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CORROSION E X P E R I E N C E WITH ALUMINUM 
P O W D E R P R O D U C T S 

by 

J . E . D r a l e y , W. E. R u t h e r , 
and S. G r e e n b e r g 

A B S T R A C T 

E x t r u s i o n s of a l u m i n u m a l l oy powder p r o d u c t s w e r e 
o b t a i n e d f r o m s e v e r a l s o u r c e s and e v a l u a t e d for c o r r o s i o n 
r e s i s t a n c e to h i g h - t e m p e r a t u r e (260-350°C) w a t e r . 

S e v e r a l t y p e s of tub ing i m p a c t - e x t r u d e d by ALCOA 
w e r e t e s t e d . The s t r o n g e r tub ing (M655) fa i led v e r y r a p i d l y . 
The w e a k e r tub ing su f fe red e x t e n s i v e l o c a l i z e d s u r f a c e a t ­
t a c k and p e n e t r a t i o n of the c o r r o s i o n a t t a c k a long the e x t r u ­
s ion d i r e c t i o n a f t e r p r o l o n g e d (~3 mo) e x p o s u r e to 290°C 
w a t e r . A p r e c o r r o s i o n h e a t t r e a t m e n t w a s ef fect ive in r e ­
duc ing bo th t y p e s of a t t a c k on the w e a k e r tub ing . 

A r m o u r R e s e a r c h F o u n d a t i o n supp l i ed s e v e r a l t ypes 
of tub ing e x t r u d e d t h r o u g h a b r i d g e d ie . A l l t ubes fa i led on 
p r o l o n g e d (~8 mo) c o r r o s i o n in 290°C w a t e r at the long i tud ina l 
bond l i n e s . T h e s e l i n e s w e r e f o r m e d by the r e jo in ing of the 
m e t a l s t r e a m s p a s s i n g ove r the m a n d r e l s u p p o r t s in the die 
d u r i n g e x t r u s i o n . 

D i r e c t l y e x t r u d e d tub ing supp l i ed by the T o r r a n c e 
B r a s s C o m p a n y a l s o fa i led on e x t e n d e d e x p o s u r e to 290°C 
w a t e r . 

Many e x p e r i m e n t a l r o d e x t r u s i o n s ( f rom A r m o u r R e ­
s e a r c h F o u n d a t i o n and T r e f i m e t a u x ) exh ib i t ed c o r r o s i o n r e ­
s i s t a n c e to s t a t i c 290°C w a t e r e q u i v a l e n t to t ha t of w r o u g h t 
a l l o y s . The T r e f i m e t a u x s p e c i m e n s w e r e a l s o t e s t e d in 
r a p i d l y f lowing w a t e r at 3 15°C. Under t h e s e cond i t ions a 
c o r r o s i o n r a t e s i gn i f i c an t l y f a s t e r t han for the w r o u g h t a l loy 
w a s m e a s u r e d . 

I N T R O D U C T I O N 

The good c o r r o s i o n r e s i s t a n c e of r e c e n t l y deve loped w r o u g h t a l u ­
m i n u m a l l o y s v l ' ^ / Q̂ l o w - v e l o c i t y , h i g h - t e n i p e r a t u r e w a t e r s u g g e s t s a p ­
p l i c a t i o n in bo i l i ng w a t e r r e a c t o r s a s a fue l -c ladd ing m a t e r i a l . Unfo r tuna te ly 
the m e c h a n i c a l p r o p e r t i e s , p a r t i c u l a r l y the low c r e e p s t r e n g t h of t h e s e 
w r o u g h t p r o d u c t s , t e n d s to l i m i t t h e i r u s e f u l n e s s a t t e m p e r a t u r e s of 250 to 



300°C t o t h o s e c a s e s w h e r e the fuel m a t e r i a l c a n p r o v i d e a d d i t i o n a l s t r e n g t h 
or to d e s i g n s which i m p o s e v e r y low s t r e s s l e v e l s on the fuel e l e m e n t s . T h i s 
l i m i t a t i o n could be s u b s t a n t i a l l y r e d u c e d if it w e r e p o s s i b l e to ob ta in s i m u l ­
t a n e o u s l y the c o r r o s i o n r e s i s t a n c e of the s p e c i a l w r o u g h t a l l oys and the 
m e c h a n i c a l s t r e n g t h of s o m e a l u m i n u m p o w d e r p r o d u c t s . 

In i t i a l a t t e m p t s at A N L to s e c u r e t h i s d e s i r a b l e c o m b i n a t i o n of 
p r o p e r t i e s ^ / y i e lded p r o d u c t s wi th wide v a r i a b i l i t y in c o r r o s i o n r e s i s t a n c e 
to h i g h - t e m p e r a t u r e w a t e r . Som e s a m p l e s gave v e r y e n c o u r a g i n g r e s u l t s , 
but o t h e r s m a n u f a c t u r e d in the s a m e fa sh ion w e r e qu i te poo r in c o r r o s i o n 
r e s i s t a n c e . S i m i l a r r e s u l t s w e r e ob ta ined wi th powde r p r o d u c t s f a b r i c a t e d 
by the hot r o l l i n g of l a b o r a t o r y a t o m i z e d powde r in an a l u m i n u m can . S ince 
no e x p e r i m e n t a l c o m p a c t i n g and e x t r u s i o n e q u i p m e n t w a s a v a i l a b l e a t A N L 
at t h a t t i m e , it w a s a r r a n g e d tha t A r m o u r R e s e a r c h F o u n d a t i o n ( A R F ) in ­
v e s t i g a t e the v a r i a b l e s in the p r o d u c t i o n of c o r r o s i o n - r e s i s t a n t a l u m i n u m 
powder p r o d u c t s . At the end of the f i r s t y e a r , ( 4 ) A R F had p r o d u c e d s o m e 
r o d s wi th v e r y p r o m i s i n g c o r r o s i o n r e s i s t a n c e to 350°C w a t e r . 

At about th i s t i m e ( e a r l y I960) , p r e l i m i n a r y d e s i g n s t u d i e s w e r e 
be ing m a d e for r e fue l i ng the E x p e r i m e n t a l Bo i l ing W a t e r R e a c t o r ( E B W R ) . 

The r e f e r e n c e d e s i g n w a s for a f r e e - s t a n d i n g fuel of u r a n i u m oxide p e l l e t s 
c o n t a i n e d in a m e t a l t ube . T h e r e w a s an i n t e r e s t in a l u m i n u m - p o w d e r -
p r o d u c t t u b e s for t h i s a p p l i c a t i o n , s i n c e they would p r o v i d e da ta on a new 
fuel type r a t h e r than m e r e l y r e p e a t i n g the e x p e r i e n c e of o t h e r r e a c t o r s 
wi th Z i r c a l o y o r s t a i n l e s s s t e e l t u b e s . A c c o r d i n g l y , the e m p h a s i s of the 
s e c o n d - y e a r c o n t r a c t wi th A R F w a s d i r e c t e d t o w a r d s the p r o d u c t i o n of 
tubing , s t a r t i n g wi th powde r p r o d u c t i o n . At tha t t i m e t h e r e w a s no r e l i a b l e 
s o u r c e of powde r wi th the low s i l i c o n c o n t e n t r e q u i r e d . 

The A l u m i n u m C o m p a n y of A m e r i c a had a l s o b e e n engaged in a r e ­
s e a r c h p r o g r a m on c o r r o s i o n - r e s i s t a n t powde r p r o d u c t s w ) and had e x p e r i ­
ence in e x t r u d i n g p o w d e r - p r o d u c t tub ing to c l o s e t o l e r a n c e s for the o r g a n i c -
m o d e r a t e d - r e a c t o r p r o g r a m . Two g r o u p s of t u b e s , i m p a c t e x t r u d e d to the 
p r o p o s e d fuel d i m e n s i o n s , w e r e p u r c h a s e d f r o m A L C O A for c o r r o s i o n 
e v a l u a t i o n . 

One a d d i t i o n a l p r o b l e m wi th the p r o p o s e d u s e of p o w d e r - p r o d u c t 
tub ing in the r e a c t o r w a s the end c l o s u r e . O r d i n a r y w e l d i n g of a l u m i n u m 
powde r p r o d u c t s con t a in ing m o r e than a s m a l l a m o u n t of a l u m i n u m oxide 
r e s u l t s in a poo r jo in t and l o s s of the i m p r o v e d m e c h a n i c a l p r o p e r t i e s at 
the we ld a r e a . A t o m i c s I n t e r n a t i o n a l had d e v e l o p e d a e u t e c t i c - p r e s s u r e -
bond technique^"- ' t ha t a p p e a r e d s u i t a b l e for u s e in o r g a n i c - m o d e r a t e d r e ­
a c t o r s , in wh ich the c o r r o s i v e a t t a c k on the a l u m i n u m is v e r y s l igh t . 
A r r a n g e m e n t s w e r e m a d e for t h e m to p r e s s u r e - b o n d s o m e end c a p s in to 
our p o w d e r - p r o d u c t t u b e s for c o r r o s i o n e v a l u a t i o n in h i g h - t e m p e r a t u r e 
w a t e r . 



B e f o r e the a c c e l e r a t e d c o r r o s i o n eva lua t i on p r o g r a m had b e e n c o m ­
p le t ed , the o r i g i n a l i n t e r e s t in p r o v i d i n g a second loading for the EBWR 
had a b a t e d . H o w e v e r , c o r r o s i o n t e s t i n g of p r o m i s i n g e x p e r i m e n t a l e x t r u ­
s i o n s w a s con t inued and a few r e s u l t s h a v e b e e n r e p o r t e d . ^ ' / 

Th i s r e p o r t d o c u m e n t s our c o r r o s i o n e x p e r i e n c e wi th a l u m i n u m 
powde r p r o d u c t s and i n d i c a t e s the p r o b l e m s tha t can be a n t i c i p a t e d in 
s e c u r i n g c o n s i s t e n t l y h i g h - q u a l i t y r e a c t o r c o m p o n e n t s of th i s t ype . 

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

Sta t ic c o r r o s i o n t e s t i n g w a s p e r f o r m e d in con t inuous ly r e f r e s h e d 
a u t o c l a v e s y s t e m s m a d e f r o m s t a i n l e s s s t e e l . The r e f r e s h i n g w a t e r w a s 
s a t u r a t e d wi th oxygen at r o o m t e m p e r a t u r e by f i r s t v a c u u m bo i l ing and then 
s p a r g i n g oxygen t h r o u g h the s t o r a g e c a r b o y s . 

The d y n a m i c t e s t s a l s o u t i l i z e d a con t i nuous ly r e f r e s h e d s y s t e m . 
A h i g h - p r e s s u r e c a n n e d - r o t o r c i r c u l a t i n g p u m p m a i n t a i n e d the flow of 
l iquid p a s t the s a m p l e s . A s m a l l p u m p c o n t i n u o u s l y fed f r e s h w a t e r into 
the loop. As wi th the s t a t i c a u t o c l a v e s , a Grove b a c k - p r e s s u r e r e g u l a t o r 
m a i n t a i n e d the p r e s s u r e a t s e v e r a l h u n d r e d p s i above the v a p o r p r e s s u r e 
of the so lu t ion . The d i s c h a r g e f r o m the r e g u l a t o r wen t to the d r a i n . 

E x c e p t for one d y n a m i c t e s t of tub ing s p e c i m e n s , the a l u m i n u m 
s a m p l e s w e r e e l e c t r i c a l l y i n s u l a t e d f r o m the s t a i n l e s s s t e e l by a r t i f i c i a l 
s a p p h i r e r o d s . 

The a m o u n t of u n r e a c t e d m e t a l r e m a i n i n g in c o r r o d e d s a m p l e s w a s 
d e t e r m i n e d by a d e s t r u c t i v e t e c h n i q u e . A c o r r o d e d s a m p l e w a s we ighed and 
i t s r e m a i n i n g m e t a l d i s s o l v e d in m e t h a n o l - i o d i n e so lu t ion (lO g m I2 p e r 
100 m l CH3OH) a t 50°C. C o l l e c t i n g and we igh ing the u n d i s s o l v e d c o r r o s i o n 
p r o d u c t m a d e it p o s s i b l e to c a l c u l a t e the m e t a l we igh t by d i f f e r ence . The 
c o r r o s i o n oxide w a s s e p a r a t e d f r o m the v e r y fine d i s p e r s e d p h a s e s wi th in 
the p o w d e r p r o d u c t by the u s e of a c o a r s e s i n t e r e d g l a s s f i l t e r and by d e ­
can t ing off m o s t of the l iquid ( con ta in ing the v e r y fine p a r t i c l e s in s u s p e n s i o n ) 
p r i o r to f i l t e r i n g . 

The flow d i a g r a m of F i g u r e 1 i l l u s t r a t e s the s t e p s in the p r o d u c ­
t ion of tub ing by A R F . F o r the p i lo t r u n of tubing d e s c r i b e d in th i s r e p o r t , 
no p a r t i c u l a t e a d d i t i v e w a s u s e d . A l though no d e t a i l s w e r e a v a i l a b l e , it 
w a s a s s u m e d t h a t a s i m i l a r p r o d u c t i o n s c h e m e w a s a l s o u s e d by the o t h e r 
p o w d e r - p r o d u c t s u p p l i e r s . 

B e c a u s e of the v a r i a t i o n in the c h e m i c a l c o m p o s i t i o n of the v a r i o u s 
p r o d u c t s t e s t e d , t hey w i l l be d e s c r i b e d a s r e s u l t s a r e g iven in the nex t 
s e c t i o n . 



LUBRICANT 

MOLTEN 
CORROSION RESISTANT 

ALUMINUM ALLOY 

SPRAY ATOMIZER 

BALL MILL 

LUBRICANT 
REMOVAL 

EXTRUSION 
3 mm OD ROD-TEST 

DRAW SIZING 
' 

- 1 

, 

PARTICULATE ADDITIVE 

^ 
, , ,_ ,...,. 

COLD 
COMPACTION 

HOT 
COMPACTION 

EXTRUSION 
5 cm ROD 

EXTRUSION 
TUBING 

_., ., 
LUBRICANTS 

Figure 1, Flow Diagram for the Production of Powder-product Tubing 

DATA AND R E S U L T S 

Tubing 

A l u m i n u m C o m p a n y of A m e r i c a : In i t i a l ly , two t y p e s of i m p a c t e x ­
t r u d e d tubing m a d e f r o m a s a t o m i z e d (M654) powder and f r o m b a l l - m i l l e d 
powde r (M655) w e r e supp l i ed . The ob jec t of the b a l l m i l l i n g was to i n ­
c r e a s e the m e c h a n i c a l p r o p e r t i e s of the f in i shed p r o d u c t . Subsequen t ly , 
the s a m e v e n d o r a l s o supp l i ed a l i m i t e d a m o u n t of "mod i f i ed" M654 tubing 
wi th i m p r o v e d m e c h a n i c a l p r o p e r t i e s . A l l of the t u b e s w e r e 1.54 m long 
by 1.2 c m OD wi th a 0 . 0 8 9 - c m w a l l t h i c k n e s s . O t h e r p e r t i n e n t da ta a r e 
g iven in Tab le I. 

E v e r y effor t w a s m a d e to ob ta in low s i l i con con ten t . Th i s e l e m e n t 
in t r a c e q u a n t i t i e s s ign i f i can t ly i n c r e a s e s the c o r r o s i o n of w r o u g h t A l - N i -
F e a l l o y s in 350°C water.'•'^•' It i s a diff icult e l e m e n t to e l i m i n a t e s i nce 
m o s t of the r e f r a c t o r y m a t e r i a l s u s e d to con ta in and s p r a y m o l t e n a l u m i ­
n u m c o n t r i b u t e s m a l l a m o u n t s of s i l i c o n to the r e s u l t a n t p o w d e r . 

The M654 tubing w a s s u r p r i s i n g l y w e a k for a p o w d e r p r o d u c t . 
Wrough t t e n s i l e s p e c i m e n s of the s a m e c o m p o s i t i o n have d e m o n s t r a t e d 
40% g r e a t e r u l t i m a t e t e n s i l e s t r e n g t h (UTS) a t 315°C. The M654 tubing 



w a s t h e r e f o r e too w e a k for i t s i n t ended a p p l i c a t i o n in the EBWR. The 
m e c h a n i c a l p r o p e r t i e s of the modi f i ed M654 would have b e e n m a r g i n a l , 
w h e r e a s the M655 tubing had a d e q u a t e s t r e n g t h for th i s app l i ca t ion . 

Table I 

PROPERTIES OF ALCOA POWDER-PRODUCT TUBING 

Type 

M654 

M654 
(Modified) 

M655 

C h e m i c a l Ana lys i s (^ ) 

N i 

0.99 

1.01 

0.97 

F e 

0.57 

0.52 

0.86 

T i 

0.09 

0.09 

0.09 

Si 

0.006 

0.007 

0.007 

M e c h a n i c a l P r o p e r t i e s at 3 15°C 

UTS,(2) 

k g / m m ̂  

2.8 

7.7 

12.7 

Yield, 
k g / m m ^ 

2.0 

6.2 

10.5 

Elongat ion, 
% 

36 

21 

3 

\ ̂ /Percent by weight; remainder Al. 

\2/One kg/mnn^ - 1422 psi. 

Unfo r tuna te ly , the s t r o n g M655 p r o d u c t c o r r o d e d excep t i ona l l y 
r a p i d l y in h i g h - t e m p e r a t u r e w a t e r . As m u c h a s 80% of the tubing w a l l w a s 
d e s t r o y e d wi th in 4 days a t 350°C. The c o r r o s i o n w a s not u n i f o r m f r o m 
spot to spot , and s o m e a r e a s w e r e m u c h m o r e r e s i s t a n t than o t h e r s . S h a r p 
l i n e s of d e m a r c a t i o n out l ined t h e s e d i f fe ren t a r e a s . 

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 of the c o r r o d e d tubing r e v e a l e d no 
exp lana t ion for the e x c e p t i o n a l l y poor c o r r o s i o n r e s i s t a n c e . N u m e r o u s 
l a r g e i n c l u s i o n s wi th h a r d n e s s of R o c k w e l l 65C w e r e noted, but they did 
not a p p e a r to p lay a r o l e in the u n i f o r m but r a p i d a t t ack . The add i t i ona l 
i r o n con ten t of the M655 ( s ee Tab le l) p r o d u c t s u g g e s t s tha t t h e s e i n c l u ­
s ions w e r e an i r o n - a l u m i n u m compound . It is p r e s u m e d tha t i r o n w a s 
p icked up d u r i n g b a l l m i l l i n g and c o n v e r t e d to the compound du r ing hea t ing 
and e x t r u s i o n . 

M654 s p e c i m e n s i n i t i a l l y showed c o r r o s i o n b e h a v i o r equ iva len t to 
t h a t of the w r o u g h t a l loy of the s a m e c o m p o s i t i o n (A288). T h e r e w e r e 
s m a l l m o u n d s o r b l i s t e r s in the d a r k coa t ing , but the c o r r o s i o n r a t e s w e r e 
qu i t e s a t i s f a c t o r y up to about 120 days ( see F i g u r e Z) of e x p o s u r e at 290°C. 
I n c r e a s e d c o r r o s i o n of the cut ends of the tubing w a s noted a t th i s t i m e . 
C o r r o s i o n p e n e t r a t i o n and swel l ing of the s a m p l e edge p e r p e n d i c u l a r to 
the e x t r u s i o n d i r e c t i o n h a s p r e v i o u s l y b e e n no ted wi th powder p r o d u c t s . 
S p e c i m e n s t e s t e d a t 360°C suf fe red l e s s g e n e r a l a t t a c k ( see F i g u r e 2) and 
no swel l ing of the cut e n d s . A t e s t t e m p e r a t u r e of 290°C a p p e a r s to be the 
m o s t s e v e r e for powder p r o d u c t s p r o d u c e d f r o m l o w - s i l i c o n a l loy p o w d e r s 
T h i s is not s u r p r i s i n g , s i nce th i s is a l s o the t e m p e r a t u r e of m a x i m u m 
c o r r o s i o n for the -wrought a l loy . 



106-6587 

Figure 2, Corrosion of Aluminum 

S p e c i m e n s of M 6 5 4 w e r e a l s o e x p o s e d f o r 29 d a y s a t 315°C t o w a t e r 
f l o w i n g a t 2 .3 m / s e c . N o e v i d e n c e of c o r r o s i o n s w e l l i n g o r of a c c e l e r a t e d 
a t t a c k w a s n o t e d i n t h i s r e l a t i v e l y s h o r t e x p o s u r e . 

T h e c o r r o s i o n r e s i s t a n c e of t h e m o d i f i e d M 6 5 4 t u b i n g w a s i n f e r i o r 
t o t h a t of M 6 5 4 w h e n t e s t e d a t t e m p e r a t u r e s of 3 5 0 ° C a n d 2 6 0 ° C . F i g u r e 3 
i l l u s t r a t e s t h e a c c e l e r a t e d c o r r o s i o n of t h e c u t e n d s of t h e t u b i n g a t 2 6 0 ° C 
a n d t h e b e t t e r c o r r o s i o n r e s i s t a n c e o b t a i n e d a t 3 5 0 ° C . 

32737 
260°C - 124 Days 350°C - 76 Days 

Type M654 "Modified" 

Figure 3. Appearance of Corroded ALCOA Tube Specimens 
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It w a s a s s u m e d t h a t t h e c o r r o s i o n p e n e t r a t i o n a t t h e e n d s w a s a l o n g 
u n b o n d e d l o n g i t u d i n a l a r e a s r e s u l t i n g f r o m o x i d e s t r i n g e r s , h y d r o g e n -
f i l l e d v o i d s , a n d e x t r u s i o n n o n b o n d s . T o a m e l i o r a t e t h i s c o n d i t i o n , a f ew 
s p e c i m e n s of t h e m o d i f i e d M 6 5 4 w e r e v a c u u m h e a t t r e a t e d f o r 2 h r a t 
5 5 0 ° C b e f o r e c o r r o s i o n t e s t i n g a t 2 6 0 ° C , a n d c o m p a r e d w i t h " a s r e c e i v e d " 
c o n t r o l s in t h e s a m e a u t o c l a v e . T h a t t h i s p r o v i d e d a b e n e f i c i a l e f f e c t i s 
e v i d e n t in F i g u r e 4 . A t t h e e n d of 60 d a y s a t 2 6 0 ° C , t h e h e a t - t r e a t e d 
s p e c i m e n s h o w e d o n l y a v e r y s l i g h t t e n d e n c y fo r s w e l l i n g on o n e e n d , w h i l e 
t h e e n d " b e l l i n g " i s q u i t e a p p a r e n t o n t h e " a s r e c e i v e d " c o n t r o l . A l a r g e 
f r a c t i o n of t h e s u r f a c e b l i s t e r i n g w a s a l s o e l i m i n a t e d b y t h i s t r e a t m e n t . 

As Received 

33474 Heat Treated 2X 

2 Hour - 550"C 

M654 "Modified" - 60 Days - 260°C 

Figure 4. Beneficial Effect of Pre-corrosion Heat Treatment 

A r m o u r R e s e a r c h F o u n d a t i o n : In t h i s i n v e s t i g a t i o n a b r i d g e d d i e 
w a s e m p l o y e d in t h e d e v e l o p m e n t of a m e t h o d f o r p r o d u c t i o n of p o w d e r -
p r o d u c t t u b i n g . T h i s m e t h o d h a d t h e a d v a n t a g e s of l o w e r c o s t a n d b e t t e r 
d i m e n s i o n a l c o n t r o l t h a n m a n d r e l e x t r u s i o n , b u t i t w a s d i f f i c u l t t o i n s u r e 
b o n d i n g of t h e m e t a l l i c s t r e a m s a f t e r t h e y h a d f l o w e d o v e r t h e m a n d r e l 
s u p p o r t . H i g h e r t h a n n o r m a l e x t r u s i o n t e n n p e r a t u r e s a n d c a r e f u l c o n t r o l 
of t h e e x t r u s i o n r a t e w e r e u s e d a t A R F i n t h e e f f o r t t o a c h i e v e t h i s 
o b j e c t i v e . 
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Tubing w a s p r e p a r e d a t A R F f r o m powde r t ha t had b e e n a t o m i z e d 
and b a l l m i l l e d t h e r e , so tha t c o n t r o l of e a c h p r o d u c t i o n s t e p was m a i n ­

t a i n e d . The r e m o v a l of the m i l l i n g 
l u b r i c a n t w a s not s a t i s f a c t o r y , a s 

' , . .« e v i d e n c e d by the d a r k e n i n g of s o m e of 
' . * the m i l l e d powde r in the oven d ry ing 

fol lowing the l u b r i c a n t e x t r a c t i o n s t e p 
i ! in the p r o c e d u r e . 

*̂ # 

St 3 

«* ' 

I , 

34841 64X 
Modified Kellers Etch 

T u b i n g f o r c o r r o s i o n t e s t i n g in 
w a t e r a t 2 9 0 ° C w a s p r e p a r e d f r o m f o u r 
t y p e s of p o w d e r . M e t a l l o g r a p h i c e x ­
a m i n a t i o n of t h e a s - r e c e i v e d t u b i n g 
i n d i c a t e d w i d e s p r e a d p o r o s i t y a n d 
n u m e r o u s c h u n k y i n c l u s i o n s . M e t a l 
f low l i n e s w e r e v i s i b l e i n t h e m a t e r i a l 
f r o m 7 2 - h r a n d 4 8 - h r b a l l - m i l l e d 
p o w d e r in t h e a s - p o l i s h e d c o n d i t i o n 
a n d b e c a m e v e r y p r o n o u n c e d on e t c h ­
i n g ( s e e F i g u r e 5) T h e a s - a t o m i z e d 
t u b i n g m o s t l y s h o w e d p o r o s i t y a n d 
e v i d e n c e of s h o r t - r a n g e l o n g i t u d i n a l 
s t r i n g e r i n g . 

H o t 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 
w i t h t h e r e s u l t s s h o w n in T a b l e II . 

Figure 5. Section of ARF Tubing Showing Metal 
Flow at Bond Line (Powder Milled 72 hr) R e l a t i v e l y s h o r t c r e e p t e s t s 

h a v e b e e n p e r f o r m e d on t h r e e p o w d e r 
t u b e s a t 2 9 0 ° C a n d 2 . 8 k g / m m ^ . T h e s e c o n d i t i o n s of t e m p e r a t u r e a n d s t r e s s 
w e r e c h o s e n a s r e p r e s e n t a t i v e f o r a t u b e in a n E B W R - t y p e r e a c t o r . T h e 
c r e e p c u r v e s a p p e a r r o u g h l y l i n e a r w h e n t h e s t r a i n i s p l o t t e d a g a i n s t l o g 

T a b l e II 

M E C H A N I C A L P R O P E R T I E S O F A R F T U B I N G A T 3 1 5 ° C 

As A t o m i z e d (A288 Alloy) 
1 w/o N i - 0 . 5 w/o F e - 0 . 1 w/o Ti 

B a l l Mi l l ed 48 h r 
(A288) 

B a l l Mi l l ed 72 h r 
(A288) 

As A t o m i z e d (A341 Alloy) 
1 w/o N i - 0 . 5 w/o F e - 0 . 3 w/o C r - 0 . 2 w/o Z r - 0 . 1 w/o Ti 

5.3 k g / m m ^ 
5.3 

6.5 
6.8 

8.1 
8.6 

6.5 

6.7 



t i m e ( see F i g u r e 6). E x t r a p o l a t i n g the p lo t s to 1% c r e e p gave t i m e s of 
1 day for a s - a t o m i z e d A288 tubing, 30 days for a s - a t o m i z e d A341 tubing, 
and about 10,000 days for a tube m a n u f a c t u r e d f rom powder tha t was b a l l 
m i l l e d 48 h r . The t i m e of the c r e e p t e s t (~2 w e e k s ) was too s h o r t to have 
any conf idence in the l a s t v a l u e , but the n u m b e r s s e r v e to i l l u s t r a t e the 
i m p r o v e m e n t . A p i e c e of w r o u g h t a l l o y (A288 type) was o b s e r v e d to c r e e p 
5% in l e s s t h a n one h o u r u n d e r t h e s e c o n d i t i o n s . 

1.2 

1.0 

AS ATOMIZED A288 

\ 
AS ATOMIZED A34I 

(1% Ni 0 5»/o Fe 0 1% Ti) ^ o ^ (A288 - 0.3% Cr 0.2% Zr) 

BALL MILLED 48 HOURS 

I 
I t-

o o 

10 ' 
TIME, minutes 

10' 

106-6922 

Figure 6. Creep of Aluminum Powder-product Tubing at 2.8 kg/mm^and 290°C 

S p e c i m e n s w e r e exposed to 290°C w a t e r in the a s - r e c e i v e d , e tched , 
and the e t ched and v a c u u m - h e a t - t r e a t e d (2 h r a t 550°C) cond i t i ons . 

The f i r s t m a t e r i a l to fai l in the 290°C c o r r o s i o n t e s t w a s the s t r o n g 
p r o d u c t ( 7 2 - h r b a l l - m i l l e d p o w d e r ) . E x t e n s i v e c o r r o s i o n swel l ing was 
no ted a f t e r one mon th ; by two m o n t h s , long i tud ina l s t r e a k s of c o m p l e t e l y 
ox id ized m e t a l w e r e no t ed on m o s t s p e c i m e n s . No s ign i f ican t effect of the 
d i f fe ren t s a m p l e p r e p a r a t i o n s w a s no ted for th i s m a t e r i a l . 

The a p p e a r a n c e of the a s - a t o m i z e d A288 and the 4 8 - h r b a l l - m i l l 
p r o d u c t ( A 2 8 8 ) a t o n e - m o n t h e x p o s u r e w a s qu i te good. Only a few s m a l l 
b l i s t e r s a n d / o r m o u n d s w e r e noted in the d a r k c o r r o s i o n p r o d u c t . The 
a s - a t o m i z e d a l l oy 341 s a m p l e s w e r e m u c h m o r e s u s c e p t i b l e to s u r f a c e c o r 
r o s i o n and r o u g h e n i n g , and looked qu i t e poor even as e a r l y a s one month . 
V e r y l i t t l e change in any of the s p e c i m e n s w a s noted for the nex t 2 m o . 

By the t i m e a 4 - m o e x p o s u r e had been a c c u m u l a t e d , a c c e l e r a t e d 
a t t a c k w a s ev iden t on a l l t y p e s of s p e c i m e n s . Many of the a s - a t o m i z e d 
s p e c i m e n s of both a l l o y s had su f fe red edge a t t a c k whi le the 4 8 - h r b a l l -
m i l l e d s a m p l e s w e r e c o r r o d e d s e v e r e l y in l ong i tud ina l s t r e a k s . Those 
s a m p l e s e x p e r i e n c i n g s e v e r e a c c e l e r a t e d a t t a c k w e r e r e m o v e d f rom the 



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

T h e s u r v i v i n g s p e c i m e n s w e r e e x a m i n e d p e r i o d i c a l l y fo r e x p o s u r e 
t i m e s u p t o a b o u t 10 m o . T h e r e w e r e g r e a t d i f f e r e n c e s in t h e c o r r o s i o n 
b e h a v i o r of t u b i n g of t h e s a m e n o m i n a l p r e p a r a t i o n t e c h n i q u e . F o r e x ­
a m p l e , o n l y t w o of t h i r t y a s s o r t e d i n i t i a l s a m p l e s of t h e a s - a t o m i z e d t u b i n g 
a p p e a r e d i n g o o d c o n d i t i o n a f t e r 1 0 - m o e x p o s u r e . O n l y t h r e e of f i f t e e n i n ­
i t i a l s a m p l e s f r o m o n e l e n g t h of t h e 4 8 - h r b a l l - m i l l e d p o w d e r e x t r u s i o n s 
a p p e a r e d t o b e i n f a i r c o n d i t i o n . N o s a m p l e s s u r v i v e d i n g o o d c o n d i t i o n 
f r o m e i t h e r t h e A 3 4 1 ( s t r o n g e r ) a s - a t o m i z e d t u b i n g o r t h e 7 2 - h r b a l l -
m i l l e d A 2 8 8 t u b i n g . 

S o m e s a m p l e s h a d s t i l l a p p e a r e d t o b e f r e e f r o m a c c e l e r a t e d c o r r o ­
s i o n a t t a c k , b u t s e c t i o n i n g of s o m e of t h e s e " g o o d " s p e c i m e n s s h o w e d i n ­
t e r n a l d e f e c t s i n e a c h . F o r e x a m p l e , m o s t of t h e c r o s s s e c t i o n of t h e 
4 8 - h r b a l l - m i l l e d s a m p l e w a s u n i f o r m l y c o r r o d e d , a s in F i g u r e 7, b u t a t 
s e v e r a l s p o t s c o r r o s i o n p e n e t r a t i o n of t h e e n t i r e t h i c k n e s s w a s n o t e d , a s 
in F i g u r e 8. B y m e a n s of t h e m e t a l f low l i n e s t h e s e s p o t s w e r e i d e n t i f i e d 
o n e t c h i n g a s t h e b o n d a r e a b e t w e e n t h e j o i n e d m e t a l s t r e a m s e m e r g i n g 
f r o m t h e b r i d g e d i e . A l l of t h e t u b i n g t y p e s m a d e b y A R F e x h i b i t e d t h e s e 
f l a w s , a l t h o u g h t y p i c a l l y o n l y o n e o r t w o of t h e b o n d a r e a s w o u l d b e a t ­
t a c k e d o u t of f o u r p o s s i b l e z o n e s . 

Metal 

Oxide 

Bakelite 

34839 64X 
As Polished 

Figure 7. General Corrosion of 48-hr Ball-milled Powder-pro duct 
Tube after 8 Mo in Water at 290°C 

W i t h t h i s i n m i n d , t h e f ew 1 0 - m o s u r v i v o r s w e r e g e n t l y c o m p r e s s e d 
l a t e r a l l y w i t h p l i e r s . A s e x p e c t e d , a l l c r a c k e d i n a b r i t t l e f a s h i o n in a t 
l e a s t o n e l o n g i t u d i n a l a r e a w h e r e t h e m e t a l h a d b e e n c o m p l e t e l y p e n e t r a t e d . 
T h e a t t a c k w a s q u i t e i n s i d i o u s , s i n c e t h e r e w a s p r a c t i c a l l y n o e x t e r n a l 
e v i d e n c e of t h e s e v e r e o x i d a t i o n . 
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34842 64X 
As Polished 

Figure 8. Localized Corrosion of 48-hr Ball-milled Powder-
product Tube after 8 Mo in Water at 290°C 

H y d r o g e n a n a l y s e s w e r e p e r f o r m e d on s o m e of the u n c o r r o d e d 
t u b e s . H y d r o g e n con t en t s w e r e of i n t e r e s t both a s a r o u g h m e a s u r e of 
p o r o s i t y and b e c a u s e the v a c u u m h e a t t r e a t m e n t (which r e m o v e s m u c h of 
the a s - p r o d u c e d hyd rogen ) had such a b e n e f i c i a l effect on the c o r r o s i o n 
r e s i s t a n c e of the a s - a t o m i z e d A288 p o w d e r p r o d u c t . In i t ia l ly , two tubes 
wi th good c o r r o s i o n r e s i s t a n c e and two tubes with poor r e s i s t a n c e w e r e 
a n a l y z e d ( see T a b l e III A ) . T h e r e a p p e a r e d to be a c o r r e l a t i o n of poor 

Table III 

HYDROGEN CONTENT OF POWDER-PRODUCT TUBEb 

Type 

A 

B 

C 

D 

As Atomized 
A288 Alloy 

Bal led Mil led for 
48 hr - A288 

Bal led Mil led for 
72 hr - A288 

As A tomized 
A341 Alloy 

C o r r o s i o n 
R e s i s t a n c e 

Good 

Poor 

Good 

Poor 

V e r y Poor 

Poor 

Hydrogen , 
ppm 

4.5 1 
4 . 5 

11 .8 
12.2 

11.9 
2 0 . 9 

18.4 
2 5 . 6 

2 5 . 7 
27 .0 

2.4 
3.5 



r e s i s t a n c e wi th i n c r e a s i n g h y d r o g e n con t en t for the a s - a t o m i z e d tub ing . 
H o w e v e r , the c o r r e l a t i o n b r o k e down when the o t h e r tub ing t y p e s w e r e 
a n a l y z e d , p a r t i c u l a r l y the a s - a t o m i z e d 34 1-al loy tub ing . 

A t e s t w a s a l s o p e r f o r m e d in w h i c h a s - a t o m i z e d s a m p l e s w e r e 
hea t t r e a t e d in a muffle ( a i r ) f u r n a c e a t 550°C for 2 h r and s u b s e q u e n t l y 
e x p o s e d to 290°C w a t e r . T h e s e s p e c i m e n s a l s o showed i n c r e a s e d c o r r o ­
s ion r e s i s t a n c e o v e r the a s - r e c e i v e d c o n t r o l s . S ince t h e s e s a m p l e s and 
the v a c u u m t r e a t e d s p e c i m e n s w e r e not c o m p a r e d for the s a m e p e r i o d in 
the s a m e a u t o c l a v e , it i s diff icult q u a n t i t a t i v e l y to c o m p a r e the i m p r o v e ­
m e n t a f fo rded by the two t y p e s of h e a t t r e a t m e n t . Q u a l i t a t i v e l y , the v a c u u m 
hea t t r e a t m e n t a p p e a r e d to i n c r e a s e the c o r r o s i o n r e s i s t a n c e m o r e than 
t r e a t m e n t in a i r . 

A few s a m p l e s of the a s - a t o m i z e d and the 4 8 - h r b a l l - m i l l e d t u b e s 
w e r e t e s t e d for 355 days in a s m a l l a u t o c l a v e in a 350°C oven. No q u a n ­
t i t a t i v e m e a s u r e of c o r r o s i o n w a s e m p l o y e d excep t to p o l i s h c r o s s s e c t i o n s 
of the c o r r o d e d s a m p l e s and c o m p a r e t h e m v i s u a l l y wi th u n c o r r o d e d tub ing . 
T h e r e w a s l i t t l e l o s s of w a l l t h i c k n e s s and no "end b e l l i n g . " Some of the 
bond l i n e s had su f fe red a t t a c k , and the tube s a m p l e s fa i l ed a long t h e s e l i n e s 
when c o m p r e s s e d wi th a p l i e r s . T h e r e w a s m o r e d u c t i l i t y to t h e s e f a i l u r e s 
than t h o s e wi th the 290°C t e s t s p e c i m e n s . 

T o r r a n c e B r a s s C o m p a n y : Som e a d d i t i o n a l A288 a s - a t o m i z e d , 
finned tubing w a s d i r e c t l y e x t r u d e d o v e r a m a n d r e l f r o m b i l l e t s supp l i ed 
by A R F . Th i s m a t e r i a l w a s of abou t the s a m e c o r r o s i o n r e s i s t a n c e a s the 
a s - a t o m i z e d A288 tub ing e x t r u d e d t h r o u g h the b r i d g e die by A R F and 
showed the s a m e i m p r o v e m e n t wi th v a c u u m hea t t r e a t m e n t . T h i s s u g g e s t s 
tha t a s ign i f i can t p o r t i o n of the c o r r o s i o n r e s i s t a n c e of the f inal p r o d u c t 
i s d e t e r m i n e d in the s t e p s p r i o r to f inal e x t r u s i o n . F i g u r e 9A i l l u s t r a t e s 
the a p p e a r a n c e of a v a c u u m h e a t - t r e a t e d s p e c i m e n a f t e r 515 days in w a t e r 
at 290°C. F i g u r e s 9B and C show the b r i t t l e f r a c t u r e of a s i m i l a r tube 
when c o m p r e s s e d l a t e r a l l y wi th o r d i n a r y p l i e r s . E s s e n t i a l l y a l l of the 
m e t a l had b e e n c o n v e r t e d to ox ide . 

Tubing End C l o s u r e s 

S e v e r a l m e t h o d s of c l o s i n g the tube ends w e r e judged f e a s i b l e . The 
fol lowing m e t h o d s w e r e b a s e d on the e x p e r i e n c e of o t h e r s in deve lop ing 
p o w d e r - p r o d u c t t u b e s for o r g a n i c - m o d e r a t e d r e a c t o r s and a l s o on fue l -
f a b r i c a t i o n d e v e l o p m e n t s at A r g o n n e : 

1) e u t e c t i c (Ag or Cu) p r e s s u r e bonding;^ ' 

2) f l a sh we ld ing ; (^ ) 

3) e l e m e n t a l s i l i c o n bond ing , v^/ 



A B C 

36966 2X 
As Corroded Crushed 

Figure 9. Appearance of Tubing, Extruded by Torrance Brass, 
after 515 Days in 290°C Water 

Of the t h r e e m e t h o d s , the e u t e c t i c p r e s s u r e bond had b e e n deve loped 
by A t o m i c s I n t e r n a t i o n a l ( A I ) s p e c i f i c a l l y for tubing end c l o s u r e s and thus 
s e e m e d the m o s t l ike ly p r o s p e c t for the EBWR p r o g r a m . F o r th i s r e a s o n , 
t ubes and c a p s suppl ied by A N L w e r e jo ined at AI. After a few r e l a t i v e l y 
s h o r t c o r r o s i o n t e s t s it a p p e a r e d tha t the s i l v e r eu tec t i c p r o v i d e d b e t t e r 
bonding and c o r r o s i o n r e s i s t a n c e than the c o p p e r e u t e c t i c . A c c o r d i n g l y , 
a n u m b e r of ALCOA M654 powder t u b e s (20 c m long) w e r e s e a l e d by the 
s i l v e r e u t e c t i c p r o c e s s with so l id end p lugs m a d e f r o m wrough t a l loy of 
the s a m e c o m p o s i t i o n . 

A s h o r t (7 days ) c o r r o s i o n t e s t of s e v e r a l of t h e s e s e a l e d tubes in 
290°C w a t e r qu ick ly showed tha t t h i s bond, a l though in i t i a l ly h e l i u m l eak 
f r ee , had an u n s a t i s f a c t o r y r e s i s t a n c e to c o r r o s i o n p e n e t r a t i o n (see F i g ­
u r e lO). The b u l g e s in the c i r c u m f e r e n c e of the s a m p l e shown in F i g ­
u r e 10 w e r e l a r g e r hol low b l i s t e r s b e f o r e the s a m p l e was sub jec ted to 
B a k e l i t e moun t ing p r e s s u r e s . Al though not shown in th i s f igu re , s o m e 
jo in t a r e a s did exhib i t good c o r r o s i o n r e s i s t a n c e . M e t a l l o g r a p h i c e x a m i ­
na t ion i nd i ca t ed tha t t h e s e spo t s had a r e l a t i v e l y b e t t e r bond b e t w e e n the 
tube and plug than the o t h e r a r e a s wi th p o o r e r c o r r o s i o n r e s i s t a n c e (see 
F i g u r e s 11 and 12). 

S e v e r a l m o d i f i c a t i o n s of the bonding t echn ique w e r e t r i e d by AI, 
bu t h i g h - t e m p e r a t u r e w a t e r s e l e c t i v e l y c o r r o d e d the bond l ine in s o m e 
a r e a s on a l l s p e c i m e n s . 
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31701 As Polished 

Exposed 7 Days to 290°C Water 

Figure 10. Section through a Failed End Closure 
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290°C - 7 Days 

Figure 11. Bond Area of Failed Closure 
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31706 Etched 80X 

290°C - 7 Days 

Figure 12. Bond Area of "Good" Closure 

F . M c C u a i g of t h e A N L C o a t i n g s a n d J a c k e t i n g G r o u p t h e n u s e d a 
" m o t o r a r c " e l e c t r i c w e l d e r t o f u s i o n w e l d t h e e n t i r e e n d of s o m e of t h e 
t u b e s b o n d e d b y A l . T h e a d d i t i o n a l w e l d i n g p r o c e s s g r e a t l y i n c r e a s e d t h e 
r e s i s t a n c e t o c o r r o s i o n p e n e t r a t i o n . F o r e x a m p l e , f ive t u b e s t r e a t e d in 
t h i s f a s h i o n w e r e t e s t e d fo r a t o t a l of 292 d a y s in 290°C w a t e r a n d s h o w e d 
n o n e of t h e u s u a l v i s u a l i n d i c a t i o n s of b o n d f a i l u r e ( s e e F i g u r e 13). T r a n s ­
v e r s e s e c t i o n s of s e v e r a l b o n d e d t u b e e n d s a l s o i n d i c a t e d n o c o r r o s i o n 
p e n e t r a t i o n S o m e of t h e h e a v y c o r r o s i o n p r o d u c t f l a k e d off t h e o u t s i d e of 
t h e t u b e e n d s a f t e r l o n g e x p o s u r e , b u t t h e s e r e l a t i v e l y b a r e s p o t s w e r e n o t 
a t t a c k e d on s u b s e q u e n t e x p o s u r e . 

'Ft'l 11 pM li(i|'['|i|iO|'n|'|!| |ijiFpiili|i|ippiiP|i|i|i|iHpj2pi'r|i|*l 

l i lmyHy&t i i iMI 'ii II '' iiiiiili!iiiiliililii*i hiiluliikiuiZ 

jipii 

•H SI H I I ^1 1*1 

37069 1/2X 

Figure 13. Appearance of Sealed Tubes after 292 Days in 290°C Water 



The t u b e s t h e m s e l v e s had c o l l a p s e d s i n c e M654 tub ing did not have 
suff ic ient c r e e p s t r e n g t h to w i t h s t a n d the v a p o r p r e s s u r e of the w a t e r a t 
290°C. The i n t e r n a l s u r f a c e s of the t u b e s w e r e s t i l l b r i g h t , s u b s t a n t i a t i n g 
the o b s e r v a t i o n tha t p e n e t r a t i o n of the bonds had not o c c u r r e d . 

E x p e r i n n e n t a l Rod E x t r u s i o n s 

A r m o u r R e s e a r c h Founda t i on : D u r i n g the c o u r s e of the A R F con ­
t r a c t m a n y s m a l l ( 0 . 3 2 - c m - O D ) r o d s w e r e e x t r u d e d for eva l ua t i on of 
m e c h a n i c a l p r o p e r t i e s . A s m a l l e r n u m b e r of the p r o m i s i n g e x t r u s i o n s 
w e r e a l s o c o r r o s i o n t e s t e d in 290°C w a t e r for ex t ended p e r i o d s . The p e r ­
t inen t f a b r i c a t i o n and m e c h a n i c a l p r o p e r t i e s da ta a s r e p o r t e d by A R F a r e 
shown in T a b l e IV wi th a g e n e r a l i z e d c o r r o s i o n e v a l u a t i o n added in the 
l a s t c o l u m n . A g r a p h i c a l r e p r e s e n t a t i o n of the a c t u a l c o r r o s i o n da t a i s 
g iven in F i g u r e 14. The s p r e a d in v a l u e s of m e t a l l o s s of the v a r i o u s e x ­
t r u s i o n s i n c r e a s e d a s the t e s t p r o g r e s s e d . E v e n for the b e t t e r e x t r u s i o n s 
the c o r r o s i o n r a t e a p p e a r e d to i n c r e a s e s l igh t ly wi th p r o l o n g e d e x p o s u r e . 

Table 12 

PROPERTIES OF ARF EXPERIMENTAL ROD EXTRUSIONS 

Alloy 

1(1) 

1 
1 

2(2) 

2 
2 

2 
2 
2 

2 
2 

2 
2 

2 

Sample 
Number 

2K4 
2U1 
2V1 

2F1 
201 
2P1 

2G1 
2H1 
211 

2S1 
2T1 

2QI 
2R1 

2E1 

Dispersant 

None 
None 
None 

4 w/o AI203 
5 w/o AI2O3 
6 w/o AI2O3 

6 w/o ZrC 
8 w/o ZrC 
10 w/o ZrC 

3W/0AIPO4 
5 w/o AIPO4 

3 w/o S102 
4 w/o SIO2 

5 w/o SiC 

Powder 
Mill Time, 

hr 

72 
72 
72 

340 
340 
340 

340 
340 
340 

340 
340 

340 
340 

340 

Extrusion 

Temp, 
°C 

510 
522 
448 

510 
510 
510 

595/455 
510 
510 

510 
510 

510 
510 

510 

Ratio 
N:l 

50 
90 
50 

50 
50 
50 

50 
50 
50 

50 
50 

50 
50 

50 

UTS, kg/mm^ 

27°C 

21.1 
19.0 
22.0 

24.3 
22.6 
22.6 

25.1 
25.5 
21.8 

21.0 
24.5 

23.5 
23.8 

25.1 

350°C 

9.4 

9.6 

11.0 
11.1 
9.2 

11.7 
9.9 

-
9.0 
9.8 

-

YS, kg/mm2 

27°C 

16.7 
14.0 
17.7 

18.1 
18.4 
15.1 

18.0 
18.0 
17.6 

15.9 
16.2 

15.0 
17.0 

17.6 

350°C 

8.3 

9.1 

10.5 
9.6 
7.8 

10.9 
9.5 

-

8.7 
9.5 

-

% Elongation 

27°C 

16 
25 
25 

12 

15.6 

3.1 
5.5 
6.3 

9.4 
3.0 

25 
15.6 

-

350°C 

8.4 

9 

4.3 
4.2 
4 

8 
4.2 

-

8 
8 

-

Corrosion'3' 

G 
G 

F(178) 

F(29) 
F{29) 
F(179) 

G 
G 

F(87) 

G 
G 

G 
G 

G 

' "Al loy 1 - (A288) 1% Ni, 0.5% Fe, 0.1% Ti, 0.005% Si, 

l2 )Al loy2- l%Ni, 0.1% Ti. 

' ^ ' G means sample survived 270 days in 290°C water in good condition. F means corrosion failure at the indicated 
number of days in parentheses. 

T h o s e p r o d u c t s wi th added AI2O3 (Linde B p o w d e r ) w e r e m o s t s u s ­
cep t ib l e to f a i l u r e . Sec t ions t h r o u g h s a m p l e s of the 2F1 e x t r u s i o n showed 
tha t the AI2O3 powder had "ba l l ed u p " in d i s c r e t e p o c k e t s . O the r p a r t i c u l a t e 
a d d i t i v e s of Z r C , AIPO4, SiC, o r Si02 a p p a r e n t l y i m p r o v e d the c o r r o s i o n 
r e s i s t a n c e to 290°C w a t e r when p r e s e n t in the r a n g e f rom 3 to 8%. 

H y d r o g e n Analyses w e r e p e r f o r m e d on u n c o r r o d e d r o d s . Dur ing 
th i s o p e r a t i o n it was no ted t h a t s e v e r a l of the powde r p r o d u c t s w e r e a t ­
t r a c t e d to a power fu l p e r m a n e n t m a g n e t . A n a l y s e s of the powder p r o d u c t s 
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showed a s u b s t a n t i a l l y g r e a t e r amotint of i r o n was p r e s e n t in the p r o d u c t 
than in the o r i g i n a l a l loy . T h e s e r e s u l t s a r e shown in Tab le V. 
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Figure 14. Corrosion of Experimental Rod Extrustions (ARF) 
in 290°C Water 

T a b l e V 

IRON AND HYDROGEN CONTENTS OF 
SELECTED ARF EXTRUSIONS 

S a m p l e 

2H1 
2T1 
2S1 
2E1 
2R1 
2K4 
2U1 
2V1 

w / o I ron 

N o m i n a l 

0 
0 
0 
0 
0 

0.5 
0.5 
0.5 

Ana lyzed 

2.9 
0.2 
0.2 
3.2 
2.3 
0.5 
0.5 
0.5 

Hydrogen , 
ppm 

244 
246 

88 

91 
67 

216 

D i s p e r s a n t 

Z r C 
AIPO4 
AIPO4 

SiC 
SiO 

None 
None 
None 

A r r a n g e d in o r d e r of i n c r e a s i n g to t a l c o r r o s i o n at 270 days 
r e a d i n g down the c o l u m n . (2V1 fai led at 178 days . ) 

A p p a r e n t l y the a b r a s i v e d i s p e r s a n t s r e m o v e d m e t a l f rom the s t a i n ­
l e s s s t e e l m i l l and b a l l s . The s e v e r e l y w o r k e d s t a i n l e s s s t e e l powder would 
be e x p e c t e d to be m a g n e t i c . T h e r e a p p e a r e d to be no c o r r e l a t i o n be tween 
h y d r o g e n con ten t or i r o n p ickup and c o r r o s i o n r e s i s t a n c e . 



A l u m i n u m C o m p a n y of A m e r i c a : A s m a l l q u a n t i t y of an e x p e r i ­
m e n t a l A L C O A powder p r o d u c t con t a in ing 1.4% Ni and 1.4% F e in r e l a t i v e l y 
p u r e a l u m i n u m w a s t e s t e d in 3 15°C w a t e r flowing a t 5.5 m / s e c for 147 d a y s . 

O b s e r v a t i o n s of the s a m p l e s w e r e m a d e at a p p r o x i m a t e l y o n e - m o n t h 
i n t e r v a l s . The s a m p l e s had n u m e r o u s s m a l l b l i s t e r s a f t e r one mon th , wh ich 
con t inued to g r o w s lowly t h r o u g h o u t the t e s t . By 2 m o the b l i s t e r s w e r e 
l a r g e enough to c a u s e the m a t e r i a l to be c l a s s e d a s u n s a t i s f a c t o r y , but 
s i n c e o t h e r w r o u g h t a l l o y s in the t e s t w e r e p e r f o r m i n g wel l , t e s t i n g w a s 
con t inued out of c u r i o s i t y . 

At 147 d a y s , s e v e r a l of the b l i s t e r s had p r o t r u d e d 0.75 m m . S e c ­
t ioning i n d i c a t e d tha t p e n e t r a t i o n s of 1.3 m m o c c u r r e d u n d e r s o m e b l i s t e r s . 
The a v e r a g e m e t a l l o s s e s of the s u r f a c e s not b l i s t e r e d could not be p r e ­
c i s e l y d e t e r m i n e d b e c a u s e of the b l i s t e r s , but t r a n s v e r s e s e c t i o n s of s a m ­
p l e s s u g g e s t e d a low u n i f o r m r a t e of a t t a c k tha t would be s a t i s f a c t o r y in 
the a b s e n c e of the b l i s t e r s . A s i n g l e v a l u e of the m e t a l l o s s was ob ta ined 
at 29 days for an e s s e n t i a l l y b l i s t e r - f r e e s a m p l e . The m e t a l l o s s of 
4.2 m g / c m c o m p a r e d f a v o r a b l y wi th a v a l u e of 4 .7 m g / c m ^ for one of the 
b e t t e r w r o u g h t a l l o y s in the s a m e t e s t . The powder s a m p l e s did no t suffer 
the edge c o r r o s i o n p r e v i o u s l y d e s c r i b e d for o the r p o w d e r p r o d u c t s . 

T r e f i m e t a u x : H e r e n g u e l and Le long a t T r e f i m e t a u x , S e r v i c e des 
E t u d e s e t F a b r i c a t i o n s N u c l e a i r e s , s u p p l i e d s m a l l a m o u n t s of s e v e r a l dif­
f e r e n t powde r p r o d u c t s for c o r r o s i o n e v a l u a t i o n . The p e r t i n e n t m e c h a n i c a l 
and c h e m i c a l da t a a r e shown in T a b l e VI. In th i s t a b l e the second l e t t e r of 
the d e s i g n a t i o n , i . e . , J , M, G, o r H, d e n o t e s the e x t r u s i o n s e r i e s . 

T a b l e VI 

PROPERTIES OF TREFIMETAUX POWDER PRODUCTS 

Designation 

BJ4B4 
BJ4A4 

1 BM4B4 
BM4A4 

BG4B4 
BG4A4 

1 BH4B4 
BH4A4 

Composition, 
w/o 

Ni 

1 

1 

0.9 

0.9 

F e 

1 

1 

2.3 

2.3 

1 

UTS, 
k g / m m 

25°C 

25-30 

22-28 

15-20 

17-22 

350°C 

8-9 

7 -8 

5-6 

6-7 



T h e p r o d u c t s w e r e e x p o s e d t o s t a t i c 290 C w a t e r fo r 293 d a y s . 
B o t h e x t r u s i o n s a n d t h i n - s h e e t s a m p l e s h o t r o l l e d f r o m t h e m w e r e t e s t e d . 
T h e s h e e t s w e r e u s e d t o a p p r o x i m a t e t h e s a m p l e s u r f a c e - t o - v o l u m e r a t i o 
of t u b i n g s p e c i m e n s . A l l d e m o n s t r a t e d v e r y s a t i s f a c t o r y c o r r o s i o n r e ­
s i s t a n c e , a l t h o u g h m i n o r d e f e c t s , s u c h a s s m a l l o x i d e - f i l l e d p r o t u b e r a n c e s , 
w e r e o b s e r v e d ( s e e F i g u r e 15). T h e M a n d H s e r i e s of a s - e x t r u d e d r o d 
s p e c i m e n s d e v e l o p e d a s a w - t o o t h a t t a c k o n o n e e d g e of t h e r e c t a n g u l a r 
c r o s s - s e c t i o n e x t r u s i o n w h e n f i r s t e x p o s e d . T h i s d id n o t c o n t i n u e to d e ­
v e l o p w i t h i n c r e a s i n g t i m e a n d m a y h a v e b e e n r e l a t e d t o p o o r l u b r i c a t i o n 
of t h e e x t r u s i o n d i e a t t h a t p o i n t , w i t h r e s u l t a n t d e f e c t s . 

36967 2X 
Type BH4A4 Type BJ4B4 

Figure 15. Trefimetaux Coriosion Specimens after 293-day 
Exposure to 290°C Water (Static) 

S m a l l b l i s t e r s and m i n o r s u r f a c e e r u p t i o n s w e r e noted on the t h in -
s h e e t s p e c i m e n s . D a r k s p e c k s in the e r u p t i o n s , with a b r o w n - r e d s t a in 
a r o u n d the spot , s u g g e s t e d tha t t h e s e w e r e the r e s u l t s of i r o n i n c l u s i o n s 
in the a l u m i n u m . No edge swel l ing due to c o r r o s i o n w a s noted, but on the 
G and M s e r i e s a n u m b e r of s l igh t ly r a i s e d r i d g e s of oxide r a n f rom one 
edge of the s p e c i m e n to the o the r , p a r a l l e l to the ro l l i ng d i r e c t i o n . A t ­
t e m p t s to ident i fy the s o u r c e of the r i d g e s w e r e i n c o n c l u s i v e , and they a l l 
but d i s a p p e a r e d wi th cont inued c o r r o s i o n e x p o s u r e . 



V a l u e s of m e t a l l o s s w e r e ob t a ined for s e v e r a l spec inaens of the 
r o l l e d s h e e t at t h r e e d i f fe ren t e x p o s u r e t i m e s , wi th the r e s u l t s shown in 
T a b l e VII. It is diff icult to c o m p a r e p r e c i s e l y the c o r r o s i o n r a t e s of a l u m i ­
n u m p r o d u c t s c o r r o d e d in d i f fe ren t t e s t s s i n c e both the a m o u n t of a l u m i n u m 
a r e a and the a m o u n t of r e f r e s h m e n t c a n c a u s e v a r i a t i o n s in c o r r o s i o n r a t e . 
Within t h e s e l i m i t a t i o n s , it a p p e a r s t h a t the T r e f i m e t a u x powde r p r o d u c t s 
have a s good or b e t t e r c o r r o s i o n r e s i s t a n c e than the b e s t A R F e x t r u d e d 
rod p r e v i o u s l y d e s c r i b e d . 

T a b l e VII 

AQUEOUS CORROSION O F T R E F I M E T A U X P O W D E R 
P R O D U C T S AT 290°C 

P r o d u c t 

B J 4 A 4 
B J 4 B 4 
BH4A4 
BH4B4 

BG4B4 
BM4A4 
B M 4 B 4 

BM4A4 
BG4B4 
BH4B4 

T i m e , 
d a y s 

189 
189 
189 
189 

251 
251 
251 

293 
293 
293 

D e f i l m e d 
M e t a l L o s s , 

m g / c m 

11.0 
9.2 

10.3 
11.4 

11.6 
11.7 
11.3 

12.3 
12.0 
12.5 

A v e r a g e 
P e n e t r a t i o n , 

40 
33 
37 
41 

41 
42 
40 

44 
43 
45 

Unfo r tuna t e ly , the d y n a m i c c o r r o s i o n b e h a v i o r a t 315°C (with w a t e r 
flowing a t 5.5 m / s e c ) w a s not a s s a t i s f a c t o r y . Cones of a h a r d , v e r y d a r k 
c o r r o s i o n p r o d u c t (up to 1 m m in d i a m e t e r and he igh t ) w e r e f o r m e d on the 
s u r f a c e of s o m e of the s p e c i m e n s in a s l i t t l e a s 30 d a y s . The n u m b e r and 
s i z e of t h e s e c o n e s i n c r e a s e d in the o r d e r : H e x t r u s i o n s a m p l e s ( lowes t ) ; 
M ( i n t e r m e d i a t e ) ; and G ( m o s t and l a r g e s t ) . D i s p r o p o r t i o n a t e l y s m a l l p i t s 
w e r e l o c a t e d u n d e r s o m e c o n e s ; u n d e r o t h e r s t h e r e w e r e none . X - r a y 
a n a l y s i s of the c o n e s was confused by the l a r g e n u m b e r of l i ne s ob t a ined 
even a f t e r t h o s e for b o e h m i t e , the n o r m a l a l u m i n u m c o r r o s i o n p r o d u c t , 
w e r e d e l e t e d . 

Af te r 89 days of e x p o s u r e p o r t i o n s of the o u t e r l a y e r s of oxide 
t ended to f lake off a s the s a m p l e d r i e d , g iv ing the a p p e a r a n c e shown in 
F i g u r e 16. The b l a c k c o n e s p r e v i o u s l y d e s c r i b e d a r e p a r t i c u l a r l y n o t i c e ­
a b l e on the l o w e r s a m p l e ( G 2 ) . 
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36866 2X 

Figure 16. Trefimetaux Corrosion Specimens after 89 Days 
in 315°C Water Flowing at 5,5 m/second 

T h e m e t a l - l o s s d a t a w e r e l i m i t e d b y t h e s m a l l n u m b e r of s p e c i m e n s 
a v a i l a b l e . T h e c o r r o s i o n of t h e s e s p e c i m e n s i s c o m p a r e d w i t h t h a t of o n e 
of t h e b e t t e r w r o u g h t a l l o y s ( m e a s u r e d in t h e s a m e e q u i p m e n t ) in F i g ­
u r e 17. T h e s e p o w d e r p r o d u c t s a p p e a r to s u f f e r c o n s i d e r a b l y m o r e c o r r o ­
s i v e a t t a c k i n t h i s e n v i r o n m e n t t h a n d o e s t h e w r o u g h t a l l o y . 
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Figure 17. Corrosion of Trefimetaux Specimens 
in Flowing Water 



DISCUSSION 

It i s obv ious f r o m the p r e s e n t a t i o n of the d a t a t ha t the o r i g i n a l 
p r o b l e m of poor r e p r o d u c i b i l i t y of c o r r o s i o n r e s i s t a n c e f r o m one powde r 
p r o d u c t to a n o t h e r h a s not b e e n e l i m i n a t e d . H o w e v e r , t he p r o g r e s s m a d e , 
p a r t i c u l a r l y by the F r e n c h a t T r e f i m e t a u x , i s e n c o u r a g i n g . 

Of a l l the powde r p r o d u c t s t e s t e d in c o m p i l i n g the da t a for t h i s r e ­
por t , only t h r e e v a r i e t i e s fa i led r a p i d l y in c o r r o s i o n t e s t i n g : M655 tub ing 
(ALCOA), A288 tub ing f r o m 7 2 - h r b a l l - m i l l e d powde r ( A R F ) , and e x p e r i ­
m e n t a l r o d s m a d e f r o m a l u m i n u m powder m i l l e d wi th added AI2O3 (Linde B ) 
powde r . 

The l a s t n a m e d had obv ious p o c k e t s of p o r o u s oxide and m e t a l b e ­
n e a t h the s u r f a c e to exp la in i t s poor c o r r o s i o n r e s i s t a n c e . F o r the o the r 
two it h a s b e e n a s s u m e d tha t the knead ing a c t i o n of the b a l l m i l l i n c o r ­
p o r a t e d m i l l i n g l u b r i c a n t (usua l ly of the s t e a r i c a c i d fami ly ) into the powder 
in such a way tha t it w a s not s u b s e q u e n t l y r e m o v e d . C o m p a c t i n g and e x ­
t r u s i o n t e m p e r a t u r e s and p r e s s u r e s would then be e x p e c t e d to d e c o m p o s e 
the t r a p p e d l u b r i c a n t . The end p r o d u c t s m i g h t be h y d r o g e n gas (po ros i t y ) 
and an a l u m i n u m - c a r b o n c o m p o u n d . A f in i shed p r o d u c t con ta in ing a c o m ­
pound of t h i s s o r t would be e x p e c t e d to have poor c o r r o s i o n r e s i s t a n c e . 
F o r e x a m p l e , a c a s t i n g of an A l - N i - F e a l loy tha t w a s d e l i b e r a t e l y o v e r ­
h e a t e d (to ~1150°C) in a c a r b o n c r u c i b l e did show v e r y poor c o r r o s i o n 
r e s i s t a n c e in w a t e r . 

P o w d e r p r o d u c t s wi th i n t e r m e d i a t e c o r r o s i o n r e s i s t a n c e a p p e a r e d 
to suffer f r o m s t r i n g e r s of i n c l u s i o n s and p o r o s i t y . T h e s e long i tud ina l 
s t r i n g e r s r e s u l t in p e n e t r a t i n g a t t a c k upon p r o l o n g e d e x p o s u r e a long the 
r e l a t i v e l y open p a t h s into the m e t a l . Hold ing the p o w d e r p r o d u c t s a t a 
s i n t e r i n g t e m p e r a t u r e p r i o r to c o r r o s i o n t e s t i n g m a y h a v e he lped to b r e a k 
the p o r o s i t y s t r i n g e r s , e i t h e r by r e m o v i n g the h y d r o g e n (vacuum) o r by 
a c c u m u l a t i n g the g a s in to l a r g e r d i s c o n n e c t e d p o c k e t s . D i s c r e t e m i c r o ­
scop ic h y d r o g e n b u b b l e s have b e e n o b s e r v e d to f o r m in c r e e p - t e s t s p e c i ­
m e n s he ld for a long t i m e a t h igh t empe ra tu r e . ^ ' ^ ' ' 

A t e s t t e m p e r a t u r e of about 290°C p r o v e d to be m o r e s e v e r e than 
one of 350°C for the l o w - s i l i c o n powde r p r o d u c t s . T e s t d u r a t i o n s of about 
100 days m i n i m u m (at 290°C) a p p e a r e d n e c e s s a r y for the d e v e l o p m e n t of 
the p e n e t r a t i n g edge a t t a c k on t h o s e s a m p l e s which w e r e i n t e r m e d i a t e in 
c o r r o s i o n r e s i s t a n c e . It i s not c e r t a i n tha t t h i s m o d e of a t t a c k would be 
s ign i f i can t in r e a c t o r f u e l - c l a d d i n g a p p l i c a t i o n s i n c e the ends sub jec t to 
p e n e t r a t i n g a t t a c k would p r o b a b l y be s e a l e d f r o m the coo l an t . 

The c o r r o s i o n r e s i s t a n c e of the s m a l l e x p e r i m e n t a l r o d e x t r u s i o n s 
m a d e wi th p a r t i c u l a t e a d d i t i v e s i s diff icult to r a t i o n a l i z e . The o r i g i n a l 
in ten t of the a d d i t i v e s w a s to p r o v i d e i n c r e a s e d s t r e n g t h a t e l e v a t e d t e m ­
p e r a t u r e . T h i s did not o c c u r to any s ign i f i can t ex t en t . H o w e v e r , s e v e r a l 



of the a d d i t i v e s did i m p r o v e the l o n g - t e r m c o r r o s i o n r e s i s t a n c e . P e r h a p s 
t h e i r p r e s e n c e in the b a l l - m i l l i n g o p e r a t i o n modi f ied the knead ing p r o c e s s 
enough to m i n i m i z e the r e t e n t i o n of the m i l l i n g l u b r i c a n t wi th in the powde r . 
H y d r o g e n a n a l y s e s of t h e s e and o the r p r o d u c t s i nd i ca t ed no d i r e c t c o r r e l a ­
t ion b e t w e e n gas con ten t and c o r r o s i o n r e s i s t a n c e . 

The T r e f i m e t a u x powde r p r o d u c t s had the m o s t s a t i s f a c t o r y c o r ­
r o s i o n r e s i s t a n c e of a l l t h o s e t e s t e d a t 290°C. Since the s i l i c o n con ten t of 
the s p e c i m e n s w a s not a n a l y z e d , it is not known if t h e s e p a r t i c u l a r e x t r u ­
s ions would p e r f o r m a s w e l l a t t e m p e r a t u r e s of the o r d e r of 350°C. If an 
e q u i v a l e n t g r a d e of tubing (of l o w - s i l i c o n conten t ) could be p r o d u c e d , it 
would a p p e a r to be s a t i s f a c t o r y for a p p l i c a t i o n in t y p i c a l boi l ing w a t e r 
r e a c t o r s . 

The p o o r e r ( r e l a t i v e to a w r o u g h t a l loy) c o r r o s i o n p e r f o r m a n c e of 
t h e s e powder p r o d u c t s in flowing w a t e r at 3 15°C ind ica t ed tha t exac t equ iv ­
a l e n c e to w r o u g h t a l loy r e s i s t a n c e h a s s t i l l not been a c h i e v e d . 

M a i n t a i n i n g the c o r r o s i o n r e s i s t a n c e of t h i n - w a l l p o w d e r - p r o d u c t 
tubing a p p e a r s to be s o m e w h a t m o r e diff icult than for o the r so l id e x t r u s i o n 
s h a p e s . P e r h a p s the l a r g e r a t i o of die con t ac t i ng s u r f a c e to a l u m i n u m 
m e t a l v o l u m e e n c o u r a g e s the i n c o r p o r a t i o n of t r a m p m a t e r i a l and d e c o m ­
p o s e d l u b r i c a n t s into the s u r f a c e l a y e r of the f in i shed tubing . Such a s u r ­
face l a y e r of poor c o r r o s i o n r e s i s t a n c e h a s been no ted for s o m e e x p e r i m e n t a l 
tube e x t r u s i o n s . I nadequa t e d ie l u b r i c a t i o n , c o m p l i c a t e d by the l a r g e 
s u r f a c e - t o - v o l u m e r a t i o of the tubing e x t r u s i o n , could a l s o r e s u l t in a j e r k y 
e x t r u s i o n wi th a l t e r n a t e c o m p a c t and p o r o u s s e c t i o n s of the e x t r u d e d tube . 

The u s e of a b r i d g e die in e x t r u d i n g powder tubing r e s u l t e d in s e l e c ­
t ive a t t a c k (af ter ex t ended e x p o s u r e ) of s o m e of the s e a m s f o r m e d in r e -
we ld ing the f lowing m e t a l s t r e a m s d u r i n g e x t r u s i o n . Since s o m e s e a m s 
did not suffer s e l e c t i v e a t t a c k it m i g h t be p o s s i b l e to u s e th i s e x t r u s i o n 
m e t h o d wi th powde r b i l l e t s , but only a f t e r the s e a m p r o b l e m had b e e n 
o v e r c o m e . 

Kittelv •'̂ '̂' h a s r e c e n t l y o b s e r v e d only m i n o r d i m e n s i o n a l c h a n g e s 
in p r o t o t y p e e l e m e n t s , c o n s i s t i n g of UO2 pe l l e t fuel in w r o u g h t a l u m i n u m 
a l loy ( A 2 8 8 ) j a c k e t i n g , d u r i n g r e a c t o r i r r a d i a t i o n in flowing w a t e r at 243°C. 
T h i s a d d s a new p e r s p e c t i v e in c o n s i d e r i n g the r e q u i r e m e n t s for powder 
p r o d u c t s ; qu i t e p o s s i b l y t h e r e a r e r e a c t o r a p p l i c a t i o n s w h e r e the w e a k e r 
w r o u g h t a l l o y s a r e a c c e p t a b l e . 
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