s t h e f r a c t u r e b e h a v i o r in 18 N i
(350 k s i ) m a r a g i n g s t e e l in v a r i o u s a g e d c o n d i t i o n s
a n d r e l a t e s t h e s t r e n g t h e n i n g m e c h a n i s m s t o t h e c o r -
r e s p o n d i n g f r a c t u r e t o u g h n e s s .
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T w o h e a t s o f c o n s u m a b l e - e l e c t r o d e , v a c u u m r e -
m e l t e d s t e e l w e r e o b t a i n e d in t h e f o r m of m i l l p r o c -
e s s e d a n d a n n e a l e d p l a t e ( p r o d u c t s of V a s c o M e t a l s
I n c . , a T e l e d y n e C o m p a n y ) . T h e d i f f e r e n c e s in f o r m
a n d c h e m i c a l c o m p o s i t i o n of e a c h h e a t , a s g i v e n in
T a b l e I , w e r e m i n o r so t h a t no f u r t h e r d i f f e r e n t i a t i o n
b e t w e e n t h e h e a t s i s m a d e in the p r e s e n t a t i o n of r e -
s u l t s .

S t a n d a r d C h a r p y i m p a c t s p e c i m e n s w e r e p r e p a r e d
f r o m b o t h t h e l o n g i t u d i n a l a n d t r a n s v e r s e d i r e c t i o n s ;
t h e V - n o t c h a l w a y s l y i n g in t h e r o l l i n g p l a n e . T h e
e n e r g y n e c e s s a r y f o r c r a c k p r o p a g a t i o n w a s e x a m -
i n e d u s i n g f a t i g u e p r e c r a c k e d f u l l s i z e C h a r p y s p e c -
i m e n s .

N o t c h e d a n d s m o o t h b a r t e n s i l e s p e c i m e n s ( 0 . 2 5 i n .
d i a m ) w e r e m a c h i n e d f r o m t h e l o n g i t u d i n a l d i r e c t i o n .
T e n s i l e t e s t s w e r e p e r f o r m e d o n e i t h e r a 1 0 , 0 0 0 lb
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Table I. Chemical Composition of 18 Ni (350) Maraging Steel

Material Comi)osition

Form Ni Co Mo T i A1 C S P

0.5 in. plate 18.3 11.9 4.72 1.42 0.13 0 . 0 0 7 0 . 0 0 5 0.002
0.625 inplate 18.51 11.89 4.67 1.53 0.09 0 . 0 0 8 0 . 0 0 6 0.003

Si Mn N O B Zr Ca

0.01 0.01 16 ppm 12 ppm 0 . 0 0 1 0 . 0 1 0 0.05
0.02 0.02 16 ppm 12 ppm 0 . 0 0 3 0 . 0 1 0 0.05

c a p a c i t y I n s t r o n , 1 5 0 , 0 0 0 11) c a p a c i t y B a l d w i n , o r a
5 0 , 0 0 0 lb M T S H i g h R a t e T e s t i n g F a c i l i t y , d e p e n d i n g
u p o n t h e s t r a i n r a t e o f i n t e r e s t . T h e c o r r e l a t i o n b e -
t w e e n r e s u l t s o b t a i n e d o n d i f f e r e n t m a c h i n e s w a s
e x c e l l e n t .

T h e a m o u n t of r e v e r t e d o r r e t a i n e d a u s t e n i t e w a s
m e a s u r e d by t h e u s u a l X - r a y d i f f r a c t i o n m e t h o d of
c o m p a r i n g i n t e g r a t e d i n t e n s i t i e s . 6 S i n c e t h e p r e c i p i -
t a t i o n r e a c t i o n s i n v o l v i n g m o l y b d e n u m a n d t i t a n i u m
h a d p r o g r e s s e d to a l a r g e e x t e n t p r i o r t o a u s t e n i t e
f o r m a t i o n , t h e a u s t e n i t e a n d m a r t e n s i t e i n t e g r a t e d i n -
t e n s i t i e s w e r e c o m p a r e d a s s u m i n g t h e t w o p h a s e s h a d
i d e n t i c a l c o m p o s i t i o n . I n a d d i t i o n , no c o r r e c t i o n s
w e r e m a d e f o r t h e f a c t t h a t a t h i r d p h a s e was p r e s e n t ,
i . e . , t h e p r e c i p i t a t e s . T h e s e s i m p l i f y i n g a s s u m p t i o n s
m a y r e s u l t in a m i n o r o v e r e s t i m a t i o n o f t h e a m o u n t
o f r e v e r t e d a u s t e n i t e . 7

T h e i n f l u e n c e o f p r e f e r r e d o r i e n t a t i o n o n a u s t e n i t e
d e t e r m i n a t i o n was e x a m i n e d by c o m p a r i n g t h e r e s u l t s
of t h e d i r e c t (200)~---(200)3, c o m p a r i s o n w i t h a s i m i l a r
d e t e r m i n a t i o n u t i l i z i n g t h e (211)a--(220)T p e a k s . E x -
c e l l e n t a g r e e m e n t b e t w e e n t h e s e t w o c o m p a r i s o n s w a s
f o u n d . F o r e x a m p l e , a f t e r a g i n g f o r 24 h r a t l l 0 0 ° F ;
31.2 p c t a u s t e n i t e was f o u n d u s i n g t h e (200)a--(200)-y
c o m b i n a t i o n w h i l e 30.9 p c t a u s t e n i t e was f o u n d u s i n g
t h e (211)~--(220) y p e a k c o m b i n a t i o n .

S a m p l e s f o 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
h a n d g r o u n d to 0 . 0 0 1 i n . a n d t h i n n e d in a j e t - p o l i s h i n g
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Table II. Transformation Characteristics of 18 Ni (350) Marage Steel

Phase Transition Temperature, °F

As (Austenite Start) 946 + 5
Af (Austenite Finish) 1430 + 5
Ms (Martensite Start) 323 -+5
Mf (Martensite Finish) 158 -+5

a p p a r a t u s u s i n g a c h r o m e - a c e t i c a c i d e l e c t r o l y t e f
A f t e r p e r f o r a t i o n a n d w a s h i n g in d i l u t e a c e t i c a c i d a n d
e t h y l a l c o h o l , t h e f o i l s w e r e d r i e d a n d i m m e d i a t e l y
e x a m i n e d in a J E M - 7 m i c r o s c o p e o p e r a t e d a t 100 k v .

C r y s t a l l o g r a p h i c i d e n t i f i c a t i o n o f t h e p r e c i p i t a t e
p h a s e s p r e s e n t was f a c i l i t a t e d by u s i n g a c a l i b r a t e d
( E F F A ) m e a s u r i n g d e v i c e f o r e l e c t r o n - d i f f r a c t i o n p a t -
t e r n s a n d c o m p a r i n g t h e r e s u l t s w i t h t h o s e f r o m a n t i -
c i p a t e d p r e c i p i t a t e p h a s e s . T h e l a t t i c e s p a c i n g s a n d
a n g l e s b e t w e e n p l a n e s f o r t h e a n t i c i p a t e d n o n - c u b i c
p h a s e s w e r e g e n e r a t e d u s i n g a c o m p u t e r p r o g r a m p r e -
v i o u s l y d e v e l o p e d by C h i l t o n a n d B a r t o n . 9

F i n a l l y n e u t r o n d i f f r a c t i o n e x p e r i m e n t s w e r e c o n -
d u c t e d to s e a r c h f o r s h o r t a n d l o n g r a n g e o r d e r . A
d e s c r i p t i o n o f t h e e x p e r i m e n t a l p r o c e d u r e s u s e d in
t h e n e u t r o n d i f f r a c t i o n w o r k i s g i v e n e l s e w h e r e . 1°

E X P E R I M E N T A L R E S U L T S

M a r a g i n g R e a c t i o n

T h e c o n t i n u o u s t r a n s 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 -
t e r m i n e d w i t h a L e i t z d i l a t o m e t e r ) a r e g i v e n in T a b l e
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Fig. 1--Influence of a g i n g t ime on h a r d n e s s of 18 Ni (350) m a -
r a g i n g s t e e l .

I I . T h e c o m p l e t e t r a n s f o r m a t i o n t o m a r t e n s i t e a f t e r
a u s t e n i z i n g a t 1 5 0 0 ° F a n d a i r c o o l i n g to r o o m t e m p e r -
a t u r e was c o n f i r m e d by X - r a y d i f f r a c t i o n m e a s u r e -
m e n t s .

T h e h a r d n e s s o f 18 N i ( 3 5 0 ) m a r a g i n g s t e e l , u p o n
a g i n g a t t e m p e r a t u r e s b e t w e e n 700 ° to l l 0 0 ° F , i s
s h o w n in F i g . 1 . T h e a g i n g r e s p o n s e a p p e a r s to f a l l
into t h r e e d i s t i n c t t e m p e r a t u r e r e g i m e s . A g i n g b e -
t w e e n 700 ° to 8 0 0 ° F r e s u l t s in a we l l d e f i n e d h a r d n e s s
p l a t e a u . A g i n g a t 850 ° to 9 5 0 ° F g i v e s a c o n t i n u o u s i n -
c r e a s e in h a r d n e s s w i t h a g i n g t i m e up t o t h e m a x i -
m u m ; s l i g h t o v e r a g i n g o c c u r s w i t h i n 24 h r a t 9 5 0 ° F .
O v e r a g i n g o c c u r s a t 1000 ° t o l l 0 0 ° F w i t h i n s h o r t
t i m e s .

F i g . 2 s h o w s t h a t , d u r i n g t h e a g i n g t i m e s a n d t e m -
p e r a t u r e s c o n s i d e r e d in t h e p r e s e n t c o n t e x t , a u s t e n i t e
i s b e i n g f o r m e d . N o t a b l y , t h e i n i t i a l f o r m a t i o n o f r e -
v e r t e d a u s t e n i t e i s a s s o c i a t e d w i t h a s l i g h t o v e r a g i n g
o f t h e m a r t e n s i t i c m a t r i x .

M e c h a n i c a l P r o p e r t i e s

T e n s i l e a n d f r a c t u r e t o u g h n e s s w e r e d e t e r m i n e d f o r
s e l e c t e d h e a t t r e a t m e n t s t y p i c a l o f t h r e e a g i n g b e h a -
v i o r s d e p i c t e d in F i g . 2 . T h e t e n s i l e p r o p e r t i e s a r e
s u m m a r i z e d in T a b l e III. N e i t h e r u n d e r a g i n g ( 8 0 0 ° F
f o r 3 h r ) o r o v e r a g i n g ( l l 0 0 ° F f o r 3 h r ) r e s u l t s in a n
i n c r e a s e in t h e d u c t i l i t y r e l a t i v e to t h e o p t i m u m
s t r e n g t h c o n d i t i o n ( 9 5 0 ° F f o r 3 h r ) . T h e e l o n g a t i o n , r e -
d u c t i o n o f a r e a , a n d n o t c h t e n s i l e s t r e n g t h r a t i o a l l go
t h r o u g h a m a x i m u m u p o n a g i n g a t 9 5 0 ° F f o r 3 h r . T h e
r a t i o o f the n o t c h e d to u n n o t c h e d t e n s i l e s t r e n g t h n e v e r
e x c e e d s u n i t y in c o n t r a s t to t h e b e h a v i o r o f l o w e r
s t r e n g t h m a r a g i n g s t e e l s , n

T h e l o w d u c t i l i t y of u n d e r a g e d s p e c i m e n s i s n o t a s -
s o c i a t e d w i t h t h e p l a t e a u in h a r d n e s s , F i g . 2 . I n d e e d ,
a s t h e a g i n g t i m e a t 8 0 0 ° F i n c r e a s e s , t h e s t r e n g t h i n -
c r e a s e s a n d d u c t i l i t y d e c r e a s e s in a c o n t i n u o u s m a n -
n e r , F i g . 3 . T h e u n d e r a g e d a l l o y i s v e r y s t r a i n r a t e
s e n s i t i v e ; a s t h e s t r a i n r a t e i n c r e a s e s t h e s t r e n g t h i n -
c r e a s e s a n d t h e d u c t i l i t y i n c r e a s e s , F i g . 4 .

A s i l l u s t r a t e d p r e v i o u s l y f o r t h e t e n s i l e d u c t i l i t y ,
n e i t h e r u n d e r - n o r o v e r a g i n g r e s u l t s in a n y b e n e f i c i a l
i n c r e a s e in t h e f r a c t u r e t o u g h n e s s a b o v e t h a t r e s u l t i n g
f r o m t h e o p t i m u m h e a t t r e a t m e n t , T a b l e IV. F u r t h e r -
m o r e , u n d e r a g i n g ( 8 0 0 ° F f o r 3 h r ) p r o d u c e s a s t r u c t u r e
t h a t i s l e s s r e s i s t a n t t o r a p i d c r a c k p r o p a g a t i o n a s r e -
f l e c t e d by the p r e c r a c k e d i m p a c t e n e r g y , t h a n e i t h e r
o p t i m u m o r o v e r a g i n g .

In t h e s o l u t i o n i z e d c o n d i t i o n , t h e f r a c t u r e t o u g h n e s s
o f t h i s m a t e r i a l i s h i g h l y s e n s i t i v e to s p e c i m e n o r i e n -
t a t i o n , T a b l e V. H o w e v e r , a f t e r a g i n g , n o a n i s o t r o p y in
t o u g h n e s s i s o b s e r v e d . E v i d e n t l y , w i t h o u t a g i n g t h e
a u s t e n i t e g r a i n o r i n c l u s i o n s t r u c t u r e m u s t p r e d o m i n -
a t e , w h i l e a f t e r a g i n g t h e p r e c i p i t a t e s t r u c t u r e m u s t be
m o s t i m p o r t a n t .

If r e v e r t e d a u s t e n i t e c o n t r o l s t h e f r a c t u r e t o u g h n e s s
we m i g h t e x p e c t a c o r r e l a t i o n b e t w e e n i m p a c t e n e r g y
a n d the a m o u n t of r e v e r t e d a u s t e n i t e , e . g . , u p o n a g i n g
a t l l 0 0 ° F . H o w e v e r , t h e f r a c t u r e t o u g h n e s s i s e s s e n -
t i a l l y i n d e p e n d e n t o f t h e v o l u m e p e r c e n t r e v e r t e d a u s -
t e n i t e , F i g . 5 .

M i c r o s t r u c t u r e s

T h e a u s t e n i t i z e d a n d a i r c o o l e d s t r u c t u r e i s a p r e -
c i p i t a t e f r e e m a r t e n s i t e w i t h a h i g h d i s l o c a t i o n d e n s i t y
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Fig. 2--Influence of aging t i m e on vo lume per
cent r e v e r t e d austeni te in 18 Ni (350) m a r a g
ing s t e e l
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T a b l e I l l . T e n s i l e Proper t ies o f 1 8 N i ( 3 5 0 ) M a r a g i n g S t e e l *

0.2 Pct Elong., Red. Area, NTS/UTS,
Condition YS, ksi UTS, ksi Pct Pet (Kt = 7.5)

1500°F (1 hr, AC) 123 157.1 19.1 73.7 0.9t

1500°F (1 hr, AC) 249.2 263.7 2.4 9.5 0.37
+ 800°F (3 hi, AC)

1500°F (1 hr, AC) 331.2 345.2 8.9 37.2 0.58
+ 950°F (3 hr, AC)

1500°F (1 hr, AC)
+ 1100°F (3 hrs, AC) 267.1 290.6 9.3 27.8 0.56

*Strain r a t e = 4 . 9 × 1 0 " 4 / s e c = 2 . 9 × 10"2/min.
tGross yieldingobserved.

substructure, Fig. 6. Occasional microtwins were ob-
served. The particles shown in Fig. 6, and found in
o t h e r foils, a r e Ti(C, N) (~0.5bt and spherical) and T-
TizS (~1 to 5p and block-like); these undissolved inclu-
sions are randomly dispersed throughout the mat r ix .

Some dislocation rearrangement associated with a
deterioration of the martensite lath subboundaries oc-
curs upon ag ing at 800°F.
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F i g . 3--Influence of aging t i m e on mechanical p r o p e r t i e s of 18
Ni (350) m a r a g i n g s t e e l aged at 800°F.
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Fig. 4--Influence of s t r a i n rate on mechanical properites of 18
Ni (350) m a r a g i n g s t e e l aged for 3 h r at 800°F .

After ag ing for 3 hr at 800°F, t h e r e were s t i l l no pre-
cipitates [other than the Ti(C,N) and T-Ti2S particles]
that could be extracted u s i n g standard extraction-repli-
cation techniques. However, an extremely fine precipi-
ta te was observed in the transmission specimens, Fig.
7. Selected area diffraction identified this fine spherical
precipitate as a bcc structure s i m i l a r to that observed
by Abson and Whiteman TM in an Fe-20Co-15Ni-8Mo alloy.

T a b l e I V . T h e I n f l u e n c e o f Hea t Trea tment o n Fracture T o u g h n e s s o f
18 N i ( 3 5 0 ) M a r a g i n g Steel

Impact Energy Ratio

FullSize, Precrack Precrack Energy To
Condition in.-lb/in.2 in.-lb/in. 2 Full Energy

1500°F (1 hr, AC) 5690 3754 0.66

1500°F (1 hr, AC) 824 85 0.103
+ 800°F (3 hr, AC)

1500°F (1 hr, AC) 715 132 0.185
+ 950°F (3 hr, AC)

1500°F (1 hr, AC) 706 134 0.19
+ 1100°F (3 hr, AC)
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Table V. Anisotropy of Fracture Toughness After
Conventional Heat Treatment

Impact Energy, f t , lbs

Condition Transverse Longitudinal

1500°F (1 hr,AC) 58.79 105.7

1500°F (1 hr,AC) 8.55 9.08
+ 800°F (3 hr, AC)

1500°F (1 hr, AC) 7.36 7.5
+ 950°F(3 hr, AC)

1500°F (1 hi, AC)
+ 1100°F (3 hr, AC) 7.31 8.14

A g i n g f o r 3 h r a t 9 5 0 ° F d e v e l o p s t w o c l e a r l y d e f i n e d
p r e c i p i t a t e m o r p h o l o g i e s : r o d - s h a p e d o r t h o r h o m b i c
N i 3 M o a n d a s p h e r i c a l - s h a p e d t e t r a g o n a l a - F e T i , F i g .
8 . T h e N i 3 M o p r e c i p i t a t e s t e n d t o be l a r g e r t h a n t h e
c r - F e T i p r e c i p i t a t e s . In f a c t , o n l y N i 3 M o c o u l d be d e f i n -
i t i v e l y i d e n t i f i e d u s i n g c a r b o n e x t r a c t i o n r e p l i c a s ( b e -

I0
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' i I>-
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Fig. 5--Influence of a m o u n t of r e v e r t e d a u s t e n i t e on f r a c t u r e
toughness upon a g i n g a t l l 0 0 ° F .

Fig. 6--Transmission e l e c t r o n m i e r o g r a p h
of u n a g e d 18 N i (350) m a r a g i n g s t e e l
(1500°F for 1 h r - A C ) .

Fig. 7--Transmission e l e c t r o n m i c r o g r a p h s
of 18 Ni (350) m a r a g i n g s t e e l a g e d 3 h r at
800° F.
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Fig. 8--Transmission e l e c t r o n m i c r o g r a p h s
of 18 Ni (350) m a r a g i n g s t e e l a g e d 3 h r at
950°F.

Fig. 9--Transmission (a) and r e p l i c a (b)
e l e c t r o n m i c r o g r a p h s of 18 Ni (350) m a -
r a g i n g s t e e l a g e d 3 h r at l l 0 0 ° F .
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c a u s e of difficulty encountered in extracting the s m a l l e r
~ - F e T i precipitate). The precipitate s i z e s observed in
the 18 Ni (350) marag ing s t e e l were compared to those
in an 18 Ni (300) marag ing s t e e l ,3 the f o r m e r b e i n g
much f i n e r . This is attributed, in p a r t , to the influence
of increased cobalt content. In addition, the volume
fraction of cr-FeTi is higher, in the present c a s e , as
expected from the difference in titanium content, i . e . ,
0.8 wt pct T i in the 300 ksi g rade and 1.5 pct T i in the
350 ksi g rade .

Substantial recovery of the dislocation substructure
o c c u r s during ag ing at 950°F and some evidence for
g ra in or subboundary precipitation was observed. This
is probably associated with the initial formation of re-
v e r t e d austenite; approximately 0.5 pct r e v e r t e d austen-
i te is present in this heat treatment condition, Fig. 2.

Overaging is characterized by a) an a l m o s t complete
absence of a dislocation substructure, Fig. 9(a), and
b) the presence of 12 vol pct r e v e r t e d austenite located
primarily at p r i o r g ra in boundaries but also at m a r t e n -
si te lath boundaries, Fig. 9(b). The precipitate sub-
structure observed has coarsened with the Ni3Mo phase
having developed into large ellipsoids and the a - F e T i
precipitates into s m a l l e r r o d s , Fig. 9(a). Furthermore,
s m a l l spheres, identified by selected a rea diffraction
as Fe2Mo, were occasionally observed.

Ordering of Cobalt

Neutron diffraction experiments, described in de-
tail elsewhere, 1° established that no long range o r d e r -
ing of the cobalt occurs during ag ing of 18 Ni (,~50)
marag ing steel. However, distinct short range o r d e r -
ing of cobalt does o c c u r . Since only the f i r s t diffuse
scattering maxima was measured, no quantitative de-
termination of the o r d e r i n g coefficient was possible.
Nevertheless, a comparison of calculated diffuse s c a t -
t e r i n g profiles with calibrated data suggests that a) co-
balt o r d e r s in the s o l i d solution during aging, b) short-
range o r d e r i n g goes beyond f i r s t neighbors, and c) the
f i r s t neighbor correlation parameter, ~1, is l a rge r than
the v a l u e allowed by uniform ordering.

Electron Fractography

The various precipitates have a m a r k e d influence on
the fracture process. Fracture in the as-solutionized

condition is transgranular with a non-uniform dimpled
surface presumably due to the ductile nucleation,
growth and coalescence of microvoids, Fig. 10. The
la rge r dimples are associated with bulk particles, p r o b -
ably T-Ti2S or Ti(C, N), while the s m a l l e r dimples had
a dispersoid free structure.

Aging at 800°F also results in a predominantly ductile
overstress f r a c t u r e morphology, but with much s m a l l e r
and uniform dimples than in the as-solutionized condi-
tion. However, the f r a c t u r e appearance a f t e r tensile
loading is dependent upon the s t r a i n rate and ag ing
t i m e . Decreasing the s t r a i n rate or the ag ing time at
800°F promotes increasing amounts of intergranular
failure, Fig. 11. T h e s e intergranular regions are lo-
c a t e d at the periphery of the tensile specimen. C a r t e rs
has attributed this type of intergranular f a i l u r e to an
environmental effect on fracture and the s t r a i n rate ef-
fects reported h e r e i n substantiate this i d e a .

This intergranular f r a c t u r e should not be confused
with that due t o gra in boundary precipitates, as in the
t h e r m a l embrittlement process. 13 The l a t t e r is estab-
lished during hot working and annealing of the austen-
i te and the e n t i r e f r a c t u r e is intergranular. In this
c a s e , the alloy is not thermally embrittled and only the
initial f r a c t u r e is intergranular.

Increasing the s t r a i n rate also resulted in the f o r m a -
tion of intergranular c r a c k s p a r a l l e l t o the tensile l o a d -
ing direction, Fig. 12. These c r a c k s may be a manifes-
tation of i n c r e a s e d ductility. If a propagating c r a c k is
locally deflected into a plane parallel to the m a j o r
s t r e s s ax i s , it may be effectively blunted and an in-
c r e a s e in s t r e s s will then be required to re-initiate
another c r a c k n o r m a l t o the tensile axis b e f o r e f a i l u r e
can be complete.

Fracture a f t e r ag ing for 3 hr at 950°F also o c c u r r e d
by coalescence of microvoids, Fig. 13. The dimple s i z e s
associated with this process a r e slightly l a rge r and
less uniform than a f t e r ag ing at 800°F. The la rge r of
t h e s e dimples could be associated with bulky particles,
7-Ti2S or Ti(C, N) while the s m a l l e r dimples were es-
sentially dispersoid f r e e . Finally, evidence of r e v e r t e d
austenite f r a c t u r e was observed at p r i o r austenitic
g ra in boundaries, in agreement with transmission e l ec -
tron microscopy which indicated r e v e r t e d austenite
f o r m e d at p r i o r austenite g ra in boundaries with this
ag ing temperature.

The substantial quantity of r e v e r t e d austenite and the
c o a r s e precipitates that form upon ag ing at l l 0 0 ° F for
3 hr produces a m i x t u r e of an extremely fine dimple
rupture and quasi-cleavage, respectively, Fig. 14. The
genera l f r a c t u r e appearance is shown in Fig. 14(a) and
the r e v e r t e d austenite as compared t o the aged m a r t e n -
si te m a t r i x is shown in F i g s . 14(b) and 14(c). Although
the r e v e r t e d austenite may tend to i n c r e a s e the f r a c -
ture resistance, the brittle behavior of the m a t r i x
counteracts this i n c r e a s e and t h e r e is no beneficial ef-
fect on toughness of overaging, in agreement with the
fracture energy measurements.

Fig. 10--Scanning electron micrograph of unaged 18 Ni (350)
maraging steel.
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DISCUSSION OF RESULTS

Maraging Reactions

The results of the present study suggest that the ma-
rag ing reaction may be considered as a sequence of
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Fig. ll--Influence of strain rate and aging time on the fracture morphology of 18 Ni (350) maraging steel aged at 800°F.

quite simple steps. During the initial s t age of age h a r d -
ening, molybdenum atoms tend to cluster or form pre-
precipitates and the cobalt a s s u m e s short range
o r d e r e d positions. The rejection of nickel from the
o r d e r e d F e - C o regions and the clustering of molyb-
denum leads t o the formation of Ni3Mo. The nickel-lean
(Co-Fe r i c h ) regions s e r v e as effective sites for a - F e T i
formation. Thus the presence of cobalt, in a short range
o r d e r configuration, principally a l t e r s the size and ex-
tent of subsequent Ni3Mo precipitation by altering the
loca l solid solubility of molybdenum through the f o r m a -
tion of nickel rich regions.

Ultimately the metastable Ni~Mo and a - F e T i precipi-
tates coarsen and redissolve. This may lead t o loca l
enrichment of nickel at p r e f e r r e d s i t e s , such as p r i o r

austenite o r martensite plate boundaries, thus pro-
moting the formation of equilibrium austenite.

This marag ing sequence is also compatible with
e a r l i e r investigations of l o w e r strength marag ing
steels. 1 Ia the present instance the i n c r e a s e d cobalt
content, 12 pct as compared to 8 pct in 18 Ni (250)
marag ing s t e e l , has made it possible to experimentally
establish the role of this important alloying element. 1°
It is now c lea r why the combined hardening effect of
molybdenum and cobalt is much g r e a t e r than that a n t i -
cipated from t h e i r individual effects. Furthermore, it
is apparent that the dislocation substructure is of sec-
ondary importance in describing the marag ing reaction
sequence. P e t e r s and F l o r e e n14 a r r i v e d at a s i m i l a r
conclusion for the strengthening of an Fe-8Ni-13Mo alloy.
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Fig. 12--Formation of secondary cracks in 18 Ni (350)
maraging steel aged 3 hr a t 800°F.

Strengthening and Fracture Mechanisms

The increase in strength observed from 18 Ni (250)
to 18 Ni (300), and finally to 18 Ni (350) maraging s t e e l
is associated with the increasing titanium content which
leads to a n increase in the amount of a-FeTi precipita-
tion. The increased cobalt content of the 350 ksi alloy
probably also decreases the size and spacing of the
metastable Ni3Mo.

The strengthening mechanism usually proposed as
being responsible for the high strength in maraging
steel has been the Orowan mechanism of dislocation
bowing between precipitate particles. However, this
mechanism cannot fully explain the behavior when
NiaMo is the principal precipitate.1 Experimental v e r i -
fication of the Orowan mechanism has involved o v e r -
aged structures 15'~6 which are not representative of the
optimum aging condition. Moreover, the cause of the
high fracture toughness of 18 Ni maraging steels has
not been apparent.

Floreen 1 has suggested that the high toughness a s s o -
ciated with maraging steels may be due to the formation
of a reverted austenite layer about the Ni3Mo thus pre-
venting void formation a t the precipitates and thereby
delaying ductile fracture. However, these layers have
not been observed in this nor previous investiga-
tions 2,3,9

Fig. 14--Scanning electron fractographs of 18 Ni (350) maraging
steel aged 3 hr a t ll00°F.

Fig. 13--Scanning electron fractograph of 18 Ni (350) maraging
steelaged 3 hr a t 950°F.

The deformation characteristics of age-hardening
systems may be examined in t e r m s of the elementary
dislocation-precipitate interactions involved. The for-
mation of clusters (or coherent precipitates) in alu-
minum has been found to r e s t r i c t cross-slip. 17 This
coplanar slip mode increases the susceptibility of the
material to s t r e s s corrosion cracking. The anomalous
s t r a i n rate effects observed after aging 18 Ni (350)
maraging steel for 3 hr a t 800°F, where higher ductil-
i t i e s a t higher s t r a i n r a t e s are observed, can be a t t r i b -
uted to a n increased susceptibility to environment as-
sisted cracking accompanying a planar slip mode.
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D u r i n g s u b s e q u e n t a g i n g i t wi l l e v e n t u a l l y b e c o m e
m o r e e n e r g e t i c a l l y f a v o r a b l e f o r d i s l o c a t i o n s to l e a v e
t h e p r i m a r y s l ip p l a n e a n d t h u s b y p a s s t h e p r e c i p i t a t e
p a r t i c l e s t h a n t o c u t t h e m . T h e p r e s e n t i n s t a n c e i s a n
e x t r e m e l y c o m p l i c a t e d m a t t e r s i n c e m o r e t h a n o n e
type of p r e c i p i t a t e , Ni~Mo a n d c r - F e T i , i s p r e s e n t a n d
t h e s e p a r t i c l e s not o n l y p o s s e s s l o n g - r a n g e s t r e s s
f i e l d s but a l so l e a d to s h o r t - r a n g e i n t e r a c t i o n s . T h e s e
i n t e r a c t i o n s r e s u l t f r o m a ) t h e d e v e l o p m e n t o f l o n g -
r a n g e o r d e r w i t h i n t h e p a r t i c l e s , TM a n d b) t h e " p a r e l a s -
t i c i n t e r a c t i o n " b e t w e e n t h e m e t a s t a b l e p a r t i c l e s a n d

• 1 9 , 2 0
d i s l o c a t l o n s . It i s t h e s e i n t e r a c t i o n s (in p a r t i c u l a r
t h o s e a r i s i n g f r o m t h e m e t a s t a b l e c h a r a c t e r of t h e
p r e c i p i t a t e s u b s t r u c t u r e ) that l e a d to t h e u n i q u e b e h a -
v i o r o b s e r v e d in m a r a g i n g s t e e l s w i t h Ni3Mo a s t h e i r
p r i n c i p a l h a r d e n i n g a g e n t .

G e r o l d a n d H a b e r k o r n 21 h a v e n o t e d t h a t t h e a p p l i c a -
b i l i t y of t h e c u t t i n g v s the b y p a s s m e c h a n i s m s d e p e n d s ,
a l l o t h e r t h i n g s b e i n g e q u a l , o n t h e r a t i o o f t h e p a r t i c l e
r a d i u s , R , to t h e B u r g e r s v e c t o r , b . F o r R / b < 15 , t h e
c u t t i n g p r o c e s s i s e x p e c t e d w h i l e f o r R / b < 2 5 , t h e b y -
p a s s m e c h a n i s m is a n t i c i p a t e d . I n t h e p r e s e n t i n s t a n c e ,
a g i n g a t 8 0 0 ° F (3 h r ) r e s u l t s in a p r e c i p i t a t e s u b s t r u c -
t u r e c o n s i s t e n t w i t h t h e c u t t i n g m e c h a n i s m w h i l e a g i n g
a t 9 5 0 ° F (3 h r ) a g r e e s w i t h t h e b y p a s s m e c h a n i s m . *

*Precipitate particle diameters produced by aging at 800°F (3 hr) or 950°F
(3 hr) were ~30A and~IOOA, respectively.

T h u s t h e h i g h s t r e n g t h , h i g h t o u g h n e s s c h a r a c t e r i s -
t i c s o f 18 N i m a r a g i n g s t e e l s m a y be a t t r i b u t e d to t h e
f i n e d i s p e r s i o n o f t h e N i 3 M o p r e c i p i t a t e s w h i c h , a l t h o u g h
o f f e r i n g a h i g h r e s i s t a n c e to i n i t i a l d i s l o c a t i o n m o t i o n ,
i s of s u c h a s i z e a n d s p a c i n g t h a t w h e n d i s l o c a t i o n m o -
tion d o e s o c c u r i t o c c u r s h o m o g e n e o u s l y t h r o u g h o u t t h e
m i c r o s t r u c t u r e . A l t h o u g h Ni3Mo a p p e a r s t o be u n i q u e
in t h i s r e g a r d i t i s q u i t e p o s s i b l e that t h e p r i n c i p a l r e -
q u i r e m e n t s of f i n e s i z e a n d s p a c i n g m a y be a c h i e v e -
a b l e by u s i n g o t h e r m e t a s t a b l e p r e c i p i t a t e s . H o w e v e r ,
t h e a t t a i n m e n t o f t h i s e n d r e q u i r e s a d e l i c a t e b a l a n c e
b e t w e e n p r e c i p i t a t e g r o w t h a n d c o a l e s c e n c e a n d i s b e -
y o n d t h e s c o p e o f t h i s p a p e r .

O v e r a g i n g in m a r a g i n g s t e e l i s not a s i m p l e p r e c i p i -
t a t e c o a r s e n i n g p r o c e s s . R a t h e r , i t i s a d u p l e x p r o c e s s
i n v o l v i n g t h e f o r m a t i o n o f a s t a b l e F e 2 M o p r e c i p i t a t e
w i t h i n t h e p r e v i o u s m a r t e n s i t e m a t r i x a n d o f e q u i l i b -
r i u m r e v e r t e d a u s t e n i t e . T h 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 o f t h e o v e r a g e d m a t r i x i s s i m i l a r to that o b s e r v e d
in o t h e r o v e r a g e d p r e c i p i t a t i o n h a r d e n i n g s y s t e m s . T h e
p r i m a r y s t r e n g t h e n i n g m e c h a n i s m is t h e b o w i n g o f dis-
l o c a t i o n s b e t w e e n t h e l a r g e i n c o h e r e n t F e 2 M o p r e c i p i -
t a t e p a r t i c l e s . T h e i n t e r p a r t i c l e s p a c i n g i s s u c h
( ~ 4 0 0 A ) that the m a t r i x i s w e a k e r t h a n that p r o d u c e d
d u r i n g o p t i m u m a g i n g . T h u s , t h e d e c r e a s e in s t r e n g t h
o b s e r v e d a f t e r a g i n g a t l l 0 0 ° F (3 h r ) i s p r i m a r i l y due
=to t h e o v e r a g i n g of t h e m a t r i x . T h i s i s in a g r e e m e n t
w i t h t h e r e c e n t i n v e s t i g a t i o n of P a m p i l l o a n d P a x t o n .z2

T h e r e i s s o m e e v i d e n c e to i n d i c a t e that r e v e r t e d a u s -
t e n i t e m a y i n c r e a s e t h e u n i f o r m e l o n g a t i o n 22'23 a n d p e r -
h a p s t h e y i e l d s t r e n g t h . 22 T h e r e p o r t e d b e n e f i c i a l i n f l u -
e n c e o f r e v e r t e d a u s t e n i t e o n the y i e l d s t r e n g t h h a s
b e e n a s c r i b e d to a d d e d p r e c i p i t a t i o n h a r d e n i n g by t h e
r e v e r t e d a u s t e n i t e a t m a r t e n s i t e l a t h e b o u n d a r i e s . I n
t h e p r e s e n t i n s t a n c e r e v e r t e d a u s t e n i t e was p r i m a r i l y
f o r m e d a t p r i o r a u s t e n i t e g r a i n b o u n d a r i e s a n d i s not
t h o u g h t t o i n c r e a s e t h e y i e l d s t r e n g t h a b o v e t h a t o f t h e
o v e r a g e d m a t r i x .

F u r t h e r m o r e , f r o m t h i s s t u d y a n d o t h e r s5'22 i t i s
c l e a r that r e v e r t e d a u s t e n i t e d o e s not g i v e a n e t i n -
c r e a s e in t h e f r a c t u r e t o u g h n e s s a b o v e that o f t h e p e a k -
h a r d n e s s c o n d i t i o n . P e r h a p s , i f t h e r e v e r t e d a u s t e n i t e
w e r e not p r e s e n t , t h e n o v e r a g i n g w o u l d r e s u l t in a n e t
d e c r e a s e in t h e f r a c t u r e t o u g h n e s s b e c a u s e t h e o v e r -
a g e d p a r t i c l e s s e r v e a s e x c e l l e n t c r a c k n u c l e a t i o n
s i t e s . T h e c r a c k b l u n t i n g ( o r s t r e s s - r e l i e v i n g c a p a -
b i l i t y ) o f t h e r e v e r t e d a u s t e n i t e p r e v e n t s t h e f r a c t u r e
t o u g h n e s s f r o m b e i n g e v e n l o w e r in t h e o v e r a g e d c o n -
d i t i o n , but no p r a c t i c a l b e n e f i t f r o m r e v e r t e d a u s t e n i t e
i s o f f e r e d .

T h e i m p o r t a n c e o f d i s l o c a t i o n - p r e c i p i t a t e p r o c e s s e s
o n t h e f r a c t u r e t o u g h n e s s m a y be a n a l y z e d a s by H a h n
a n d R o s e n f i e l d . 24 T h e p l a n e s t r a i n f r a c t u r e t o u g h n e s s ,
K l c , d e p e n d s u p o n t h e c r i t i c a l t r u e s t r a i n a t f r a c t u r e ,
~ * , t h e y i e l d s t r e n g t h , Y , t h e Y o u n g ' s m o d u l u s E ( a s -
s u m e d a s a f i r s t a p p r o x i m a t i o n to be i n d e p e n d e n t o f
h e a t t r e a t m e n t c o n d i t i o n ) , a n d t h e s t r a i n h a r d e n i n g e x -
p o n e n t , n , in t h e f o l l o w i n g m a n n e r .

g i c = [ ~ - E Y Z * ( 0 . 0 0 0 5 + n2)] ' ~ [1]

A l t h o u g h t h i s e x p r e s s i o n m a y not g i v e t h e e x a c t p l a n e
s t r a i n f r a c t u r e t o u g h n e s s p a r a m e t e r a s m e a s u r e d d i -
r e c t l y u n d e r s t a n d a r d i z e d t e s t c o n d i t i o n s , i t i s i n t e r -
e s t i n g to c o m p a r e t h e r a t i o o f K l c v a l u e s c a l c u l a t e d
f r o m E q . [1] f o r a g i n g a t 800 ° a n d 9 5 0 ° F . T h i s r a t i o ,
K I c ( 8 0 0 ) / K l c ( 9 5 0 ) = 0 . 7 , T a b l e VI,*~f i s in g o o d a g r e e -

*This analysis is valid only for failure modes that obey a strain critera. Since
overaging produces a partial quasi-cleavage failure and thus does not obey such a
criteria no direct comparison of the heat treatment condition with others can be
made.

tSee Table VI for a tabulation of the factors used.

m e a t w i t h t h e r a t i o of t h e s q u a r e r o o t o f t h e p r e c r a c k e d
f r a c t u r e e n e r g y , T a b l e III, f o r t h e s e h e a t t r e a t m e n t c o n -
d i t i o n s . A t t h e s e h i g h s t r e n g t h , l o w f r a c t u r e t o u g h n e s s
c o n d i t i o n s , t h e p r e c r a c k e d C h a r p y i m p a c t e n e r g y s h o u l d
be r e a s o n a b l y c l o s e to t h e p l a n e s t r a i n c r i t i c a l e x t e n -
s i o n f o r c e , G i c . *

, K Ic2= EGIc ~ E(W/A ) if W/A pertains to a zero shear lip fracture, where W
is the work required to fracture a precracked impact specimen andA is the area
over which this work must be expended. 2s

T h e p r i m a r y f a c t o r i n f l u e n c i n g t h e f r a c t u r e t o u g h -
n e s s in t h i s c a s e i s t h e c r i t i c a l t r u e s t r a i n a t f r a c t u r e .
C o n t r a r y to t h e e x p e c t a t i o n s o f P a m p i l l o a n d P a x t o n ,22
t h e e x i s t e n c e of a h i g h s t r a i n h a r d e n i n g c o m p o n e n t i s
not s u f f i c i e n t r e a s o n t o a n t i c i p a t e a h i g h f r a c t u r e t o u g h -
n e s s . G e n e r a l l y t h e c r i t i c a l t r u e s t r a i n a t f r a c t u r e ( i n
a s t r a i n c r i t e r i a f a i l u r e ) i s c o n t r o l l e d by t h e a b i l i t y o f
a m a t e r i a l t o r e s p o n d p l a s t i c a l l y t o a s m a l l i n c r e m e n t
in s t r e s s . I f a s m a l l i n c r e m e n t of s t r e s s c a n n o t be a c -
c o m m o d a t e d by a n a c c o m p a n y i n g i n c r e m e n t in s t r a i n ,
c r a c k o r v o i d i n i t i a t i o n wi l l o c c u r . I n a d d i t i o n , i f t h e
d e f o r m a t i o n b e h a v i o r i s c o n s t r a i n e d by t h e p r e c i p i t a t e
c h a r a c t e r , t h e n t h e c r i t i c a l s t r a i n i s c o n t r o l l e d , o n a
m i c r o s c a l e , by t h e a b i l i t y of t h e d i s l o c a t i o n s u b s t r u c -
t u r e to r e s p o n d to a f u r t h e r i n c r e a s e in s t r e s s . S i n c e
p l a n a r s l ip t e n d s to c o n f i n e s u b s e q u e n t d e f o r m a t i o n to
h i g h l y l o c a l i z e d r e g i o n s , i t i s a n t i c i p a t e d t h a t s t r u c -
t u r e s e x h i b i t i n g t h i s d e f o r m a t i o n m o d e wi l l not be a s
r e s p o n s i v e to f u r t h e r i n c r e a s e s in s t r e s s a s t h o s e e x -
h i b i t i n g a c r o s s - s l i p d e f o r m a t i o n m o d e . I n the l a t t e r
c a s e a n i n c r e a s e in s t r e s s c a n be a c c o m m o d a t e d o v e r
a l a r g e r v o l u m e e l e m e n t due to the v e r y n a t u r e o f t h e
a s s o c i a t e d s l ip p r o c e s s . T h u s , t h e f o r m e r a g e d c o n d i -
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Table VI. Numerical Parameters for Hahn-Rosenfield 24 Analysis

Calculated,
Aging Ktc W/A(b) (EW/A)V2

Temperature Y, ksi ~*(a) n E, psi Ksi x , ~ in-lb/in2 Ksi x / ~

800°F 249.2 0.099 0.059 27.0 X 106 42.1 85 48
950°F 331.2 0.467 0.030 27.0× 1 06 62.3 132 59.9

(a) Assumeg*~ In (100/100-pct. reduction in area).
(b) Zero pet shear lip.

t ion i s e x p e c t e d to have a l o w e r f r a c t u r e t o u g h n e s s , a s
i s o b s e r v e d . F i n a l l y t h e n , in 18 Ni ( 3 5 0 ) m a r a g i n g
s t e e l , i t i s the p r i m a r y d e f o r m a t i o n m o d e that i s the
c o n t r o l l i n g f a c t o r in d e t e r m i n i n g the f r a c t u r e t o u g h n e s s .

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

T h i s w o r k w a s p e r f o r m e d in the P h y s i c a l M e t a l l u r g y
T e a m o f the M a t e r i a l s R e s e a r c h L a b o r a t o r y a n d w a s
f u n d e d by the L o c k h e e d - G e o r g i a C o . I n d e p e n d e n t R e -
s e a r c h P r o g r a m . The a u t h o r s a r e i n d e b t e d to J . W .
E l l i n g a n d K. D. Fike f o r t h e i r t e c h n i c a l a s s i s t a n c e in
the e x p e r i m e n t a l a s p e c t s o f th i s i n v e s t i g a t i o n .
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