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FOREWORD 

"The Uni ted  S t a t e s  and t h e  European Atomic Energy Community 

(EURATOM), on May 2 7 ,  1958 and June 1 8 ,  1958,  s i g n e d  an a g r e e -  

ment which p r o v i d e s  a  b a s i s  f o r  c o o p e r a t i o n . i n  programs f o r  t h e  
p 

advancement o f  p e a c e f u l  a p p l i c a t i o n s  o f  a tomic  energy .  T h i s  

ag reement ,  i n  p a r t ,  p r o v i d e s  f o r  t h e  e s t a b l i s h m e n t  of  a  J o i n t  

US-EURATOM r e s e a r c h  and development program which i s  aimed a t  

r e a c t o r s  t o  be c o n s t r u c t e d  i n  Europe under t h e  J o i n t  Program. 

The work d e s c r i b e d  i n  t h i s  r e p o r t  r e p r e s e n t s  t h e  J o i n t  

US-EURATOM e f f o r t  which i s  i n  keep ing  w i t h  t h e  s p i r i t  of  co-  

o p e r a t i o n  i n  c o n t r i b u t i n g  t o  t h e  common good by t h e  s h a r i n g  o f  

s c i e n t i f i c  and t e c h n i c a l  i n f o r m a t i o n  and min imiz ing  t h e  d u p l i -  

ca t i .on  o f  e f f o r t  by t h e  l i m i t e d  poo l  o f  t e c h n i c a l  t a l e n t  

a v a i l a b l e  i n  w e s t e r n  Europe and Uni ted  S t a t e s . "  



  iv            v
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SPECIFIC .ZIRCONIUM ALLOY DESIGN PROGRAM 
Summary Repor t  

H .  H .  K l e p f e r  

ABSTRACT 

The r e s u l t s  of  s e l e c t e d  b a s i c  exper iments  gave s t r o n g  i n d i c a t i o n s  t h a t  

t h e  c o r r o s i o n  and c o r r o s i o n  h y d r i d i n g  of z i r con ium a l l o y s  i s  dependent on 

t h e  chemica l ,  mechan ica l ,  and e l e c t r i c a l  p r o p e r t i e s  of  t h e  o x i d e  f i l m .  The 

composi t ion of c o r r o s i o n  f i l m s  was found t o  be  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

a l l o y  c o n t e n t  o f  t h e  s u b s t r a t e  even i n  complex a l l o y s .  E x c e l l e n t  agreement 

was found between t h e  a c t i v a t i o n  energy f o r  oxygen d i f f u s i o n  i n  Z r O  
1 .994.. 

and t h e  a c t i v a t i o n  e n e r g i e s  f u r  p a r a b o l i c  o r  c u b i c  o x i d a t i o n  of z i rconium 

i n  b o t h  a i r  and w a t e r .  I r o n ,  chromium, and n i c k e l  had no s i g n i f i c a n t  e f . f e c t  
--. 

on oxygen i o n  d i f f u s i o n ,  b u t  t h e  a d d i t i o n  of  1 mole % Y 0  t o  monoc l in ic  
2 3  

z i r c o n i a  i n c r e a s e d  t h e  r a t e  o f  oxygen d i f f u s i o n  by abou t  1 o r d e r  o f  magni tude 

Y t t r i u m  d e c r e a s e d  t h e  p l a s t i c i t y  of z i r con ium o x i d e  w h i l e  chromium and i r o n  

i n c r e a s e d  p l a s t i c i t y ,  and t h u s  accounted f o r  t h e  e a r l y  s p a l l i n g  of o x i d e  

observed f o r  Z r - Y  a l l o y s  and t h e  good adherence  o f  f i l m s  on Z r - C r  and Zr-Fe 

a l l o y s .  Cor ros ion  h y d r i d i n g  of  z i r con ium a l l o y s  cou ld  n o t  b e  d i r e c t l y  

r e l a t e d  t o  t h e  e l e c t r o - c h e m i c a l  of t h e  m a t r i x  and t h e  i n t e r -  

m e t a l l i c  phases  i n  a n  a l l o y .  Cor ros ion  h y d r i d i n g  may be  c o n t r o l l e d  by 

whether e l e c t r o n i c ,  o r  p r o t o n i c ,  cha rge  t r a n s p o r t  i s  promoted by t h e  a d d i t i o n  

of a  g iven  a l l o y i n g  e lement  t o  t h e  z i rcon ium o x i d e  f i l m .  

C o r r o s i o n  r a t e s ,  h y d r i d i n g  r a t e s ,  and mechan ica l  p r o p e r t i e s  of  3 1  a l l o y s  

c o n t a i n i n g  s e l e c t e d  a d d i t i o n s  o f  Nb, C r ,  F e ,  o r  Cu were measured a t  300,  400,  

and 5 0 0 ' ~ .  S e l e c t i o n  o f  t h e  31  e x p e r i m e n t a l  compos i t ions  from t h e  p r e -  

de te rmined  range  of  a d d i t i o n s  was t r e a t e d  a s  a  s t a t i s t i c a l  problem. A 

n e a r - o r t h o g a n a l  d e s i g n  ensured  computer a n a l y s i s  o f  t h e  r e s u l t s  t o  g i v e  

polynominal  e x p r e s s i o n s  of  t h e  a l l o y  response  s u r f a c e s .  None o f  t h e  b e t t e r  

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

e x p e r i m e n t a l  r e s u l t s  w e r e  ana lyzed  f o r  t h e  h e s t  a l l o y  f o r  s e r v i c e  a s  w a t e r  
/ 

r e a c t o r  f u e l  c l a d d i n g  and t h e  optimum a l l o y  was computed t o  be one c o n t a i n i n g  

1 



2 . 0  a t .  % C r  + 0 .16  a t .  % Fe .  S p e c i a l  exper iments  showed t h a t  n e i t h e r  N i  

nor  Be a d d i t i o n s  t o  Z r  + 2.0  a t .  % C r  gave b e t t e r  o v e r - a l l  performance t h a n  

d i d  t h e  Fe a d d i t i o n .  An i n c r e a s e  i n  performance d i d  r e s u l t  from i n c r e a s i n g  
0 

t h e  f i n a l  a n n e a l i n g  t e m p e r a t u r e  f o r  c o r r o s i o n  samples t o  788 C f r o m ' t h e  
0 

r e f e r e n c e  t empera tu re  o f  565 C .  The Zr-Cr-Fe a l l o y  . h a s  about t h e  same 

f a b r i c a b i l i t y  and t e n s i l e  p r o p e r t i e s  a s  does  Z i r c a l o y - 2 ;  i t  i s  s u p e r i o r  t o  

Z i r c a l o y - 2 ,  p a r t i c u l a r l y  i n  r e s i s t i n g  t h e  adverse  e f f e c t  o f  over - t empera tu re  

o n . t h e  r a t e s  of c o r r o s i o n  and c o r r o s i o n  h y d r i d i n g .  The a l l o y  has  been 

recommended f o r  e v a l u a t i o n  a s  f u e l  e lement  c l a d d i n g .  



The demands on r e a c t o r  m a t e r i a l s  have become more s e v e r e  a s  n u c l e a r  

power development h a s  p r o g r e s s e d .  Longer l i f e ,  improved n e u t r o n  economy, 

and h i g h e r  o p e r a t i n g  t e m p e r a t u r e s  have been s p e c i f i e d  i n  e a c h  new genera -  

t i o n  o f  r e a c t o r s .  Meet ing-  t h e s e  r e q u i r e m e n t s  w i l l  demand t h e  development 

o f  s e v e r a l  Z r  a l l o y s  d e s i g n e d  t o  meet s p e c i f i c  r e q u i r e m e n t s .  The require- 

ments f o r  c o o l a n t  c h a n n e l s  and p r e s s u r e  t u b e s  may w e l l  be b e s t  met by an 

a l l o y  n o t  s u i t e d  f o r  t h i n - s e c t i o n  c l a d d i n g .  C e r t a i n  r e q u i r e m e n t s  have been 

s t r e s s e d  above o t h e r s  i n  d i f f e r e n t  r e a c t o r  d e s i g n s .  The c o m p ~ o m i s e s  

n e c e s s a r y  i n  d e s i g n i n g  any a l l o y  may be d e c i d e d l y  d i f f e r e n t  and depend 

on t h e  c r i t i c a l  p r o p e r t i e s  i n  a  p a r t i c u l a r '  a p p l i c a t i o n .  The well-known 

development o f  s p e c i a l  s t e e l s  f o r  s p e c i a l  s e r v i c e  r e q u i r e m e n t s  w i l l  be 

p a r a l l e l e d  f o r  Z r  a s  j.t was f o r  A 1  and f o r  T i .  

Regogniz ing t h e  need t o  deve lop  a  number o f  Z r  a l l o y s  f o r  r e a c t o r s ,  

i t  i s  impor tan t  t o  c o n s i d e r  t h e  most economic approach t o  s o l v i n g  t h e  

g e n e r a l  problem o f  Z r  a l l o y  d e s i g n .  The r e s o u r c e s  f o r  d e s i g n  a r e  p r e c i s e  

m e t a l l u r g i c a l  a n a l y s i s  o f  needed p r o p e r t i e s ,  e m p i r i c a l  d a t a ,  f r u i t f u l  

m e c h a n i s t i c  t h e o r i e s ,  and f u l l  u n d e r s t a n d i n g  o f  t h e  p e r t i n e n t  b a s i c  meLal-  

l u r g y  o f  Z r .  Tllese r e s o u r c e s ' a r e  n o t  s u f f i c i e n t 1 . y  complete  t o  a l l o w  d i r e c t  

economic d e s i g n  o f  s p e c i f i c  compos i t ions .  The most power fu l  approach 

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

i n g  o f  Z r  a l l o y  compos i t ions .  Concurrent  i n v e s t i g a t i o n s  of  b a s i c  a l l o y  

phenomena i n  s e l e c t e d  a r e a s  p r o v i d e s  an  improved c o n t e x t  f o r  judg ing  t h e  

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

Z r  a l l o y s .  

The S p e c i f i c  Zirconium Al loy  Design Program ( C o n t r a c t  AT(04-3)-189, 

P r o j e c t  Agreement 24) was i n i t i a t e d  on J a n u a r y  29 ,  1962 a s  a  2 -yea r  program. 

Design o f  a  Z r  base  a l l o y  f o r  s p e c i f i c  a p p l i c a t i o n  a s  a  f u e l  c l a d d i n g  i n  a  

h i g h - t e m p e r a t u r e  s team environment was s t u d i e d .  The t o t a l  program c o n s i s t e d  

o f  b a s i c  co . r ros ion  mechanism s t u d i e s  (Task A) and a  s t a t i s t i c a l l y  des igned  

a l l o y  development p r o g r a a  (Task E) . 



I 

Work under Task A i n c l u d e d  exper iments  c o n t r i b u t i n g  t o  a  b e t t e r  under-  

s t a n d i n g  o f  c o r r o s i o n  and hydrogen uptake mechanisms, w i t h  p a r t i c u l a r  

emphas i s  o n  t h e  r o l e  o f  a l l o y i n g  a d d i t i o n s .  

Under Task B ,  t a r g e t  p r o p e r t i e s  f o r  a  Z r  a l l o y  s u i t a b l e  f o r  s team 

s e r v i c e  were  d e r i v e d .  A / r e s t r i c t e d  f i e l d  o f  a l l o y  compos i t ions  was e s t a b -  

l i s h e d  and 3 1  a l l o y s  i n  t h i s  f i e l d  ; i re  i e l t e d  and f a b r i c a t e d  f o r  s t u d y .  

S t a t i s t i c a l  e v a l u a t i o n  o f  t h e  r e s u l t s  o f  s team e x p o s u r e s  up t o  6750 hours  

a t  300 ,  400 ,  and 5 0 0 ' ~  was performed.  The r e s u l t s  were ana lyzed  f o r  

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

f u e l  c l a d d i n g .  Al l  u p t  i m u m  a l l o y  composit  i o n  was s e l e c t e d  f o r  e n g i n e e r i n g  

e v a l u a t i o n  a s  a  f u e l  c l a d d i n g  a l l o y .  



I. TASK A.  CORROSION MECHANISMS 

The mechanism o f  c o r r o s i o n  i n  z i rcon ium a l l o y s  i n  h igh- tempera tu re  

w a t e r  and s team h a s  been e x t e n s i v e l y  s t u d i e d  d u r i n g  t h e  last  decade ,  bu t  

t h e  knowledge o f  t h e  fundamental  p r o p e r t i e s  of  t h e  a l l o y s  and o x i d e  f i l m s  

i s  s t i l l  n o t  adequa te  f o r  t h e  d e s i g n  of  a l l o y s .  T h i s  program was i n t e n d e d  

L u  p ~ u v i d c  a d d i t i o n a l  undcro tand ing  o f  t h e  n w r - a l l  c o r r o s i ~ n  p r o c e s s ;  and 

a l t h o u g h  t h e  e x t e n t  o f  t h e  c o r r o s i o n  mechanism program was i n s u f f i c i e n t  t o  

e n a b l e  a  complete  u n d e r s t a n d i n g  t o  be o b t a i n e d ,  t h e  work d i d  h e l p  e x p l a i n  

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

The approach t a k e n  was t o  e x p l o r e  c e r t a i n  s p e c i f i c  q u e s t i o n s  about  

whether  (and what)  o x i d e  f i l m  p r o p e r t i e s  c o n t r o l  t h e  c o r r o s i o n  and h y d r i d i n g  

mechanisms. It had never  been e s t a b l i s h e d  t h a t  t h e  o x i d e  f i l m  compos i t ions  

were  d i r e c t l y  r e l a t e d  t o  t h e  a l l o y  compos i t ions .  It was no t  c l e a r  whether  

t h e  c o r r o s i o n  and h y d r i d i n g  p r o c e s s e s  were c o n t r o l l e d  by t r a n s p o r t  and /o r  
' 

d e f o r m a t i o n  i n  t h e  a l l o y  s u b s t r a t e  o r  i n  t h e  o x i d e .  I f  t h e  o x i d e  p r o p e r t i e s  

were t h e  most i m p o r t a n t ,  and s i m p l y  r e l a t e d  t o  t h e  a l l o y  compos i t ion ,  t h e n  

t h e  p r o p e r t i e s  of  pure  and a l l o y e d  bulk  Zr02 a r e  o f  i n t e r e s t .  

A .  SOLUTE DISTRIBUTION BETWEEN CORROSION FILMS AND Z I R C O N I U M  ALLOY 
SUBSTRATES 

Douglass l  ana lyzed  s t r i p p e d  c o r r o s i o n  f i l m s  by wet chemical  methods,  

n e u t r o n  a c t i v a t i o n  and microprobe a n a l y s i s .  It was found t h a t  t h e  

amount o f  Sn,  Nb, and C r  i n  p o s t - t r a n s i t i o n  o x i d e  f i l m s  was d i r e c t l y  

p r o p o r t i o n a l  t o  !he amount i n  t h e  a l l o y .  There  was no measurab le  d i f -  

f e r e n c e  i n  f i l m ' c o m p o s i t i o n  o f  a  g i v e n  a l l o y  a s  a  f u n c t i o n  of  f i l m  

t h i c k n e s s ,  and t h e  combina t ion  o f  a l l o y i n g  e lements  i n  t e r n a r y  a l l o y s  

had no e f f e c t  on t h e  amount- o f  a  g i v e n  e lement  i n  t h e  c o r r o s i o n  f i l m .  

Analyses  o f  a  p r e - t r a n s i t i o n  f i l m  on a  Z r  + 2  a t .  % C r  b i n a r y  
5 1 

a l l o y  were made by u s i n g  a  t r a c e r ,  C r  . No c o n c e n t r a t i o n  d i f f e r e n c e s  

i n  C r  were found i n  c o r r o s i o n  f i l m s  7 ,000 t o  18,000 2 t h i c k ,  formed i n  



+OoOc steam. It was concluded t h a t  t h i s  a l l o y  d i d  n o t  e x h i b i t  concen- 

t r a t i o n  changes  i n  t h e  s u b s t r a t e  a d j a c e n t  t o  t h e  ox ide  f i l m  such  a s  

t h o s e  known f o r  Ni-Pt  a l l o y s ,  and t h a t  d i f f u s i o n  o f  C r  i n  t h e  m e t a l  was 

un impor tan t  i n  c o n t r o l l i n g  t h e . o x i d a t i o n  o f  t h e  Z r - C r  a l l o y .  

. . The b e n e f i c i a l  e f f e c t  o f  C r  and t h e  harmful  e f f e c t  o f  b o t h  Sn and . . 

Nb on p o s t - t r a n s i t i o n  c o r r o s i o n  r a t e s  c a n  be a s s o c i a t e d  w i t h  t h e  amount 

o f  t h e s e  s o l u t e s  i n  t h e  c o r r o s i o n  f i l m .  The ox ide  compos i t ions  a r e  

d i r e c t l y  r e l a t e d  t o  a l l o y  composit  i o n s ,  t h e r e f o r e ,  t h e  compos i t ion  (and 

p e r h a p s  p r o p e r t i e s )  o f  bu lk  o x i d e s  can  be r e l a t e d  t o  a l l o y  compos i t ions .  

B. DIFFUSION OF OXYGEN I N  BULK ZIRCONIUM D I O X I D E  

Although Zr02 i s  w h i t e  i n  t h e  s t o i a h i o m e t r i c  d o n d i t i o n ,  t h e  ox ide  

f i l m s  which. form on t h e  m e t a l  d u r i n g  o x i d a t i o n  d u r i n g  t h e  e a r l y  s t a g e s  

o f  t h e  p r o c e s s  a r e  u s u a l l y  .b lack .  The b lackness  i s  due t o  non- 

s to ich iomet ry . ,  s p e c i f i c a l l y  caused by an ion  v a c a n c i e s ,  and may be 

a t t r i b u t e d  t o  t h e  h i g h  s o l u b i l i t y  of oxygen i n  t h e  m e t a l  s u b s t r a t e .  

The pure  m e t a l  ( o r  a l l o y )  i s  thermodynamically u n s t a b l e  i n  c o n t a c t  w i t h  

t h e  o x i d e ,  and s o l u t i o n  o f  t h e  ox ide  o c c u r s  i n  t h e  m e t a l  s u b s t r a t e  

u n t i l  s a t u r a t i o n  i s  ach ieved .  Thus,  t h e  m e t a l  r e p r e s e n t s  an oxygen 

s i n k ,  and a s  long  a s  i t  e x i s t s  t h e  c o l o r  of t h e  ox ide  shou ld  remain 

d a r k  from t h e  an ion  d e f i c i e n c y .  I n  some c a s e s  w h i t e  s p o t s  a r e  observed ;  

t h c s c  s p o t s  may bc a t t r i b u t c d  t o  craclcs i n  t h c  o x i d c  f i l m  p a r a l l c l  t o  

t h e  s u r f a c e ,  t h e  c r a c k s  s e r v e  a s  a  d i f f u s i o n  b a r r i e r  t o  oxygen. It i s  

t h i s  marked c o l o r -  change i n  t h e  o x i d e s  which has  p rov ided  a  b a s i s  f o r  

measur ing t h e  d i f f u s i o n .  c o e f f i c i e n t  o f  oxygen. 

~ o u ~ l a s s '  p r e p a r e d  b l a c k ,  anion-def  i c i e n t  Z r O  by vacuum ho t  
2  

p r e s s i n g  i n  g r a p h i t e  d i e s .  Rec tangula r  s l a b s  o f  t h e  ox ide  were exposed 

t o  e i t h e r  h i g h - p u r i t y  oxygen o r  s team f o r  v a r i o u s  t i m e s ,  s e c t i o n e d ,  and 

t h e  r a t e  o f  t h i c k e n i n g  o f  t h e  w h i t e  s t o i c h i o m e t r i c  l a y e r  was measured.  

The d i f f u s i o n  c o e f f i c i e n t  was computed d i r e c t l y  from t h e s e  d a t a .  



The diffusion rate of oxygen in anion-deficient, ZrO1. 994 
is 

represented by D = 0.055 exp (-33,400 - + 31001RT). 
. . 

A comparison of this activation energy with that of diffusion in 

the metal substrate showed no agreement. Excellent agreement was noted 

between the activation energy for oxygen diffusion in ZrO' 1.994 
and 

activation energies ,for parabolic or cubic oxidation of Zr in both air 

andwater.' .It appears that oxygen diffusion in the oxide is rate- 

c.ontrolling during oxidation of the metal. 

Measurements were a1,so made to determine the diffusion of oxygen 

in non-stoichiometric ZrO doped with Y 0 (Y alloy additions are known 
2 2 3 

to be harmful with respect to corrosion resistance), Cr203, and NiO ( ~ r  

and Ni are generally considered good alloy additions). The results 

of these ,studies are summarized by: 

Oxide Diffusion Rate Equation 

ZrOl -994 
D = 0.055 exp (-33,4031RT) 

(z'r0.999' N i ~  .001) '1.965 
D = 0.024 exp (-30,600/~~) 

(zr0.997' Cr0.003) '1.975 
D = 0.005 exp (-29,400/~~) 

(Zr0.981' Y~.01~j0i.980 
D = 0.27 exp (-27,200/~~) . 

~ron, Cr, and Ni had no significant effect on oxygen ion diffusion, but 

the addition of 1 mole % Y 0 to monoclinic zirconia increased the rate 2 3 
of oxygen diffusion by about 1 order of magnitude.. 

C. . OXIDE PLASTICITY 

The plasticity was also studied by ~ o u ~ l a s s ~  on the same doped, 

non-stoichiometric ZrO used for oxygen diffusion work. The results 
2 

of. the solute segregation experiments and the oxygen diffusion studies 

gave a consistent picture of the early parabolic or cubic corrosion 

kinetics of Zr alloys, but did'not indicate any reason for the known 



. . 

t r a n s i t i o n  t o  app,roximately l i n e a r  k i n e t i c s  a t  some c r i t i c a l  f i l m  

th i ckness  ( t h e  c r i t i c a l  t h i ckness  i nc reases  from about 1.7 t o  about 
0 ' 

3 .3  a s  t h e  c o r r o s i o n  temperature i s  increased  from 360 t o  500 C). 

The oxide  f i l m s  which form on Z r  and i t s  a l l o y s  du r ing  t h e  e a r l y  . .  

s t a g e s  of o x i d a t i o n  . a r e ' p r o t e c t i v e  and e x h i b i t  : n o . s p a l l i n g  o r  c racking .  ' . .. 

I n  f a c t ,  t h e  lack  of  s p a l l i n g  i s  s u r p r i s i n g ' b e c a u s e  of t he  h igh  r a t i o  

of molar volume of oxide  t o  molar volume of meta l .  E l a s t i c  s t r e s s e s  

which would e x i s t  a t  th.e coherent  metal-oxidc i n t e r f a c e  would be on 

the  o rde r  of  m i l l i o n s  of  pounds per  square inch based on t h e  l a t t i c e  
. .2. ...... 

mismatch f o r  the  most favorable  e p i t a x i a l  r e l a t i o n s h i p .  The usua l  

m a n i f e s t a t i o n  of such gross  mismatch i s  v i o l e n t  s p a l l i n g  of  t h e  'oxide 

o r  ex t ens ive  c racking .  In  t he  absence of oxide e x f o l l i a t i o n ,  i t  i s  

necessary  t o  propose some method by which the  very  high s t r e s s e s  can 

be r e l i e v e d .  The obvious p o s s i b i l i t i e s  a r e  p l a s t i c  deformation of  

e i t h e r  the  me ta l  s u b s t r a t e  o r  of t he  oxide f i l m  i t s e l f .  

Hot hardness  measurements ( 0  t o  700 '~)  showed t h a t  doping mono- 

c l i n i c  z i r c o n i a  w i t h  Fe,  N i ,  o r  C r  r e s u l t e d  i n  s o f t e r  (more p l a s t i c )  

s t r u c t u r e s  and t h a t  Y a d d i t i o n s  s l i g h t l y  reduce t h e  p l a s t i c i t y .  The 

behavior  of w h i t e ,  an ion -de f i c i en t  ox ides  i n d i c a t e d  t h a t  they  were 

more p l a s t i c  than  s t o i c h i o m e t r i c  ox ides  even though the  hardness  values'. 
0 

were i d e n t i c a l  a t  23  C. The former were f r e e  from cracks  a t  t he  

i n d e n t a t i o n s ,  whereas,  s t o i c h i o m e t r i c  ox ides  e x h i b i t e d  c racking  around- 

and between t h e  i n d e n t a t i o n s .  

The behavior  of a r t ~ i a l  thick (72 IJi) o~cidc  f i l m s  durilig Lelisilt: 

deformation of ox id ized  meta l  samples i n d i c a t e d  t h a t  cons iderable  
' 0 

p l a s t i c i t y  occurs  i n  t h e  oxide a t  500 C but t h a t  t he  f i lms  a r e  b r i t t l e  

a t  2 3 O ~ .  I t  was concluded . t ha t  t h e  p l a s t i c i t y  of t he  oxide may be 

g r e a t e r  than t h a t  of t h e  oxygen-contaminated s u b s t r a t e  a t  e l e v a t e d  

tempera tures  and may, be the  means by which e p i t a x i a l  s t r a i n s  a r e  . 

mini,mi.zed. 



D . CORROS I O N  H Y D R I D  I N G  

~ r m i  j o4  c o n s i d e r e d  t h e  h y p o t h e s i s  t h a t  t h e  d i f f e r e n c e  be tween c o r -  

r o s i o n  hydrogen uptake i n  v a r i o u s  a l l o y s  i s  r e l a t e d  t o  t h e  e l e c t r o c h e m i c a l  

p r o p e r t i e s  o f  t h e  i n t e r m e t a l l i c  compounds i n  t h e  a l l o y s .  He made 

hydrogen o v e r v o l t a g e  measurements o f  Z r ,  Z r  N i ,  Zr2Cu, Z r V 2 ,  and 
2  

Z r  - 90 w t  % Nb i n  1~ H SO o v e r  a l a rge  C U L L ~ L L L  Clt1'13it7 rango .  
2  4  

E l e c t r o c h e m i c a l  p o t e n t i a l s  a s  a  f u n c t i o n  o f  t ime were measuled f o r  t h e  

f o l l o w i n g  g a l v a n i c  c e l l s ;  Z r - Z r  N i ,  Zr-Zr,Cu, Z r - Z r V 2 ,  Zr-ZrFe 
2 L 2 '  

Z r - Z r C r  and Zr-(Zr  - 90  wt % Nb). 
2  ' 

Armijo p o i n t e d  o u t ,  on t h e ' b a s i s  o f  t h e  e l e c t r o c h e m i c a l  p o t e n t i a l  

measurements,  t h a t  o n l y  some of  t h e  i n t e r m e t a l l i c  compounds would even 

be expecLed t o  be hydrogcn d i s c h a r g e  s i t . e s .  Fur the rmore ,  any r e l a t i o n -  

s h i p  between hydrogen o v e r v o l t a g e  on t h e  i n t e r m e t a l l i c s  and t h e  hydrogen 

uptake of  t h e  c o r r e s p o n d i n g  a l l o y  i s  a t  b e s t  an  i n v e r s e  r e l a t i o n s h i p .  

The i n t e r m e t a l l i c s  a r e ,  i n  f a c t ,  not  i n  c o n t a c t  w i t h  t h e  c o r r o s i o n  
1 

medium. The r e s u l t s  o b t a i n e d  by Douglass on s o l u t e  s e g r e g a t i o n  r e q u i r e  

t h a t  t h e  i n t e r m e t a l l i c s  be t a k e n  i n t o  t h e  o x i d e  i n  t o t o  by e i t h e r  

d i r e c t  o x i d a t i o n  o r  by o x i d a t i o n  of  t h e  m a t r i x  around t h e  p a r t i c l e s .  

Klepfe rS  s t u d i e d  Z r - C r ,  Z r - V ,  and Zr-.e b i n a r y  a l l o y s  o f  v a r y i n g  

coulposi t ion.  The composi t ion change i n  t h e  Z r - C r  and Z r - V  systems 

r e s u l t s  o n l y  i n  a  change i n  amount o f  i n t e r m e t a l l i c  phase ,  a s  t h e  s o l u -  

b i l i t y  i s  ve ry  1im.l.rerl. I n  t h e s e  sys tcms ,  i n c r e a s i n g  t h e  i n t e r m e t a l l i c  

phase  a f f e c t e d  t h e  oxygen weight  g a i n  (and t h u s ,  t h e  hydrogen weight 

g a i n )  bu t  i n c r e a s i n g  i n t e r m e t a l l i c s  d i d  no t  g r o s s l y  a l t e r  t h e  p e r c e n t a g e  

o f  co r ros ion-produced  hydrogen p a s s i n g  th rough  t h e  o x i d e  f i l m .  

But t h e  e f f e c t  o f  t h e  volume f r a c t i o n  i n t e r m e t a l l i c  phase  c o u l d - n o t  

be g e n e r a l i z e d .  For Zr-Fe a l l o y s ,  where s o l i d  s o l u b i l i t y  i s  a g a i n  

l i m i t e d ,  i n c r e a s i n g  t h e  i n t e r m e t a l l i c  phase  d i d  no t  g r o s s l y  a f f e c t  



oxygen weight  g a i n ,  bu t  t h e  p e r c e n t a g e  hydrogen uptake v a r i e d  from 

25 t o  100% a s  i r o n  c o n t e n t  i n c r e a s e d  from 0 . 2 6  t o  3.90 w t  % Fe. 

Thus,  t h e  i n t e r m e t a l l i c s  do not  appear  t o  p l a y  a  d i r e c t  r o l e  i n  

d e t e r m i n i n g  hydrogen u p t a k e ,  bu t  r a t h e r  t h e  e f f e c t  o f  t h e i r  o x i d a t i o n  

on t h e  c o r r o s i o n  . f i l m  p r o p e r t i e s  must be most i m p o r t a n t .  K l e p f e r  h a s  
: .  . . . . . . . . 

e x p l a i n e d  h i s  up take  d a t a  by p ropos ing  t h a t  t h e  a l l o y  e f f e c t  i s  an  

e f f e c t  on t h e  e l e c t r i c a l  t r a n s p o r t  p r o p e r t i e s  o f  t h e  Zr02 c o r r o s i o n  

f i l m .  Al loy  a d d i t i o n s  which i n c r e a s e  t h e  e l e c t r o n i c  conduc t iv iLy  o f  

t h e  o x i d e  a r e  p r e d i c t e d  t o  lower hydrogen up take .  

E .  SUMMARY 

The r e s u l t s  o f  t h e  me'chanism s t u d i e s  s t r o n g l y  i n d i c a t e  t h a t  c o r -  

r o s i o n  and h y d r i d i n g  o f  Z r  a l l o y s  i s  dependent on t h e  s o l i d - s t a t e  

p r o p e r t i e s  o f  t h e  o x i d e  film'. The compos i t ion  o f  t h e  fi.lm i s  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  a l l o y  c o n t e n t  even i n  complex a l l o y s .  Al loy  

a d d i t  i o n s  may a f f e c t  t h e  c o r r o s i o n  and h y d r i d i n g  k i n e t i c s  by t h e i r  

e f f e c t  on t h e  chemica l  p r o p e r t i e s  ( d i f f u s i o n  o f  oxygen) ,  e l e c t r i c a l  

p r o p e r t i e s  ( c h a r g e  t r a n s p o r t ) ,  and mechan ica l  p r o p e r t i e s  ( p l a s t i c i t y )  

o f  t h e  o x i d e .  

One example i n  s u p p o r t  o f  t h i s  g e n e r a l  p roposa l  was determined 

d i r e c t l y .  Y t t r i u m  d e c r e a s e d  t h e  p l a s t i c i t y  of  t h e  o x i d e s  and accoun ted  

f o r  t h e  e a r l y  s p a l l i n g  o f  o x i d e  obse rved  f o r  Z r - Y  a l l o y s .  Chromium 

and i r o n  inc ' reased t h e  p l a s t i c i t y  of  t h e  o x i d e s  and t h e  adherence  o f  

f i l m s  on ~r-C'r and Zr-Fe a l l o y s .  

When a l l o y s  a r e  des igned  on t h e  b a s i s  o f  fundamental  u n d e r s t a n d i n g ,  

more knowledge o f  t h e  d e t a i l e d  s t r u c t u r e  o f  Z r O  . c o r r o s i o n ' - f i l m s  w i l l  
2  

be requ i red . .  G e n e r a l i z a t i o n s  ;bout t h e  e f f e c t s  o f  a l l o y  . a d d i t i o n s  on 

t h e  c h e m i c a l ,  e l e c t r i c a l ,  and mechan ica l  behav io r  o f  n o n - s t o i c h i o m e t r i c  

Z r O ,  w i l l  be r e q u i r e d .  
L 



11. TASK B.  ALLOY DESIGN 

A. DESIGN REQUIREMENTS 

The a p p l i c a t i o n  c o n s i d e r e d  was t h a t  o f  t h i n  s e c t i o n s ,  such a s  t h o s e  

i n  f u e l  e lement  c l a d d i n g .  R e s i s t a n c e  t o  s team c o r r o s i o n  and t o  degra -  

d a t i o n  of  mechan ica l  p r o p e r t i e s  we.re t h e  c r i t i c a l  r e q u i r e m e n t s .  Good 

f a b r i c a b i l i t y  and h i g h  d u c t i l i t y  were r e q u i r e d ,  bu t  h i g h  s t r e n g t h  was 

n o t  a prime r e q u i s i t e .  The t a r g e t  a l l o y  was t o  be u s e f u l  a s  c l a d d i n g  

m a t e r i a l  f o r  unbonded UO f u e l  e l e m e n t s ,  pe rhaps  even t h o s e  des igned  t o  
2  

r e l y  on t h e  UO i n  t h e  f u e l  t u b e s f o r  s u p p o r t  o f  t h e  c l a d d i n g  a g a i n s t  
2  

t h e  r e a c t o r  c o o l a n t  p r e s s u r e .  

, The a l l o y  r e q u i r e m e n t s  t o  be met by t h e  a l l o y  d e s i g n  were 

c a t e g o r i z e d :  

1. Neutron economy, 
2 .  L o w c o s t ,  
3 .  Low s u s c e p t i b i l i t y  t o  hydrogen e m b r i t t l e m e n t ,  
4. Usuable c o r r o s i o n  r e s i s t a n c e ,  
5. Usable d u c t i l i t y ,  and 
6 .  S t r e n g t h  

Each o f  t h e s e  r e q u i r e m e n t s  was s t u d i e d  i n  d e t a i l  and q u a n t i t a t i v e  t a r g e t s  

deve loped .  6 ' 7  The approach t o  a s s i g n i n g  q u a n t i t a t i v e  s p e c i f i c a t i o n s  f o r  

e a c h  of  t h e s c  r e q u i r e m e n t s  invo lved  making t h e  s p e c i f i c  e n g i n e e r i n g  

assumpt ions ,  e . g . ,  t h i n  w a l l  n o n - s e l f - s u p p o r t i n g  c l a d d i n g .  The e n t i r e  

a l l o y  d e s i g n  e f f o r t  was d i s t i n g u i s h e d  from t h a t  r e q u i r e d  f o r  r e a c t o r  

p r e s s u r e  t u b e  a l l o y s  by t h e s e  assumpt ions .  A summary of  t h e  , 

s p e c i f i c a t i o n s  f o r  t h e  a l l o y  d e s i g n  under t h i s  program is:  

1. The a l l o y  s h a l l  have no a l l o y i n g  a d d i t i o n s  which would l e a d  t o  a  
c a l c u l a t e d  i n c r e a s e  i n  r e q u i r e d  U-235 ehr ichment  o f  more than  
0.05% o v e r  t h a t  £or  a  pure  z i rcon ium c o r e  w i t h  t h e  g e n e r a l  n u c l e a r  
pa ramete r s  o f  t h e  Dresden .Nuc lea r  Power S t a t i o n  c o r e .  



2 .  The a l l o y  s h a l l  have no a l l o y i n g  e l e m e n t s ,  and no i n h e r e n t  problems 
w i t h  f a b r i c a t i o n ,  which would l e a d  t o  a  c a l c u l a t e d  i n c r e a s e  i n  
c o s t  o f  more t h a n  5% o v e r  t h e  c o s t  o f  Z i r c a l o y - 2  t u b i n g .  

3 .  The a l l o y  s h a l l  show.1es.s  t h a n  1500 ppm hydrogen i n  e x c e s s  of  t h e  
s o l u b i l i t y  l i m i t  ( a t  t h e  s e r v i c e  t e m p e r a t u r e )  a f t e r  a  c a l c u l a t e d  
s e r v i c e  l i f e '  o f  3  y e a r s  f o r  a  25-mil  tube  cor roded  on one s i d e .  

, . . . .'. ,In l i e u  o f  t h i s  r e q u i r e m e n t ,  t h e  a l l o y  would be a c c e p t a b l e  i f  i t  

cou ld  be e x t r a p o l a t e d  t h a t  t h e  a l l o y  a f t e r  3  y e a r s  s e r v i c e  would 
have a  r e d u c t i o n  i n  a r e a  o f  10% o r  b e t t e r  a t  t h e  s e r v i c e  tempera- 
t u r e .  

4.  The a l l o y  s h a l l  have a  c o r r o s i o n  r a t e  when t e s t e d  i n  o u t - o f - p i l e  
s team t e s t s  o f  1 mg/dm2/day 6 2  l e s s  ( a s  a  s t e a d y - s t a t e ,  p o s t -  
t r a n s i t i o n  c o r r o s i o n  r a t e ) .  

5.  The a l l o y  s h a l l  have an i n i t i a l  room t e m p e r a t u r e  d u c t i l i t y  d e f i n e d  
by t h e  v a l u e s  20% e l o n g a t i o n  t o  f r a c t u r e  o r  35% r e d u c t i o n  i n  a r e a  
( o r  b e t t e r )  . 

6 .  The a l l o y  s h a l l  be a s  s t r o n g  a s  sponge Z r  o r  s t r o n g e r .  

The s p e c i f i c a t i o n s  f o r  t h e  s t r u c t u r e - i n s e n s i t i v e  p r o p e r t i e s  o f  

n e u t r o n  economy and c o s t  and f o r  t h e  l e s s  c r i t i c a l  s t r e n g t h  and 

d u c t i l i t y  f a c t o r s  were w r i t t e n  i n  a  s t r a i g h t f o r w a r d  way. I n  w r i t i n g  

t h e  s p e c i f i c a t i o n s  f o r  s u s c e p t i b i l i t y  t o  hydrogen e m b r i t t l e m e n t  and 

f o r  c o r r o s i o n  b e h a v i o r ,  i t  was n e c e s s a r y  t o  r e l y  h e a v i l y  on judgement. 

The d e s i g n  approach was found p r o d u c t i v e  no t  o n l y  i n  b r i n g i n g  f o r t h  new 

a l l o y s  but  a l s o  by f o c u s i n g  a t t e n t i o n  on t h e  most c r i t i c a l  problems 

r e q u i r i n g  r e s e a r c h  emphasis .  

B .  SELECTION OF ALLOY FIELD 

' .  

A l l o y i n g  e l e m e n t s  and t h e i r  compos i t ion  l i ~ n i r s  w e r e  de te rmined  

which would n o t  be exc luded  by t h e  a l l o y  d e s i g n  s p e c i f i c a t i o n s .    he 
. . 

a l l o y  f i e l d ' f i n a l l y  s e ' l e c t e d  a f t e r  a  d e t a i l e d  r e v i e w . p r o c e s s  inc luded  

a d d i t i o n s  o f  0  t o  4 . 0  a t .  % ' ~ b ,  0 o r  0 . 8  t o  2 . 5  a t .  % C r ,  0  o r  0 .25  t o  

0.48.  a t .  % P'e, 0  o r  0.70 t o  . 2 . 1  a t .  % Cu. 6 ' 7  The rev iew p r o c e s s  



invo lved  an e lement-by-element  c a l c u l a t i o n  o r  l i t e r a t u r e  rev iew f o r  

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

The major  d e f i c i e n c y  i n  t h e  background i n f o r m a t i o n  n e c e s s a r y  t o  

make a  more p r e c i s e  s e l e c t i o n  o f  a l l o y  a d d i t i o n s  was found t o  be t h e  

l a c k  of  a t h e o r y  which i s  f r u i t f u l  i n  p r e d i c t i n g  a l l o y  e f f e c t s .  It 

srould havc bccn v a r y  d a c i r a b l ~  t o  h a v e  h ~ e n  ~ h l ~  t n  s r a t ~  what t h e  

combined e f f e c t s  o f  two d i f f e r e n t  a l l o y i n g  e l e m e n t s  would be .  Because 

t h i s  was n o t  p o s s i b l e  t h e o r e t i c a l l y ,  i t  was n e c e s s a r y  t o  make t h e  

c o n s e r v a t i v e  assumpt ion that. t h e  e f f e c t  o f  t h e  a l l o y i n g  e lements  which 

a r e  harmful  by t h e m s e l v e s ,  would be t o ' l e a d  t o  poor c o r r o s i o n  r e s i s t a n c e  

when i n  combinat ion w i t h  o t h e r  e l e m e n t s .  

Exper imenta l  d a t a  on c o r r o s i o n  r a t e s ,  h y d r i d i n g  r a t e s ,  and 

mechan ica l  p r o p e r t i e s  were o b t a i n e d  t o  f i n d  t h e  optimum a l l o y  i n  t h e  

a l l o y  f i e l d  s e l e c t e d .  Cor ros ion  exposures  o f  o v e r  3000 hours  were 

performed i n  h i g h - p r e s s u r e ,  f l o w i n g ,  r e f r e s h e d  steam ( c o n t a i n i n g  cbn- 

t r o l l e d  amounts of  oxygen and hydrogen) a t  300,  ' 4 0 0 ,  and 5 0 0 ' ~ .  weight  

g a i n s ,  mechan ica l  p r o p e r t i e s ,  and hydrogen - c o n t e n t s  were determine'd on 

samples .  removed from t e s t  a t  s e l e c t e d  i n t e r v a l s .  

The problem of  d e t e r m i n i n g  which p a r t i c u l a r  a l l o y  combina t ions  

would be r u n  was t r e a t e d  by Gaylor8  and by ~ a e c h '  a s  a  problem i n  

s t a t i s t i c a l  d e s i g n .  S ince  t h e  e f f e c t s  of  t h e  f o u r  a l l o y i n g  e lements  

(Nb, C r ,  F e ,  Cu) cou ld  no t  be presumed t o  be l i n e a r ,  i t  was n e c e s s a r y  

t o  i n c l u d e  a t  l e a s t  t h r e e  l e v e l s  o f  each a l l o y .  I n  a d d i t i o n ,  combi- 

n a t i o n s  of t h e  a l l o y i n g  e lements  t aken  one ,  two, and t h r e e  a t  a  t ime 

a l s o  r e q u i r e d  i n v e s t i g a t i o n ;  t h i s  meant t h e  z e r o  l e v e l  (no a d d i t i o n )  

f o r  each  e lement  had t o  be i n c l u d e d .  A complete  i n v e s t i g a t i o n  o f  a l l  

p o s s i b l e  combinat  i o n s  o f  a l l o y s  would have meant p r e p a r i n g  255 a l l o y s  

i n  a  4 - f a c t o r ,  4 - l e v e l  f a c t o r i a l  exper iment  ( e x c l u s i v e  o f  t h e  0 , 0 , 0 , 0  

p o i n t  which was not  a d m i s s i b l e ) .  C l e a r l y ,  a  complete  f a c t o r i a l  e x p e r i -  

ment was n o t  r e q u i r e d .  It was assumed t h a t  t h e  response  s u r f a c e  was 



n o t  s o  complex, i t  c o u l d  not  be r e p r e s e n t e d  by a  q u a d r a t i c  polynominal  

w i t h i n  t h e  e x p e r i m e n t a l  r e g i o n .  ( T h i s  assumpt ion was provyd v a l i d  by 

t h e  e x c e l l e n t  c o r r e l a t i o n  f a c t o r  between t h e  f i n a l  t e s t  r e s u l t s  and 

t h e  c o r r e s p o n d i n g  v a l u e s  c a l c u l a t e d  from t h e  f i n a l  q u a d r a t i c  po ly -  

nominal  e q u a t i o n s ) .  An.assumed q u a d r a t i c  r e sponse  meant t h a t  o n l y  

, '  a b o u t 3 0  a l l o y s  had t o  be t e s t e d  t o  de te rmine  ' a l l  t h e  n e c e s s a r y  

p a r a m e t e r s  and t o  a s s u r e  enough "degrees  of  freedom" t o  e s t i m a t e  t h e  

random e r r o r  v a r i a n c e  and hence t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  each 

p a r a m e t e r  e s t i m a t e .  - 

T h i r t y - o n e  a l l o y s  were  a c t u a l l y  s e l e c t e d  (Tab le  1 )  i n  such a .wny  

t h a t  a  n e a r - o r t h o g a n a l  d e s i g n  was e n s u r e d .  . A  n e a r - o r t h o g a n a l  d e s i g n  

meant t h a t  t e rms  c o u l d  be removed from t h e  response  s u r f a c e  e q u a t i o n s  

w i t h o u t  changing t h e  o t h e r  parameter  e s t i m a t e s ,  which a l l o w s  examina- 

t i o n  o f  not  o n l y  any q u i n t e n a r y  a l l o y  i n  t h e  a l l o y  f i e l d ,  bu t  a l s o  a l l  

q u a r t e n a r y ,  t e r n a r y ,  and b i n a r y  a l l o y s .  A c t u a l l y ,  t h e  chemical  

a n a l y s i s  of  t h e  3 1  a l l o y s  i n v e s t i g a t e d  d e v i a t e d  s l i g h t l y  from t h e  

make-up t a r g e t s ;  n e a r - o r t h o g a n a l i t y  was m a i n t a i n e d  i n  s p i t e  o f  t h e s e  

d e v i a t i o n s .  

(A very  l i m i t e d  second s e r i e s  of  t e s t s  was a l s o  performed t o  

e x t e n d  t h e  r e s u l t s  from t h i s  f i r s t  s e r i e s  o f  t e s t s  on t h e  3 1  a l l o y s .  

The o b j e c t i v e s  o f  t h e s e  a d d i t i o n a l  i n v e s t i g a t i o n s  were t o  de te rmine  

i f  (a) N i  o r  Be a d d i t i o n s  t o  t h e  b e s t  a l l o y s  found i n  t h e  f i r s t  s c r i e s  

and (b )  i f  a  s e l e c t e d  change i n  h e a t - t r e a t i n g  s c h e d u l e s  would l e a d  t o  

f u r t h e r  improvement i n  performance of  t h e  b e s t  compos i t ions .  These 

a d d i t i o n a l  i n v e s t i g a t i o n s  w i l l  be  d i s c u s s e d  i n  S e c t i o n  11-G a f t e r  t h e  

d i s c u s s i o n  o f  t h e  s t a t i s t i c a l  exper iments  on t h e  f i r s t  31 a l l o y s ) .  

1. A1 l o y  and .Sample ~ a b r  i c a t  i o n  
. . 

Because i t  was p lanned  t o  deve lop  an a l l o y  f o r  d i r e c t  a p p l i c a t i o n ,  

t h e  f a b r i c a t  i o n  methods chosen c l o s e l y  p a r a l l e l e d  t h o s e  s t a n d a r d  i n  t h e  

Z r  i n d u s t r y .  A Summary o f  t h e  d e t a i l s  r e p o r t e d  by ~ n ' t o n ~  , and  Jones  I0 



f o l l o w s :  

Each a l l o y  compos i t ion  was consumably a r c - m e l t e d  and 
r e m e l t e d  i n  1.8-kg h e a t s  from sponge-base  Z r  and h i g h - p u r i t y  
a l l o y i n g  m a t e r i a l s .  I n g o t s  were f o r g e d  a t  7 8 8 ' ~  t o  b i l l e t s  
6 . 3  x 7.6  cm wide by 2 ; 5  cm t h i c k .  B i l l e t s  were  ho t  r o l l e d  
a t  7 8 8 O ~  t o  0.178-cm s h e e t s .  Care was t a k e n  i n  hot  working 
t o  remove s u r f a c e  d e f e c t s  and s u r f a c e  gaseous  c o n t a m i n a t i o n .  
H o t - r o l l e d  s h e e t s  were s o l u t i o n  t r e a t e d  f o r  6  hours  a t  950°c 
under vacuum and w a t e r  quenched ( h o t  zone t o  w a t e r  i n  30 
s e c o n d s ) .  

The beta-quenched s h e e t s  were c l e a n e d ,  e t c h e d ,  and c o l d  
r o l l e d  t o  a  f i n a l  t h i c k n e s s  0 . 1 2 7 , c m  ( 1 5  t o  20% c o l d  work) .  
Cold f a b r i c a b i l i t y  was found t o  be d i r e c t l y  p r o p o r t i o n a l  t o  
t o t a l  a l l o y  c o n t e n t .  E x c e l l e n t  f a b r i c a b i l i t y  was obse rved  
f o r  a l l  a l l o y s  c o n t a i n i n g  l e s s  than  1 . 5  a t .  Z a l l o y  a d d i t i o n .  
D i f f i c u l t y  w i t h  c o l d  f a b r i c a b i l i t y  was exper ienced  above 
2 .5  a t .  % t o t a l  a l l o y  c o n t e n t  and t h e s e  a l l o y s  r e q u i r e d  
m o d i f i c a t i o n  ( l e s s  r e d u c t i o n  p e r  p a s s  or. even i n t e r m e d i a t e  
a n n e a l i n g  f o r  t h e  a l l o y s  o f  h i g h e s t  a l l o y  c o n t e n t )  o f  t h e  
c o l d - r o l l i n g  p rocedure .  A f t e r  t h e  f i n a l  c o l d - r o l l i n g  o p e r a -  
t i o n ,  a l l  s h e e t s  r e c e i v e d  a  s t a b i l i z a t i o n  and p r e c i p i t a t i o n  
a n n e a l  f o r  24 hours  a t  56S0c. ( I t  w i l l  be shown t h a t  complete  
s t a b i l i z a t i o n  was not  ach ieved  f o r  a l l  a l l o y s ;  f u r t h e r  p r e -  
c i p i t a t i o n  occur red  i n  some a l l o y s  a f t e r  long t imes  i n  c o r r o s i o n  

. t e s t  a t  500°c). 

The reason6  f o r  u s i n g  t h i s  h e a t  tr 'eatment s c h e d u l e  was because  
0 

b e t a  t r e a t i n g  fo l lowed  by 565 C a n n e a l i n g  i s  optimum f o r  promoting 

t h e  c o r r o s i o n  r e s i s t a n c e  o f  ~ b - c o n t a i n i n g  a l l o y s .  
11 

( L a t e r  r e s u l t s  

showed t h a t ,  f o r  a l l o y s  c o n t a i n i n g  o n l y  C r  o r  Cu, improvement i n  

c o r r o s i o n  r e s i s t a n c e  was r e a l . i z e d  w i t h  a  s l i g h t l y  h i g h e r  f i n a l  

a n n e a l i n g  t e m p e r a t u r e ) .  

Ni t rogen  check a n a l y s e s ,  chemica l  a n a l y s e s ,  and c o r r o s i o n  check 

t e s t s  on each  a l l o y ,  showed them t o  have good homogeneity.  Ni t rogen  

c o n t e n t s  f o r  v a r i o u s  i n g o t s  v a r i e d  from 10 t o  40 pprn w i t h  an  average  

o f  19 + 5  ppm. Oxygen c o n t e n t s  ranged from 770 t o  910 pprn w i t h  an  

average  of  825 + 75 ppm. Hydrogen a n a l y s e s  r.anged from 3  t o  34 pprn 

w i t h  an  average  o f  13 + 6  ppm. 
10 

Chemical a n a l y s i s  f o r  each  a l l o y  a d d i t i o n  were made by t h e  methods 

r e p o r t e d  by P e r r i n e  and by Ura ta .12  The r e s u l t i n g  v a l u e s  were t h o s e  

g i v e n  i n  Table  1. 



TABLE 1. Zr Alloy Composition Analyses (at .%) 

Nb Cr F e Cu Total 
Alloy Analyzed Analyzed Analyzed Analyzed Analyzed 

00 1 0.49 0.91 0.23 0.68 2.31 

002 0.50 0.92 0.50 1.34 3.25 

J- 

"(Zr-2 Sn = 1.2 wt %; Fe = 0.16 wt %; Cr = 0.08 wt %; Ni = 0.04 wt %) 
by analysis 

16 



T e s t  specimens ,  s u f f i c i e n t  i n  number and d e s c r i p t i o n ,  t o  s a t i s f y  

t h e  s t a t i s t i c a l  d e s i g n  were s h e a r e d  o r  punched o u t  of  t h e  annea led  

a l l o y  s h e e t s  o f  e a c h  compos i t ion  w i t h  r e p r o d u c i n g  d i e s . 1 3  A l l  c o r -  

r o s i o n  t e s t  specimens were used a l s o  a s  mechan ica l  t e s t  specimens and 

t h e  broken h a l v e s  of  each  mechan ica l  t e s t  specimen were ana lyzed  f o r  

hydrogen.  Two t y p e s  of t e s t  specimens ,  a  s h e e t  t e n s i l e  specimen, and 

a  s h e e t  impact s p e c m e n  were used Lur eclcll a l l o y  compooi t ion.  

A s p e c i a l  h i g h - p r e s s u r e ,  low-flow, r e f r e s h e d - s t e a m  c o r r o s i o n  

sys tem c o n s i s t i n g  'of t h r e e  1 4 5 - l i t e r  s t a i n l e s s  s t e e l  a u t o c l a v e s  and 

a s s o c i a t e d  equipment was developed14 f o r  c o r r o s i o n  t e s t s  a t  300,  400,  

and S O O ~ C ,  The impor tan t  c o r r o s i o n  sys tem paramete r s  were 

1. P r e s s u r e .  A c o n s t a n t  s p e c i f i c  steam volume o f  48.7 cc/gm 
0 

which i s  e q u i v a l e n t  t o  p r e s s u r e s  o f  46 atm a t  300 C ,  
58 -atm a t  400°c, and 68 atm a t  5 0 0 ' ~  was chosen.  

l ,  2 .  Flow R a t e .  A s team f low o f  3  cm/sec was m a i n t a i n e d  i n  t h e  
sample s e c t i o n .  

3. Oxygen and Hydrogen. C o n t r o l l e d  a d d i t i o n s  of  25 + 7 ppm O2 
and 3  + 2 ppm hydrogen were made t o  s i m u l a t e  r a d i o l y t i c  
decomposi t ion o f  s team.  

4 .  Water.  Deionized w a t e r  of  1 megohm r e s i s t a n c e  was h e a t e d  t o  
p rov ide  t h e  t e s t  s t e a u ~ .  

5.  Temperature .  Temperature v a r i a t i o n s  acr 'oss  t h e  sample 
0 

s e c t i o n  were measured t o  be l e s s  t h a n  2 C and c o n t r o l  was 
+ sOc. - 

S t e p s  were t a k e n  t o  e n s u r e  t h a t  d e p a r t u r e s  f r 0 m . a  homogeneous 

environment  would no t  a f f e c t  t h e  a l l o y  compar isons .  . T h e  a u t o c l a v e  was 

d i v i d e d  i n t o  16 r e g i o n s  w i t h i n ' e a c h  of  which,  one coupon o f  each  a l l o y  

was t e s t e d .  I n  a d d i t i o n ,  t h e  coupon placement w i t h i n  e a c h  r e g i o n  was 

d e l i b e r a t e l y  made random. (Evidence f o r  a  minor l a c k  of  homogeneous 

a u t o c l a v e  environment  was,  i n  f a c t ,  d e t e c t e d  i n  t h e  t e s t  d a t a ;  t h e  



p r e c a u t i o n s  t a k e n  p e r m i t t e d  t h e  e f f e c t  t o  be removed i n  d a t a  a n a l y s i s  

w i t h o u t  b i a s  i n  t h e  a l . 1 0 ~  compar i sons ) .  

The exposure.  s c h e d u l e  f o r  e a c h  o f  t h e  1565 coupons t e s t e d  r e q u i r e d  

p e r i o d i c  we igh ing  o f  a l l  samples and removing c e r t a i n  coupons a t  t ime 

:, . i n t e r v a l s  to.  -3000 hours- .  A c t u a l l y ,  e x t r a .  coupons o f .  a l l  a l l o y s  were 

r u n  t o  7812 h o u r s  a t .  3 0 0 ~ ~  and t o  3578 hours  a t  4 0 0 ~ ~ .  A t  500°c, 

e x t r a  coupons o f  t h o s e  a l l o y s  which showed' low c o r r o s i o n  r a t e s  and 

n e g l i g i b l e  c o r r o s i o n  hydrogen e m b r i t t l e m e n t  were r u n  a s  long  a s  ,6792 

h o u r s .  

S i n c e  t h e  c o r r o s i o n  t e s t i n g  invo lved  a lmost  2000 coupons and 

20,000 w e i g h i n g s ,  we igh t  g a i n s  were c a l c u l a t e d  by computer from t h e  

we igh ing  d a t a .  The computer o u t p u t  c a r d s  f o r  we igh t  g a i n s  were t h e n  

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

e a c h  a l l o y  a t  each  t e s t  t e m p e r a t u r e .  F i n a l l y ,  t h e  s t e a d y - s t a t e  r a t e s  

were used t o  d e t e r m i n e  l i n e a r  q u a d r a t i c  e q u a t i o n s  r e l a t i l l g  c o r r o s i o n  

r a t e  t o  a l l o y  compos i t ion .  These computa t ions  have been r e p o r t e d  i n  

d e t a i l  by J a e c h .  
9  

'3 . Mechanical  T e s t i n g  

D u p l i c a t e  t e n s i l e  t e s t s  on uncorroded specimens were performed on 
- .  

e a c h  a l l o y  a t  300, 400,  and 5 0 0 ~ ~ .  T r i p l i c a t e  t e s t s  were performed a t  

room t e m p e r a t u r e .  sample d imensions  and t e s t  a p p a r a t u s  have been 
13  ' d e s c r i b e d  e l s e w h e r e , .  

Each c o r r o s i o n  coupon removed f o r  t e s t  was t e s t e d  t o  f r a c t u r e .  
, . 

S h e e t  t e n s i l e  coupons were removed i n  p a i r s ;  one was t e s t e d  a t  room 

t e m p e r a t u r e  and t h e  o t h e r  h e l d  f o r  t e s t  a t  t h e  co r r .os ion  exposure  
0 

t e m p e r a t u r e .  (Only t e s t s  f o r  300 and 500 C exposures  were a c t u a l l y  

performed.  S i n c e  no e m b r i t t l e m e n t  was obse rved  a t  t h e s e  t e s t  tempera- 
0 

t u r e s ,  t h e  specimens exposed a t  4 0 0 ' ~  were n o t  t e s t e d  a t  400 C.) Shee t  

impact coupons were a l l  t e s t k d  a t .  3 0 0 ' ~  t o  d e t e c t  e m b r i t t l e m e n t  a s  a  

f u n c t i o n  o f  e x p o s u r e .  8 , 1 3  



4.  Hydrogen Analyses  

The specimens f o r  hydrogen a n a l y s i s  were c u t  from one-ha l f  of  

each  broken p o s t - c o r r o s i o n  impact coupon. These specimens were 

ana lyzed  f o r  hydrogen by i n d u c t i v e l y  h e a t i n g  a t  1200 + 50°C i n  a  h i g h  

vacuum Syscern. The a p p a ~ a t u s  and procodure  r67ero r ~ p n r t e r l  by P e r r i n e .  
12 

The U.S. Bureau o f  S t a n d a r d s  v a l u e s  f o r  hydrogen i n  T i  s t a n d a r d  samples 

352 and 353 were reproduced w e l l  w i t h i n  t h e  95% c o n f i d e n c e  l i m i t .  

The p r e c i s i o n  of  t h e  hydrogen a n a l y s i s  e x p r e s s e d  a s  o v e r - a l l  co-  

e f f i c i e n t s  of  v a r i a t i o n  was de te rmined  t o  be 5.6% i n  t h e  range  12 t o  

30 ppm hydrogen and 2.4% a t  100 ppm hydrogen.  These measures  o f  p r e -  

c i s i o n  have a  95% .con£ idence  l e v e l .  

D.  CORROSION RESULTS 

The we igh t  g a i n  d a t a  f o r  each  o f  the  32 a l l o y s  t e s t e d  a r e  summarized 
0 

i n  t h e  Appendix: Tab le  A - 1 ,  f o r  300 C e x p o s u r e s ,  Tab le  A-2, f o r  4 0 0 ' ~  
0 

e x p o s u r e s ,  and T a b l e  A-3 f o r  500 C exposures .  

A summary of  t h e  s t e a d y - s t a t e  c o r r o s i o n  r a t e s  f o r  each  a l l o y  a t  

t h e  . t h r e e  exposure  t e m p e r a t u r e s  i s  g i v e n ' i n  Table  2 .  An a n a l y s i s  w a s ,  

a l s o  made f o r  r a t e s  f o r  t h e  b e s t  a l l o y s  exposed f o r  longer  t imes  a t  

500 '~ .  T h i s  .second a n a l y s i s  showed t h a t  t h e  s t e a d y - s t a t e  c o n d i t i o n  had 

n o t  been reached  a t  3 0 0 0 ' h o u r s .  A l l  a l l o y s  showed lower r a t e s  a t  

longer  t i m e s ;  a n  a n a l y s i s  made w i t h  d a t a  f o r  exposures  up t o  6792 hours  

showed f a t e s  29% lower t h a n  t h o s e  computed a f t e r  3000 hours .  T h e r e f o r e ,  

t h e  long- term c o r r o s i o n  r a t e s  a r e  p r e d i c t e d  t o  be a t  l e a s t  a s  low a s  

t h o s e  g i v e n  i n  Table  2 .  A comparison o f  a l l o y  e f f e c t s  on r a t e  d i d  no( . 

change w i t h  longer  exposure .  



The dependence o f  s t e a d y - s t a t e  c o r r o s i o n  r a t e  on a l l o y  c o n t e n t  was 

computed from t h e  d a t a  shown i n  Tab le  2 ;  t h e  f o l l o w i n g  polynominal  

e q u a t i o n s  r e s u l t e d :  

A t  5 0 0 ' ~ :  l n y  = ' 1 . 3 9 2  + 0.802 Nb - 0.212 C r  + 1.426 Fe - 0 .77  Cu 
2  - 0.327 ~ b ~  - 0.047 C r 2  - 1.084 Fe + 0.182 Cu 

2  

. . . .  . 
+ 0.264 CrCu '- 0.125 FeCu 

. . . - . .  . . r : , 8 ., . . . . . . 

A t  , 4 0 0 ~ ~ :  l n y  = 0.539 + 1.050 Nb - 0.217 C r  + 0 .065  Fe - 0.419 Cu 

- 0 .535  ~ b ~  - 0.043 cr2 - 2.137 Fe2 - 0.217 Cu 
2  

+ 0.023 CrCu + 0.316 FeCu 

A t  3 0 0 ~ ~ :  Iny = 1.987 + 0.944 Nb - 0.949 C r  - 0.964 Fe - 0.270 Cu 
2  2  2  + 0.074 Nb + 0.279 cr2 - 3.489 Fe + 0 . 0 3 1  Cu 

- 0.452 NbCr + 0.378 NbFe - 0 .425  NbCu + 1.415 CrFe 

+ 0.076 C r C u  + 0.800 CrFe 

where 
2  

y  = Corros ion  r a t e  i n  mg/dm /day,  

.Nb = Niobium c o n t e n t  i n  a tomic  p e r c e n t ,  

C r  = Chromium c o n t e n t  i n  a tomic  p e r c e n t  . 

Fe = I r o n  c o n t e n t  i n  a tomic  p e r c e n t ,  and 

Cu = Copper c o n t e n t  i n  a tomic  p e r c e n t .  

The c o r r e l a t i o n  c o e f f i c i e n t  between exper imenta l  d a t a  and v a l u e s  

c a l c u l a t e d  by u s i n g  t h e s e  e q u a t i o n s  was f o ~ i n d  t o  b e  0 . 8 9 .  Cor ros ion  

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

e x p e r i m e n t . p e r m i t  d i r e c t , i l l u s t . r a t i u n  of  t h e  i m p l i c a ~ i o n s  of t h e s e  

e q u a t i o n s .  The a b i l i t y  t o  make such d i r e c t  i l l u s t r a t i o n s  demon- 

s t r a t e s  t h e  n e a r  o r t h o g a n a l i t y  of  t h e  d a t a ,  and c o n f i d e n t  

a n a l y t i c a l  examina t ion  of any compos i t ion  i n  t h e  t o t a l  f i e l d .  

Niobium a d d i t i o n s  a r e  g e n e r a l l y  d e t r i m e n t a l  t o  a l l o y s  c o n t a i n i n g  . . 

any o r  a l l  of  t h e  o t h e r  e l ements :  C r ,  Cu, and Fe.  The Cr-Cu i n t e r a c t i o n  

i s  s t r o n g l y  p o s i t i v e  e s p e c i a l l y  a t  t h e  h i g h e r  t e s t  t e m p e r a t u r e s ;  t h e r e  

a r e  b i n a r y  a l l o y s  c o n t a i n i n g  j u s t  C r  o r  j u s t  Cu which a r e  b e t t e r  t h a n  

any t e r n a r y  Cr-Cu a l l o y ;  any a l l o y  w i t h  b o t h  C r  and Cu w i l l  show r e l a -  

t i v e l y  poor  performance.  



A l l o y  
0@1 

2 
TABLE 2 .  Long-Term C o r r o s i o n  Rates '(mg/dm /day) f o r  F i r s t  

3 1  A l l o y s  a s  Determined by S t a t i s t i c a l  A n a l y s i s  

The remain ing  combina t ions ,  Cu-Fe and Cr-Fe,  demons t ra te  b e n e f i c i a l  

a d d i t i v e  e f f e c t s .  P a r t i c u l a r l y , ' i f  i t  i s  d e s i r a b l e  t o  have good c o r r o s i o n  
0 r e s i s t a n c e  a t  bo th  300 and 500 C ,  a l l o y s  c o n t a i n i n g  bo th  Cu and Fe a r e  

much b e t t e r  than  Zr-Cu o r  Zr-Fe b i n a r i e s .  At 300 and 4 0 0 ~ ~ ~  Fe may be 

a  b e n e f i c i a l  a d d i t i o n  t o  c e r t a i n  compos i t ions  o f  Z r - C r  a l l o y s ;  a t  5 0 0 ~ ~ ~  

Fe a d d i t i o n s  a r e  g e n e r a l l y  d e t r i m e n t a l .  



E . HYDRIDING RESULTS 

Hydrogen c o n t e n t s  de te rmined  a f t e r  v a r i o u s  exposures  a r e  g i v e n  i n  

t h e  Appendix ( T a b l e s  A-4, A-5, and A-6) f o r  a l l  32 a l l o y s  exposed a t  
0 

300,  400, and 500 C ,  r e s p e c t i v e l y .  At t h e  t ime t h e  s t a t i s t i c a l  a n a l y s i s  
0 

was made o f  t h e  500 C r e s u l t s ,  d a t a  were a v a i l a b l e  f o r  exposure  t imes  

of  7 5 ,  175, 375,  750,  1125,  1500, and 3000 h o u r s ,  r e s p e c t i v e l y .  For  

17 a l l o y s ,  d a t a  were  a l s o  a v a i l a b l e ,  a t  3792 h o u r s .  S i m i l a r  d a t a  f o r  
0 

3578 hours  o f  exposure  were u s e d  i n  t h e  a n a l y s i s  o f  t h e  400 C r e s u l t s .  

I n i t i a l l y ,  p l o t s  were  made of  hydrogen p ickup  i n  p a r t s  p e r  m i l l i o n  

v e r s u s  t ime f o r  a l l  a l l o y s  t o  dc te rmine  when t h e  s t e a d y - s t a t e  c o n d i t i o n  

was reached .  It became a p p a r e n t  i n  making t h e s e  p l o t s  t h a t  b i a s e s ,  may 

have e x i s t e d  between t h e  d i f f e r e n t  exposure  groups  o f  specimens .  I n  

p a r t i c u l a r ,  t h e  5 0 0 ~ ~  specimens  exposed t o  1500 h o u r s ,  seemed t o  g i v e  

r e s u l t s  lower t h a n  t h o s e  expec ted  when c o n s i d e r i n g  t h e  r e s u l t s  f o r  t h e  

o t h e r  specimens .  I n  s e v e r a l  i n s t a n c e s ,  t h e  t o t a l  hydrogen pickup was 

a c t u a l l y  lower a t  1500 h o u r s  t h a n  t h a t  obse rved  a t  1125 h o u r s .  Chemical 

r e - a n a l y s e s  d i s c l o s e d  t h a t  t h i s  b i a s  was no t  due t o  i n s t r u m e n t  b i a s .  

S ince  o n l y  a  v e r y  few p o i n t s  were a v a i l a b l e  f o r  each a l l o y  i n  

d e t e r m i n i n g  t h e  r a t e  o f  hydrogen p ickup ,  i f  one p o i n t  were c o n s i s t e n t l y  

b i a s e d  f o r  some r e a s o n ,  i t  was impor tan t  t o  a l l o w  f o r  t h i s  i n  t h e  

a n a l y s i s .  For  t h i s  r e a s o n ,  b e f o r e  p roceed ing  w i t h  t h e  a n a l y s i s  of  t h e  

hydrogen d a t a ,  t h c  we igh t  g a i n  d a t a  were  exalnined more c l o s e l y .  These 

d a t a  were more e x t e n s i v e  t h a n  t h e  hydrogen d a t a ,  and i f  r e a l  b i a s e s  

e x i s t e d  i n  t h e  we igh t  g a i n  sample g roups ,  t h e y  cou ld  be c le ter~nined 

more p r e c i s e l y .  V a r i a t i o n s  i n  a l l o y  c o n t e n t  c o u l d  s c a r c e l y  be r e -  

s p o n s i b l e  i f  a  g i v e n  specimen group i s  b i a s e d  f o r  a l l  a l l o y s  s i n c e ,  i f  

t h e r e  were a  c e r t a i n  l a c k  of  homogeneity i n  t h e  o r i g i n a l  s h e e t s  of  m e t a l ,  

t h i s  would s c a r c e l y  g i v e  r i s e  t o  a b i a s  i n  t h e  same sample group f o r  

a l l  a l l o y s .  Causes of  p o s s i b l e  sample group b i a s e s  must be t i e d  up 

w i t h  f a c t o r s  common t o  t h e  same sample group f o r  a l l  a l l o y s .  



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

r a t e s  were e s t i m a t e d  f o r  each  sample f o r  a  g iven  specimen, and a  we igh t  

average  was t a k e n  t o  o b t a i n  t h e  o v e r - a l l  c o r r o s i o n  r a t e  f o r  t h e  a l l o y .  

These i n d i v i d , u a l  sample d a t a  f o r  weight  g a i n  were re-examined. The 

1500-hour samples ,  s u s p e c t e d  t o  have low h y d r i d i n g  r a t e s ,  were found t o  

be remarkably  c o n s i s t e n t  i n  hav ing  t h e  s m a l l e s t  weight  g a i n  o f  a l l  t h e  

samples.  I n  f a c t . ,  f o r  14 o f  t h e  30 a l l o y s ,  t h e  c o r r o s i o n  r a t e  o f  t h e  

1500-hour samples .was t h e  lowest  of t h e  12 sainple g roups ,  which i s  

c l e a r l y  a  s i g n i f i c a n t  r e s u l t .  

A more thorough a n a l y s i s  was made o f  a l l  t h e  weight  g a i n  d a t a  t o  

d e t e c t  any o t h e r  b i a s e s  t h a t  may e x i s t .  T e s t s  were made which s e p a r a t e d  

t h e  samp.les in to .  groups ,  between which r e a l  b i a s e s  e x i s t ,  b u t w i t h i n  

which t h e  samples were n o t  s i g n i f i c a n t l y  d i f f e r e n t .  Al though  t h e  

1500-hour group had t h e  most obvious  b i a s ,  t h e r e  were o t h e r  r e a l  d i f -  

f e r e n c e s  between v a r i o u s  groups .  Th is  was n o t  due t o  t h e  t y p e  o f  

specimen ' ( t e n s i l e  v e r s u s  impac t ) .  One p o s s i b l e  e x p l a n a t i o n  i s  t h e  

p o s i t i o n  w i t h i n  t h e  t e s t  a u t o c l a v e .  Using t h e  sample l o a d i n g  schemat ic  

diagram13 t h e  sample group l o a d i n g  d i s p o s i t i o n  was checked a g a i n s t  t h e  

sample group weight  g a i n  b i a s e s .  I f  t h e r e  were a  t empera tu re  g r a d i e n t  

i n  t h e  autocl .ave,  t h i s  would e x p l a i n  t h e  observed  d i f f e r e n c e s  between 
0 

groups .  The g r a d i e n t  would have t o  be on t h e  o r d e r  of 10 t o  15 C ,  w i t h  

t h e  h i g h e r  t empera tu re  a t  t h e  bottom of  t h e  a u t o c l a v e ,  t o  e x p l a i n  a l l  

t h e  b i a s .  

0 
(The weight  g a i n  d a t a  f o r  400 C exposures  were a l s o  re-examined. 

There was no a p p a r e n t  b i a s  caused by a  t empera tu re  g r a d i e n t ) .  

It shou ld  be p o i n t e d  o u t  t h a t  t h e  chosen l o a d i n g  p a t t e r n  f o r  t h e  

sample group was purpose ly  des igned  f o r  removing any p o s s i b l e  b i a s e s  

from t h e  -average v a l u e s  r e p o r t e d  f o r  c o r r o s i o n  r a t e s . ,  The b i a s e s  would 

have no r e l a t i v e  e f f e c t  on composi t ion comparisons .  The b i a s e s  do have 

t o  be c o n s i d e r e d ,  however, i n  de te rmin ing  h y d r i d i n g  r a t e s  where t h e  

d a t a  a r c  l e s s  e x t e n s i v e .  



With the  r e s u l t s  of t hese  ana lyses  i n  mind, the  hydrogen d a t a  

could  be analyzed by t ak ing  s t e p s  t o  remove the b i a s  a t  t h e  expense 
0 

of a lo s s  i n  p r e c i s i o n .  Hydriding r a t e s  a t  500 C ,  t h e r e f o r e ,  were 

es t imated  from d a t a  a f t e r  1125 and 3000 hours f o r  14 a l l o y s  and a f t e r  

1125, 3000, and 3792 hours  f o r  the  remaining 17 a l l o y s .  These da t a  

were analyzed by e s t ima t ing  t h e  s lopes  of t h e  s t r a i g h t  l i n e s  f i t  through 

t h e  da t a  p o i n t s .  The usua l  l e a s t  squares  techniques was used, which i s  

l e g i t i m a t e  i n  t h i s  case  because t h e  sample p o i n t s  a r e  mutua l ly . inde-  

pendent.  The e s t ima ted  s lopes ,  us  hydr id ing  r a t e s  a r e  given i n  

Table 3. Based on the  d i f f e r e n c e s  between the  f i t t e d  po in t s  and the  

observed p o i n t s ,  t h e  unce r t a in ty  (95% confidence i n t e r v a l )  a s soc i a t ed  
0 

wi th  a  given es t imated  hydr id ing  r a t e  a t  500 C i s  _+ 1.2 ppm/day f o r  

the  values marked w i t h  an a s t e r i s k  and + 0 . 8  ppm/day f o r  t he  remaining 

va lues .  

For the  4 0 0 ~ ~  d a t a ,  hydrogen contents  a t  1125, 1500, 2250, 3000, 

and 3570 hours were included i n  e s t ima t ing  t h e i r  hydr id ing  r a t e s .  The 
0 

400 C hydr id ing  r a t e s  a r e  a l s o  given i n  Table 3. For 4 0 0 ~ ~  d a t a ,  t he  

s t anda rd  d e v i a t i o n  i s  Ifi 0.05 ppm. It i s  emphasized t h a t  the  l i m i t s  

a r e  on p rec i s ion  and do not inc lude  a l l  pos s ib l e  un-removed b i a ses .  

0 
For 300 C exposures ,  the  i nc rease  i n  hydrogen content  even a f t e r  

6750 hours was g e n e r a l l y  so smal l  t h a t  a n a l y s i s  of hydriding r a t e s  was 

not  performed. It was gene ra l ly  t r u e  t h a t  t he  ma jo r i t y  of the  cor ros ion  

hydrogen uptake occurred i n  t he  f i r s t  2250 hours.  In  some cases ,  the  

d a t a  show a  decrease  i n  hydrogen content  w i t h  inc reas ing  exposure time 

a f t e r  2250 hours .  

The dependence of s t e a d y - s t a t e  hydr id ing  r a t e  on a l l o y  composition 

was d y t e m i n e d  from the  d a t a  given i n  Table 3  f o r  400 and 5 0 0 ~ ~  exposures.  

The r e s u l t i n g  polynominal express ions  were: 



A t  5 0 0 ~ ~ :  lny  = 1.835 - 0.115 Nb - 0.060 C r  - 0.368 Fe - 1.097 Cu 
2  2  - 0.097 Nb2 - 0.148 C r  + 1.049 Fe + 0.242 Cu 

2  

+ 0.072 NbCr + 0 .043  NbFe + 0.069 NbCu - 0.160 CrFe 

+ 0.634.CrCu - 0.619 FeCu 

A t  400 '~:  Z = 0.777 + 0.815 Nb- - 1.108 C r  + 0.619 Fe - 0.834 Cu 
' 2  2  - 0.1.92 Nb + 0 . 1 9 1  cr2 - 7.898 Fe + 0.842 Cu 

2  

+ 0.015 NbCr + 1.157 NbFe - 0.432 NbCu + 2.556 CrFe 

- 0.048 CrCu - 0.432 FeCu 

where 

y  = Hydriding r a t e  i n  ppm/day, 

Nb = Niobium c o n t e n t  i n  a tomic p e r c e n t ,  

C r  = Chromium c o n t e n t  i n  a tomic p e r c e n t ,  

Fe = I r o n  c o n t e n t  i n  a tomic p e r c e n t ,  

Cu = Copper c o n t e n t  i n  a tomic p e r c e n t ,  and 

z = l n  ( Y  + J~~ + 0 . 2 ) ,  t o  pe rmi t  use of n e g a t i v e  e s t i m a t e s .  
2  

The c o e f f i c i e n t  of v a r i a t i o n  f o r  t h e s e  e x p r e s s i o n s  was a l s o  about .  

0 . 9 ;  o r t h o g a n a l i t y  was a g a i n  conf i rmed.  

I n  some i n s t a n c e s ,  t h e  a l l o y  dependence o f  h y d r i d i n g  r a t e  d i f f e r s  

from t h e  a l l o y  dependence o£ c o r r o s i o n  r a t e ,  e , .g . ,  t h e  dependence on 
0 

Fe and Nb c o n t e n t  a t  500 C and t h e  dependence on Cu c o n t e n t  a t  400 '~ .  

These d i f f e r e n c e s  a r i s e  s i n c e  h y d r i d i n g  i n v o l v e s  n o t  o n l y  c o r r o s i o n  

hydrogen p r o d u c t i o n ,  but  a l s o  t h e  f r a c t i o n  of t h e  c o r r o s i o n  hydrogen 

p icked  up by t h e  u n d e r l y i n g  m e t a l .  Both t h e  r a t e  of c o r r o s i o n  hydrogen 

p r o d u c t i o n  and t h e  pickup f r a c t i o n  v a r y  w i t h  a l l o y  c o n t e n t .  
5  

MECHANICAL PROPERTIES 

There a r e  t h r e e  requ i rements  f o r  a  s u c c e s s f u l  Z r  a l l o y  c l a d d i n g  

which r e l a t e  t o  mechanical  b e h a v i o r :  good f a b r i c a b i l i t y ,  h i g h  d u c t i l i t y ,  

and r e s i s t a n c e  t o  c o r r o s i o n  hydrogen e m b r i t t l e m e n t .  C o n s i s t e n t  w i t h  

t h e  o v e r - a l l  program d e s i g n ,  i t  was d e s i r a b l e  t o  e x p r e s s  each of t h e  



TABLE 3. E~~imated'Hydriding Rates 

Alloy 
001 
002 
003 
004 

' 005 
006 
007 
008 
0 09 
010 
011 
012 
013 
014 
015 
016 
0 17 
0 18 
019 
020. 
021 
0 2 2 
023 
0 24 
025 
0 2 6 
027 
028 
029 
030 
031 
032 

Hydriding Rate 
(ppm/day) 

400'~ 500'~ 
0.06 4.8" 
-0.15 3.2 
0.05 4.2 
0.30 3.8 
0.15 2.2* 
0.10 2 .o 
0.34 2.3 
0.71 2.4 
0.27 3 .O 
0.23 4.2 
0.25 2.5 
2.1 (6 = 0.4) 4.0 
-0.02 3.2$' 
0.40 1 . 35' 
0.22 3.3 
0.62 5.2 
0.09 1.7* 
(3.02 3.7* 
0.06 2 .4" 
0.65 2 .4" 
0.49 6.6 
0.44 3.4 
0.73 5.8 
0.02 4.4$: 
-0.04 - 
0.23 2.6* 
0.12 4.8* 
0.03 3.6" 
-0.07 2.8k 
0.06 3.4* 
0.09 3.3* 
0.54 10 . 6'" 

J- A A 
a - 1.2 ppal/day; Lor all others o = U .8 ppm/day. 



a l l o y  p r o p e r t i e s  wh-ich r e . l a t e  t o  t h e s e  requ i rements  i n  terms o f  a l l o y  

composi t ion.  It was p o s s i b l e  t o  do t h i s  f o r  a s - f a b r i c a t e d  t e n s i l e  

and t o  r e l a t e  t h e s e  t e n s i l e  r e s u l t s  t o  q u a l i t a t i v e  observa-  

t i o n s  on f a b r i c a b i l i t y .  P o s t - c o r r o s i o n  mechanical  behav ior  was a l s o  

observed t o  be dependent on a l l o y  composi-t ion; c r y s t a l l o g r a p h i c  and 
. . .  . . 

m i c r o s t r u c t u r a l  f a c t o r s  were a l s o  found"to 'li'ave. .an. e f f e c t  on mechanical  

behav ior .  I 

1. As-Fabr ica ted  T e n s i l e  P r o p e r t i e s  and F a b r i c a b i l i t y  

The t e n s i l e  p r o p e r t i e s  o f  a l l  a l l o y s  a f t e r  f a b r i c a t i o n  and f i n a l  

h e a t  t r e a t m e n t  a r e  inc luded  i n  t h e  Appendix, T a b l e s  A-7 through A-10. 

Data a r e  . g i v e n  f d r  t e s t s  a t  room t e m p e r a t u r e ,  300, 400, and 500 '~ .  .. . 

. . 

Room tempera tu re  d a t a  were ana lyzed .  The most impor tan t  f a c t o r -  i n  

de te rmin ing  t h e ' a s - f a b r i c a t ' e d  mechanical  p r o p e r t i e s  was t h e  t o t a l  a tomic 

p e r c e n t  a l l o y  a d d i t i o n .  , L i n e a r  bands (+ - 10% of  v a l u e s )  which i n c r e a s e d  

w i t h  an  i n c r e a s e  i n  t o t a l  a l l o y  c o n t e n t  d e s c r i b e  t h e  y i e l d  and t e n s i l e  
. . 

s t r e n g t h  d a t a  q u i t e  w e l l ;  l i n e a r  bands (+ 20% of  v a l u e s )  which d e c r e a s e  

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

and e l o n g a t i o n  d a t a  q u i t e  C e r t a i n  t r e n d s  f o r  t h e  e f f e c t s  of 

i n d i v i d u a l  a l l o y i n g  e lements  cou ld  be d e t e c t e d  ( F i g u r e  1 ) .  

. , 

The dependence of mechanical  behav ior  on a l l o y  c o n t e n t  i s  n o t  unexpected 

A l l  t h e  b i n a r y  a l l o y  systems invo lved  (Zr-Nb, Z r - C r ,  Zr-Fe, Zr-Cu) show 

l i m i t e d  s o l i d  sol..ubj.l.ity and i n c r e a s e d  volume p e r c e n t  second phase w i t h  

i n c r e a s e d  a l l o y  a d d i t i o n .  Only Nb a d d i t i o n s  might g i v e  s i g n i f i c a n t  

s o l i d  s o l u t i o n  s t r e n g t h e n i n g .  l5  The r o l e  0.f i n t e r m e t a l l i c  d i s p e r s i o n s  

i n  i n c r e a s i n g  s t r e n g t h .  and d e c r e a s i n g  d u c t i l i t y  was r e p o r t e d  by 

Kee l e r  16'17 e a r l y  i n  t h e  h i s t o r y ,  o f  Z r  a l l o y  development.  

A c o r r e l a t i o n  was made between q u a l i t a t i v e  f a b r i c a b i l i t y  o b s e r v a -  

t ions1' and t h e  r e d u c t  i o n - i n - a r e a  and e l o n g a t i o n  d a t a .  ~ 1 1 0 ~ s . '  w i t h  

l e s s  t h a n  1.9 a t .  % t o t a l  a l l o y  c o n t e n t  showed good f a b r i c a b i l i t y .  



a 
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a, 
v-4 1 . O  2 . O  3 . 0  
w A d d i t i o n ,  a t  .% 

a. A l l o y  S t r e n g t h  a s  a Func t ion  of Composit ion 

U 

Additi.on, a t  .% 
b. Alloy  D u c t i l i t y  a s  a  Func t ion  of Composit ion 

FIGURE 1. ALLOY MECHANICAL P R O P E R T I E S  AS A FUNCTION O F  COMPOSITION. 

A l l o y s  w i t h  a  t o t a l  e l o n g a t i o n  g r e a t e r  t h a n  19% o r  a s e d u c t i o n  i n  area 

g r e a t e r  t h a n  41% had good f a b r i c a b i l i t y .  For a l l o y s  w i t h  g r e a t e r  than  

abou t  4 a t . ' %  a l l o y  c o n t e n t ,  t h a t  i s ,  t h o s e  showing l e s s  t h a n  28% 

r e d u c t  ion  i n  a r e a  o r  l e s s  than  11% e l o n g a t  i o n ,  poor .f a b r i c a b i l i t y  was 

r e p o r t e d .  

The f a b r i c a b i l i t y  o b s e r v a t i o n s  were based on edge cra.cki.ng and 

c r a c k  p r o p a g a t i o n  t e n d e n c i e s  d u r i n g  c o l d ' r o l l i n g .  Only 20% c o l d  work 

was r e q u i r e d  i n  o u r  s c h e d u l e ,  compared t o  40 t o  60% c o l d  work i n  com- 

m e r c i a l  m i l l  p roduc t  f a b r i c a t i o n .  A l l  of t h e  a l l o y s  cou ld  be f a b r i c a t e d  

by making changes  i n  t h e  r e f e r e n c e  f a b r i c a t i o n  s c h e d u l e ;  however, i t  i s  

c l e a r  t h a t  any a l l o y  mee t ing  t h e  economic t a r g e t s  o f  t h i s  Al loy  Design 

Program cannot  g r o s s l y  exceed 1 .9  a t .  % t o t a l  a l l o y  c o n t e n t  because  o f  . .  



The upper l i m i t  on a l l o y  c o n t e n t  means (from t h e  t e n s i l e  d a t a )  

t h a t  t h e  t a r g e t  a l l o y  w i l l  n o t  have a  y i e l d  s t r e n g t h  g r e a t e r  t h a n  about  
2  

45 kg/- a t  room tempera tu re  (compare 39 kg/mm2 f o r  Z i rca loy-2  i n  t h e  

same t e s t s ) .  . 

2 : Poqt - h i - r n s i . ~ n  M e c h e i c a l  P r o p e r t i e s  ' 

P o s t - c o r r o s i o n  t e n s i l e  p r o p e r t i e s  a t  t h e  exposure  t empera tu re  a r e  

g iven  i n  t h e  Appendix, T a b l e s  A - 1 1  and A-12. 

T e n s i l e  coupons exposed a t  5 0 0 ' ~  ( f o r  a s  long  a s  3792 hours )  and 

t e s t e d  a t  5 0 0 ' ~  showed no b r i t t l e  b e h a v i o r .  A Z i rca loy-2  coupon con- 

t a i n e d  t h e  most hydrogen, 1756 ppm, of any t e s t e d ;  f o r  Z i rca loy-2  t h e  

. . s o l u b i l i t y  f o r  hydrogen a t  5 0 0 ' ~  i s  about  600 ppm hydrogen. la T& 

Z i r c a l o y - 2  coupons (and t h o s e  o f  a l l  o t h e r  a l l o y s )  showed a s i g n i f i c a n t  

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

exposure  t imes  and hydrogen c o n t e n t  i n c r e a s e d .  However, f o r  t h e  l o n g e s t  

exposure  and h i g h e s t  hydrogen c o n t e n t ,  t h e  t e n s i l e  coupon d i d  n o t  show 

b r i t t l e  f r a c t u r e .  

0 0 
T e n s i l e  coupons exposed a t  300 C and t e s t e d  a t  300 C' con ta ined  

r e l a t i v e l y  l i t  t l e  hydrogen (80 ppm maximum compared t o  a  hydrogen 

s o l u b i l i t y  l i m i t  i n  Z i rca loy-2  of about 120 ppm a t  3 0 0 ' ~ ) .  N o . s i g n i -  
0 

f i c a n t  changes i n  t e n s i l e  p r o p e r t i e s  a t  300 .C were o b s e r v e d  a . f t e r  
0 

c o r r o s i o n  exposure  a t  300 C f o r  exposure  t imes  up t o  3000 h o u r s .  (The 
0 

same was L ~ * u e  f o r  impact t e s t s  a t  300 C a f t e r  exposures  t o  3570 hours  
0 

a t  300 C, Appendix,  T a b l e  A-13.) 

0 
Because o f  t h e  300 and 500 C r e s u l t s ,  t h e  t e n s i l e  coupons exposed 

a t  4 0 0 ' ~  were n o t  t e s t e d  a t  4 0 0 ~ ~ .  



.. - 

The r e s u l t s  o f  t e n s i l e  t e s t s  a t  t h e  exposure  t e m p e r a t u r e  a r e  con- 

s i s t e n t  w i t h  o u r  e a r l i e r  assumpt, ions6 t h a t  b r i t t l e  f r a c t u r e  a t  e l e v a t e d  

t e m p e r a t u r e s  would o c c u r  o n l y  when a  c o m p l e t e  g r a i n  boundary network o f  

h y d r i d e  was p r e s e n t  ( e s t i m a t e d  ' t o  occur  a t  t h e  s o l u b i l i t y  l i m i t  p l u s  

1500 ppm hydrogen) .  Even t h e  p o o r e r  a l l o y s  d i d  n o t  a b s o r b  t h i s  c r i t i c a l  

amount of  hydrogen d u r i n g  t h e  l o n g e s t  e x p o s u r e s .  Some o f  t h e  b e t t e r  

a l l o y s ,  t h e r e f o r e ,  would n o t  be e x p e c t e d  t o  be b r i t t l e  u n t i l  a f t e r  
0 

38 ,000  h o u r s  ( o v e r  4 y e a r s )  e v e n ' a t  500 C (see t h e  h y d r i d i n g  r a t e s  i n  

T a b l e  3 ) .  Thus,  i t  a p p e a r s  t h a t  t h e r e  a r e  a l l o y s  m e e t i n g  t h e  c o r r o s i o n  

and f a b r i c a b i l i t y  r e q u i r e m e n t s  which c a n  a l s o  be expec ted  t o  meet t h e  

d e s i g n  t a r g e t  f o r  r e s i s t a n c e  t o  c o r r o s i o n  hydrogen e m b r i t t l e m e n t  at 
0 

s e r v i c e  t e m p e r a t u r e s  between 300 t o . 5 0 0  C.  

Da ta  f o r  t e n s i l e  coupons t e s t e d  a t  room t e m p e r a t u r e  a f t e r . e x p o s u r e s  
0 

a t  300,  400, and 500 C a r e  g i v e n  i n  t h e  Appendix,  T a b l e s  A-14, A-15, 

and A-16. It was found t ,ha t  t h e  r e s i s t a n c e  t o  hydrogen e m b r i t t l e m e n t  

a t  .room t e m p e r a t u r e  was lower t h a n  t h a t  a t  t h e  exposure  t e m p e r a t u r e  and 

v a r i e d  from a l l o y  t o  a l l o y .  

0 
T e n s i l e  coupons exposed a t  300 C (6570 h o u r s  maximum t i m e ,  80 ppm 

hydrogen maximum) and t e s t e d  a t  room tempera tu re  d i d  n o t  show b r i t t l e  

f r a c t u r e .  Somewhat e r r a t i c  r e s u l t s  were obse rved  f o r  some o f  t h e  

h i g h l y  a l l o y e d  c o m p o s i t i o n s ,  e.g.,  a l l o y s  002,  006 ,  008, 009, 011,  012,  

and 022. These a l l o y s  had 2 . 4  t o  5.9 a t .  % t o t a l  a l l o y  a d d i t i o n ,  y i e l d -  
2  s t r e n g t h s  on t h e  o r d e r  o f  70 kg/mm (100,000 p s i ) ,  and were among t h o s e  

w i t h  o n l y  f a i r  t o  poor  f a b r i c a b i l i t y .  

T e n s i l e  coupons exposed a t  4 0 0 ' ~  (3578 hours  maximum, 574 ppm 

hydrogen maximum) and t e s t e d  at room tempera~ 'u i re  a l s o  e x h i b i t e d  some 

e r r a t i c  b e h a v i o r  f o r  t h e  morc h i g h l y  a l l o y e d  samples .  Al loy  012 

( 1 . 1  Nb - 1 . 4  C r  - 0 . 3  Fe - 1 . 8  Cu) c o n t a i n e d  559 ppm hydrogen a f t e r  

3000 h o u r s  a t  4 0 0 ' ~  and was b r i t t l e  i n  t h e  room t e m p e r a t u r e  t e n s i l e  



t e s t .  (.This a l l q y ,  a l s o  e x h i b i t e d  b r i t t l e  behav ior  i n  the-  3 0 0 ' ~  impact 

t e s t s  [Appendix, Table  A-171 a f t e r  2250 h o u r s ,  462 ppm H2,  b u t  when 
0 

t e s t e d  i n  t e n s i o n  a t  400 C showed 15% e l o n g a t i o n  and 57% r e d u c t i o n  i n  

a r e a  a f t e r  an exposure  o f  3578 h o u r s ,  574 ppm) . 

There i s  some ev idence  t h a t  r ecovery  ( a l l o y  008 and 011) and a g i n g  
0 :,', 

( a l l o y  014 and 017) r e a c t i o n s  a l s o  o c c u r r e d  a t  400 C f o r  s o m e . a l l o y s .  

T e n s i l e  d a t a  f o r .  a l l o y s  exposed a t  5 0 0 ' ~  and me t a l l o g r a p h i c  ev idence  

f u r t h e r  r e v e a l e d  t h a t  t h e  s t a b i l i z a t i o n  a n n e a l  g iven  a l l  coupons a t  . 

5 6 5 ' ~  (24 hours) b e f o r e  c o r r o s i o n  exposure  was n o t  comple te ly  e f f e c t i L e  

f o r  e v e r y  a l l o y .  

0 Coupons exposed a t  500 C and t e s t e d  a t  room tempera tu re  i n  t e n s i o n  
0 

(Appendix, Table  A-16) o r  a t  300 C i n  impact (Appendix, Tab le  A-18) 

c o n t a i n e d  t h e  most hydrogen and provided t h e  most i n f o r m a t i o n  on r e - .  

s i s t a n c e  t o  hydrogen e m b r i t t l e m e n t .  The d a t a  (Appendix, Tab les  A-16 

and A-18) were ana lyzed  t o  e s t l h a t e  t h e  hydrogen c o n t e n t  r e q u i r e d  t o  

cause  , low-temperature  b r i t t l e  behav ior  a s  shown i n  Tab le  4.  

When t h e  embr i t t l ement  d a t a  were p l o t t e d  a s  a  f u n c t i o n  o f  t o t a l  

a l l o y  c o n t e n t  ( F i g u r e  2 ) ,  a  g e n e r a l  t r e n d  was r e v e a l e d ,  bu t  four,  a l l o y s  

d i d  no t  f i t  t h e  t r e n d  band a t  a l l .  Except f o r  t h e s e  f o u r  a l l o y s ,  i t '  

appeared t h a t  a  t o t a l  a l l o y  c o n t e n t  o f  l e s s  t h a n  0 . 8  a t .  % would be 

r e q u i r e d  f o r  r e s i s t a n c e  t o  1000 ppm.or more hydrogen. When t h e  d a t a  

were grouped by i n c r e a s i n g  Nb c o n t e n t  and r e p l o t t e d  ( F i g u r e  3 ) ,  i t  was 

c l e a r  t h a t  Nb was r e s p o n s i b l e  f o r  much of  t h e  l o s s  i n  r e s i s t a n c e  t o  

hydrogen and t h a t  i f  Nb .con ten . t .were  kep t  below 0 . 4  a t .  %, a  h i g h  

r e s i s t a n c e  t o  hydrogen was p o s s i b l e .  I n  f a c t ,  a l l o y  030 ( w i t h  1 .4  a t .  % 

C r  and 1.2 a t .  % Cu but  o n l y  0 . 3  a t .  % Nb) was n o t  b r i t t l e  u n t i l  i t  

c o n t a i n e d  1000 ppm hydrogen. A t e n t a t i v e  p l o t  was made of Fe c o n t e n t  

v e r s u s  amount of h y d r . ; e n  t o  make t h e  a l l o y s  b r i t t l e .  For  f i x e d  Nb 

c o n t e n t s ,  t h i s  t e n t a t i v e  p l o t  shows Fe t o  be  a n  u n d e s i r a b l e  a d d i t i o n .  

T h i s  r e s u l t  sugges ted  t h e  p l o t  ( F i g u r e  4) which shows t h a t  good r e s i s -  

t a n c e  t o  hydrogen can be  o b t a i n e d  i f  t o t a l  atom p e r c e n t  Nb + Fe i s  k e p t  

below 0 . 7  a t .  %. Alloy  003 h a s  .0.7 a t .  X Nb .+,Fe b u t  3 . 2  t o t a l  a t .  % C r  

and Cu; t h i s  a l l o y  r e q u i r e d  900 ppm t o  c a u s e  b r i t t l e  b e h a v i o r .  



- .  

TABLE 4 .  Es t imates  of Hydrogen Content t o  Cause 
B r i t t l e  Behavior a t  Low Temperatures 

. Analyzed Hydrogen Content (ppm) 
Estimated H2 (ppm) D e f i n i t e l y  F i r s t  I n d i c a t i o n  D e f i n i t e l y  

A 1  1 oy t o  Make ~ r i t t l e  
00 1 800 
00 2 60'0 

Duc t i l e  
392 
327 ' 

440 
440 
165 
231 
176 
138 

9 8 
247 
11 6 
261 
637 
5 2 2 
348 
355 
575 
49 7 
41 5 
62 6 
52 6 
490 
623 
,625 . 

- 
844 

1159 
744 
63 2 
79 1 
23 1 
644 

B r i t t l e  
752 

B r i t t l e  
1064 

60 1 
9 10 
7 80 
420 
4.29 
557 
59 1 
34 5 
875 
513 
7 34 

9: 

J; 

, 4  63 
64 6 

. J- 

9; 
-1- 

1069 
- 

84 1 
1196 

9: 

9: 
Alloy no t  b r i t t l e  a f t e r  longes t  exposure. 
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FIGURE 2. ',RESISTANCE TO HYDROGEN VERSUS TOTAL ALLOY CONTENT 
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It i s  t o  be emphasized t h a t  the  low Nb, low Fe a l l o y s  which have 
I 

good r e s i s t a n c e  t o  a  g iven  hydrogen content  a r e  a l s o  among those which 

have low co r ros ion  r a t e s  and low hydr id ing  r a t e s .  Some of t hese  a l l o y s  
0 

were exposed f o r  over 6700 hours a t  500 C without  becoming b r i t t l e  

e i t h e r  a t  e l eva t ed ,  temperatures  o r  a t  room temperature.  

Sheet t e x t u r e ,  and hydride o r i e n t a t i o n  were checked t o  

determine how m i c r o s t r u c t u r a l  f e a t u r e s  were r e l a t e d  t o  the  a l l o y  

composition e f f e c t s  noted above. 

Samples of each a l l o y  were examined on the  s h e e t ,  r o l l i n g  su r f ace  

by x- ray  d i f f r a c t i o n . 1 9  The recorded peak i n t e n s i t i e s  were compared t o  

t he  expected random i n t e n s i t i e s .  Evidence f o r  s e v e r a l  d i s t i n c t l y  d i f -  

f e r e n t  t e x t u r e s  were revea led .  Complete pole  f i g u r e s  were run  f o r  

coupons from an a l l o y  i n  each of the  t h r e e  major t e x t u r e  groups; these  

d e t a i l e d  t e x t u r e  s t u d i e s  confirmed the  o r i e n t a t i o n s  deduced from the 

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

d i f f e r e n t  t e x t u r e s ,  s i n c e  a l l  the a l l o y s  were f a b r i c a t e d  i n  the  same 

'way. However, s l i g h t  modi f ica t ions  i n  the  procedure were re'quired t o  

avoid c racking  i n  t he  h ighly  a l loyed  compositions.  Furthermore, the 

weaker, l e s s  h ighly  a l loyed  shee t s  might be expected t o  deform 

d i f f e r e n t l y  from the  s t ronge r  shee t s  i n  cold r o l l i n g ;  d i f f e r e n t  t e x t u r e s  
. . 

would r e s u l t .  Therefore ,  t e x t u r e  and a l l o y  content  a r e  c o t  independent '  

v a r i a b l e s .  In  f a c t ;  the  embri t t lement  d a t a  a r e  most d i r e c t l y  explained 

hy a l l o y  composition r a t h e r  than by shee t  t e x t u r e .  

No p r e f e r r e d  hydride p l a t e l e t  o r i e n t a t i n n  w a s  obsarvod f o r  t he  

a l l o y s  t e s t e d .  Hydride. p l a t e l e t  o r i e n t a t i o n s  a r e  known t o  a f f e c t  r e -  

s i s t a n c e  t o  hydrogen,20 but  t h i s  complicat ion was not  a  f a c t o r  i n  our 

t e s t s .  It was found, however, t h a t  the llydride phase p r e c i p i t a t e s  on 

p r e - e x i s t  ing i n t e r m e t a l l i c  phases ( e i t h e r  f o r  the  same reasons the  

i n t e r m e t a l l i c  nuc lea ted  a t  t h a t  s i t e ,  o r  because the  i n t e r m e t a l l i c  

ac t ed  a s  a  n u c l e i ) .  Thus, the  b r i t t l e  i n t e r m e t a l l i c s  were progress ive ly  



connected w i t h  b r i t t l e  h y d r i d e  a s  exposure  con t inued .  The b r i t t l e  

samples were observed t o  show a  preponderance o f  g r a i n  boundary f r a c t u r e .  

Those high-Nb a l l o y s  w i t h  t h e  lowest  r e s i s t a n c e  t o  hydrogen were 

c h a r a c t e r i z e d  by heavy g r a i n  boundary i n t e r m e t a l l i c  p r e c i p i t a t i o n  b e f o r e  

exposure ;  a  s m a l l  amount of h y d r i d e  was r e q u i r e d  t o  connect  t h e s e  p r e -  

c i p C r a t P s  and  yrovi.de a  b r i t t l c  g r a i n  boundary.  The more r e s i s t a n t  

a l l o y s  ( low i n  Nb) e x h i b i t e d  more uniformly d i s p e r s e d  i n t e r m e t a l l i c s ;  

more h y d r i d e  was r e q u i r e d  t o  p rov ide  a  con t inuous  p a t h  o f  b r i t t l e  phase .  

These m e t a l l o g r a p h i c  o b s e r v a t i o n s  s u g g e s t  t h a t  a l l o y s  h i g h  i n  Nb 

c o n t e n t  might be improved w i t h  r e s p e c t  t o  r e s i s t a n c e  t o  hydrogen by 

u s i n g  a n  a p p r o p r i a t e  h e a t  t r e a t m e n t .  (However, s i n c e  t h e  h e a t  t r e a t m e n t  
11 

used i s  optimum f o r  c o r r o s i o n  r e s i s t a n c e ,  a  n e t  g a i n  i n  performance 

might no t  a c c r u e . )  Conversely ,  t h e  more a t t r a c t i v e  a l l o y s  c o n t a i n i n g  

C r  o r  Cu might be l e s s  r e s i s t a n t  t o  hydrogen i f  c a r e  i s  no t  t a k e n  ' to  

e n s u r e  a  f i n e l y  d i s p e r s e d ,  second-phase d i s t r i b u t i o n .  

ADDITIONAL INVESTIGATIONS 

The r e s u l t s  r e p o r t e d  i n  t h e  chree  p reced ing  s e c t i o n s  l e a d  t o  t h e  

f o  l lowing  c o n c l u s i o n s  : 

1. T o t a l  a l l o y  c o n t e n t  shou ld  be l e s s  t h a n  about  1.9 a t .  % f o r  good 
f a b r i c a b i l i t y  by t h e  schedu le  fo l lowed .  

2.  Cu-Fe and Cr-Fe a d d i t i o n s  showed t h e  more promise w i t h  r e s p e c t  
t o  c o r r o s i o n  and h y d r i d i n g  o v e r  t h e  t o t a l  t empera tu re  range o f  
i n t e r e s t .  Copper a t  about  1 .2  a t .  % and C r  a t  about  2 . 3  a t .  % 
appeared optimum. 

3 .  T o t a l  Nb and Fe c o n t e n t  shou ld  be l e s s  t h a n  0.7 a t .  % f o r  good 
r e s i s t a n c e  t o  'hydrogen e m b r i t t  lement . 



The o r i g i n a l  f a b r i c a t i o n  schedule was chosen t o  produce optimum 

c o r r o s i o n  performance f o r  add i t i ons  of Nb. The f i n a l  anneal  d i d  not 

produce a  completely s t a b l e  s t r u c t u r e  f o r  a l l  a l l o y s ,  e .g . ,  Cr-Cu a l loy  

018. With Nb of l i t t l e  i n t e r e s t ,  a  f i n a l  annea l ing  temperature c l o s e r  

t o  t h e  p e r i t e c t i c  temperature f o r  Z r - C r ,  Zr-Cu, and Zr-Fe (about 8 0 0 ~ ~ )  

was f e a s i b l e  and might be expected t o  give a  more s t a b l e  s t r u c t u r e .  

In  the  i n i t i a l  s e l e c t i o n  of the  a l l o y  f i e l d  f o r  s tudy ,  s e v e r a l  

elements were l i s t e d  f o r  f u r o r e  Of t h e s e ,  N i  and Be 

appeared worthy of  f u r t h e r  s tudy.  

Nickel and Beryllium Addit ions 

The f i r s t  o b j e c t i v e  of t he  a d d i t i o n a l  eva lua t ions  was t o  s ee  i f  

minor add i t i ons  of N i .  o r  Be t o  Z r  + 1.9 a t .  % C r  o r  t o  1.2 a t .  % Cu 

l ed  t o  improved performance. The t o t a l  co r ros ion  exposure was 3000 hours 

a r  300 and 5 0 0 ' ~  i n  steam. The f i n a l  mechanical proper ty ,  cor ros ion  and 

hydr id ing  d a t a  a r e  presented  i n  t he  Appendix, Tables  A-19 through A-24. 

~ i e  d a t a  on the  e f f e c t  of  Fe add i t i ons  a r e  included i n  these  t a b l e s .  

The mechanical p r o p e r t i e s  of the  a s - f ab r i ca t ed  a l l o y s  (Appendix, 

Tables  A-19 and A-20) were gene ra l ly  c o n s i s t e n t  wi th  the  f i r s t  r e s u l t s :  

s t r e n g t h  and d u c t i l i t y  were nea r ly  l i n e a r  func t ions  of t o t a l  a l l o y  

con ten t .  A no tab le  except ion t o  t h i s  g e n e r a l i z a t i o n  i s  found f o r  the 

0 . 8  a t  ., % Be a d d i t i o n  t ?  Zr-Cr. The Be add i t i ons  caused a  s ig r l i f i can t  

decrease  i n  s t r e n g t h  wi th  a  corresponding inc rease  i n  d u c t i l i t y .  The 

a d d i t i o n s  of Be were chosen a f t e r  c a l c u l a t i n g  t h a t  0.4 a t .  M e  wnlilrl 

be l e s s  than enough t o  combine wi th  the  oxygen known t o  be i n  the  sponge 

Zr;  0 . 8  a t .  % Be was c a l c u l a t e d  t o  be more than enough t o  combine wi th  

all t h e  oxygen i n  t h e  sponge. 'Oxygcn i s  lcnown t o  be a poten t  a lpha  

s t r eng thene r .  It i s  l i k e l y  t h a t  t he  inc rease  i n  d u c t i l i t y  and decrease 

i n  s t r e n g t h  noted wi th  Be add i t i ons  i s  caused by the  formation of BeO, 

which reduces the  amount of oxygen i n  t he  Z r  mat r ix .  



A t  the  l e v e l s  t e s t e d ,  none of the  minor add i t i ons  (Fe, N i ,  o r  Be) 
0 

to .Zr-Cr  a r e  b e n e f i c i a l  a t  both 300 and 500 C i n  improving both cor -  

ro s ion  r e s i s t a n c e  and hyd-rogen pickup. Nickel add i t i ons  g ive  high 
0 

hydrogen a t  300 C ;  Be add i t i ons  g ive  high hydrogen a t  ' 5 0 0 ~ ~ .  I ron  i s  

t he  bes t  of t he  t h r e e ,  but i s  no t  b e n e f i c i a l  ' t o  co r ros ion  r e s i s t a n c e  

a t  500'~. For p a r t i c u l a r  temperatures ,  t h e r e  were a l l o y s  b e t t e r  than 

the  Z r - C r  b i n a r i e s .  The Z r  + 1.9 a t .  % C r  + 0.8  a t .  % Be a l l o y  i s  very 

i n t e r e s t i n g  a t  300 '~;  t he  a d d i t i o n  of 0 .1  t o  0 .4  a t .  % N i  g ives  a l l o y s  

which perform b e s t '  a t  500 '~.  

0 
None of t he  Zr-Cu base a l l o y s  a r e  b e t t e r  than  Zircaloy-2 a t  300 C. 

I ron .  i s  t he  bes t  a d d i t i o n  f o r  3 0 0 ' ~  s e r v i c e .  A t  5 0 0 ~ ~ ~  a l l  of the  Zr-Cu 

a l l o y s  a r e  good. Nickel i s  the  bes t  a d d i t i o n  a t  500 '~;  Be i s  the  

worst .  The Zr-Cu-Fe a l l o y s  show the b e s t  performance a t  both 300 and 

500°c. 

In  comparing the  Zr-Cu-Fe a l l o y s  wi th  the Z r - C r  b i n a r i e s ,  i t  i s  

a p p a r e n t - t h a t  Zr-Cu-Fe would be p re fe r r ed  a t  h igher  s e r v i c e  temperatures;  

Z r - C r  would be p re fe r r ed  a t  lower s e r v i c e  temperatures .  (Unfortunately,  

the . s imul taneous  a d d i t i o n  of C r  Cu leads  t o  a  performance l e s s  
2  1 

d e s i r a b l e  than f o r  e i t h e r  a d d i t i o n  alone.  ) 

2. Fab r i ca t ion  Schedules 

The second o b j e c t i v e  of t he  a d d i t i o n a l  experiments was t o  determine 

the  e f f e c t s  of two a l t e r n a t e  f a b r i c a t i o n  schedules  on the  performance 

o f .  a  Z r  + 2.3  a t .  % Cr a l l o y  and a Z r  + 1 . 2  a t .  % Cu a l l o y .  The Zr-Cu 

a l l o y  was a  dup l i ca t e  of a l l o y  026 of the  f i r s t  experiments.  The t h r e e  

f a b r i c a t i o n  sched i l e s  f o r  t h e  1.8-kg ingo t s  were: 

0 
A.  The r e fe rence  t rea tment :  double arc-melted,  forged a t  788 C ,  

h o t - r o l l e d  a t  7 8 8 O ~ ,  c o l d - r o l l e d  w i t h i n  20% of f i n a l  t h i ckness ,  
0 

be t a  s o l u t i o n  t r e a t e d  6 hours a t  950 C ,  quenched i n t o  water ,  

c o l d - r o l l e d  20%, a lpha  annealed 24 hours a t  565'~. 



I B. The same a s  A.  Except a lpha  anne,aled f o r  8  hours a t  788'~. 

C. . Double arc-melted ( ingo t  cool ing  r a t e  was > 50°c/min i n  a l l  

t h r e e  c a s e s ) ,  forged a t  78a0c, ho t - ro l l ed  a t  788 '~,  co ld-  

r o l l e d  20% t o  f i n a l  s i z e ,  a lpha  annealed a t  788'~. 

The r e s u l t i n g  mic ros t ruc tu re s  were f i n e ;  uniform i n t e r m e t a l l i c  

d i s p e r s i o n s  f o r  Schedule C and t o  a  l e s s e r  ex t en t  f o r  Schedule B,  A 

l e s s  uniform and more c e l l u l a r  d i s t r i b u t i o n  of i n t e r m e t a l l i c s  r e s u l t e d  

from Schedule A .  

The e f f e c t  of .fabl-icatiorl  schedule on mechanical p r o p e r t i e s  of the  

two a l l o y s  can  be seen from the  d a t a  i n  the  Appendix, Table A-25. For 

both a l l o y s ,  s t r e n g t h  decreased and d u c t i l i t y  increased  s i g n i f i c a n t l y  
0 w i th  t h e  inc rease  i n  a lpha  annea l ing  temperature from 565 t o  788 C.  

For t h e  Z r - C r  a l l o y  annealed a t  788 '~,  the  be t a  t reatment  r e s u l t e d  i n  

Lot11 lower s t r e n g t h  'and lower d ~ , ~ c t i % i t y  than d i d  the  a l l - a l p h a  t reatment .  

For  th.e Zr-Cu a l l o y ,  the a l l - a l p h a  t reatment  gave lower s t r e n g t h  and 

, h ighe r  d u c t i l i t y .  ( I t  should be emphasized t h a t  the "a l l - a lpha t t  t r e a t -  

ment inc lude  a  r a p i d  cool ing  r a t e  from the  b e t a  during ingot  cool ing  

f o r  t h e  smal l  i ngo t s  used here .  Large product ion ingo t s  coo l  more 

s lowly.)  F i n a l  annea l ing  a t  temperatures  above 5 6 5 ' ~  a r e  c l e a r l y  

b e n e f i c i a l  i n  improving the  . d u c t i l i t y  of Z r - C r  and Zr-Cu a l l o y s .  This 

improvement i n  i n i t i a l  d u c t i l i t y  i s  t o  be expected t o  i nc rease  r e s i s t a n c e  

t o  hydrogen embr i t t l ement .  

The effect of f a b r i c a t i o n  schedule on the  co r ros ion  r e s i s t a n c e  

and hydrogen content  of the  two' a l l o y s  can he assessed  from the  d a t a  i n  

Tables  5 and 6. The most s i g n i f i c a n t .  conclusion i s  t he  e x c e l l e n t  per-  
0 

formance of t he  Z r  + 2.3 a t .  % C r  a l l o y  when a lpha  annealed a t  788 C 

(Schedule C). With t h i s  hea t  t r ea tmen t ,  t h i s  a l l o y  c l e a r l y  shows the  

bes t  performance of any a l l o y  t e s t e d  i n  t he  e n t i r e  program - both a t  

3 0 0 ' ~  and a l s o  a t  5 0 0 ~ ~ .  The h igher  a lpha  anneal ing t rea tment  i s  a l s o  

b e n e f i c i a l  f o r  t h e  Zr-Cu a l l o y ,  but  even i n  t h i s  hea t  t rea tment  t he  

a l l o y  i s  not a s  good a s  the  Zr-Cr-Fe a l l o y s  a r e  w i th  l e s s  favorable  

h e a t  t rea tment .  
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TABLE 5 .  E f f e c t  of Fab r i ca t i on  Schedule on Weight Gain 
(Weight Gain, mg/dm2) 

A 1  1 oy 
Compos i t , i on  

Fab r i ca t i on  
S chedul eJ' 

3 0 0 ' ~  ~ x p o s u r e  

5 0 0 ' ~  Exposure 

3 0 0 ' ~  Exposure 

A~:~: 
A 
B 
C 

Z'r + 1.2  a t . %  Cu 

0 
500 C Exposure 

A** 

A 
B 
C 

J: 0 
A and B were be t a  t r e a t e d .  F ina l  anneal :  A = 565 C ,  Band C = 788'~.  

,L .L , ,, 
F i r s t  experiment da t a  f o r  a l l o y  026 which i s  a l s o  Z r  + 1 . 2  a t . %  Cu. 

Sponge Z r  contained 0.05 a t . %  Fe. 



TABLE 6. E f f e c t  of Fab r i ca t ion  Schedule on Hydrogen Content 

A1  1 oy F a b r i c a t i o n  
Composition ScheduleJC - O h  - 7 5 0 h  

3 0 0 ' ~  Exposure 

0 
.500 C Exposure 

A 11 150 
B 9 107 
C 5 105 

3 0 0 ' ~  Exposure 

Z r  + 1 .2  a t . %  Cu A$:': (13) - - 6 3 60 
A 14 - 6 7 64 65 
B 6 - 38 4 3 4 1 
C 5 - 38 4 1 40 

5 0 0 ' ~  Exposure 
A;kJ: (13) - 293 - 494 
A 14 291 319 - 490 
B 6 262 262 - 417 
C 5 2 64 275 - 294 

J: 
A and B were b e t a  t r e a t e d .  F ina l  annea l :  A- = 565'~,  B and C = 788'~.  

*J: 
F i r s t  experiment d a t a  f o r  a i l o y  026 which i s  a l s o  Zr + 1 . 2  a t .%.Cu .  

Sponge Z r  contained 0.05 a t . %  Fe. 



0 
P o s t - c o r r o s i o n  s h e e t  impact t e s t s  a t  300 C were performed on a l l  

coupons b e f o r e  hydrogen a n a l y s e s  were made. Only t h e  Z r  + 2 . 3  a t .  % C r  

a l l o y  coupon w i t h  t h e  l e a s t  f a v o r a b l e  h e a t  t r e a t m e n t  (A) exposed 
0 

3000. hours  a t  500 C showed any s i g n i f i c a n t  l o s s  o f  d u c t i l i t y .  Th i s  

coupon c o n t a i n e d  ,961 ppm H The more d u c t i l e  ( B )  and ( C )  coupons 
2 ' 

w i t h  o n l y  227 t o  246 ppm hydrogen a f t e r  3 0 0 0 ' h o u r s  would be expectcd 
0 

t o  go a t  l e a s t  1 5 , 0 0 0 . h o u r s  a t  500 C b e f o r e  becoming b r i t t l e  i n  t h e  

3 0 0 ' ~  impac.t t e s t .  





The work performed was examined w i t h  r e s p e c t  t o  a p p l y i n g  t h e  r e s u l t s  

. t o  w a t e r  . r e a c t o r  f u e l  t echno logy .  Two s e p a r a t e  s e r v i c e  t e m p e r a t u r e  r a n g e s ,  
0 0 

280 t o  340 C and 500. t o  700 C were c o n s i d e r e d .  . . ~ h e s e  t e m p e r a t u r e  r a n g e s  

cor respond  t o  - those  f o r  w a t e r  r e a c t o r  f u e l  c l a d d i n g  .and s u p e r h e a t  r e a c t o r  

f u e l  c l a d d i n g ,  r e s p e c t i v e l y .  To pe rmi t  t h i s  examina t ion  o f  t h e  a p p l i c a b i l i t y  

o f  t h e  r e s u l t s  t o  e i t h e r  f u e l  s e r v i c e  t empera tu re  r a n g e ,  t h e  c o r r o s i o n  
0 

exper iments  were p u r p o s e l y  performed between 300 and 500 C.  

A. APPLICATION .FOR SUPERHEAT CLADDING 

The f a c t o r s  t h a t  l i m i t  t h e  u t i l i z a t i o n  o f  Z r  a l l o y s  i n  s u p e r h e a t e d  
2  2  

. s team were examined by .Klepfer  and Douglass . C o n s i d e r i n g  a l l  a v a i l - .  

a b l e  a l l o y  d a t a  from a l l  s i t e s ,  i t  was concluded t h a t  t h e r e  i s  l i t t l e  

promise of  u s i n g  any Z r  base  a l l o y  a s  s u p e r h e a t  c l a d d i n g .  

The l i m i t i n g  f a c t o r  i s  t h e  a c c e l e r a t i o n  o f  c o r r o s i o n  of  a  h e a t  

t r a n s f e r  s u r f a c e  caused  by t h e  growth of  a  t h i c k ,  a d h e r e n t  Zr02 

i n s u l a t i n g  f i l m .  S e r v i c e  would be. t e r m i n a t e d  by l o s s  of  w a l l  t h i c k n e s s ,  

l o s s  of  s t r e n g t h  w i t h  i n c r e a s i n g  m e t a l  t e m p e r a t u r e ,  and s p a l l i n g  o f  

r a d i o a c t i v e  o x i d e  t o  t h e  r e a c t o r  c o o l a n t .  For  t h e  q n g i n e e r i n g  

assumpt ions  t a k e n  by K l e p f e r  and Douglass ,  t h i s  r equ i rement  (even 

, w i t h o u t  c o n s i d e r i n g  t r a n s i e n t  c o n d i t i o n s )  l i m i t s  c l a d d i n g  s u r f  ace  
0 

t e m p e r a t u r e s  t o  l e s s  t h a n  540 C.  

The r e s u l t s  o f  t h i s  same a n a l y s i s  i n d i c a t e d  t h a t  t h e r e  i s  good 

promise f o r  d e v e l o p i n g  Z r  a l l o y s  f o r  a h i g h ,  h e a t - f  lux,  f u e  1 c l a d d i n g  
0 

w i t h  a  s e r v i c e  l i f e  o f  over  4  y e a r s  a t  475 C .  For  non-heat  t r a n s f e r  

s t r u c t u r a l  components t h e  b e t t e r  p o t e n t i a l  a l l o y s  might be acc ,ep tab le  

up t o  6 7 0 ' ~ .  



B. APPLICATION FOR WATER REACrl'i)R CLADDING 

The performance o f  t h e  commercial z i rcon ium base  a l l o y ,  Z i rca loy-2 ,  

a s  a f u e l  c l a d d i n g  m a t e r i a l  f o r  w a t e r  * r e a c t o r s  h a s  g e n e r a l l y  been q u i t e  

good. S e v e r a l  problems have,  however, been r e v e a l e d  by extended f u e l  

t e s t i n g .  

1. Problems With Comniercial. Z i rca loy-2  Cladd ing  

E a r l y  t e s t i n g  of f u e l  e lements  c l a d  w i t h  Z i rca loy-2  i n  t h e  

V a l l e c i t o s  B o i l i n g  Water Reac to r  r e v e a l e d  a  s e n s i t i v i t y  t o  c a t a s -  , 

t r o p h i c  f a i l u r e  i f  t h e  c l a d d i n g  leaked steam. T h i s  was o n l y  t r u e  

when t h e  U 0 2  f  ue 1 c o n t a i n e d  f  l u u r i d e  i m p u r i t i e s .  23  F l u o r i d e s  i n  t h e  

U02 a r e  now h e l d  below 30 ppm and, i n  some i n s t a n c e s ,  t h e  v u l n e r a b l e  
. . 

i n t e r n a l  c l a d d i n g  s u r f a c e  i s  p r o t e c t e d  by a  Z r 0 2  p r e - s e r v i c e  c o r r o s i o n  

f i l m .  The f l u o r i d e  problem i s  no longer  c o n s i d e r e d  t o  be t h c  c r i t i c a l  

l i m i t  on c l a d  l i f e t i m e .  

F u e l  e lement  t e s t i n g  a l s o  r e v e a l e d  f u e l  rod bowing. due t o  i n -  

s e r v i c e  recovery  o f  f a b r i c a t i o n  c o l d  work and r e s i d u a l  s t r e s s e s .  A l l  
0 

c l a d d i n g  m a t e r i a l  i s  now s t r e s s  r e l i e v e d  a t  t empera tu res  above 400 C 

b e f o r e  f u e l  e lement  f a b r i c a t  i o n  t o  ensure  d imens iona l  s  t a . b i l i t y  d u r i n g  

a u t o c l a v i n g  and d u r i n g . s e r v i c e .  The r e s e a r c h  on which t h i s  h e a t  
2 4 

t r e a t m e n t  i s  L a s e d . h a s  been r e p o r t e d ;  t h e  f u l l - l i f e  t e s t i n g  of f u e l  

h a s  conf i rmed t h i s  p rocedure .  T h i s  problem i s  no longer  consCdered t h e  

most c r i t i c a l .  

F u e l  e,lemrnt t e s t s  s o  f a r ,  have not.  r e s u l t e d  i n  f a i l u r e s  d i r e c t l y  

a t t r i b u t e d  t o  r a d i a t i o n  e f f e c t s  on  t h e  mechanical  p r o p e r t i e s .  ~ a d ' i a t i o n  

does  i n c r e a s e  s t r e n g t h  and d e c r e a s e  d u c t i l i t y ;  t h e  . ex ten t  o f  t h i s  damage 

b o t h  w i t h  coupon t e s t s  and w i t h  samples c u t  from f u e l  . c l add ing  has  been 

de te rmined .  The problem of  n e u t r o n  damage t o  t h e  c l a d d i n g  i s  c o n s i d e r e d  

t o  r e q u i r e  c o n t i n u e d  s u r v e i l l a n c e ,  but i s  n o t  judged t o  be t h e  most 

c r i t i c a l  problem r e v e a l e d .  



F a i l u r e s  o f  i n t a c t  d i m e n s i o n a l l y  s t a b l e  r o d s  caused by h y d r i d i n g  

have n o t  y e t  been exper ienced .  However, massive  h y d r i d e  e m b r i t t l e m e n t  

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

r o s i o n  f a i l u r e s 2 3  and t h e  rod-bowing f a i l u r e s .  The embr i t  t lement o f  

Z r  a l l o y s  by c o r r o s i o n  hydrogen has  been known f o r  some y e a r s  and h a s  

been t h e  s u b j e c t  o f  c o n s i d e r a b l e  r e s e a r c h .  Hydrogen e m b r i t t l e m e n t  o f  

2r a l l u y 5  iiiay set an  u l t i m a t a  techniral limit f o r  t h e s e  m a t e r i a l s .  The 

e x a c t  l i m i t s  depend on f u e l  d e s i g n ,  s e r v i c e  t empera tu re  d i s t r i b u t i o n s ,  

c l a d d i n g  manufac tu r ing  p r o c e s s ,  a l l o y  compos i t ion ,  and,  v e r y  i m p o r t a n t l y ,  

on i n - s e r v i c c  a l l o y  c o r r o s i o n  r a t e s  (hydrogen p r o d u c t i o n  r a t e s ) .  T h i s  

problem i s  c o n s i d e r e d  impor tan t .  

The problem c o n s i d e r e d  t h e  most c r i t i c a l  a t  t h i s  t ime i s  t h a t  o f  

i n - s e r v i c e  c o r r o s i o n .  From p r e l i m i n a r y  d a t a ,  i t  i s  sugges ted  t h a t  t h e  

c o r r o s i o n  r a t e  i n - r e a c t o r  i s  perhaps  4 t o  5 t imes  f a s t e r  t h a n  might be 

p r e d i c t e d  from t h e  s t a n d a r d  Z i rca loy-2  e x - r e a c t o r  d a t a .  2 5  The i n -  

r e a c t o r  c o r r o s i o n  i s  t h a t  expec ted  a t  s i g n i f i c a n t l y  h i g h e r  t empera tu res .  

The growth of t h i c k  i n - r e a c t o r  c o r r o s i o n  f i l m s  must be expec ted  t o  

r e s u l t  i n  t h e  a c c e l e r a t i o n  o f  c o r r o s i o n  caused by t h e  a t t e n d e n t  

t empera tu re  i n c r e a s e  of t h e  o x i d e - i n s u l a t e d  h e a t  t r a n s f e r  s u r f a c e .  

Fur the rmore ,  l o c a l ' o v e r - h e a t i n g  caused by f low r e s t r i c t i o n  o r  rod  

bowing cou ld  l e a d  t o  ex t remely  h i g h  l o c a l  t empera tu res .  Loca l  c o r r o s i o n  

h a s  r e s t r i c t e d  t h e  l i f e  o f  e n t i r e  f u e l  bundles  which were o t h e r w i s e  

performing q u i t e  w e l l .  The d i r e c t  and i n d i r e c t  ( h y d r i d i n g )  ' e f f e c t s  o f  

t h e  c o r r o s i o n  of Z i rca loy-2  a t  h i g h e r  t h a n  expec ted  l o c a l  and g e n e r a l  

t empera tu res  a r e  cons idered  t h e  immediate f a c t o r s  which de te rmine  t h e  

l i f e  o f  f u e l  c l a d  w i t h  Z i rca loy-2 .  

2. P o s s i b l e  S o l u t i o n s  f o r  Z i rca loy-2  Cladding Problems 

The most immediate problem w i t h  commercial Z i r c a l o y - 2  a p p e a r s  t o  

be i t s  low r e s i s t a n c e  t o  over - t empera tu re .  Three p o s s i b l e  m e t a l l u r g i c a l  

approaches  have been cons iderkd  i n  improving t h i s . s i t u a t i o n :  h e a t  

t r e a t m e n t ,  minor changes i n  compos i t ion ,  and major changes i n  compo- 

s i t i o n .  It was concluded t h a t  improvement i n  t h e  r e s i s t a n c e  t o  



over- temperature of water  r e a c t o r  f u e l  c ladding  should be explored by 

inc lud ing  a  major composi t ional  change from Zircaloy-2 a s  f u e l  t e s t  

c l add ing  m a t e r i a l .  

a .  Heat Treatment 

The d a t a  i n  t he  l i t e r a t u r e  on the  experimental  de te rmina t ion  

of p o s t - t r a n s i t i 0 . n  ( long-t ime) cor ros ion  r a t e s  f o r  cominercial Zircaloy-2 

a r e  given i n  Figure 5. The normal commercial hea t  t reatment  f o r  tub ing  
0 

c o n s i s t s  of fo rg ing  o r  ex t ruding  a t  790 C o r  below, co ld  working (with 
0 

in te rmediare  annea ls  a t  760 t o  815 C ,  i f  necessary)  and s t r e s s  r e l i e f  

o r  f u l l  annea l ing  a t  temperatures  between 455 and 815'~.  Pemsler2' has 

shown f o r  Z r  a l l o y s  con ta in ing  Fe, C r ,  and N i  ( add i t i ons  t h a t  a r e  present  
0 

i n  Zircaloy-2)  t h a t  quenching from the b e t a  (above 900 C) followed by 

annea l ing  i n  t he  a lpha  range i s  be 'nef ic ia l  fo r '  high-temperature corros' ion 

r e s i s t a n c e .  Beta quenching alone causes warping and leads  t o  low t e n s i l e  

d u c t i l i t y .  Beta quenching i s  not d e s i r a b l e  as a f i n i s h i n g  t reatment  f o r  

th in-wal led  m i l l  products .  Zircaloy-2 wi th  the fol lowing hea t  t reatment  
0 

was included i n  the  Alloy Design Study: forge  a t  790 C ,  hot work a t  

790°c, cold work t o  w i t h i n  20% of f i n a l  dimensions, b e t a  quench a f t e r  a  
0 

24-hour s o l u t i o n  t rea tment  a t  950 C ,  co ld  r o i l  t o  f i n a l  d'imensions, 
0 

anneal  8  hours a t  565 C .  The r e s u l t s  f o r  the  p o s t - t r a n s i t i o n  co r ros ion  

r a t e  of Zircaloy-2 i n  t h i s  condi t ion  a l s o  a r e  shown i n  Figure 5. Below 

4 0 0 ~ ~  the re  i s  l i t t l e  d i f f e r e n c e  between the  commercial and the be t a  
0 

s o l u t i o n  p lus  a lpha  anneal  m a t e r i a l .  However, above 400 C th.ere i s  a  

marked improvement over  t he  present  commercial hea t  t rea tment .  When 

t e s t e d  a t  5 0 0 ' ~  the  b e t a  s o l u t i o n  p lus  a lpha  anneal  ' t r e a t e d  m a t e r i a l  
L 

shows 'a  p o s t - t r a n s i t i o n  r s t c  of about 9  mdd (mg/dm /day) compared t o  a  

h igh  of about 48 mdd f o r  conkerc ia1  m a t e r i a l .  The be t a - so lu t ion  plus  

alpha-anneal  t rea tment  f o r  Zircaloy-2 i s  c o n s i s t e n t , w i t h  the  d e s i r a b i l i t y  

of a. f i n e  s t r u c t u r e  and wi th  another  t reatment  developed f o r  i nc reas ing  
0 

co r ros ion  r e s i s t a n c e  above 400 C and f o r  removing s u s c e p t i b i l i t y  t o  

s t r i n g e r  cor ros ion .  
2  7  



FIGURE 5. POST-TRANSITION CORROSION RATE OF ZIRCALOY-2 AS 

A FUNCTION OF RECIPROCAL ABSOLUTE TEMPERATURE VAL 4415 

4 0  



For  a l l o y s  o t h e r  t h a n  Z i r c a l o y - 2 ,  o t h e r  h e a t  t r e a t m e n t s  a r e  

optimum. A  f i n a l  a n n e a l  of  24 h o u r s  a t  5 6 5 ' ~  was b e s t  f o r  Zr-Nb 

a l l o y s .  28 For  a  Z r  + 2 . 3  wt .  % C r  a l l o y ,  t h e  t e s t  d a t a  show t h a t  
0 i n c r e a s i n g  t h e  f i n a l  a l p h a  a n n e a l i n g  t empera tu re  from 565 t o  788 C 

lowers  t h e  long- term c o r r o s i o n  and h y d r i d i n g  r a t e s ,  e . g . ,  t h e  500.O~ 

c o r r o s i o n  r a t e  d e c r e a s e s  from 2 . 5  t o  0 . 8  mdd. 

b  . Minor Composit ion Changes 

Fo l lowing  t h e  o b s e r v a t i o n  at  B e t t i s  Atomic power Department 
. 

t h a t  h i g h  N i  c o n t e n t  i n  Z i r c a l o y - 2  l e a d s  t o  abnormel1.y h i g h  hydrogen 

p i c k u p ,  N i - f r e e  composi t  i o n s  were developed.29 One o f  t h e s e  compo- 
i'r 

s i t i o n s ,  Z i r c a l o y - 4 ,  i s  a l r e a d y  b e i n g  t e s t e d  a s  f u e l  c l a d d i n g  i n  

s e v e r a l  programs. However, i t  h a s  been our  e x p e r i e n c e  t h a t  Z i r c a l o y - 4  

. h a s  l e s s  r e s i s t a n c e  t o  over - t emper , a tu re  t h a n  h a s  Zircaloy-2:  A l l  

a v a i l a b l e  d a t a  on t h e  c o r r o s i o n  r a t e s  of  Z i r c a l o y - 4  a t  t e m p e r a t u r e s .  . 
0 

above 400 C were reviewed and t h e s e  d a t a  s u p p o r t  o u r  e x p e r i e n c e  w i t h  

t h i s  a l l o y .  

, , 

Some improvement' i n  t h e  h igh- tempera tu re  c o r r o s i o n  o f  

Z i r c a l o y - 4  i s  t o  be r e ' a l i z e d  by t h e  ' b e t a  s o l u t i o n  p l u s  a l p h a  a n n e a l  h e a t  

t r e a t m e n t .  Z i r c a l o y - 4  c o n t a i n s  more N i  and l e s s  Fe t h a n  Z i r c a l o y - 2 .  

With  r e s p e c t  t o  c o r r o s i o n  r e s i s t a n c e ,  N i  i s  b e n e f i c i a l  'and Fe i s  harm- 

f u l .  I n  t h e  Zirconium. A l l o y  Design Program, t h e  Zr p l u s  0 . 3  a t .  % F e :  
. . 

a l l o y  was t h e  o n l y  a l l o y  t e s t e d  which d i s i n t e g r a t e d  i n  l e s s  t h a n  375 

h o u r s  a t  5 0 0 ' ~  i n  s team.  A l l  of t h e  o t h e r  3 1  compos i t ions  i n c l u d i n g  : 
Z i r c a l o y - 2  showed r e a s o n a b l e  behav io r  a f t e r  3000 h o u r s  a t  5 0 0 0 ~ .  ( A l l  . ,  . . 

a l l o y s  were g i v e n  t h e  b e t a  s o l u t i o n  p l u s  a l p h a  a n n e a l  h e a t  t r e a t m e n t . )  

9< 
Z i r c a l o y - 4  i s  a  l i c e n s e d  a l l o y  w i t h  t h e  nomi-na l  compos i t ion :  1 . 5  a t .  % 
Sn, 0 .15  w t .  % C r ,  0 .18  t o  0 .24 w t .  % Fe ,  and l e s s  t h a n  70 ppm N i .  



. . 

R e s i s t a n c e  t o  over - t empera tu re  , i s  n o t  a  major  advanLage 

a n t i c i p a t e d  w i t h  Z i rca loy-4 .  No o t h e r  minor c o m p o s i t i o n a l  changes  i n  

Z i r c a l o y - 2  have been s t u d i e d  thoroughly .  

c .  Major Composit ion Changes 

A1.3.. Zr a.l.l.ny development b e f o r e  1962 f o r  h i g h  t empera tu re  

w a t e r  and steam s e r v i c e  was reviewed i n  t h e  F i r s t  Q u a r t e r l y  P r o g r e s s  
6  

Report  o n . t h i s  Zirconium Al loy  Design P r o g r ~ .  Recent work was r e -  

p o r t e d  in. t h e  Proceedings  o f . t h e  USAEC Zirconium Al loy  Development 

'Symposium h e l d  i n  November 1962. 3  0  

The r e l a t i v e  performance o f  o t .her  a l l o y s  . b e i n g  s t u d i e d  a t  

o t h e r  s i t e s  shou ld  be mentioned. The Zr-Nb b i n a r y  a l l o y s  were s t u d i e d  . . 
3 1 

i n  d e t a f l  f o r  c l a d d i n g  a p p l i c a t i o n s  and have h i g h e r  c o r r o s i o n  r a t e s  
0 

a t  a l l  t empera tu res  up t o  482 C t h a n  those  f o r  Z i r c a l o y - 2  i n . t h e  same 

c o n d i t i o n  o f  h e a t  t r e a t m e n t  ( b e t a  s o l u t i o n  + a l p h a  a n n e a l ) .  ~ z s l e r  
32 

0 
r e p o r t e d  d a t a  i n d i c a t i n g  t h e  b e s t  r e s u l t s  ,a t  500 C i n  1 a t ~ n  steam were 

p o s t - t r a n s i t i o n  r a t e s  o f  3  t o  5  mdd (compare 0 . 8  mdd f o r  Zr-Cr) and 

t h a t  t h e  b e s t  a l l o y s  were Zr-Cu, Zr-Cu-Nb, and Zr-Cu-Ca a l l o y s . o f  about  

1 . 5  t o  2 .0  a t .  % t o t a l  a l l o y  c o n t e n t .  (Zr-Cu and Zr-Cu-Fe a l l o y s  were 

a l s o  i n c l u d e d  i n  t h e  Zirconium Al loy  Design'  S t u d i e s  and showed r a t e s  a s  

low a s  1 .9  mdd a t  5 0 0 ' ~  i n  68 atm steam. The Zr-Cu b i n a r y  a l l o y s ,  

however, were found t o  c o r r o d e  f a s t e r  and p i c k  up more hydrogen t h a n  

Z i rca loy-2  a t  3 0 0 ~ ~  i n  s t eam) .  creenberg3'  t e s t e d  Zr-Ni-Fe and 
0 

Zr-Cu-Fe a l l o y s  a t  540 C i n  s team and found p o s t - t r a n s i t i o n  r a t e s  of 

2  mdd. , The specimens t e s t e d ,  however, were c r y s t a l - b a r  b a s e ,  a s - c a s t  

b u t t o n s  and no specimens were t e s t e d  a t  lower t e m p e r a t u r e s .  Pemsler Is  

impor tan t  e a r l y  s t u d i e s 3 4  y i e l d  p o s t - t r a n s i t i o n  r a t e s  a t  5 0 0 ' ~  i n  t h e  

range 2  t o  5 mdd. H i s  b e s t  a l l o y s  were Z r - C r  and Z r - C r - N i  a l l o y s  w i t h .  

about  1.6 a t .  % a s  t h e  h i g h e s t  l e v e l  of a l l o y i n g  t e s t e d .  P e m s l e r ' s  

a l l o y s  were n o t  s t u d i e d  f i r '  hydrogen uptake.  A l l  o f  t h e s e  "bes t  a l l o y s "  

re 'por ted  by ~ g s l e r ,  by Greenberg,  and by Pemsler were e i t h e r  g iven  b e t a  

s o l u t i o n ,  quench, and a l p h a  a n n e a l  t r e a t m e n t s  o r  j u s t  b e t a  s o l u t i o n  and 

quench.. t r e a t m e n t s  a s  i n  Greenberg I s  a l l o y s .  



C. ANALYSIS OF RESULTS FOR OPTIMUM ALLOY FOR WATER REACTOR CLADDING 

The a l l o y  d e s i g n  e x p e r i m e n t a l  r e s u l t s  ( S e c t i o n  11-D-G) were  

a n a l y z e d  i n  r e s p o n s e  t o  t h e  need f o r  i n c r e a s e d  r e s i s t a n c e  t o  l o c a l  and 

g e n e r a l  o v e r - t e m p e r a t u r e  w i t h  t h e  a l l o y  t a r g e t  c r i t e r i a  o r i g i n a l l y  

e s t a b l i s h e d  ( S e c t i o n  11-A). The a l l o y  of  i n t e r e s t  had t o  show e x c e l l e n t  

performance a t  300 and 4 0 0 ~ ~  ( b r a c k e t i n g  t h e  normal c l a d  o p e r a t i n g  
0 

t e m p e r a t u r e )  and good performance a t  500 C ( f o r  r e s i s t a n c e  t o  o v e r -  

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

The r e s u l t s  o f  t h e  f i r s t .  exper iments  c l i m i n a t e d  Nb a d d i t i o n s  from 

i n t e r e s t  and prompted a  d e t a i l e d  a n a l y s i s  of  t h e  Zr-Cu-Fe and Zr-Cr-Fe 

a l l o y s  by u s i n g  t h e  summary e q u a t i o n s  f o r  c o r r o s i o n  r a t e  and h y d r i d i n g  

r a t e . 3 5  These r e s u l t s  p l u s  t h e  o b s e r v a t i o n  of  t h e  a d v e r s e  e f f e c t  o f  
0 

Cu on 300 C hydrogen u p - t a k e ,  and t h e  a d d i t i o n a l  e x p e r i m e n t a l  r e s u l t s  

which showed e x c e l l e n t  performance by Z r  + 2 .3  a t .  % C r ,  narrowed t h e  

a n a l y s i s  t o  t h e  Zr-Cr-Fe sys tem.  

L i m i t s  o f  i n t e r e s t  f o r  chromium c o n t e n t  were e s t a b l i s h e d  by con- 

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

h i g h  hydrogen c o n t e n t ,  s t r e n g t h ,  and d u c t i l i t y .  The l i m i t s  a r e :  

Lower C r  Content  Upper C r  Content  

S t r e n g t h  (>1.8 a t .  % 2 Z i r c a l o y - 2 ,  F a b r i c a b i l i t y  (52.0  a t .  %, 
s e e  F i g u r e  l a )  s e e  S e c t i o n  11)  

Neutron economy ( c 2 . 1  a t .  %, 
s e e  K l e p f e r  e t  a1..6) 

R e s i s t a n c e  t o  H ( ~ 2 . 6  a t .  %, 2  
see S e c t i o n  11)  

D u c t i l i t y  (<2.6 a t .  % 2 
Z i r c n l o y - 2 ,  s e e  F i g u r e  
l b )  

I n  a  s i m i l a r  manner,  l i m i t s  o f  i n t e r e s t  f o r  i r o n  were reviewed:  



Lower Fe Content 

(S t rength)  

Upper Fe Content 

~ e s i s t a n c e  t o  H (<0.3 a t .  %, 2  
see. Sec t ion  11) 

F a b r i c a b i l i t y  (<2.0 a t .  %, see  
Sec t ion  11) 

Neutron economy (<2.5 a t .  %,. see  
Klepfer ,  e t  a ~ , ~ )  

The summary equat ions  f o r  cor ros ion  r a t e  and hydr id ing  r a t e  were 

'solved f o r  composit fnns meeting the  fol lowing requirements '(which 

cons iderably  be t t , e r  t he  corresponding values f o r  Zi rca loy-2) :  

Corrosion Rate ~ ~ d r i d i n ~  Rate ' ' 

(mdd) (ppmlday) 

A t  5 0 0 ' ~  < 2.5  < 2.5 

A t  4 0 0 ' ~  c 0.35 < 0.025 
\ 

A t  3 0 0 ' ~  < 0.075 - 

The reg ions  of composition meeting these '  requirement a r e  c ros s  

hatched i n  F igures  6a,  b, and c .  I f  the  cross-hatched reg ions  f o r  

each o f . t h e  th ree  t e s t  temperatures  a r e  superimposed, t he re  i s  no 

common reg ion  o f .  i n t e r s e c t i o n  (Figure 6d) .  ~ h k  reg ions  approach one 

another  a t  about 2.0 t o  2.3 a t .  % C r  and 0 . 1  t o  0.2 a t .  % Fe. . A poin t  

of i n t e r s e c t i o n  can be 'found i f  the  a r b i t r a r y  r a t e s  requi red  a r e  ad- 

j u s t ed  . s l i g h t l y .  This  po in t  i s  es t imated  a t  2.0 a t .  % C r  (1 .15 w t .  %) 

and 0.16 a t .  . . %  Fe (0 .1  w t .  %). 

This  composition, Z r  + 2.0 C r  + 0.16 Fe, i s  optimum wi th  r e spec t  

t o ' c o r r o s i o n  r e s i s t a n c e  and hydriding r a t e  o v e r . t h e  e n t i r e  temperature 
0 

range 300 t o  500 C and has over-temperature r e s i s t a n c e  supe r io r  t o  t h a t  

of Zircaloy-2.  ' The a l l o y  i s  a l s o  wi th in  the  l i m i t s  of in te ' res t  w<th 

r e spec t  t o  neutron economy, f a b r i c a b i l i t y ,  r e s i s t a n c e  t o  high hydrogen 

con ten t ,  s t r e n g t h ,  and d u c t i l i t y .  



FIGURE 6. REGIONS OF COMPOSITION FOR AN ARBITRARY LEVEL 
, OF. PERFORMANCE AT VARIOUS TEMPERATURES . 



5  K l e p f e r  . had concluded e a r l i e r  t h a t  Z r - C r  b i n a r i e s  c o n t a i n i n g  

1 .6  and 2.2 a t .  % C r  were t h e  o n l y  ones  among 25 a l l o y s  i n  t h e  Zr-Fe, 

Z r - V ,  Zr-Sb, Z r - C r ,  and Zr-Nb systems t h a t  showed lower hydrogen weight  

g a i n s  t h a n  Z i rca loy-2  a t  360, 400, and 4 8 2 ' ~  i n  steam. 

The a l l o y  t e s t e d  under t h e  Al loy  Design Study most c l o s e l y  approx i -  

~uctLing thc optimum cornposit inn w a s  t h e  Zr + 2 .3  a t .  % C r  a l l o y  t e s t e d  

i n  t h e  second s e r i e s  o f  exper iments .  Cor ros ion  r a t e  and hydrogen 

c o n t e n t s  f o r  t h i s  a l l o y  ( f i n a l  a n n e a l  a t  788 '~)  a r e  compared t o  t h e  

b e s t  d a t a  f o r  Z i rca loy-2  helow: 

Long-Term C o r r o s i o n  R a t e ,  mdd 

Steam T e s t  Temperature 

Al loy  5 0 0 ' ~  (932 '~)  4 0 0 ' ~  ( 7 5 0 ' ~ )  3 0 0 ' ~  (572 '~)  

Z i r c a l o y  -2 9 .6  1.36 0.074 

Z r - C r  0 . 8  0 .28 0.067 

Post-Exposure Hydrogen C o n t e n t ,  ppm 

Exposure 

5 0 0 ' ~  (932 '~)  3 0 0 ' ~  (572 '~)  

A 1  loy  3000 h r  4912 h r  3000 h r  6570 h r  

Z i rca loy-2  1563 1728 2  8  34 

From r e s u l t s  o f  t h e  mechanical  p r o p e r t y  t e s t s ,  i t  i s  apparen t  t h a t  

t h i s  Zr-Cr-Fe a l l o y  w i l l  have mechanical  p r o p e r t y  v a l u e s  w i t h i n  about 

10% of  t h o s e  f o r  Z i r c a l o y - 2 ,  i f  i t  r e c e i v e s  t h e  same h e a t  t r e a t m e n t .  

The c reep  r e s i s t a n c e  o f  t h e  Zr-Cr-Fe a l l o y  i s  expec ted  t o  be h i g h e r  t h a n  

t h a t  of Z i rca loy-2  because  o f  t h e  g r e a t e r  volume p e r c e n t  second-phase 

d i s p e r s a n t .  Th i s  same phase ,  however, w i l l  p robab ly  l e a d  t o  b r i t t l e  

behav ior  a t  s l i g h t l y  lower hydrogen c o n c e n t r a t i o n s  t h a n  f o r  Z i rca loy-2  

( b u t  a f t e r  much longer  t imes  because of t h e  much lower h y d r i d i n g  r a t e s  

f o r  t h e  Zr-Cr-Fe a l l o y ) .  



Fuel  c ladding  tubes of t he  optimum a l l o y  were ordered from a  

commercial vendor. P r a c t i c a l  s p e c i f i c a t i o n s  of composition ( i n  terms 

of weight peircent) were requir 'ed. Since c b e r c i a l  sponge Z r  runs 

0.08 t o  0.12 w t .  % Fe, t he  f i n a l  s p e c i f i c a t i o n  f o r  i r o n  content  was 

l e s s  than  0 . 1  w t .  7, (1000 ppm). By choosing a  t o l e rance  of + 10% i n  

co r ros ion  r a t e ,  t h e  summary equat ions gave 1.15 2 0.15 wt % C r  a s  

t he  s p e c i f i c a t i o n  f o r  chromicm content .  
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2 
a TABLE A-1. Corrosion Weight Gains (mg/dm ) 

Alloy 
00 1 

All values represent the average value of: 

0 * 
Exposec at 300 C 

2250 2625 3000 3570 
g h r L h r L h r L h r L  

18.7 0.8 20.1 0.5 20.1 0.7 22.1 1.3 

a = 16 specimens; b = 15 specimens; c = 14 specimens; d = 13 spe-imens; e = 10 specimens; 
f = 7 specimens; g = 8 specimens; h = 5 specimens; i = 4 spe-imens; j = 4 specimens; 
k = 4 s?ecimens; 1 = 4 specimens; m = 3 specimens. 



2 
TABLE A-2. Corrosion Weight Gains (mgldm ) 

0 * 
Exposed a t  400 C 

1125 . 1500 2250 

* . . 

A l l  va lues  represent  the  average va lue  o f :  a = 16 specimens; b = 15 specimens; 
c = 14 specimens; d = 13 specimens; e = 12 specimens; f = 9 specimens; 

g = 8 specimens; h = 5 specimens. 



2 TABLE A-3. Corrosion Weight Gains (mg/dm ) 

Exposed a t  500°c* 
75 175 375 750 1125 1500 3000 3792 4542 4917 5667 6792 

Alloy h r > - & _ e h r p & q _ h r _ e  2 2  -2 p hr hr -e hr - 
001 53.2 2.8 79.4 1 . 7  138 .1  3.8 236.i 9 . 0  304.2 6.7 367.7 10 .8  682.4 21.7 821.3 8 . 4  943.5 3 .2  1015.4 23.7 1135.7 37.9 1318.0 16.9 
002 52 .1  7.3 74.0 2.4 138.3 3.7 246.8 5 .2  352.6 9 .0  429.3 16 .8  774.5 41 .1  971.0 10 .3  - 
003 46.2 3.7 68.1 2.0 126.1 10 .0  233.7 11.9 327.4 11 .4  395.1 16.7 746.1 33.6 917.5 10 .3  - 

357.1 10.0 442.6 14.2 961.6 20.8 974.8 24.2 - 
256.6 5.2 297.9 4.9 508.6 12.0 584.2 13 .6  641.7 4 . 5  670.5 2 .6  
3 6 6 . 8 1 0 . 0  442.0 8 . 4  731.6 10 .6  861.4 1 2 . 3  - 
396.0 12 .1  475.2 12.3 885.7 23.9 1077.4 4 5 . 8  - 
478.3 19 .5  582.1 22.5 1056.6 42.7 1285.0 112 .3  - 
516.4 21.7 627.1 24.6 1061.9 59.7 1264.8 45.2 - 
371.5 7 .8  434.9 11 .5  784.2 26.2 963.8 38.1 - 
332.6 9 . 4  408.9 11.2 741.4 30.7 862.5 62.0 - 
360.6 21.8 438.0 31.8 806.6 55 .6  1018.8 16.8 - 
226.3 3.2 276.0 6.2 496.4 11.7 585.0 14 .2  640.7 14 .8  689.7 13 .6  
369.9 28.6 422.0 15.3 724.8 18.2 866.2 12 .3  961.6 15.5 1018 .2  11 .6  
390.4 6.7 458 .8  11.6 855.4 21.4 1038.5 20.0 - 
630.6 30.3 773.9 29 .8  1440.0 39.9 1709.7 70.4 - 
180.1 6.4 206.5 8 .7  377.5 18.7 450.7 1 5 . 5  525.2 22 .6  558.2 1 2 . 3  
145.5 9 .0  176.8 17 .6  318.4 45.4 430.5 3 8 . 1  481.3 43.9 520.1 42 .6  
203.1 7 . 2  261.3 14 .1  523.7 31.3 602.4 6 .5  670.9 4 . 5  732.1 14.8 
321.8 7 . 7  382.0 9 . 0  661.7 33.7 818 .3  53.6 950.0 112.9 998.2 121.3 
544.1 1 3 . 5  661.3 15.2 1106.3 29.3 1308.4 4 0 . 0  - 
515.9 26.7 605.2 33.7 1093.0 34.2 1261.7 18.7 - 
459.6 9 . 5  547.0 1 942.9 16.7 1105.3 3 2 . 3  
1 9 5 . 6 1 9 . 0  253.4 6 . 1  499.6 54.3 633.5 9 .0  707.9 3 .2  774.8 2.6 

- - A l l  specimens disintegrarred a t  75 hr - - 
217.3 5 . 3  243.8 4.9 377.2 9 .9  414.6 4 3 . 6  476.0 14.8 504.5 9 . 0  
424.2 19.9 523.5 28.8 1000.6 33.8 1236.3 21.3 4409.7 183.9 1487.2 188.5 
333.3 11.5 409.4 23.0 748.1 78.2 806 .6  57.3 898.6 3 .2  959.5 75.4 
262.7 6.3 310.3 11 .3  589.9 9 . 3  738.7 9 .7  822.1 7.7 912.8 48 .5  
263.2 6 .0  321.2 12.2 584.6 9 . 6  706.8 7 .1  782.1 16.8 857.9 116.9 
330.0 6 .6  397.0 8 . 3  698.4 22.6 841.7 14.2 - 
471.2 9 . 0  581.7 12.9 1406.3 37.8 1793.8 43.9 - 

* 
A l l  values represent the average value o f :  a = 1 6  specimens; b = 15 specimens; c = 14 specimens; d = 1 3  specimem; e = 12 specimens; 

f = 9 specimens; g = 6 specimens; h = 3 specimens; i = 2 specimem; j = 2 specimens; 
k = 2 specimens; 1 = 2 specimens. 



TABLE A-4. Hydrogen Content (ppm) . f o r  Coupons 

Al loy  
Exposed a t  3 0 0 0 ~ ~  

0  h r  2250 h r  2625 h r  3000 h r  3570 h r  6570 h r  

,- 
I n  each ca se ,  t h e  v a l u e ' r e p o r t e d  i s  t h e  average 
o f . a t  l e a s t  two d u p l i c a t e  ana lyses  on . the same 
coupon. 



TABLE A-5. Hydrogen Content (ppm) 

Alloy 0 h r  1 7 5 h r  

001 ' 3 3 6 
1313 7 13 48 
003 0 54 
004 13 4 7 
005 5 54 
006 24 37 
007 34 7 8 
008 34 40 
009 20 72 . 
010 2 4 8 
011 12 56 
012 25 61 
013.  8 40 
014 12 3 2 
015 14 5 1 
016 8 3 0 
0 17 9 5 1 
0 18 9 34 
019 7 3 2 
020 24 65 
02 1 10 38 
022 6 4 8 
023 1'0 5 1 
024 13 3 1 
025 13 3 1 
026 12 ' 94 
027 23 19 
028 12 :! 3 
029 5 3 5 
030 16 43 
031 7 4 2 
032 2 7 22 

Exposed a t  400°c* 
375 h r  750 h r  1125 h r  1500 h r  

4 1 46 5 7 7 2 
45 48 5 7 6 1 
64 6 2 61 6 1 
43 4 7 4 6 5 0 
9 3 59 7 0 68 
42 50 5 0 5 5 
8 1 79 7 4 7 7 
4 2 44 4 7 6 1 
64 7 7 7 7 8 2 
5 3 54 5 6 60 
5 7 62 60 5 2 
60 6 8 84 2 61 
4 7 5 6 6 5 68 
3 6 4 5 47 53 . 
5 7 57 5 7 58 
34 38 45 6 3 
5 0 3 7 3 3 2 8 
4 8 4 6 53 5 3 
3 6 34 3 6 40 
72 8 3 9 6 117 
40 45 50 5 9 
54 58 60 6 2 
52 56 7 1 8 6 
25 2 7 28 3 0 
3 1 3 1 3 1 3 0 

102 117 116 1 24 
2 1 2 1 2 3 2 3 
2 7 3 5 43 4 6 
3 5 39 45 45 
44 3 6 4 0 39 
5 1 47 53 5 5 
28 2 7 34 46 

fr 
I n  each case ,  t he  value reported i s  t h e  average 
of a t  l e a s t  two dup l i ca t e  ana lyses  on t h e  same 
coupon. 



TABL.E A-6; Hydrogen Content  (ppm), 

o *  
Exposed a t  500 C 

'A l loy  
001 

375 h r '  
186 . 

161 
203 
22 1 

' 165 
137 
176 
327 
2 12 
247 
116 
221 
122 
165 
272 
355 

64 
8 5 
8 1 

194 
176 
2 59 
316 

5 8 
- 

200 
84 

121 
121 
144 
193 
352 

J- 

I n  each c a s e ,  t h e  v a l u e  r e p o r t e d  i s  t h e  average  o f  a t  l e a s t  two 
d u p l i c a t e  a n a l y s e s  on t h e  same coupon. 



Alloy 
' 001 

TABLE A-7. Mechanical. t e s t  Values a t  Room 
Temperature unexposed* 

0.2% Offse t  
Yield Strength,  

kn/mm2 
46.2 
35 - 4  
58.8 
51.1 
70.4 
71.3 
67 .O 
73.2 
89.5 
66.8 
59 .o 
64.6 
50.5 
41.2 
59.7 
65.3 
34.5 
47.8 
49.8 

. 48.3 
45.4 
62.8 
44.9 
42 .O 
31 :4 
38.9 
35.1 
50.1 
46.2 
53.5 
56.4 
38.9 

Ultimate 
Tens i l e  
Strength, 
kn/mm2 

60.0 
73 * 2 
79.8 
70.7 
95.3 
96.0 
89 - 8  
96.3 

116.6 
93.1 
79.8 
91.8 
66.2 
59.9 
84.0 
85 . O  
47.2 
65.8 
64.2 
63.2 
59.5 
82.4 
53.1 
55.4 
39.5 
51.3 
43.2 
67 .O 
64.0 
70.2 
71.5 
49 .O 

Percent 
Tota l  

Elongation 
12.3 
13.7 
12.5 
15 .O 

3.8 
7.3 

10.1 
7.8 
0.9 
6.7 

10.1 
9 . 1  

14.6 
12.0 
9 .6  

11.7 
20.7 
14.4 
13.3 
13.8 
16.7 
13.8 
19.9 
15.4 
29.3 
19.1 
25.9 
13 .O 
10.1 
13.0 
11.5 
17.2 

Percent 
Reduction i n  Area 

32.3 
27 .O 
34.5 
38.6 
11.7 
22.7 
30.5 
31 . O  
10.8 
34.2 
29.4 
16.0 
34 .O 
38.7 
25.3 
35.1 
43.4 
31 .O 
39.1 
42.9 
47.1 
47.8 
60.2 
37 .O 
50.4 
41.1 
51.5 
43.0 
31.3 
28.1 
27.3 
30.1 

* 
Values repor ted  r ep resen t  t he  average of two 
t e s t s .  



* TABLE A-8. Mechanical Test Values a t  300'~ Unexposed 

0.2%' Offset  
Yield Strength, 

A 1  1 oy kn/mm2 

Ultimate 
Tensile 
Strength, 
kg /rnm2 

Percent 
Total 

Elongation 
18 .,7 . . 
19.5 
16.6 
17.6 
10.2 
10.5 
17.7 
12.5 
5.1 
8.5 

15.4 
9.6 

18.2 
18.8 
14.9 
20.2 
27.8 
18 .O 
24 .O 
16.6 
21.7 
17.2 
21.1 
21.2 
27.3 
22.8 
26 .O 
16.4 
10.9 
19.6 
12.7 
22.6 

Percent 
Reduction i n  Area 

61.1 
47.2 
65 .O 
61.6 
38.1 
43.3 
46.6 
51.1 
12 .o 
43.8 
53.3 
22.4 
50.6 
57.6 
62 .O 
64.3 
63.1 
55.4 
71 .O 
58.9 
75.1 
63.6 
77.5 
65.5 
76.5 
54.5' 
73.1 
55.4 
48.6 
54.9 
36.8 
52.2 

Jr 
Values reported represent the  average of two t e s t s .  



J: 
TABLE A-9. Mechanical Test  Values a t  4 0 0 ' ~  Unexposed 

Ultimate 
0.2% Of f se t  Tens i l e  Percent 

Yield Strength,  
kg /m2 

27.9 
28.7 
34.1 
31. . 1. 
44.4 
44.9 
44.9 
47.5 
64.7 
47.3 
43.1 
45.2 
28 .O 
29.5 
40.2 
32.8 . 

20.5 
31.1 
26.3 
29.3 
29 . 1 
43.8 
27.7 
25.5 . 

18.8 
22.1 
22.2 
29 -9 
27.2 
29.5 
42.7 
24.6 

Tota l  
Elongation 

19 .4  
20.3 
18.2 
20.4 
10.7 
13.6 
17.5 
11 - 0  
10.6 
10 .5  
17.5 
12.9 
21.1 
18.0 
16.6 
20.9 
28.0 
24.1 
23.1 
1 7  .O  
21.3 
11 .3  
20.4 
24.2 
25.7 
22.4 
21.4 
16.4 
16.6 
20.6 
12.9 
21.5 

Percent 
Reduction i n  Area 

63.7 
57.7 
60.7 
63.4 
40.8 
33.1 
52.1 
48.5 
27.7 
43.9 
56.2 
39.4 
58.7 
59.9 
48.3 
64.2 
71.6 
62.6 
70.6 
52.4 
65.8 
37.2 
7 1 . 1  
72.0 
73.6 
55.3' 
68.4 
48.2 
62.3 
53.8 
50.2 
56.8 

J- 

Values reported represent  t h e  average of two t e s t s .  



* TABLE A-10. Mechanical Test  Values a t  5 0 0 ~ ~  Unexposed 

Alloy 

001 . 
002 
003 
004 
005 
00 6 
007 
008 
009 
010 
011 
012 
013 
0 14 
015 
016 
017 
018 
019 
020 
021 
022 
023 
024 
025 
026 
027 
02 8 
029 
030 
031 
032 

Yie ld  Strength,  
kg/mm2 

Ult imate 
Tens i l e  
Strength, 
kg/mm2 

Per cent  
Tota l  

Elongat ion 

27.3 
32 .7 .  
25.4 
34.1 
23.5 
32.6 
27.7 
20.6 
14.0 
26.2 
34.6 
36.2 
39 .O 
42.7 
36.2 
31 .O 
47.1 
24.3 

. 33.9 
30.0 
33.1 
17.9 
23.8 
31.2 
47.2 
28.4 
40.8 
34.5 
41.7 
33.5 
24.6 
35.6 

Percent  
Reduction i n  Area 

75.8 
74.8 
80.3 
81.7 
97.2 
97.9 
87.4 
90.4 
96.4 
90.1 
97.9 
70.7 
77 .o 
74.9 
72.8 
81.1 
87 .O 
60.1 
85.6 
69.6 
83.2 
76.2 
74.9 
79.3 
89.6 
65.5 
83.3 
59.2 
83.3 
78.2 
62.9 
75.5 

* 
Values repor ted  r ep resen t  t h e  average of two t e s t s .  



2 2 .  
TABLE A-lla. 0.2% Offset Yield Strength (YS) (kglmm ) and Ultimate Tensile Strength (~r~)'(kg/mm ) ,at'300~~~' 

Alloy 
00 1 

0 hr 
YS UTS 
31.2 36.6 
32.8 40.5 
38.7 50.2 
31.8 41 .O 
43.5 59.6 
57.7 71.1 
46.8 59.5 
54.7 71.1 
75.9 94.2 
61.7 78.2 
42.3 53.5 
53.3 64.9 
29.1 35.6 
30.3 35.9 
45.0 58.1 
43.1 49.8 
21.7 25.9 
33.8 39.4 
28.2 33.1 
31.7 37 .LC 
31.3 35.2 
44.1 50.9 
27.9 31.9 
27.9 31.8 
19 .O 20.2 
23.3 27.0 , 

23.0 25.2 
32.6 36.8 
3z.4 38.1 
31.5 38.4 
43.9 51.4 
25.5 28.4 

Exposed at 300°c* 
1500 hr 2250 hr 

YS UTS YS UTS 
3000 hr 

YS UTS 
33.2 40.7 

9; 
Values reported for 0 hr represent the average of two 
tests. All other values reported are based on one test 



TABLE A-l lb.  Percent Tota l  Elongation (Elong) and Percent Reduction i n  Area (RA) a t  300 '~  

Alloy 
.oo 1 

Elong 
18.7 

Exposed a t  300°Ch 
1500 h r  2250 hr 

Elong RA Elong RA 
14.7 50.8 15.9 55.1 

3000 h r  
Elong RA 

7': 

Values reporced f o r  0 h r  represent  t he  average of two t e s t s .  
A l l  o the r  values repor ted  a r e  based on one t e s t .  



2 2  
TABLE A . 0.2% O f f s e t  Yie ld  S t r e n g t h  ( Y S )  (kg/mm ) and Ul t imate  T e n s i l e  S t r e n g t h  (uTS) (kg/mm ) a t  5 0 0 ~ ~  ' , 

o *  
Exposed a t  500 C 

0  h r '  1125 h r  1500 h r  3000 h.r 3792 h r  ' 

Alloy  YS - .  UTS YS UTS YS UTS YS - UTS .YS UT S 
001 2 4 . 1  26.4  1 9 . 5  24.3 19 .5  24.9 1 9 . 5  2.3 .8  - - 
00 2  24.8  28.4  20.7 27.4 21 . O  ' 27.7 1 9 . 3  24 .6  18.7  24 .3  
003 29..9 35.2 22.7 30.6  24.6  32.3  21.5  23 . O  1 9 . 3  28 .1  
004 25.3 29 .1  23.2  28.8 21.2 27 . O  20.2 25.1  18 .0  23 .5  
005 32.9 40 .0  25.2 35 . O  25 .O 36.0  22.1  3 2 . 5  - - 
00 6  31.3  38.0 25.6 35.3  23.7 32 .6  2 1 . 1  23.7 1 9 . 8  26.0 
007 35.2  $2 .1  26 .5  35.7 27.3  35.1  20.2 33.6  22 .6  28.3  
008 4 1  . O  52.7 13.9 1 8 . 8  26.3 35 .8  24.1  31.3  + + 
009 43 .1  59 .0  31 .5  45.4 29.5 4 1 . 1  29 . O  42.1  29.2  3 9 . l J 9  
010 33.9 4 2 . 4  22.0 31 . O  22.4 28.9 23.5  33.2  22 . 7'kik 30 -4'' ' 
011 3 1 . 1  3 8 . 9  22.4 29.1  23.7 33 .6  25.8 3.1 . 7 22 .1  29 -0  
0  12 35.2 4 2 . 3  28.1  3 4 . 1  25.2  33 .5  24.3  36) . 8  23.0 27 - 6  
0  1 3  22.4  25 .1  21.9 26.1  1 9 . 3  25.5 1 8 . 4  23 . 6  - - 
014 23.5 ' 27.7  21.2  27.6 18.9 25.9 15.7$:9: 22.79~i': - - 
015 30 .5  35.4  23 .6  3 1 . 1  26.5 34 .6  20.8  28 .1 21.6  27.9  
016 26.2 30.7 2  2  .2":* 26. gJCik 2 1 . 3  27.8  + + 18.3"* 20. 5"Jc 
017 1 6 . 1  1 8 . 1  1 2 . 3  1 6 . 3  1 3 . 6  17 .6  14 .2  1 7 . 4  - - 
018 25.2 28.0  21 .O  25 . 3  20.9  26.5 18.9 25.9 - - 
019 20 .6  25.1  18 .5  23.6 18 .9  23.5 1 8 . 5  22.8 - - 
0 20 24.3  28.0 18 .5  23.7 17.2  20.2 1 6 . 6  20.2  - - 
02 1 24.4 27.8 15 .9  21 .1  1 4 . 3 .  .*a .,- I9  .43c$c 1 5 . 8  19 .8  1 3  . 3"" 17 .8*" 
022 35.7  42.6 '24 .1  31.5  22. 8"" 29.8 20 .4  26.7 18.3:: 24 . lJcJi 
023 24 . O  25.8  1 5 . 6  20 .5  1 4 . 5  19 .7  14 .3  19 . O  13.6"  17 .6"* 
0  24 20.3  22.7 1 6 . 8  20.2 15 . O  19 .2  15.9 22.3  
025 1 3 . 8  15 .0  - - - - - - - - 
026 1 6 . 4  1 8 . 3  1 2 . 6  15 .9  16 .2  15 .2  12.2 1.5.1 . - - 
0 27 1 7 . 1  19.0 1 2 . 4  15 .0  9 . 4  13.3. 10 .7  1 3 . 2  - .  - 

. . 
3 3 . 3  30 .3  18.9 028 26.0  28.9 22.7 20.2 24.8  - - 

029 20.5 24 .6  1 4 . 3  1 8 . 5  13 .4  1 9 . 3  1 3 . 6  18 .0  - - 
030 24.6 28.4 1 9 . 1  24.8 18 -7  24 . O  16..5 22.2 - - 
031 33.2  40;O 24.6 30.2 19 .8  28.4 19 .3  27 . O  20 .6  28.0 
032 20.9 22.2 16 .2  20.9 14 .6  21 . O  14.9 18.9 14.  oJC* 16. 7jC9' 

9c Jr 9: 
Values r e p o r t e d  t o r  0  h r  r e p r e s e n t  t h e  average  of Specimen broke a t  o r  o u t s i d e  o f . g a u g e  
two t e s t s .  A l l  o t h e r  v a l u e s  r e p o r t e d  a r e  based mark. . 
on o n e .  t e s t .  + 

A l l  o r  p a r t  of t e s t  u n s u c c e s s f u l .  



0 
TABLE A-f2b.  Percen t  T o t a l  E longa t ipn  . . (Elong) and Percen t  Reduct ion i n  Area (RA) a t  500 C 

. . 

. Exposed a t  5 0 0 ~ ~ ~  
. !0 h r  , . 1125. h r  1500 h r  . 3000 h r  3792 h r  

A l l o y  
001 

Elong 
27'. 3  

Elong RA - 
2 2  .,4 81 .5  

RA Elong RA 
72.8 1 8 . 3  64.7 

Elong 
- 

1 6 . 6  
15.9  
1 5 . 1  

* J-J- ,. ,. 
Values r e p o r t e d  f o r  0  h r  r e p r e s e n t  t h e  average  of . Specimen broke a t  o r  o u t s i d e  of gauge 
two t e s t s .  A l l  o t h e r  v a l u e s  r e p o r t e d  a r e  based mark. 
on one t e s t .  + 

A l i  o r  p a r t  of t e s t  u n s u c c e s s f u l .  



TABLE A-13. Impact Energy Absorption ( f t / l b )  a t  3 0 0 ' ~  

Alloy 
Exposed a t  300°c* 

0 h r  375 h r  750 h r  1125 h r  1500 h r  2250 h r  

3: 
I n  each case ,  t he  va lue  repor ted  i s  t h a t  obtained 
from one impact t e s t .  , 

3:3: 
Specimentoo d u c t i l e  f o r  shee t  impact t e s t .  

+ 
Test  unsuccessfu l .  



2 2  TABLE A-14a. 0 .2% O f f s e t  Y i e l d   strength.'(^^) (kg/mm ) and U l t i m a t e  T e n s i l e  S t r e n g t h  (uTS) (kg/mm ) a t  
Room ~ e m p e r a t u r e  

Exposed a t  300°c* 
0  h r  1500 h r  2250 h r  3000 h r  '. 6570 h r  

Al loy  PS UTS YS UTS YS UTS YS UTS. YS UTS - - - - - - - - - 
00 1 46.2  60.0 4 8 . 4  61.1  47 .7  59.9 50.7  6 2 . 3  48.9  65 .5  
00 2  55.4  73.2 45.9  64.4 48.0  63.9 50.9 62 .6  49.8 64.0 
003 58.8 79.8 58 .5  78.7 62.3 81 .4  60.5 82.4  58 .0  79.5  
004 5 1 . 1  70.7 4 8 . 3  .65.9 49.9 65.3  49 .8  65.2  50 .5  64 .8  
005 70 .4  95 .3  62.8 84 .3  63.4  83.7  71 .1  89.2  5 8 . 5  85 .3  
00 6  7 1 . 3  96 .0  66.3  8 6 . 1  8 1 . 8  108 .6  69.3  95.6  6 7 . 3  91 .8  
007 67.0 8 9 . 8  62.4  87 .0  62.4  8 2 . 3  69 .3  87 .3  70.9 87 .0  
008 73.2  9 6 . 3  82 .5  107.5  83 .0  113.9 8 1 . 5  107.1  81 .3  107 .1  
009 8 9 . 5  116.6  8 5 . 4  85.4 82 .0  82.0  4 5 . 4  4 5 . 4  60 .6"" 60 . 6"* 
010 66.8  9 3 . 1  67.9 89.6 68.5  9 1 . 5  61.8  86.7  63.2  89 .7  
011 59.0 79.8 67 .6  . 9 0 . 3  68.9 86 .2  72.4 9 3 . 3  77 .1. 89 .'2 
0  12 6 4 . 6  91.8  65.3  85.9  70.8  9 1 . 5  66.9 8 9 . 0  71 .5  8 9 . 8  
013 50 .5  66.2 48.2 61.5 42.0 61.1  44.3. 60.4  42 .2  59.7  
0  14 41 .2  59.9  54.4  58.0 44 .2  63.4 49.4  60 .6  4 9 . 3  62.2  
015 59.7 84 . O  55.9 73.5  56.7 74 .6  58 .5  76.5  64.4 8 3 . 4  
016 6 5 . 3  85.0  52 .0  6 6 . 8  57 .0  70.4 52 .4  68.3  51 .0  68.2 
017 34.5  47.2  31.6  , 4 5 . 0  35.4  45 .2  3 3 . 6  4 4 . 4  3 1 . 3  68.2 
018 47 .8  65.8  4 5 . 4  5 8 . 5  45 .4  57.'9 . 4 3 . 1  56.7  44.4  4 4 . 6  
019 4 9 . 8  64.2  42.9 54.2 4 3 . 6  55.0  45.2 56 .1  4 3 . 5  5 7 . 3  
0  20 4 8 . 3  63.2 45.0  56.4 4 3 . 3  55 .4  44 .4  57 .1  4 8 . 1  52.9 
0  2  1 45.4  59 .5  40.2  52.3  4 0 . 4  52.4 44.4  55.9  40 .6  , 58 .8  
022 62 .8  82.4  65.7 8 1 . 8  5 9 . 8 .  78.9 6 4 . 1  9 1 . 3  5 4 . 1  72.2  
023 44.9  5 3 . 1  4 0 . 5  4 9 . 1  42 .1  4 8 . 3  41 .8  48.3  40.5  4 8 . 5  
0  24 42 .0  55!4 . 4 2 . 6  55 .6  42.0 55 .8  46.7 56.0  42.9  54 .4  
025 31 .4  39 .5  31.2  40.0 3 i . 8  39.3  33.0 39.2 33.2 39 .2  
026 38.9  51.3  36.3  46 .3  34 .1  46.0 36.9 46 .3  36.4  . 46.7 
027 3 5 . 1  43.2  35.5 43 .5  34 .6  43 .1  36 .3  43.5  3 3 . 3  4 3 . 6  
028 50 .1  67 . O  51 .1  64.2 45 .4  56.7  45'.4 54.6  4 4 . 1  53.7  
029 46.2  64.0 4 4 . 1  56.0 37.9 4 9 . 3  39 .5  48 .3  38.2  47.9  
0  30 53.5 70.2  49.9 65.4 4 9 . 1  64.4  47.7 60.9 45.9  61.0  
031 56.4  71.5 60.6 78.7 60.4 75.0  58.2  77 .1  57 .5  72.2  
,032 38.9 4 9 . 0  3 7 . 3  46 .7  39.0 47 .2  40.9  48 .0  3 9 . 2  4 8 . 2  

9; * 9; 
Values r e p o r t e d  f o r  0  h r  r e p r e s e n t  t h e  a v e r a g e  Extremely b r i t t l e  specimen, no p i a s t i c  
of t h r e e  t e s t s .  A l l  o t h e r  v a l u e s  r e p o r t e d  a r e  de format ion  o b s e r v a b l e .  
based on one t e s t .  



TABLE A-14b. .Percent T o t a l  E longa t ion  (Elong) and Percen t  ~ e d u c ' t i o n  i n  Area (RA) a t  Room Temperature 

Elong RA 
12 .6  34.1  

Exposed a t  300°Cf 
2250 h r  3000 h r  

Elong RA Elong RA 
9 . 3  4 0 . 5  11 .5  36.0  

Elong RA 
12 .5  35.2,  
10.9 26.4  
1 2 . 0  39 .2  
12 .9  39 .4  
4 . 7  1 7 . 0  
7 . 3  28.4  

13.2 35.5  

..- * 3; 
Values r e p o r t e d  f o r  0 h r  r e p r e s e n t  t h e  average  Extremely b r i t t l e  specimen, no p l a s t i c  
of t h r e e  t e s t s .  A l l  o t h e r  v a l u e s  r e p o r t e d  a r e  . deformat ion .observab1e .  
based on one t e s t .  



2  2  
ao TABLE A-15a. 0.2% O f f s e t  Yield S t rength  (YS) (kg/mm ) and Ult imate  T e n s i l e  S t r eng th  (UTS) (kg/mrn ) a t  
0 Room Temperature 

Exposed a t  400~; 
10 h r  1500 h r  2250 h r  3000 h r  3578 h r  

Alloy YS UTS YS UTS YS UTS YS UTS -YS UTS - - - - - - - - - 
001 46.2 60 . O  74.6 105.9 46.7 61.9 50.2 61.3 41.1' 59.8' 

J- 

Values repor ted  f o r  0  h r  r ep re sen t  t he  average 
of t h r e e  t e s t s .  A l l  o t h e r  va lues  reported a r e  

,based on one t e s t .  

-@ pecimen s p l i t  due t o  i n t e r n a l  cor ros ion .  

" Jc 
. Specimen broke a t  o r  o u t s i d e  of gauge 
'mark . 

* ~ l l  or p a r t  of t e s t  unsuccess fu l .  



TABLE A-15b. Percent  Tota l  Elongation (Elong) and Percent Reduction i n  Area (RA) a t  Room Temperature 

Alloy 
00 1 
00 2 
003 
004 
005 
00 6 
00 7 
008 
009 
0 10 
011 
012 
013 
014 
0 15 
016 
017 
018 
019 
020 
021 
022 
023 
0 24 
0 25 
026 
027 
028 
0 29 
030 
031 
032 

0 h r  
Elong RA 

1500 h r  
Elong RA 

2250 h r  
Elong RA 
10.9 41.8 

3000 h r  
Elong &4 
11.5 39.9 

* *jC 

Values reported f o r  0 h r  represent  t h e  average Specimen broke a t  o r  o u t s i d e  of gauge 
of t h r e e  t e s t s .  A l l  o the r  values reported a r e  mark. 
based on one t e s t .  + 

Specimen s p l i t  due t o  i n t e r n a l  cor ros ion .  



2 2 
00 

TABLE A-16a. 0.2% Offset  Yield S t rength  (YS) (kg/mm ) and Ultimate Tens i l e  Strength (kg/mm ) a t '  
N Room Temperature . . .,_ 

' > 

Exposed a t  500°cK 
0 h r  1125 h r  1500 h r  3000 h r  3792- h r  4542 h r  4917 h r  

YS UTS YS UTS YS UTS YS UTS YS UTS YS UTS YS UTS n l l o y - - - - - - - - - - -  
001 46.2 60.0 49.8 61.5 49.3 61.5 45.7 59.7 - - 39.5 51.0 - - 
002 55.4 73.2 46 .3  60.3 42.8 60.2 45.5 58.1 39.8 53.7' - - - - 
003 58.8 79.8 57.1 74.0 49.4 72.0 54.0 67.3 42.5' 47 .1  - - - - 
004 51.1 70.7 47.3 63.5 44.4 62.0 43.9 59.3**37.9 53.5 - - - - 
005 70.4 95.3 61.0' 74.4' 46.0' 56.2' 58.4'*58.4 - - - - 56.3' 70.3' 
006 71.3 96.0 57.1 76.6 54.8 75.3 50.5 64.6 45.9 62.3 - - - - 
007 67.0 89.8 58.0 75.3 54.8 79.3 53.3 69.0&* 47.8' 53.7' - - - - 
008 73.2 96.3 52.4 68.1 54.3 81.6 46.7*"46.7~; 15.1' 15 .I' - - - - 
009 89 - 5  ,116.6 61.5~"61.5"* 61.7' 68.3' 36.?**36.lqcdC 32.4' 32.4' - - - - 
010 66.8 93.1 48.5 65.5 45.0 65.0 48.1 63.0 43.4'44.6' - - - - 
011 59.0 79.8 48 .8  61.5 66.8'74.6' 51.6'67.2' 50.3 73.3 - - - - 
012 64.6 91.8 56.3 78.0 60.5 67.2 52.7 60.9 39.8'39.8' - - - - 
013 50.5 66.2 45.4 64.6 42.7 60.0 45.4 57.7 - - - - 38.1 51.5 
014 41.2 59.9 45.9 56.3 41 .1  54.0 39.5 49.0 - - - - 32.8 43.1 
015 59.7 84.0 50.2 70.1 55.2J 72.1_+ 51.0;n68.0,,44.9'45.9' - - - - - 
01 6 65.3 85 . O  51 . O  65.9 45.9"*45.9" ' 23.9 23.9" ' 16.8' 16.8' - - - - 
017 34.5 47.2 31.2 44.2 35.1 45.9 35.8'46.9' - - - - 32.5 45.6 

,018  47.8 65.8 41.5 54.3 40.8 55.0 40.3 55.9 - - - - 36.9 48.8 
019 49.8 64.2 45.9 57.6 45.5 57.6 42.4 53.6 - - - - 40.0 51.7 
020 48.3 63.2 41.5 53.7 43.3 55.0 39.4 50.4 33.9' 42.5' - - - - 
021 45.4 59.5 41.4 j3 .0  38.2 53.3 35.7+ 48.4' 29.2: 30.6: - - - - 
022 62.8 82.4 52.8 66.7 50.6'66.6' 39.8'46.7' 31.0 31.0 - - - - 
023 44.9 53.1 33.4 49.8 37.2 52.4 32 .8 '38 .4 '29 .3  36.9 - - - - 
0 24 42.0 55.4 48.1 50.9 39.7 50.3 40.3 50.3 - - - - 42.1 53.0 
025 31.4 39.5 - - - - - - - - - - - - 
026 38.9 51.3 35.3 45.4 35.4 46.0 34.4 44.6 - - - - 30.6 42 .3  
027 35.1 43.2 31.2 41.8 31.1 42.2 28.5 41.1 28.0 38.0 - - - - 
028 50.1 67.0 44.6'60.2' 51.5 66.5 43.4+55.4' - - 37.6 49.5 - - 
029 46.2 64.0 , 34.9 45.4 36.3 49 .3  33.0 47.6 - - 31.5 42 .3  - - 
030 53.5 70.2 46.5 60.0 45.5 58.0 42.2 54.5 - - 40.8 54.1 - - 
031 56.4 71.5 53.1 71.5 43.6'49.9' 42.8*"42.8** 35.9*35.9* - - - - 
032 38.9 49.0 31.0 45.8 35.1 47.3 32.8 37.6 29.2'29.2' - - - - 

* + 
Values reported f o r  0 h r  represent  t he  average of Specimen broke a t  o r  ou t s ide  of 
t h ree  t e s t s .  A l l  o the r  values reported a r e  based gauge mark. 

,,on one t e s t .  * 
Extremely b r i t t l e  specimen, no p l a s t i c  deforma- Specimen s p l i t  due t o  i n t e r n a l  
t i o n  observable.  cor ros ion .  



TABLE A-16b. Percen t  T o t a l  E longa t ion  (Elong) and Percen t  Reduction i n  Area (RA) a t  E-oom,.Temperature ,: , . 

O *  
Exposed a t  500 C 

0 h r '  1125 h r  1500 h r  3000 h r  3792 h r  4542 h r  4917 h r  
Al loy  Elong RA Elong RA Elong RA Elong RA Elong RA Elong RA Elong RA 

00 1 12.3' 32.3 1 0 . 4  24.9 10.4  28.9 5 . 7  1 3 . 5  - - 2 . 2  5.: - - 
002 12.3  27.0 7 . 3  1 1 . 5  6.9 1 5 . 5  2 .5  4 . 3  2 .2  4 . 8  - - - - 
0 0 3 .  12 .5  34.5 6.9 16 .0  6 .9  1 4 . 1  3 .6  0 . 5  0 . 0 ' 2 . 7 '  - - - - 
004 15.0  38.6 9 . 1  18.0 11 .2  22.8 9.8.1-*16.5A9 7 . 6  27.8  - - - - 
00 5 3.8 11.7 1.9' 0.0' 2.4' 1 . 1  1 . 4 ^  1 . 6 " :  - - - - 0.8' 5.8' 
00 6 7 . 3  22.7 7 . 1  13.0 4 . 6  3 . 7  6 .8  9 . 4  3 . 0  ' 1 2 . 0  - - - - 
007 10 .1  30.5 11 .0  27.0 7 . 4  14 .7  9 . 6  18.0  0.8' o .o+ '  - - - - 
008 7 . 8  31.0 10.4  26.5 5 . 0  1 2 . 5  l.l** o.o** 0.5' 0.0' - - - - 
009 o.9 2.59:9:0.09:9: 0 .9+ o.09:>k0.0ik9:  0.8' 0.0' - - - - 

010 6.7 34.2 8 . 8  29.7 8 . 2  21.9 4 . 1  1.3.0 0.2' 0.0' - - - - 
011 10 .1  29.4 4 . 9  14 .0  1.7' 0.0' 0.0' O . O +  4 . 1  15 .5  - - - - 
012 9 . 1  16 .0  6 .5  6 . 4  2 . 1  1.1 0 . 2  1.1 1.4' 0.5' - - - - 
0 1 3  14.6  34.0 14 .2  1 9 . 0  7 . 6  9 . 0  7 . 4  8 . 0  - - - - 1 0 . 3  18 .9  
014 12.0 38.7 12.5  27 .0  7 . 7  1 5 . 0  5 . 5  1 3 . 5  - - - - 6 . 6  26.5  
0 15 9 . 6  25.3 9.9 1 3 . 8 '  6 .6  6.0 0.6,, O.O,, 0.8' 0.5' - - - - 
016 11.7 35.1 4 . 1  1 . 6  

. 69:$: .09:>k 0.0"' 0.0' '“ 0.0' 0.0' - - - - 
017 20.7 43.4 17.7 3 6 . 6  23.7 38.0  19.2' 38.0' - - - - 12 .5  28 .1  
018 14.4  31.0 14.0  24 .7  1 2 . 1  1 9 . 3  5 .8  13 .0  - - - - 9 . 5  19 .9  
0 19 13 .3  39.1 16.7 3 1 . 4  17 .0  33.9 15.9 38.5 - - - - 1 4 . 8  26.5 
0 20 13.8  42.9 9 . 9  1 8 . 8  8 . 0  11 .5  7.7 11 .0  1.1' 2.1' - - - - 
021 16.7 47.1 '  10.7 2 5 . 4  1 0 . 3  26.7 1.3' 1.6' 0.6' 0.0' - - - - 
022 '13.8 47.8 4 .3  1 5 . 5  1.6' 0.0' 0,.0+ 0.0' 0.5' 2.1' - - - - 
0 23 19.9  60.2 19.9 39 .1  1 3 . 4  19.9 1.3' 0.0' 0 . 3  2 . 1  - - - - 
024 15.4 37.0 1 5 . 6  36.2 16 .7  3 5 . 0 .  14.4  25.4  - - - - 7 . 3  24.7 
025 29.3 50.4 . - - - - - - - - - - - - 
0 2 6 .  19 .1  41.1 17.2 23.0 19 .7  26.7 20.3  26.2 - - - - 1 3 . 1  36.4  
027 25.9 ,51.5 19 .9  4 2 . 4 ' 1 8 . 0  27.6 8 . 8  21.8  1 1 . 0  3 7 . 1  - - - - 
028 1 3 . 0 . 4 3 . 0  1.4' 0.0' 2 . 8  8 . 4  1.6' 4.3' - - 4 . 3  20.8 - - 
029 10 .1  31.3 21.6  3 5 . 5  14 .0  23.7 16 .7  22.9 - - 1 3 . 7  28.8  - - 
030 13.0 28.1 13 .2  2 7 . 4  1 3 . 4  29.8 10 .6  25.2 - - 7 . 1  20.8  - - 
031 11.5 27.3 4 . 1  0 . 0  1.1' 0.0' 0.6" 0 . 0 ~ ~  1.7- 7.4- - - - - 
0 3 2  17.2 30.1 1 5 . 1  24.7 12.0  20.9 0 . 6  1 6 . 6  0.2' 1.6' - - - - 

.I- + 
Values r e p o r t e d  f o r  0 h r  r e p r e s e n t  t h e  average  of Specimen broke a t  o r  o u t s i d e  o f  
t h r e e  t e s t s .  A l l  o t h e r  v a l u e s  r e p o r t e d  a r e  based gauge mark. 

,+:on one t e s t .  
+I-. 

Extremely b r i t t l e  specimen, '  no p l a s t i c  deforma- Specimen sp1.i t  due t o  i n t e r n a l  
CO 
w t i o n  .observable .  c o r r o s i o n .  



TABLE A-17. Impact Energy Absorption ( f t / l b )  a t  3 0 0 ' ~  

Alloy 
Exposed a t  400°c* 

0 h r  ,17.5 h r  375 h r  '750 .hr ,1125 h r  1500 h r  

* 
In each case ,  t h e  va lue  repor ted  i s  t h a t  obtained 
from one impact t e s t .  

9:9: 
Specimen too d u c t i l e  f o r  shee t  impact t e s t ' .  

+ 
Test  unsuccessfu l .  



TABLE A-18. Impact ~ n e r g ~  Absorption ( f t / l b )  a t  3 0 0 ' ~  

Exposed a t  5 0 0 0 ~ *  
Alloy 0 h r  175 h r  375 h r  750 h r  1125 h r  1500 h r  3000 h r  3792 h r  6792 h r  

J- 

I n  each case ,  t he  va lue  repor ted  i s  t h a t  obtained 
from one impact t e s t .  

* 3: 
Specimen too d u c t i l e  f o r  shee t  impact t e s t .  



TABLE A-19. Mechanical Property Data 
f o r  ~ r - ~ r  Base Alloys 

0.2% Of f se t  
A 1  l gy  Yie ld  S t r eng th ,  

Addi t ion  ( a t  .%) kp/mm2 

Ult imate 
Tens i l e  Percent 
S t rength ,  Tota l  Percent 
kg/mm2 Elonaat  ion  Reduction i n  Area 

25Oc - 
5  6  13  43 
63 . 11 41 

5  5  15 3  7 
64 13  3 9  

* 
Sponge Z r  contained 0 .05  a t . %  Fe. ** . 
F i r s t  experiment d a t a ,  a l l . a l l o y s  f a b r i c a t e d  by 
t h e  same schedule: be t a  t r e a t e d ,  5 6 5 ' ~  
a lpha  annea l .  



TABLE A-20. Mechanical Property Data 
f o r  Zr-Cu Base Alloys 

Ult imate 
0.2% Of f se t  Tensil 'e Percent 

Alloy Yield S t r eng th ,  S t r eng th ,  Tota l  Percent  
Addit ion ( a t  .%) kg /mm2 kg /mm2 Elongat ion Reduction i n  Area 

25Oc 

1.2 Cu + 0.05 Fe 3 6 47 20 3 8 
1 .6  Cu + 0.2 Fe 4 3 5 6 20 3 8 

1 . 2  Cu + 0.05 Fe 17 
1 .6  Cu + 0.2 Fe, 17 

9: 
F i r s t  experiment d a t a ,  a l l  a l l o y s  f a b r i c a t e d  by 
t h e  same schedule: b e t a  t r e a t e d ,  5 6 5 ' ~  
a lpha  annea l .  



TABLE A-21. Steam Corrosion Weight Gain Data f o r  Z r - C r  Base Alloys 
(Weight Gain,. mg/dm2) 

A1  1 oy * 
Addit ion ( a t .  %) 

3 0 0 ' ~  Exposure 

2 , 3  ' ~ r  - 13.8 15 - 0  - 16.9 19.3 

1.9 C r  - 12.9 13.2 - 15.9 18 :5 
* 

1 . 5  C r  + 0.2 Fe, - 9 . 6  12.6 - 17 .1  16.7 

1 . 3  C r  + 0.5 Fe - 10.4 11.8 - 18 .5  19.1 

(20 l i m i t  3 +' 0.6  f o r  each coupon group average) 

5 0 0 ' ~  Exposure 

2.3 C r  51 123 188 313 - 439 

1.9 C r  5 6 131 198 303 - 423 

1 .9  C r  + 0 .1  N i  5 1 102 122 187 - 290 
1.9 C r .  + 0.4 N i  53 102 124 180 - 301 

* 
Sponge Z r  contained 0.05 a t  .% Fe. ** 
F i r s t  experiment d a t a ,  a l l  a l l o y s  f ab r i ca t ed  
by the  same schedule: Beta t r e a t e d ,  5650C 
alpha anneal.  



TABLE A-22. Steam Corrosion Weight Gain Data for Zr-Cu Base Alloys 
(Weight Gain, mg/dm2) 

A1 1 oy 
Addition (at. %) . 175 hr 750hr , 1125 hr 1875 hr 2250 hr 

300'~ Exposure 

1.2 Cu + 0.05 Fe - 17.4 18.3 - 20.1 
- 17.1 17.3 - 19.1 1.6 Cu + 0.2 Fe 

500'~ Exposure 

1.2 Cu + 0.05 Fe ' .  8 6 19 5 213 257 - 
1.6 Cu + 0.2 Fe 7 2 1'2 3 151 2 10 - 

* 
First experiment da'ta, all alloys- fabricated 
by the same schedule: Beta treated, 565OC 
alpha anneal. 



TABLE A-23. co r ros ion  Hydrogen Data f o r  
Z r - C r  Base Alloys 

Alloy 
Addi t ion  ( a t .  %) 

3 0 0 ' ~  .Exposure 

2 .3  C r  
1.9 C r  

1.9 C r  + 0 . 4  Be 
1.9 C r  + 0 . 8  B e ,  

9dr 
Zircaloy-2 . . 

500°d Exposure 

2.3 C r  
1 .9  C r  

Hydropen Content (ppm) 
0 . h r  . 750 h r  . 1125 h r  2250 h r  - 3000 ' h r  

9r 
Sponge Z r  contained 0.05 a t . %  Fe. ** 
F i r s t  experiment d a t a ,  . a l l  a l l o y s  f a b r i c a t e d  
by same schedule:  Beta t r e a t e d ,  5 6 5 ' ~  
a lpha  annea l .  



TABLE A-24. Corrosion Hydrogen Data f o r  
Zr-Cu Base Al loys  

Alloy 
Addit ion ( a t .  %) - 0  h r  750 h r  1125 h r  2250 h r  

3 0 0 ' ~  Exposure . . 
. . .  + .  . :  

1 .2  Cu + 0.05 Fe 1 4 '  - 67 64 
1 . h  Cii + 0.7 FP 19 - 64 49 

5 0 0 ' ~  Exposure 

1 . 2 C u + O . O 5 F e  14 29 1 319 - ' 490 
1 . 6  Cu + 0.2 Fe 19 121 152 - 40 7  

1.2.Cu + 0.4 N i .  + 
0.2  Fe 8  78 8  0  - 165 

1.2 cu + 0 .4  Be + 
0.2  Fe 7  165 207 - 703 

-?i 
Zircaloy-2 .( 13) - 59 1 - 15 63 

J. 

F i r s t  experiment d a t a ,  a l l  a l l o y s  f a b r i c a t e d  
by t h e  same schedule:  Beta t r e a t e d ,  565OC 
a lpha  annea l .  



TABLE A-25. E f f e c t  of Fab r i ca t ion  schedule on 
Mechanical P rope r t i e s  

Alloy . . F a b r i c a t i o n  
Composition Schedule 

A"" 
A 
B 
C 

0.2% Of f se t  
Yield S t r eng th ,  

kg /mm2 

2 5 ' ~  

4 0  
27 
30 

3 0 0 ' ~  

3  1 
12 
13 

5 0 0 ' ~  

2 4 
8  
9  

25*c 

39 
3  6  
29 
2 7  

3 0 0 ' ~  

2 3  
2 3  
13 
12 

5 0 0 ' ~  

16 
17 
11 
9  

Ult imate 
Tens i l e  Percent 
S t r eng th ,  To ta l  
kg/mrn2 Elongat ion 

Percent 
Reduction 
in Area 

9: 
See t e x t  f o r  complete d e s c r i p t i o n .  A and B were be ta  
t r e a t e d .  F ina l  annea l :  A = 5 6 5 O ~ ,  B and C = 788 '~ .  

3:9: 
F i r s t  experiment da t a  f o r  a l l o y  026 which i s  a l s o  
Z r  + 1 .2  a t . %  C r .  

Sponge Z r  contained 0.05 a t . %  Fe. 



P. A. 24 - DISTRIBUTION LIST 

USAEC 
San F r a n c i s c o  o p e r a t i o n s  O f f i c e  
2111 Bancrof t  Way 
Berkeley 4 ,  C a l i f o r n i a  

ATTN: W .  H. Brumrnett, Jr .  

USAEC 
. . 

D i v i s i o n  of Reac to r  Development 
Washington 25,  D.  C .  

ATTN: Off i c e  F o r e i g n  A c t i v i t i e s  

O f f i c e  of Naval. Reac to rs  

Water Reac to r  Branch 
C i v i l i a n  R e a c t o r s  

F u e l s  & M a t e r i a l s  Development 
 ranch, Nuclear  Technology 

Repor t s  & S t a t i s t i c s  Branch 

USAEC 
Chicago Opera t ions  O f f i c e  
9700 South Cass Avenue 
Argonne, I1 1 ino  i s  

ATTN: D i r e c t o r ,  Reac to r  Programs D i v i s i o n  
. . 

Argonne Nat iona l  Labora to ry  
9700 South Cass. Avenue 
Argonne, I l l i n o i s  

ATTN: J. E. Draley 
S.  Greenberg 

No. of Copies  

Oak Ridge Nat iona l  Labora to ry  
' P. 0 .  Box X 
Oak Ridge,  Tennessee 

ATTN: M .  ' L .  P i c k l e s i m e r  

Westinghouse E l e c t r i c  Corpora t ion  
B e t t i s  Atomic Power Labora to ry  
P. 0 .  Box 1468 
P i t t s b u r g h  30,  Pennsylvania  

ATTN: S. Kass 
B .  Lustman 



Distribution List 

Knolls Atomic Power Laboratory 
P. 0. Box 1072 
Schenectady , New York 

ATTN: William M. Cashin 

Hanford Atomic Products Operation 
General Electric Company 
Richland, Washington 

ATTN: F. W. Albaugh 

General Nuclear Engineering 
P. 0. Box 245 
Dunedin, Florida 

ATTN: J. M. West 

Armour Research Foundation of 
Illinois Institute of ~ e c h n o l o ~ ~  
Joint U.S.-Euratom.Program 
I I Improved. Zirconium Alloys1' 
10 West 35th Stree.t 
Chicago 16, Illinois 

ATTN: R. VanThyne 

Siemens-Schuckertwerke, A. G. 
J0int-U.S.-Euratom Program 
"Zirconium Hydride in Zircaloy-2 and Zr-Nb Alloys11 
Erlangen 2, Germany 

ATTN: Program-Manager -_ 

Pechiney 
Joint U. S . -Euratom Program 
I I Zirconium and Alloyst1 
23 Rue Balzac 
Paris 8, France 

ATTN: Program Manager 

Metallgesellschaft, A. G. 
Director of Laboratory 
Reuterweg 14 
~rankfurt /~ain 
Germany 

Atomic Energy of Canada, Ltd. 
Chemistry &. Metallurgy Division 
Chalk River, Ontario 

ATTN: Dr. W . ' R. Thomas, ~ e a d  
General Metallurgy Branch 

No. of Copies 
. . 



Distribution List 
No. of Copies 

Battelle Memorial Institute 
505 King Avenue 
Columbus 1, Ohio 

ATTN: S. W. Porembka 

University of Florida 
Engineering & Industrial Experiment Station 
Gainesville, Florida 

ATTN: R. E. Reed-Hill ' 

U. S. Bureau of Mines 
Region 1 
P. 0. Box 492 
Albany, Oregon 

ATTN: Mark Wright 

E. I. DePont de Nemours & Company 
Atomic.Energy Division 
2430 Nemours Building 
Wilmington, Delaware 

ATTN: .E. E. Hayes 

Babcock & Wilcox Company 
Atomic Energy Division 
1201 .Kernper Street 
Lynchburg, Virginia 




