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EFFECT OF AGING TIME AND TEMPERATURE ON THE IMPACT AND 

TENSILE BEHAVIOR OF L -605 - A COBALT-BASE ALLOY 

D. T . B o u r g e t t e 

ABSTRACT ( ( M c U ^ A 1 V * 

The e f f e c t o f a g i n g t e m p e r a t u r e and t i m e on t h e impact^ 
and t e n s i l e b e h a v i o r o f L-605^was s t u d i e d o v e r t h e range o f 
760 t o 870°C and 50 t o 4000 h r . P r o l o n g e d exposure a t t h e s e 
t e m p e r a t u r e s r e s u l t e d i n s e v e r e a l l o y e m b r i t t l e m e n t . The 
p r i n c i p a l e m b r i t t l i n g r e a c t i o n was t h e p r e c i p i t a t i o n o f t h e 
Laves phase, C02W. A t t h e l o w e r t e m p e r a t u r e s , however , t h e 
p r e c i p i t a t i o n o f C03W may have c o n t r i b u t e d t o e m b r i t t l e m e n t . 
Maximum a g i n g e m b r i t t l e m e n t o c c u r r e d a f t e r 500 h r a t 870°C. 

Impac t t e s t i n g o f i d e n t i c a l l y aged specimens a t t e m p e r a t u r e s 
o f 315 t o 760°C r e v e a l e d t h a t 93$ o f t h e toughness was l o s t a t 
t h e h i g h e s t t e s t t e m p e r a t u r e and t h a t a l l f r a c t u r e s were i n t e r - * ^ 
g r a n u l a r . Impac t t e s t i n g a t l o w e r t e m p e r a t u r e s r e v e a l e d a 
g r e a t e r l o s s o f t o u g h n e s s . 

Specimens aged a t 760 , 815, and 870°C and t e n s i l e t e s t e d 
a t room t e m p e r a t u r e and 540°C showed a s e v e r e l o s s o f d u c t i l - " ^ 
i t y , t h e g r e a t e s t l o s s o c c u r r i n g i n specimens aged a t 870°C. 
Specimens aged a t 760°C f o r 1000 h r e x h i b i t e d a d u c t i l i t y o f 
10$ a t room t e m p e r a t u r e and 28$ a t 540°C. Longer a g i n g t imes^ 
( a t 7 6 0 ° c ) r e s u l t e d i n a c o n t i n u e d l o s s o f d u c t i l i t y . 

INTRODUCTION 

Co-Cr-W a l l o y , L - 6 0 5 (Haynes a l l o y No. 2 5 ) , i s g e n e r a l l y r e g a r d e d 

as one o f H j ^ e most p r o v e n c o b a l t - b a s e a l l o y s commercia 1 l y a.Yai^a'BTeT* T h i s 

a l l o y i s u s e d H n many common e n g i n e e r i n g app 1 i c ja£ ieT l& ' ' rang ing f r o m j e t 

e n g i n e c o m p o n e n t s ' ^ f u r n a c e m u f f l e s op^ra-tr ing i n env i ronmen ts such as ( 

a i r and l o w - p r e s s u r e n H j ^ o g e n . o j ^ c t f f g e n . I n a d d i t i o n , L - 6 0 5 i s u s e d i n V ^ 

t h e c o n s t r u c t i o n o f h e a t - t r a n s f e r l o o p s and a c c e s s o r y e q u i p -

ment . The e x c ^ i t ^ n t o x i d a t i o n resistance,1 c o r r o s i o n r e s i s t a n c e i n l i q u i d 

1Haynes A l l o y No. 25 Data F o l d e r , Ha^n^s S t e l l i t e Company, Kokomo, 
I n d i a n a , June 1962. Now S t e l l i t e D i v i s i o n , C&fcot C o r p o r a t i o n , Kokomo, 
I n d i a n a 46901. 
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m e t a l s , 2 h i g h - t e m p e r a t u r e s t r e n g t h , 3 ' 4 and good f a b r i c a b i l i t y and w e l d a -

b i Y i t y promote t h e use o f t h i s a l l o y i n t h e s e a p p l i c a t i o n s . 

\ The use o f L -605 i n an env i ronmen t such as t h e h a r d vacuum i n space 

f o r tYmes i n excess o f 10 ,000 h r may, however , l e a d t o s e r i o u s p rob lems 

a s s o c i a t e d w i t h low p o s t - a g e d u c t i l i t y 5 ' 6 and w e l d f u s i o n l i n e f a i l u r e s . 7 

I n a d d i t V b n , r e s i s t a n c e t o t h e r m a l c y c l e f a i l u r e c o u l d be low because o f 

t h e l o s s q f l o w - t e m p e r a t u r e d u c t i l i t y . / 

I m p a c t y l o a d i n g o f L -605 hardware a f t e r l o n g - t e r m a g i n g a t 500 t o 

900°C i s p o s s i b l e i n some aerospace a p p l i c a t i o n s . ,The p r e s e n t i n v e s t i -

g a t i o n t h e r e f o r e was concerned w i t h t h e e f f e c t o f l o n g - t e r m a g i n g on t h e 

m i c r o s t r u c t u r e , \ i m p a c t , and t e n s i l e b e h a v i o r of^ L - 6 0 5 . 

i A l l o y L - 6 0 5 \ d e r i v e s i t s s t r e n g t h p r i m a r i l y f r o m s o l i d - s o l u t i o n h a r -

J d e n i n g , b u t a d d i t i o n a l s t r e n g t h can be a c q u i r e d b y a g i n g . C o b a l t i s hexag-

o n a l c l o s e packed a^ room t e m p e r a t u r e , .but changes t o f a c e - c e n t e r e d c u b i c 

above 4-18° C. The d u c t i l i t y o f a c o b a l t - b a s e a l l o y i s o f t e n a f f e c t e d b y 

t h i s p o l y m o r p h i c t r a n s f o r m a t i o n o f / t h e m a t r i x , w i t h t h e hexagona l c l o s e -

packed l a t t i c e b e i n g a s s o c i a t e d w i t h t h e l e s s d u c t i l e s t r u c t u r e s . Tungsten 

and chromium r a i s e and ^ i c k e l a i id i r o n l o w e r t h e t r a n s f o r m a t i o n t e m p e r a -

t u r e . 8 For L - 6 0 5 , t r a n s f \ c r m a t i o n f r o m f a c e - c e n t e r e d c u b i c t o h e x a g o n a l 

D. H. Jansen and E. /Ev Hof fman, Type 316 S t a i n l e s s S t e e l , I n c o n e l , 
and Haynes A l l o y Mo. 25 J a t A y a l - C i r c u I a t i o n B o i l i n g - P o t a s s i u m C o r r o s i o n 
T e s t Loops, ORNL-3970 {'June 1 9 6 5 ) . 

3R. Widmer, J . y l . D h o s i , \ a n d N. J . G r a n t , Mechanisms A s s o c i a t e d w i , . 
Long Time Creep Phenomena, T e c h n i c a l Repor t AFML-TR-65-181, P a r t I I , 1967. 

4 C. J . S l u n d ^ r , S h o r t T e r m \ T e n s i l e P r o p e r t i e s o f t h e Co-20 Cr^-15 
W-10 N i C o b a l t - g ^ s e A l l o y (L-605V, DMIC Memo No. 179, B a t t e l l e Memor i a l 
I n s t i t u t e (Sept / . 27 , 1 9 6 3 ; . 

5 E. E. J e n k i n s , E m b r i t t l e m e n t \ o f Haynes A l l o y No. 25 D u r i n g B r a z i n g , 
Repor t No. J817-1390, Haynes S t e l l i t ^ Company, Kokomo, I n d i a n a 
(May 21, 1958). 

6 S / T . Wlodek, E m b r i t t l e m e n t o f \ a Co-Cr-W (L -605 ) A l l o y , R-61-FPD-538 
(Dec. j 4 1961) . 

'R. W. Swindeman, Oak Ridge N a t i o r ^ l L a b o r a t o r y , p r i v a t e communica-
t i o n F e b r u a r y 1969. 

8 F . S. Badger and F. C. K r a f t , J r . , \ " C o b a l t - B a s e and N i c k * . - B a s e 
A l l o y s f o r U l t r a h i g h T e m p e r a t u r e , " M e t a l P r o g r . 52, 394 (1947) . 
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c l o s e packed can be e x p e c t e d "between 650 and 900°C, b u t o n l y a f t e r v e r y 

l o n g t i m e s . 9 ' 1 0 T h i s s l u g g i s h n e s s i s a p r e r e q u i s i t e f o r r e t e n t i o n o f 

h i g h - t e m p e r a t u r e s t r e n g t h o v e r l o n g p e r i o d s o f t i m e . 

EXPERIMENTAL PROCEDURE 

The p u r c h a s i n g o f m a t e r i a l s , m a c h i n i n g o f t h e t e s t spec imens , and 

a l l h e a t t r e a t m e n t s i n a i r were comp le ted a t t h e M a r t i n - M a r i e t t a Co rpo ra -

t i o n , t h e M a r t i n Company, B a l t i m o r e , M a r y l a n d . The i m p a c t t e s t i n g was 

c o n d u c t e d a t t h e B a t t e l l e Memor ia l I n s t i t u t e , Columbus, Oh io , w h i l e t h e 

t e n s i l e t e s t i n g was c o m p l e t e d a t t h e M a r t i n Company. E v a l u a t i o n o f a l l 

d a t a , m e t a l l o g r a p h i c e x a m i n a t i o n , ha rdness and g r a i n s i z e d e t e r m i n a t i o n s , 

c h e m i c a l a n a l y s i s , and f i n a l r e p o r t i n g were comp le ted a t ORNL. A d d i t i o n a l 

i m p a c t specimens w e r e mach ined , aged i n a r g o n , and t e s t e d a t ORNL f o r 

t h e p u r p o s e o f d e t e r m i n i n g e n v i r o n m e n t a l e f f e c t s and t h e a g i n g response 

o f L - 6 0 5 a t l o w e r t e m p e r a t u r e s . 

M a t e r i a l s 

Uro p i e c e s o f L - 6 0 5 were pu rchased f r o m t h e UCC S t e l l i t e D i v i s i o n 

i n accordance w i t h ae rospace m a t e r i a l s p e c i f i c a t i o n AMS-5537B. The 

c h e m i c a l c o m p o s i t i o n , m e c h a n i c a l p r o p e r t i e s ( v e n d o r ' s ) , and h e a t i d e n t i -

f i c a t i o n s a r e g i v e n i n T a b l e 1 . The m a t e r i a l as r e c e i v e d had been s o l u -

t i o n h e a t - t r e a t e d ( i n a i r ) a t 1230°C f o r a p e r i o d o f n o t l e s s t h a n 

0 . 2 5 h r . 

9W. K o s t e r , "On t h e I n f l u e n c e o f t h e E lements on t h e P o l y m o r p h i c 
T r a n s f o r m a t i o n o f C o b a l t , " Z . M e t a l l k . 43 , 297 (1952 ) . 

l 0 A . R. E l sea and C- C. McBr ide , "The E f f e c t s o f N i t r o g e n , I r o n , and 
N i c k e l o n t h e A l p h a / B e t a T r a n s f o r m a t i o n and Gamma P r e c i p i t a t i o n i n C o b a l t -
Chromium A l l o y s , " Trans> AIME 188, 154 ( l 9 5 0 ) . 
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Tab le 1 . Ana l yses o f Commercia l L - 6 0 5 

Heat Number 
C o m p o s i t i o n 

(wt $) 
Mechan ica l 
P r o p e r t i e s 186-6-1843 

CO.056 i n . s h e e t ) 
186-5-1737 

CO.500 i n . p l a t e ) 

Cr 20 .24 20 .37 

W 15.02 U . 8 1 

Fe 2 . 0 0 1 .80 

N i 10 .24 10 .00 

Mh 1 .35 1 .43 

C 0 . 0 9 0.13. 

S i 0 . 0 3 0 .18 

S 0 .005 0 .014 

P 0 .007 0 ,016 

Co Balance Ba lance 

U l t i m a t e t e n s i l e 136,650 129,800 
s t r e n g t h , p s i 

Y i e l d s t r e n g t h 0 . 2 $ 64 ,750 59,200 
o f f s e t , p s i 

D u c t i l i t y , i n 2 i n . 5 6 . 5 $ 64$ 

V e n d o r ' s a n a l y s i s . 

Specimen Mach in i ng and Keat T rea tmen t 

The Charpy V - n o t c h impac t specimens and shee t t e n s i l e specimens 

were mach ined i n accordance w i t h F i g . 1 . A l l specimens were s u b s e q u e n t l y 

s o l u t i o n annea led a t 1230°C f o r a p e r i o d o f n o t l e s s t h a n 0 .25 h r . The 

impac t specimens were aged i n a i r a t 870°C f o r p e r i o d s o f 50, 100, 500, 

1000, 2500, and 4000 h r . The shee t t e n s i l e specimens were aged i n a i r 

a t 760 , 820, and 8?0°C f o r p e r i o d s o f 50, 100, 500, 1000, and 4000 h r . 

A d d i t i o n a l impac t specimens were machined, s o l u t i o n annea led a t 1230°C 

f o r 1 h r i n vacuum, and aged i n a rgon a t 650, 760, and 870°C f o r 50, 

200, 500, and 1000 h r , These a d d i t i o n a l specimens were machined f rom 

t h e same h e a t (186 -5 -1737) as were t h e a i r - a g e d j p e c i m e n s . 
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ORNl-DWG 7 0 - 2 4 5 8 

CHARPY V-NOTCH IMPACT SPECIMEN 

2 V 

o 
TYPE 301 STAINLESS STEEL TABS 
FUSION WELDED TO SPECIMEN ON 
THREE SIDES (TYP.l, 

3% 
'DO NOT WELD 

(TYR) 

0.05 ±0.001 

2% 
SHT AFTER 
MACHINING 

HOLE 0.374-0.381 DIAM 
LOCATE ON CENTER 5/sln. 
FROM SPECIMEN END 

I 
1 i 1 - i : 

DIMENSIONS ARE IN INCHES HIGH TEMPERATURE TENSILE SPECIMEN 

F i g . 1. Specimen S p e c i f i c a t i o n s f o r L - 6 0 5 Ag ing S tudy . 

Impac t T e s t i n g 

A c e r t i f i e d R i c h i e impac t t e s t e r ( s e r i a l No. RA-17876) was u s e d t o 

t e s t t h e specimens aged i n a i r . Specimens were impact t e s t e d i n a i r a t 

315 , 427, 538, 649, and 760°C. A t r a n s f e r t i m e f r o m t h e f u r n a c e t o t h e 

t e s t i n g b l o c k o f 4 t o 5 sec n e c e s s i t a t e d a t e m p e r a t u r e c a l i b r a t i o n o f 

t h e spec imen t o c o r r e c t f o r r e s u l t i n g t h e r m a l l o s s e s . A s m a l l h o l e was 

mach ined i n a spare spec imen t o p e r m i t a Ch rome l -P -A lume l t h e r m o c o u p l e 

(28-gage w i r e ) t o be l o c a t e d d i r e c t l y b e h i n d t h e n o t c h . The t h e r m o -

c o u p l e c o n n e c t e d t o a h i g h - s p e e d r e c o r d e r showed t h a t specimens i m p a c t 

t e s t e d a t t h e above t e m p e r a t u r e s had t o b e h e a t e d t o 317, 430 , 543, 656, 

and 770°C, r e s p e c t i v e l y . The i n s t r u m e n t e d spec imen was h e a t e d w i t h t h e 
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specimen t o be t e s t e d as a more a c c u r a t e i n d i c a t o r o f specimen tempera -

t u r e . Two specimens o f each a g i n g t r e a t m e n t were impac t t e s t e d a t t he 

same t e m p e r a t u r e . 

I n an e f f o r t t o s i m u l a t e t h e h e a t i n g b y r e e n t r y i n t o t h e e a r t h ' s 

a tmosphere , impac t specimens aged i n a i r f o r 4-000 h r a t 870°C were h e a t e d 

t o 1110°C and t e s t e d a t a p p r o x i m a t e l y 1080°C. 

The impac t specimens s o l u t i o n annea led i n vacuum and aged i n a rgon 

were impac t t e s t e d a t 316°C w i t h a B a l d w i n t e s t e r ( s e r i a l No. 1075 ) . 

The specimens were s u p e r h e a t e d 2 t o 3°C. Spare specimens aged i n a i r 

were impac t t e s t e d on t h e B a l d w i n mach ine ; t h e r e s u l t s were i d e n t i c a l 

t o t h o s e o b t a i n e d on t h e R i c h i e t e s t e r a t t h e B a t t e l l e Memor ia l I n s t i t u t e . 

T e n s i l e T e s t i n g 

A c e r t i f i e d Ba ldw in Lima H a m i l t o n U n i v e r s a l t e n s i l e t e s t i n g machine 

was used i n making t e n s i l e measurements o f a i r - a g e d spec imens. The t e n -

s i l e t e s t e r was equ ipped w i t h a p a c i n g d e v i c e f o r t h e measurement and 

c o n t r o l o f t h e s t r a i n r a t e a t 0 . 0 5 i n . / h r . Three specimens o f each 

aged c o n d i t i o n were t e n s i l e t e s t e d a t 540°C, and one specimen o f each 

aged c o n d i t i o n was t e s t e d a t room t e m p e r a t u r e . I n a d d i t i o n , t h r e e spec-

imens aged f o r 4000 h r a t 870°C were t e n s i l e t e s t e d a t 1080°C i n an 

e f f o r t t o s i m u l a t e r e e n t r y h e a t i n g . 

DISCUSSION OF RESULTS 

Impact Tes ts 

I n i t i a l l y , i t s h o u l d be u n d e r s t o o d t h a t t h e u n i n s t r u m e n t e d Charpy 

V - n o t c h impac t t e s t possesses many s h o r t c o m i n g s . I t does n o t p r o v i d e 

n u m e r i c a l i n f o r m a t i o n t h a t can be used d i r e c t l y i n d e s i g n c a l c u l a t i o n s , 

t h e s t r e s s d i s t r i b u t i o n d u r i n g f r a c t u r e i s unknown, t h e r e s i s t a n c e o f 

t h e m a t e r i a l t o c r a c k i n i t i a t i o n and p r o p a g a t i o n cannot be o b t a i n e d , and 

c o n d i t i o n s o f t h e t e s t do n o t a d e q u a t e l y r e f l e c t a c t u a l s e r v i c e c o n d i -

t i o n s . I n t h i s s t u d y t h e (no t ched ) impac t t e s t was u s e d t o d e t e r m i n e 



7 

r e l a t i v e changes i n t h e toughness o f L - 6 0 5 m i c r o s t r u c t u r e s t h a t r e s u l t e d 

f r o m t h e r m a l t r e a t m e n t s w h i c h w i l l be e n c o u n t e r e d i n s e r v i c e and w h i c h 

a r e known t o cause a l l o y e m b r i t t l e m e n t . These r e s u l t s c o u p l e d w i t h c a l -

c u l a t i o n s o f r e e n t r y v e l o c i t i e s and impac t f o r c e s a s s o c i a t e d w i t h r e e n t r y 

and l a u n c h pad a b o r t s w i l l h o p e f u l l y d e t e r m i n e t h e s e r v i c e a b i l i t y o f 

L - 6 0 5 u n d e r Impact l o a d s . I n a d d i t i o n , t h e no t ched spec imen geomet ry 

may s i m u l a t e no tches o f t h e t y p e e n c o u n t e r e d i n we lds and r e g i o n s o f 

h i g h s t r e s s c o n c e n t r a t i o n . 

The Charpy V - n o t c h impac t t e s t i s a s e v e r e m e c h a n i c a l t e s t . An 

a l l o y w i t h s t a n d i n g a Charpy t e s t w i t h o u t e x h i b i t i n g much low ene rgy 

c l e a v a g e has an e x c e l l e n t chance o f w i t h s t a n d i n g a c l eavage f r a c t u r e i n 

s e r v i c e a t t h e t e s t t e m p e r a t u r e . When t h e maximum f r a c t u r e toughness i s 

g r e a t e r t h a n n o m i n a l l y 100 f t - l b ( a t 100$ t e a r ) , i t i s c o n s i d e r e d s u f -

f i c i e n t l y h i g h t o g u a r a n t e e a g a i n s t f a i l u r e b y l o w e n e r g y t e a r , a t l e a s t 

i n m e d i u m - s t r e n g t h m a t e r i a l s . C o n v e r s e l y , when t h e f r a c t u r e toughness 

i s l ow (5 t o 20 f t - l b ) and t h e f r a c t u r e i s p r i n c i p a l l y b y c l e a v a g e o r 

i s i n t e r g r a n u l a r , t h e a l l o y i s v e r y s u s c e p t i b l e t o b r i t t l e f a i l u r e . 

Aged a t 870°C 

The f r a c t u r e t oughness o f L - 6 0 5 aged i n a i r a t 870°C g e n e r a l l y 

dec reased w i t h a g i n g t i m e a t a l l t e s t t e m p e r a t u r e s . The g r e a t e r : 

dec rease o c c u r r e d a f t e r a g i n g f o r 50 h r . A r e c o v e r y i n toughness was 

o b s e r v e d a f t e r t h e 1 0 0 - h r a g i n g t r e a t m e n t , b u t t h e r e a f t e r t h e toughness 

c o n t i n u e d t o dec rease f o r a g i n g t i m e s t o 4-000 h r . Th i s b e h a v i o r i s 

i l l u s t r a t e d i n F i g . 2 . For specimens impac t t e s t e d a t 427°C, a 100$ 

f i b r o u s f r a c t u r e was o b t a i n e d f o r t h e s o l u t i o n - a n n e a l e d c o n d i t i o n , w h i l e 

subsequent a g i n g t r e a t m e n t s r e s u l t e d i n s l i g h t c l e a v a g e , g ross i n t e r -

g r a n u l a r f r a c t u r e s , and a s m a l l i n c r e a s e i n g r a i n s i z e . The 5 0 - h r a g i n g 

t r e a t m e n t s , f o r examp le , r e s u l t e d i n abou t 20$ c l eavage ( t r a n s g r a n u l a r 

t e a r w i t h o u t d e f o r m a t i o n ) , w h i l e a f t e r t h e 1 0 0 - h r a g i n g t r e a t m e n t , c l e a v -

age f r a c t u r e s were v e r y s c a r c e and i n t e r g r a n u l a r f r a c t u r e s were o b t a i n e d . 

A g i n g t i m e s l o n g e r t h a n 100 h r r e s u l t e d i n t o t a l i n t e r g r a n u l a r f a i l u r e s . 

Hardness b e h a v i o r ( F i g . 3) and l a t e r a l e x p a n s i o n f u r t h e r i n d i c a t e a l l o y 

e m b r i t t l e m e n t and l o s s o f toughness w i t h a g i n g t i m e . 
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on t h e F r a c t u r e Toughness o f L -605 . 
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AGING T I M E (hr) 

F i g . 3 . E f f e c t o f A g i n g Time a t 870°C on t h e Hardness o f L - 6 0 5 . 

T y p i c a l m i c r o s t r u c t u r a l changes a re p r e s e n t e d i n F i g . 4 . The 

s o l u t i o n - a n n e a l e d m i c r o s t r u c t u r e i s e s s e n t i a l l y a s i n g l e - p h a s e m a t r i x 

w i t h s c a t t e r e d he te rogeneous c a r b i d e d i s p e r s i o n s , p r o b a b l y t h e M&C t y p e . 

T r a n s g r a n u l a r t e a r w i t h c o n s i d e r a b l e d e f o r m a t i o n was obse rved . T h i s 

c o n d i t i o n i s t y p i c a l o f a m a t e r i a l w i t h h i g h f r a c t u r e t o u g h n e s s . 

Specimens aged a t 870° C f o r 50 h r f r a c t u r e d i n t e r g r a n u l a r l y w i t h 

c o n s i d e r a b l e d e f o r m a t i o n ; h o w e v e r , s l i g h t t r a n s g r a n u l a r t e a r was a l s o 

obse rved . Th i s b e h a v i o r i s a t t r i b u t e d i n p a r t t o t h e p r e c i p i t a t i o n o f 

an i r r e g u l a r , b l o c k y c a r b i d e i n t h e g r a i n m a t r i c e s and an a lmos t con -

t i n u o u s s p h e r o i d a l c a r b i d e i n t h e g r a i n b o u n d a r i e s , as shown i n F i g . 5. 

The r e s u l t s o f Yukawa and S a t o 1 1 ( a t 700 and 800°C) i n d i c a t e t h a t t h e 

1:L1I. Yukawa and K. S a t o , "The c o r r e l a t i o n Between M i c r o s t r u c t u r e 
and S t r e s s Rup tu re P r o p e r t i e s o f a Co-Cr-Ni -W (HS-25) A l l o y , " T rans . 
Japan I n s t . M e t a l s 9 , (Supp lement ) ( 1968 ) . 
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F i g . 4 . M i c r o s t r u c t u r a l Changes i n L - 6 0 5 Aged i n A i r a t S70°C and 
I m p a c t T e s t e d a t 315°C. E t c h a n t : 100 m l H 2 0 + 40 m l CH3COOH + 40 m l HC1 
+ 15 m l H 2S0 4 + 25 g F e C l 3 . 500X. Reduced 1 6 . 5 $ . 
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Photo 9858? 

F i g . 5 . L - 6 0 5 Aged f o r 50 h r a t 870°C i n A i r and Impact T e s t e d a t 
315°C. E t c h a n t : 100 m l H 2 0 + 40 ml CH3COOH + 40 ml HC1 + 15 m l H2SO4 
+ 25 g F e C l 3 . 2000X. 

b l o c k y c a r b i d e i s o f t h e M23C6 t y p e , w h i c h i n i t i a l l y p r e c i p i t a t e s i n t h e 

g r a i n b o u n d a r i e s and s u b s e q u e n t l y w i t h i n t h e g r a i n s . More i m p o r t a n t , 

however, i s t h a t t h e p r e s e n t s t u d i e s , conduc ted a t a s l i g h t l y g r e a t e r 

t e m p e r a t u r e ( 8 7 0 ° c ) , have shown t h a t a c o b a l t - t u n g s t e n Laves phase a l s o 

p r e c i p i t a t e d ( d i s c o n t i n u o u s l y ) near t h e g r a i n b o u n d a r i e s d u r i n g t h e 

5 0 - h r a g i n g t r e a t m e n t and i n p a r t i s r e s p o n s i b l e f o r t h e i n t e r g r a n u l a r 

f a i l u r e s and l o s s o f t oughness . These r e s u l t s a r e i l l u s t r a t e d i n F i g s . 5 

and 6. The m i c r o s t r u c t u r e i l l u s t r a t i n g t h e 5 0 - h r age i n F i g . 6 shows 

t h e i n i t i a l p r e c i p i t a t i o n o f t h e Laves phase a d j a c e n t t o t h e g r a i n 

b o u n d a r i e s . 

A g i n g f o r 100 h r r e s u l t e d i n f u r t h e r d i s s o l u t i o n o r t r a n s f o r m a t i o n 

o f t h e g r a i n boundary s p h e r o i d a l c a r b i d e t o a f i n e r c a r b i d e d i s p e r s i o n 
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( c ) Aged 4-000 h r , 5 0 0 0 x . (d ) Aged 4 0 0 0 h r , I 2 , 5 0 0 x . 
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i n t h e m a t r i x . G r a i n b o u n d a r i e s and a d j a c e n t a r e a s , however , c o n t a i n e d 

an i n c r e a s e d amount o f Laves phase . Yukawa,1 2 J e n k i n s , 1 3 and WlodekL A 

showed t h a t b l o c k y M23C& t r a n s f o r m s t o 1V̂ C and t h a t a f t e r 100 h r a t 

t e m p e r a t u r e s above 800°C, t h e Laves phase, ( C o , N i ) 2 ( C r , w ) , p r e c i p i t a t e s 

near t h e g r a i n b o u n d a r i e s as e l o n g a t e d p l a t e l e t s and s u b s e q u e n t l y as 

i n t e r g r a n u l a r p a r t i c l e s . The r e s u l t s o f t h e p r e s e n t s t u d y a r e i n a g r e e -

ment w i t h t h e r e s u l t s o f t h e p r e v i o u s i n v e s t i g a t i o n s . For s i m p l i c i t y , 

t h e Laves phase w i l l be d e s i g n a t e d C 0 2 W . 

C o n t i n u e d a g i n g f o r t i m e s t o 4-000 h r a t 870°C m e r e l y r e s u l t e d i n a 

f i n e d i s p e r s i o n o f t h e M^C c a r b i d e and an i n c r e a s e d amount o f C02W, w h i c h 

p r e c i p i t a t e d i n t h e g r a i n b o u n d a r i e s , on t w i n b o u n d a r i e s , and p r o b a b l y on 

s t a c k i n g f a u l t s . A t an i n t e r m e d i a t e a g i n g t i m e o f 500 h r , t h e b e h a v i o r 

i s i l l u s t r a t e d i n F i g . 6. The Laves phase t h i c k e n e d and coa rsened w i t h 

t i m e and d e p l e t e d t h e m a t r i x o f some components. For example , c h e m i c a l 

a n a l y s i s showed t h a t t h e t u n g s t e n c o n c e n t r a t i o n i n t h e m a t r i x dec reased 

f r o m 1 4 . 8 1 t o 7 . 4 6 w t °jo d u r i n g 1000 h r a t 870°C. The d r a s t i c l o s s o f 

f r a c t u r e toughness and a p p a r e n t l o s s o f d u c t i l i t y a r e a t t r i b u t e d p r i n -

c i p a l l y t o t h e p r e c i p i t a t i o n o f t h e Laves phase i n t h e g r a i n b o u n d a r i e s . 

Aged a t 760°C 

The f r a c t u r e toughness r e s u l t i n g f r o m a g i n g i n a r g o n a t 760°C i s 

shown i n F i g , 7 f o r an impac t t e s t t e m p e r a t u r e o f 316°C. The g r e a t e s t 

l o s s o f f r a c t u r e toughness due t o a g i n g a t 760°C a g a i n o c c u r r e d d u r i n g 

t h e i n i t i a l 50 h r . The 1 0 0 - h r a g e , howeve r , d i d n o t r e s u l t i n a r e c o v e r y 

o f f r a c t u r e t oughness . I n s t e a d , t h e toughness g r a d u a l l y dec reased w i t h 

a g i n g t i m e a t a r a t e l e s s t h a n f o r specimens aged a t 870°C. Th i s b e h a v i o r 

i s a t t r i b u t e d t o t h e s l o w e r p r e c i p i t a t i o n r a t e o f t h e e m b r i t t l i n g Laves 

phase a t 760°C. M e t a l l o g r a p h i c e x a m i n a t i o n s u p p o r t e d t h e c o n t e n t i o n t h a t 

1 2 N. Yukawa and K. Sa to , "The C o r r e l a t i o n Between M i c r o s t r u e t u r e 
and S t r e s s Rup tu re P r o p e r t i e s o f a Co-Cr -N i -W (HS-25) A l l o y , " T r a n s . 
Japan I n s t . Me ta l s 9 , (Supp lement ) ( l 9 6 8 ) . 

1 3 E . E. J e n k i n s , E m b r i t t l e m e n t o f Haynes A l l o y No. 25 D u r i n g B r a z i n g , 
Repor t No. 817-1390, Haynes S t e l l i t e Company, Kokomo, I n d i a n a , 
(May 2 1 , 1 9 5 8 ) . 

1 4 S. T . Wlodek, E m b r i t t l e m e n t o f a Co-Cr-W (L -605 ) A l l o y , R-61-FPD-538 
(Dec. 1 , 1961) . 
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F i g . 7 . E f f e c t o f Time on t h e F r a c t u r e Toughness o f L - 6 0 5 Aged i n 
Argon a t 760°C and T e s t e d a t 316°C. 

t h e r e was v a s t l y l e s s Laves phase i n t h e g r a i n b o u n d a r i e s o f specimens 

aged a t 760°C f o r e q u a l p e r i o d s and t h a t f o r t i m e s t o 500 h r c o n s i d e r a b l y 

more c leavage f a i l u r e was p r e s e n t . A compar ison o f F i g . 8 w i t h F i g . 4 

w i l l i l l u s t r a t e t h e s e o b s e r v a t i o n s . I n a d d i t i o n , i t i s seen t h a t a g i n g i n 

a i r o x i d i z e s t h e s u r f a c e o f L -605 p r i n c i p a l l y a t t h e g r a i n b o u n d a r i e s t o 

dep ths t h a t i n c r e a s e w i t h t i m e ; howeve r , t h e s e e f f e c t s a r e n o t c o n s i d e r e d 

s e r i o u s i n t e rms o f impac t r e s i s t a n c e . 

A s h o r t a g e o f specimens p r e v e n t e d a g i n g t r e a t m e n t s l o n g e r t h a n 1000 h r 

a t 760°C. However , t h e n e c e s s i t y o f knowing l o n g e r t e r m b e h a v i o r r e s u l t e d 

i n t h e e x t r a p o l a t i o n shown i n F i g . 7 . I t i s a p p a r e n t t h a t t h e f r a c t u r e 

toughness decreased a t a r a p i d r a t e , and t h a t specimens aged f o r 448 h r 

( F i g , 8) e x h i b i t e d t o t a l i n t e r g r a n u l a r f r a c t u r e . I t was c o n c l u d e d , t h e r e -

f o r e , t h a t L -605 aged f o r g r e a t e r p e r i o d s t h a n 1000 h r a t 760° C w o u l d be 

b r i t t l e , be s e n s i t i v e t o impac t l o a d i n g , and f r a c t u r e a t impac t e n e r g i e s 

between 20 and 30 f t - l b . 
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ENVIRONMENTAL SURFACES INTERIOR SECTIONS FRACTURE SECTIONS 

F i g . 8 . M i c r o s t r u c t u r a l Changes i n L - 6 0 5 Aged i n A r g o n a t 760°C and I m p a c t T e s t e d a t 316°C. 
E t c h a n t : 100 m l H 2 0 + 40 m l CH3COOH + 40 m l HC1 + 15 m l H2S0^ + 25 g F e C l 3 . 500x. Reduced 1 0 . 5 $ . 
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Aged be low 760°C 

The e f f e c t o f a g i n g t e m p e r a t u r e on t h e f r a c t u r e toughness o f L -605 

i s shown i n F i g . 9. A t t e m p e r a t u r e s g e n e r a l l y above 700°C, a g i n g i n a i r 

o r an i n e r t a tmosphere f o r 500 h r o r l o n g e r w i l l cause e m b r i t t l e m e n t . A t 

a g i n g t e m p e r a t u r e s o f 650°C o r l o w e r , t h e f r a c t u r e toughness (240 f t - l b ) 

f o r an a g i n g t i m e o f 448 h r i s t h e same as f o r t h e s o l u t i o n - a n n e a l e d 

c o n d i t i o n . The t i m e - t e m p e r a t u r e - t r a n s . f o r m a t i o n d i a g r a m d e r i v e d b y 

Yukawa end S a t o 1 2 i n d i c a t e s t h a t thousands o f hou rs a r e necessary f o r 

e m b r i t t l i n g phase t o p r e c i p i t a t e a t t h e s e low t e m p e r a t u r e s . The f r a c t u r e 

mode o f specimens aged a t t h e l t . v e r t e m p e r a t u r e s i s t r a n s g r a n u l a r ( h i g h 

e n e r g y ) t e a r w i t h c o n s i d e r a b l e d e f o r m a t i o n . A t y p i c a l h i g h - e n e r g y t e a r 

f r a c t u r e shown i n F i g . 10 was c b t a i n e d a f t e r a g i n g a t 650°C and t e s t i n g 

a t 316° C. 

R e e n t r y H e a t i n g E f f e c t s 

R e e n t r y h e a t i n g caused by t h e e a r t h ' s atmosphere was s i m u l a t e d by 

h e a t i n g aged specimens t o 1110°C f o r 200 sec . For example , specimens aged 

f o r 4000 h r a t 870°C were impac t t e s t e d a t 1080°C. Wine specimens showed 

f r a c t u r e toughnesses i n t h e range 1 8 . 0 t o 20 .5 f t - l b , and one h e l d a t 
1110°C f o r 400 sec showed 2 1 . 0 f t - l b . These v a l u e s a r e about what w o u l d 

be e x p e c t e d b y e x t r a p o l a t i o n o f t h e c u r v e f o r 4000 h r a g i n g i n F i g . 2 (p . 9 ) . 

Thus , r e e n t r y h e a t i n g t i m e s o f 200 t o 400 sec a r e a p p a r e n t l y n o t s u f f i -

c i e n t l y l o n g f o r toughness r e c o v e r y . 

T e n s i l e Tes ts 

The s t r a i n r a t e s a s s o c i a t e d w i t h n o r m a l t e n s i l e t e s t s a re many t i m e s 

l e s s t h a n t h o s e e n c o u n t e r e d d u r i n g impac t l o a d i n g . However , t h e c o n c l u -

s i o n s r e g a r d i n g t h e e m b r i t t l e m e n t o f L -605 due t o a g i n g a re t h e same as 

t h o s e o b t a i n e d f r o m t h e impact t e s t s . The L -605 a l l o y , over t h e w i d e 

range o f a g i n g c o n d i t i o n s s t u d i e d , r e t a i n e d s u f f i c i e n t t e n s i l e s t r e n g t h 

and d u c t i l i t y f o r many c o n v e n t i o n a l ( t e n s i l e ) a p p l i c a t i o n s a t t e m p e r a t u r e s 

above 540°C. 

The e f f e c t o f a g i n g t i m e and t e m p e r a t u r e on t h e t e n s i l e b e h a v i o r o f 

L -605 i s i l l u s t r a t e d i n F i g s . 11 and 12. The i n c r e a s e i n y i e l d and u l t i -

mate t e n s i l e s t r e n g t h o c c u r r i n g d u r i n g t h e i n i t i a l 500 h r o f a g i n g a t 
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F i g . 9 . E f f e c t o f A g i n g Tempera tu re on t h e F r a c t u r e Toughness o f 
L - 6 ' 5 Aged i n A r g o n f o r 448 h r a n d T e s t e d a t 316°C. 

F i g . 10 . F r a c t u r e Jfode o f L - 6 0 5 Aged i n A r g o n a t 650°C f o r 448 h r 
and I m p a c t T e s t e d a t 316°C. E t c h a n t : 100 m l H 2 0 + 40 m l CH3COOH + 40 m l 
HC1 + 15 m l H2SO4 + 40 m l HN03 + 25 g F e C l 3 , e l e c t r o p o l i s h e d . 500x . 
Reduced 15$. 
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F i g . 11 . The E f f e c t o f A g i n g Time and Tempera tu re on t h e T e n s i l e 
P r o p e r t i e s o f L - 6 0 5 Tes ted a t Room Temperature and a t 540°C. 
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870°C i s a t t r i b u t e d t o p r e c i p i t a t i o n o f c a r b i d e s (M2 3C6 and M6C) and Co2W. 

Between ^00 and 4000 h r t h e Laves phase (Co2W) coarsened and t h e q u a n t i t y 

i n c r e a s e d ( o v e r a g i n g ) i n b o t h t h e g r a i n b o u n d a r i e s and m a t r i c e s , r e s u l t i n g 

i n a decrease i n t h e y i e l d and u l t i m a t e t e n s i l e s t r e n g t h s a t b o t h room 

t e m p e r a t u r e and r A0°C. T h i s l o s s o f s t r e n g t h i s a t t r i b u t e d i n p a r t t o t h e 

d e p l e t i o n o f t r . r ^ s t e n f r o m t h e m a t r i x . Con t i nued p r e c i p i t a t i o n and g r o w t h 

o f b o t h tne I,avt-.s phase (Co2W) and c a r b i d e s (M23C f l and M6C) a l s o r e s u l t e d 

i n .-ever*- l o s s of t e n s i l e d u c t i l i t y , as i l l u s t r a t e d i n F i g . 13. 

Tr>/;' n I t imr* t e n s i l e s t r e n g t h decreased d u r i n g t h e i n i t i a l 500 h r 

as a r e s u l t o f a g i n g a t 815 and 760°C ( F i g . 1 1 ) . However, t h e y i e l d 

s t r e n g t h ( 0 . 2 f o f f s e t ) i n c r e a s e d s l i g h t l y w i t h a l o s s o f t e n s i l e d u c t i l i t y 

( F i g . 1 3 ) . Ag ing f o r 1000 h r a t 760 and 815°C r e s u l t e d i n an i n c r e a s e i n 

b o t h y i e l d and u l t i m a t e t e n s i l e s t r e n g t h s and a f u r t h e r l o s s o f d u c t i l i t y . 

The f o l l o w i n g i s o f f e r e d as an e x p l a n a t i o n f o r t h i s b e h a v i o r . 

A g i n g a t 760°C f o r 500 h r p romoted p r e c i p i t a t i o n o f M 7 C 3 , M 2 3 C 6 , 

M6C, a-C03W, p-Co3W, and Co2W ( r e f * 1 5 ) , where t h e u n d e r l i n e d phases a re 

m e t a s t a b l e . I n i t i a l l y t h e a-Co3W phase i s cohe ren t w i t h t h e m a t r i x , b u t 

a f t e r l o n g a g i n g t i m e s i t t r a n s f o r m s t o t h e noncoheren t £-Co3W p h a s e . 1 5 

A g i n g t i m e s l o n g e r t h a n 1000 h r a t 760°C r e s u l t e d i n g r e a t e r u l t i m a t e 

t e n s i l e and y i e l d s t r e n g t h s because a t t h i s low t e m p e r a t u r e t h e a g i n g 

r e a c t i o n s a r e s t i l l i n c o m p l e t e . M i c r o s t r u c t u r e s i l l u s t r a t i n g t h e e f f e c t 

o f a g i n g t i m e a t 760°C a re shown i n F i g . 14. I n c r e a s e d a g i n g t i m e mere l y 

r e s u l t e d i n g r e a t e r p r e c i p i t a t i o n arid e m b r i t t l e m e n t , as e x h i b i t e d b y t h e 

i n t e r g r ^ n u l a r f r a c t u r e s . Ag ing a t 815°C w i l l p r o b a b l y r e s u l t i n t h e same 

b e h a v i o r as e x h i b i t e d a t 760°C b u t a t g r e a t e r r a t e s . 

A t 870°C no t o n l y do t h e a g i n g r e a c t i o n s and hence e m b r i t t l e m e n t 

occu r a t g r e a t e r r a t e s ( t h a n a t 815 and 7 6 0 ° C ) , b u t o n l y M 2 3 C 6 , M6C, 

and Co2W a r e f ound i n t h e m i c r o s t r u c t u r e . 1 5 - 1 7 The m i c r o s t r u c t u r e s o f 

1 5 N . Yukawa and K. S a t o , "The C o r r e l a t i o n Between M i c r o s t r u c t u r e and 
S t r e s s Rup tu re P r o p e r t i e s o f a Co-Cr-Ni -W (HS-25) A l l o y , " T rans . Japan 
I n s t . Me ta l s 9 , (Sapplement ) (1968) . 

1 6 E . E. J e n k i n s , E m b r i t t l e m e n t o f Haynes A l l o y No. 25 D u r i n g B r a z i n g . 
Repor t No. 817-1390, Haynes S t e l l i t e Company, Kokomo, I n d i a n a (May 21 , 1958 ) . 

1 7 S . T. Wlodek , E m b r i t t l e i n e n t o f a Co-Cr-W (L -605) A l l o y , R-61-FPD-538 
(Dec. 1 , 1961) . : 
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F i g . 14. T e n s i l e F r a c t u r e s o f L - 6 0 5 Aged a t 760°C and Tes ted a t 540°C. (aJ S o l u t i o n annea led 
a t 1050°C f o r 1 h r ; (b ) aged a t 50 h r ; ( c ) aged a t 500 h r ; and (d ) aged a t 4000 h r . P o t e n t i o s t a t i c a l l y 
e t c h e d . 1000X. Reduced 12$. 
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L-605 aged f o r 500 h r a t 870 , 815 , and 760°C a re compared i n F i g . 15. 

I t i s q u i t e e v i d e n t t h a t t h e morpho logy o f t h e p r i n c i p a l phase changes 

w i t h t e m p e r a t u r e . 

Specimens aged a t 870°C f o r <4000 h r were h e a t e d t o 1110°C f o r 200 sec 

t o s i m u l a t e r e e n t r y h e a t i n g . R e s u l t s o f subsequent t e n s i l e t e s t s a t 1080°C 

showed no r e c o v e r y o f d u c t i l i t y . The s o l u t i o n i n g r a t e i s t o o s l u g g i s h t o 

promote d u c t i l i t y r e c o v e r y i n 200 sec . 

CONCLUSIONS 

P r o l o n g e d exposure o f L - 6 0 5 i n vacuum, a r g o n , o r a i r a t t e m p e r a t u r e s 

r a n g i n g f r o m 700 t o 900°C w i l l r e s u l t i n seve re a l l o y e m b r i t t l e m e n t . The 

maximum r a t e o f e m b r i t t l e m e n t occu rs a t 870 t o 900°C and a lways w i t h i n 

t h e i n i t i a l 50 t o 100 h r . A t l o w e r t e m p e r a t u r e s t h e e m b r i t t l i n g r a t e i s 

much l e s s , b u t maximum l o s s o f t oughness occu rs w i t h i n t h e i n i t i a l 500 h r . 

The p r i n c i p a l e m b r i t t l i n g r e a c t i o n i s t h e p r e c i p i t a t i o n o f t h e Laves 

p h a s e , C02W. However , a t l o w e r a g i n g t e m p e r a t u r e s o f 650 t o 800°C an 

added inducement t o e m b r i t t l e m e n t may w e l l be t h e p r e c i p i t a t i o n o f c a r b i d e s 

(M 2 3C 6 , M6C, and M 7 C 3 ) , a-Co 3W, and e-Co3W. A t 760°C t h e g r e a t e s t l o s s 

o f toughness o c c u r r e d d u r i n g t h e i n i t i a l 50 h r . The l o s s o f t oughness 

f o r l o n g e r a g i n g t i m e s was o n l y s l i g h t l y l e s s t h a n f o r specimens aged a t 

870°C. T h e r e f o r e , t h e a b i l i t y o f L -605 t o s u s t a i n i m p a c t w i t h o u t f a i l u r e 

subsequent t o an a g i n g exposure a t 750 t o 900°C f o r p e r i o d s g r e a t e r t h a n 

50 h r i s s e v e r e l y r e d u c e d because f r a c t u r e can o c c u r a t low impac t e n e r g i e s . 

The r e s u l t s o f t e n s i l e t e s t s a t room t e m p e r a t u r e and 540°C showed 

t h a t aged L - 6 0 5 s u f f e r e d a s e v e r e l o s s o f t e n s i l e d u c t i l i t y . A l l f r a c t u r e s 

o f aged m a t e r i a l were t o t a l l y i n t e r g r a n u l a r because o f g r a i n b o u n d a r y p r e -

c i p i t a t i o n . A t l o w e r a g i n g t e m p e r a t u r e s , s u f f i c i e n t t e n s i l e d u c t i l i t y was 

r e t a i n e d a t 540°C f o r a p p l i c a t i o n a t and above t h i s t e m p e r a t u r e . However , 

seve re l o s s o f d u c t i l i t y was e x h i b i t e d a t room t e m p e r a t u r e , A b r i e f 

r e h e a t i n g a t 1110°C, as m i g h t be e x p e c t e d on r e e n t r y , d i d n o t r e s t o r e 

d u c t i l i t y . 



F i g . 15. T e n s i l e F r a c t u r e s and M i c r o s t r u c t u r e s o f L -605 Aged f o r 500 h r and Tes ted a t 540°c . 
(a) Aged a t 760°C, (b) aged a t 815°C, and (c ) aged a t 870°C. P o t e n t i o s t a t i c a l l y E tched. 1000X. 
Reduced 5 . 5 $ . 


