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(Approved f o r  Sa le )  

THE OXIDATION' AND CORROSION OF ZIRCONIUM AND ITS ALLOYS. 

XV, FURTHER STUDIES OF ZIRCONIUM-NIOBIUM ALLOYS 

' B. Cox 
P. G. Chadd 
J. F. Short  

ABSTRACT 

The oxida t ion  r e s i s t a n c e  of b ina ry  and t e rna ry  zirconium a l l o y s  conta in ing  

0.5 t o  5 wt.% niobium and t e rna ry  add i t ions  of Sn, Cu, W, Mo, Sb, V, Ge, Pd, P t ,  

Fe and Mn has been s tud ied  i n  steam and i n  air .  The lowest ox ida t ion  r a t e  w a s  

achieved w i t h  a Zr-l@h-l%Cu a l loy .  

A s tudy  of t he  e f f e c t  o f  hea t  t reatment  on these  a l l o y s  has shown t h a t  
0 e i t h e r  a 24 hour  anneal a t  580 C ,  o r  cold-working of t h e  ma te r i a l  w i l l  resul t  

i n  good oxida t ion  r e s i s t ance .  

Some a l l o y s  containing high percentages of niobium (20-60 wt.%) have been 

A l l  these  a l l o y s  were suscept ib le  t o  non-uniform oxida t ion  a t  long examined. 

times, lead ing  ( i n  some ins t ances )  t o  cracking of the  specimen. 

are no t  considered r e l i a b l e  f o r  use as s t r u c t u r a l  mater ia l s  involv ing  long 

exposures t o  high temperature water o r  steam. 

Such a l l o y s  

"he rate of hydrogen absorp t ion  by a l l o y s  containing small add i t ions  of 

niobium i s  very much l e s s  than  t h a t  found f o r  zircaloy-2.  
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1. In t roduc t ion  @ 
Zircaloy-2 has been used widely as f u e l  cladding i n  r e a c t o r  systems where 

h igh  temperature water i s  employed as coolant ,  and more r e c e n t l y  i t  has been 

manufactured i n t o  pressure  tubes t o  conta in  t h e  coolant  during i t s  passage 

through the  r e a c t o r  core. 

f o r  use under t h e  more arduous condi t ions o f  exposure envisaged i n  f u t u r e  power 

r eac to r s ,  and t h e r e  i s  a need f'or the  development o f  a l l o y s  with super ior  

s t r e n g t h  and a lower r a t e  of hydriding during aqueous corrosion. 

desc r ibes  an  i n v e s t i g a t i o n  o f  t he  corrosion and hydriding o f  a fami ly  of 

zirconium-niobium a l loys .  

It  w i l l  not necessa r i ly  be the  most  s u i t a b l e  a l l o y  

This r epor t  

The oxida t ion  r e s i s t a n c e  o f  t he  z i rca loys  (-2, -3 and -4) i s  conferred by 

t h e  a d d i t i o n  of small q u a n t i t i e s  of elements with a low s o l u b i l i t y  i n  zirconium 

(Sn, Fey C r y  N i ) .  

of o t h e r  inso luble  elements have been t e s t ed .  An a l t e r n a t i v e  approach t o  the  

problem of improving t h e  oxida t ion  r e s i s t a n c e  of zirconium i s  based upon t h e  

a d d i t i o n  of a l loy ing  elements which have a r e l a t i v e l y  high s o l u b i l i t y  i n  

zirconium. O f  t h e  poss ib le  systems which might be s tudied,  on ly  niobium has 

a low enough neutron capture c ross -sec t ion  t o  permit i t s  add i t ion  i n  q u a n t i t i e s  

g r e a t e r  than  about two weight p e r  cent.  

Many o t h e r  a l l o y s  based on the  add i t ion  of similar q u a n t i t i e s  

A pre l iminary  s tudy  of the  Zr-Nb b inary  system") showed t h a t  t h e r e  were 

two regions of composition i n  which an a l l o y  wi th  oxida t ion  r e s i s t a n c e  and 

hydrogen absorp t ion  super ior  t o  those o f  zircaloy-2 might be 

found. 

and t h e  second reg ion  involved 50-60 wt.% niobium. 

regions,  and of the e f f e c t s  of ternary add i t ions  t o  a l loys  containing 1 wt .% Nb 

and-60 w t . %  Nb has now been c a r r i e d  out.  

The f i r s t  of t hese  reg ions  involved add i t ions  of 0.5 - 5.0 wt.% niobium 

A c l o s e r  s tudy  of b o t h  

A l l  t h e  high-niobium a l l o y s  showed evidence of non-uniform oxida t ion ,  

p a r t i c u l a r l y  a t  edges, and f o r  t h a t  reason, desp i t e  low oxida t ion  and hydrogen 

uptake rates i n  some ins tances ,  t hey  cannot be considered r e l i a b l e  f o r  extended 

se rv ice  exposures. 

s e v e r a l  which o f fe red  promise of  o f i d a t i o n  r a t e s  as low as z i rca loy-2  and 

hydrogen absorp t ion  r a t e s  considerably lower. However, the  Zr-l@??b-l%Cu a l l o y  

was apparent ly  b e t t e r  than any of t h e  above, and a c l o s e r  s tudy of t h i s  t e r n a r y  

system o f f e r s  t he  b e s t  promise of producing an a l l o y  combining a low oxida t ion  

Among the  low niobium a l l o y s  and Zr-Nb-Sn a l l o y s  t h e r e  were 
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ra te  wi th  low hydrogen absorp t ion  p rope r t i e s .  

2. Ekp e rime n t a l  

A l l o y s  were f a b r i c a t e d  f r o m  sponge zirconium by  double arc-melting as 

but tons  d ia .  The compositions of t he  a l loys a r e  given i n  Table I. Ternary 

add i t ions  were made f r o m  metal of "specpure" qua l i ty .  

o r ig in& sponge i s  given i n  Table 11, and t h e  0,  H and N analyses of the a l l o y s  

i n  Table 111. It was assumed t h a t  t h e  concent ra t ion  o f  minor a l loy ing  

impur i t i e s  would not  d i f f e r  s i g n i f i c a n t l y  from t h a t  of t he  sponge used. 

s p e c i f i c  tes ts  were performed f o r  contamination wi th  tungsten. 

The ana lys i s  of t h e  

No 

Specimens of t h e  experimental  a l l o y s  were machined t o  -&It d i a  x 0.0301 t h i c k  

d i s c s ,  abraded t o  4/0 emery, and at tack-pol ished t o  g ive  a high sur face  f i n i s h .  

Specimens of t h e  commercial Z r - 2 S  Nb b i l l e t  were c u t  f r o m  shee t ,  abraded and 

pickled.  

specimens w e r e  degreased and d r i ed  before  the i n i t i a l  weighing. Weighings were 

performed t o  an  accuracy o f  A 5pg; 

su r face  areao 

A support  ho le  (0.040" d i a )  was d r i l l e d  i n  each specimen, and t h e  

oxida t ion  r a t e s  were based on t h e  geometrical  

0 
Specimens were oxid ised  i n  steam a t  atmospheric pressure  a t  50 C temperature 

i n t e r v a l s  between 300 and 500°C. The furnaces  used were of t h e  design repor ted  
previous ly  ( 1 )  . 

Hydrogen ana lyses  were c a r r i e d  out  a t  Woolwich Outs ta t ion  ( A m )  by a " w a r m  
(4) ex t r ac t ion"  method . 

Experimental a l l o y s  were normally t e s t e d  i n  the  c a s t  condi t ion.  A 
commercially produced b i l l e t  of Zr-2% Nb was also t e s t e d  f o r  comparison with t h e  

experimental  a l loys .  

condi t ion.  

ampoules. 

ampoule a f t e r  plunging it i n t o  water. 

p e r  minute. 

3. Resul t s  

A s  received t h i s  a l loy  w a s  i n  t h e  3% cold-worked 

Samples of t h e  alloys were hea t - t rea ted  i n  evacuated s i l i c a  

Rapid quenching r a t e s  were a t t a i n e d ,  when required,  by breaking t h e  

The furnace  cool ing rate w a s  about IoC 

~ r - 2 %  NII and Zr-& NII Sn a l l o y s  

I n  f i g u r e s  1 and 2 t h e  ox ida t ion  i n  steam o f  t h e  commercially-produced 

zirconium-2% niobium a l l o y  and an  experimental  Zr-% Nb-&% Sn a l loy  are 

compared, bo th  alloys being i n  t h e  cold-worked condition. It can be  seen 
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0 t h a t  a t  300 C t h e  a l l o y  containing t i n  i s  apparent ly  supe r io r ;  whereas 

with inc reas ing  temperature the  t i n - f r ee  a l l o y  shows appreciably lower 

oxida t ion  rates than  the  a l l o y  containing t i n .  

Figs .  3-5 show the  e f f e c t  of hea t  t reatment  on the  oxida t ion  i n  steam 

o f  t h e  Zr-2% Nb a l loy .  

monotectoid temperature (-600°C) show the  lowest ox ida t ion  r a t e s  , whi ls t  a t  

400 and 500 C t h e  specimens oxid ised  i n  the  "as-received" condi t ion  (-3% 
cold-worked) had t h e  b e s t  ox ida t ion  r e s i s t ance .  

specimens quenched f r o m  the  P-phase showed the lowest ox ida t ion  r e s i s t ance .  

A t  35OoC specimens annealed j u s t  below the  

0 

A t  a l l  temperatures,  

The oxida t ion  behaviour of the  Zr-24$ Nb a l l o y  i n  a i r  a t  300-.!+OO0C i s  

The a l l o y  oxidised more r a p i d l y  i n  a i r  than i n  steam a t  
2 

shown i n  f i g .  6. 
t h e  same pressure ,  t h e  r a t e  o f  ox ida t ion  i n  a i r  a t  3 0 0 ° C  being 1.1 mgm/dm 

day compared with a r a t e  of 40.06 mgm/dmz day i n  steam. 

anomalous oxida t ion  behaviour w a s  observed i n  l abora to ry  a i r  a t  500 C ;  t h e  

oxida t ion  r a t e  being much h igher  than  i n  e i t h e r  m o i s t  o r  "dr ied" a i r .  

may rep resen t  experimental  s c a t t e r  r a t h e r  than  a genuine d i f f e rence  due t o  

t h e  composition of t he  a i r .  

Group I a l l o y s  

Apparently 
0 

This  

0 
Resul t s  i n  m o i s t  a i r  a t  500 C a r e  shown i n  Fig.  7. 

Figures  8-12 show t h e  r e s u l t s  obtained f o r  al loys o f  Group I (Table I )  

oxid ised  i n  stem a t  temperatures of j 00 -5OO0C,  i n  the  c a s t  condition. 

0 A t  300 C t h e  r e s u l t s  do not  extend f a r  enough i n  time f o r  any d i s t i n c -  

t i o n  t o  be made between the  major i ty  of the  a l l o y s  i n  t h i s  group. 

it i s  found t h a t  t he  p o s t - t r a n s i t i o n  oxida t ion  r a t e s  (of  those  a l l o y s  

conta in ing  t i n )  i nc rease  s t e a d i l y  with niobium content ;  

are necessary before  any d iscr imina t ion  can be made between the  Zr-1% Nb 

A t  35OoC 

. .  
longer  exposures 

' and Zr-@ Nb a l l o y s  a t  this temperature. A t  400°C and above, wh i l s t  (with 

t h e  except ion of t h e  Zr-1% Nb* Sn a l l o y )  t h e  same gene ra l i s a t ion  can be 

made about t h e  e f f e c t  of i nc reas ing  niobium content  on a l l o y s  containing 

t i n ,  t he  b ina ry  a l l o y  conta in ing  2% Nb i s  d e f i n i t e l y  super ior  t o  t h a t  

conta in ing  only 1% Nb. 

t he  lowest ox ida t ion  r e s i s t ance .  

A t  a l l  temperatures the  a l loy  containing 5% Nb shows 

The e f f e c t  of an annea l .a t  5 8 0 ° C  (Fig. 13) i s  t o  make d i f f e rences  
0 between t h e  oxida t ion  r e s i s t a n c e  a t  500 C of most o f  t h e  a l loys considerably 

smaller .  T h i s  r e s u l t s  f r o m  a reduct ion  i n  the  r a t e  of ox ida t ion  of a l l o y s  



containing r e l a t i v e l y  high niobium contents ,  and an increase  i n  the r a t e  of 

oxidat ion o f  some of the  a l l o y s  with low niobium contents.  

a l l o y s  containing 1 and 2% Nb appear t o  have been a f f ec t ed  l i t t l e  by t h i s  

heat  t reatment ,  however. 

a t  35OoC suggest t h a t  a t  t h i s  temperature the  spread o f  t he  oxidat ion r a t e s  

of these  a l loys  may be l e s s  than a t  50OoC. 

The binary 

Incomplete r e s u l t s  on annealed specimens oxidised 

I n  f i g s .  14 and I5  t h e  oxidat ion behaviour of  the a l l o y s  i n  mois t  a i r  

Contrary t o  0 a t  500°C i s  shown f o r  "cast"  and "580 C annealed" specimens. 

expectat ions,  i n  both condi t ions the  oxidat ion r e s i s t a n c e  i s  apparent ly  

l i t t l e  d i f f e r e n t  from t h a t  i n  steam at  the same pressure.  

i n  t he  annealed condi t ion i s  the  only a l l o y  showing considerably f a s t e r  

oxidat ion i n  a i r  ( f i g .  7). 
reduce the  v a r i a t i o n  from a l l o y  t o  a l loy .  

The Zr-2% I%, 

The e f f e c t  of hea t  treatment i s  again mainly t o  

Group I1 a l l o y s  

Figures  16-20 show the  r e s u l t s  obtained with the  Zr-$  Nb-l$?I a l l o y s  

(Group 11) i n  atmospheric pressure  steam a t  300 t o  50OoC. 

t i o n  o f  t h ree  a l l o y s  (1% - Mn, Mo and Sb) , a l l  a l l o y s  l i e  i n  a s ing le  band 

a t  300°C; 

however. 

the  b e s t ;  t he  copper a l l o y  being genera l ly  the  s l i g h t l y  b e t t e r  o f  the  two 

a t  long times. 

t he  oxidat ion behaviour a t  500°C i s  s imi l a r  t o  t h a t  observed wi th  the  

Group I a l l o y s ;  

r e s i s t ance  of t he  wors t  a l l o y s ,  although the  1% Fe a l l o y  apparent ly  shows 

worse oxidat ion r e s i s t ance  than i n  the  c a s t  condi t ion and the 1% Cu a l l o y  

i s  now the  b e s t  a l loy.  

ox ida t ion  r e s i s t ance  of  a l l  t h i s  group of a l l o y s  (Fig.  22) when compared 

with a 2,!+ h. anneal. However, most a l l o y s  were s t i l l  b e t t e r  than i n  the  

c a s t  condition, and the  copper a l l o y  remained very much b e t t e r  than any of 

the  o thers .  The oxidat ion behaviour of Group I1 a l l o y s  i n  mois t  a i r  i n  

t he  

24. 
steam; 

ence, and the  1% Pd a l l o y  appears t o  be more r e s i s t a n t  i n  a i r  than i n  steam. 

The anomaly shown by the  1% Pd a l l o y  remains with annealed specimens, 

With the  excep- 

with increas ing  temperature the  spread o f  t he  r e s u l t s  increases ,  

A t  a l l  temperatures (above 300°C) t h e  1% Cu and 1% Fe a l loys  a r e  

The e f f e c t  of annealing f o r  24 h. a t  58OoC (Fig. 21) on 

the  range of behaviour i s  reduced by improved oxidat ion 

A longer  anneal (7 days a t  5 8 O o C )  reduced the  

0 and ff2,!+ hr/580 C annealed" condi t ions i s  shown i n  f i g u r e s  23 and 

Most a l l o y s  i n  the "cas t "  condi t ion oxid ise  f a s t e r  i n  a i r  than i n  

the  1% Cu and 1% Sb a l l o y s ,  however, show apparent ly  l i t t l e  d i f f e r -  

- 4 -  
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@ al though a l l  o t h e r  a l loys  oxid ise  more r ap id ly  i n  a i r  t h a n . i n  steam. 

Group I11 and I V  a l l o y s  

Figures  25 and 26 show t h e  r e s u l t s  obtained f o r  a l l o y s  of Groups I11 

and IV i n  t he  form of bands. Of t he  t e rna ry  addi t ions  made t o  a l l o y s  i n  

Group I11 only vanadium addi t ions  r egu la r ly  r e su l t ed  i n  a l l o y s  g iv ing  low 

oxida t ion  r a t e s  ( i .e .  a t  bottom of band). I n  an  e f f o r t  t o  reduce the  

concent ra t ion  of niobium requi red  f o r  good oxida t ion  r e s i s t ance  i n  the  

high Nb region, t he  e f f e c t  o f  t e rna ry  addi t ions  of vanadium o r  t i n  on a l l o y s  

containing 20-30 wt .% Nb was a l s o  examined, and shown t o  e f f e c t  no improvement. 

The r a p i d l y  acce le ra t ing  po r t ion  of t h e  oxida t ion  curve,  fol lowing 

t r a n s i t i o n ,  was gene ra l ly  a s soc ia t ed  with p r e f e r e n t i a l  a t t a c k  a t  edges, 

and i n  some ins tances  l e d  t o  cracking of t he  specimens. 

Hydr i d ing  

I n  f i g u r e  27 t h e  r e s u l t s  of a hydrogen ana lys i s  on specimens of t h e  

Z r - 2 S  Nb a l l o y  oxidised i n  atmospheric pressure  steam a r e  recorded a t  

temperatures o f  400-5OO0C; some r e s u l t s  i n  steam a t  500 p.s . i .  and i n  a i r  

s a t u r a t e d  wi th  water vapour a r e  a l s o  included. A decrease i n  the  ra te  of 

absorp t ion  of hydrogen with decreasing temperature i s  apparent.  Although 

t h e  r e s u l t s  a t  500°C agree a t  low weight gains  with those repor ted  f o r  a 

Zr-$ N%* Sn a l l o y ( 5 ) ;  

Zr-2&% Nb a l l o y  a r e  lower. 

KAPL("), whereas a t  450 and 500°C a more r ap id  r a t e  of uptake w a s  found. 

a t  h igher  weight ga ins  t h e  r e s u l t s  f o r  t h e  

The r e s u l t s  a t  400°C agree wel l  w i th  d a t a  from 

The e f f e c t  of hea t  t reatment  on t h e  hydrogen absorpt ion behaviour a t  

5OO0C i s  shown'in f i g u r e  28. 

ox ida t ion  behaviour (Tig. 5) r evea l s  no obvious c o r r e l a t i o n  between the  

e f f e c t  which a given hea t  t rea tment  has  on oxida t ion  and hydrogen absorp- 

t i on .  

A comparison of these  r e s u l t s  with the  

Figures  29 and 30 present  hydrogen absorp t ion  da ta  f o r  Groups I and I1 

a l l o y s  respec t ive ly .  I n  group I alloys t h e  spread of t h e  r e s u l t s  gene ra l ly  

leaves  t h e  a l l o y s  with t h e  lowest-niobium content  a t  t he  top  o f  t he  band, 

and vice-versa;  

t h e  elements apparent ly  giving a reduct ion  i n  t h e  r a t e  of hydrogen absorpt ion 

(W, Mo, Sb and P t )  do no t  improve t h e  oxida t ion  r e s i s t a n c e  of t he  b i n a r y  

of t h e  t e rna ry  add i t ions  made i n  Group I1 a l l o y s ,  however, 

A 
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a l loy  ( see  f i g .  20). . 
contents  than the  above, gene ra l ly  decreases  s t i l l  f u r t h e r  with inc reas ing  

Hydrogen uptake, by a l loys with h igher  niobium 

niobium content  ( 3 )  . 
4. Discussion , 

There have been many o the r  i nves t iga t ions  o f  a l loys wi th in  t h e  range 
repor ted  here ,  notably a t  Chalk River (6-8), w L ( 9 '  Io), Val l ec i to s  (11) , 
Metal lgesel lschaf  t AG(Frankfurt ) ( 2, , Siemens-Schuckertwerke (13) , Culcheth ( 

and i n  t h e  USSR (15y16) .  

form of a ser ies  of conclusions drawn f rom our  own work, followed by a s h o r t  

comparison with t h e  r e s u l t s  o f  previous work. 

ox ida t ion  r a t e s  w i l l  be  attemped. 

The discuss ion  of our r e s u l t s  i s  best  presented i n  t h e  

No d e t a i l e d  comparison of 

(i) Although a t  4OO0C and above t h e  add i t ion  of  t i n  t o  Zr-Nb a l loys ,  

containing 2-3% niobium, diminishes t h e  oxida t ion  r e s i s t ance ,  a t  300°C 

the evidence i s  no t  conclusive,  and a t  300 C the  a l l o y s  containing 

t i n  may be supe r io r  t o  t h e  b ina ry  alloys. 

0 

Dalgaard (698)  claims t h a t  t i n  add i t ions  t o  a Zr-2.5% Nb matrix decrease t h e  

oxida t ion  r e s i s t a n c e  a t  a l l  temperatures;  however, a s c r u t i n y  of t h e  r e s u l t s  

presented(7)  shows t h a t  t h i s  conclusion i s  only  j u s t i f i e d  f o r  experiments a t  

360 '~ and 40OoC. 

and an  a l l o y  conta in ing  0.5% t i n .  

can t  d i f fe rence  i n  oxida t ion  r e s i s t a n c e  a t  350 C between alloys containing 2 and 

3% Nb with and without 0.5% Sn ( a f t e r  anneal ing f o r  1 hr .  a t  6 5 O O C ) .  

conta in ing  0.5 and 1% Nb were improved by  the  a d d i t i o n  o f  0.5% Sn (when annealed 

a t  650'~); 
found t o  have supe r io r  ox ida t ion  r e s i s t a n c e  t o  the  corresponding b i n a r y  alloy. 

Thus f o r  s e r v i c e  a t  3OO0C it i s  probable t h a t  t he  add i t ion  o f  0.5% Sn t o  a 
b ina ry  Zr-Nb a l loy ,  containing up t o  3% niobium, w i l l  e f f e c t  a small improvement 

i n  oxida t ion  r e s i s t ance .  

A t  3 1 6 ' ~  h i s  da t a  show no d i f f e rence  between t h e  b inary  a l l o y  

Meta l lgese l l s cha f t  AG (I2) found no s i g n i f i -  
0 

Alloys 

a f t e r  10 days anneal ing a t  5 7 5 O C  a l l  a l l o y s  containing 0.5% Sn were 

(ii) It i s  poss ib l e  t o  produce b i l l e t s  of Zr-Nb a l l o y s  showing oxidat ion 

r e s i s t a n c e  as good as average b i l l e t s  of zircaloy-2. The poss ib l e  

range of r e s u l t s  f o r  Zr-Nb a l loy  b i l l e t s  cannot be estimated on the  

b a s i s  o f  t hese  r e s u l t s  however. 

(iii) The b e s t  ox ida t ion  r e s i s t a n c e ,  a t  30O-35O0C, probably resul ts  f r o m  an  

anneal a t  a temperature j u s t  below t h e  monotectoid; cold-worked 
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mate r i a l  however, shows very nea r ly  as good r e s i s t ance ,  and the  

p o s i t i o n  could e a s i l y  be reversed if  a l a r g e  number of experiments 

were performed t o  determine the  random v a r i a t i o n  t o  be expected i n  

r epea t ing  t h e  two treatments.  

a l l o y s  a t  580°C f o r  24 h. i n  genera l  reduced the  range of behaviour of 

t h e  a l l o y s  by improving the  oxida t ion  r e s i s t ance  of t he  worst a l l o y s ,  

and i n  a few ins tances  decreasing t h e  oxida t ion  r e s i s t a n c e  of t h e  bes t .  

Longer anneals  than  U, h. reduced t h e  oxida t ion  r e s i s t a n c e  of a l l  

a l loys .  

Annealing the  Zr-Nb-Sn and Z r - l %  Nb-IgM 

Meta l lgese l l s cha f t  AG concluded t h a t  the  b e s t  ox ida t ion  r e s i s t ance  r e s u l t e d  

from a 10 day anneal  a t  5 7 5 O C .  
a t  58OoC and Cind t h a t  t h e  7 day t reatment  r e s u l t s  i n  overaging and a l o s s  of 

some of t he  improved r e s i s t a n c e  conferred by the  1 day anneal.  Va l l ec i to s  

and K.APL(') have a l s o  found t h a t  low temperature anneals  g ive  the  b e s t  ox ida t ion  

r e s i s t ance .  None of the  hea t  t reatment  procedures employed a t  AECL a r e  d i r e c t l y  

comparable wi th  the  above; 

f o r  24 h. being the  c l o s e s t  approximation. Dalgaard expla ins  the  e f f e c t  of 

h e a t  t reatment  on t h e  oxida t ion  r e s i s t ance  of Zr-Nb a l l o y s  i n  terms of t he  amount 

of niobium i n  s o l i d  so lu t ion ;  

being equated. t o  good r e s i s t ance .  

580 C,  however, suggests  the  converse. 

We have compared anneals f o r  1 day and 7 days 

(11) 

a quench from 95OoC followed by  tempering a t  500°C 

I /  

low concentrat ions o f  niobium i n  the  a-phase 

The e f f e c t  of the  length  of t he  anneal a t  
0 

I n  a d d i t i o n  t o  the  work repor ted  here  only Ros ler  (I3) has compared "cold- 

worked" with annealed material. I n  both  ins tances  i t  i s  concluded t h a t  "cold- 

worked" material i s  supe r io r  t o  material annealed a t  750 C o r  above. 0 

(iv) Zr-Nb a l l o y s  oxid ise  more r a p i d l y  i n  a i r  than  i n  steam a t  t h e  same 

temperature. The r a t i o  of t h e - r a t e s  of ox ida t ion  i n  a i r  and steam i s  

h igher  f o r  t he  2 ~ 2 %  Nb a l l o y  than  f o r  some of t he  o t h e r  experimental  

a l l o y s ,  and a Z r - @  N ~ - I %  'Pa a l l o y  apparent ly  oxid ised  l e s s  r a p i d l y  i n  

a i r  than  i n  steam. 

Among t h e  Zr-Nb-Sn a l l o y s  t h e  oxida t ion  r e s i s t a n c e  a t  35OoC decreased 

r e g u l a r l y  with inc reas ing  niobium content ,  a t  h igher  temperatures t h i s  

g e n e r a l i s a t i o n  was not s o  c l e a r ,  but t he  3 and 1% Nb a l l o y s - ( w i t h  3 
Sn) were inva r i ab ly  t h e  b e s t  of t he  group. 
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The decrease i n  oxida t ion  r e s i s t ance  wi th  increas ing  niobium content 

observed here ,  has been gene ra l ly  observed elsewhere. 

a t  temperatures of 6OO0C and below i s  t o  reduce t h i s  e f f e c t  of niobium content  

considerably.  

d i f f e rence  between t h e  a l l o y s  of Group I a t  3 5 0 O C .  

r epor ted  by  Meta l lgese l l schaf t  AG ( I 2 )  f o r  a l l o y s  containing up t o  5% my and 

Klepf e r  

ox ida t ion  rate fol lowing an anneal f o r  8 hr .  a t  l l O O ° F  ( 5 9 3 O C ) .  

The e f f e c t  of anneal ing 

Thus, fol lowing a 24 hr.  anneal a t  58OoC we observed l i t t l e  
S imi la r  behaviour has been 

found t h a t  a l l o y s  containing 1-3.5% Nb showed l i t t l e  v a r i a t i o n  i n  

( v i )  I n  the  t e rna ry  Zr- l% Nb-@ M a l l o y s  only Cu and Fe addi t ions  r e g u l a r l y  

produced a s i g n i f i c a n t  improvement i n  oxida t ion  r e s i s t ance .  

A number of i n v e s t i g a t o r s  have s tud ied  t h e  e f f e c t  of t e r n a r y  addi t ions  o t h e r  

Meta l lgese l l schaf t  AG ( I 2 )  found t h a t  molybdenum and palladium than  t i n .  

add i t ions  decreased t h e  oxida t ion  r e s i s t a n c e  of a l l o y s  containing 2.5% Nb ; 

chromium add i t ions  were found t o  r e s u l t  i n  no s i  n i f i c a n t  improvement i n  the  

r e s i s t a n c e  of a Zr-2% Nb-0.5% Sn a l loy .  

of e i t h e r  C r y  Mo, V and'Fe improved t h e  r e s i s t a n c e  of a Z r - l %  Nb a l l o y  t o  500°C 

steam a t  atmospheric pressure ,  no improvement was e f f ec t ed  when t h e  same add i t ions  

were made t o  a Zr-2.5% Nb a l loy .  

r e s u l t s  obtained on annealed a l l o y s  be re ,  b u t  s ince  Ros ler  d i d  not  t e s t  h i s  a l l o y s  

a t  lower temperatures,  t h e  value of t h i s  conclusion f o r  a l l o y s  which w i l l  opera te  

a t  temperatures c lose  t o  3OO0C i s  small. 

Rosler  '13) found t h a t  t e r n a r y  add i t ions  

The f i r s t  observat ion i s  i n  agreement with t h e  

A t  35OoC only Fe and Cu add i t ions  were observed t o  give any improvement i n  

t h e  oxida t ion  r e s i s t a n c e  of a Zr - l% Nb a l loy ;  

t he  a d d i t i o n  of copper be ing  g r e a t e r  than t h a t  f o r  i ron .  Dalgaard has reached 

t h e  Same conclusion f o r  addi t ions  of i r o n  and copper t o  a Zr-2.5% Nb a l loy .  

t he  improvement r e s u l t i n g  from 

( v i i )  A l l  t h e  a l l o y s  with high niobium contents  (>2%) u l t ima te ly  showed 

non-uniform oxida t ion  a t  edges of t h e  specimens. I n  some ins tances  

t h e  specimens cracked as a r e s u l t  of t h i s  non-uniform oxidat ion,  and 

the  p o s s i b i l i t y  of such cracking occurr ing as a general  phenomenon 

e l imina tes  these  a l l o y s  as poss ib le  s t r u c t u r a l  materials. 

i 

( v i i i )  Hydrogen absorp t ion  by  a l l o y s  of Groups I and I1 a t  temperatures 

below 45OoC i s  not  g r e a t e r  than about 1% of t h a t  r e l eased  by the  

cor ros ion  r eac t ion ;  

The ra te  of uptake a t  t h e  lower temperatures i s  a considerable  

a t  500°C higher  r a t e s  of uptake were observed. 
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improvement over t h e  behaviour of zircaloy-2,  which gives  o v e r a l l  

hydrogen uptakes o f  30-4% i n  t h e  pos t - t r ans i t i on  region a t  350 C. ‘ 0  

An inc rease  i n  t h e  r a t e  o f  hydrogen absorp t ion  fo l lowin  t r a n s i t i o n  i n  

500°C steam has been observed a l s o  by Rosler  ( I 3 )  and Klepfer$l’) .  

i n v e s t i g a t o r s  (10914) have not  observed t h i s  behaviour. 

45OoC t h e  r e s u l t s  presented here  agree wel l  with those of o t h e r  inves t iga t ions .  

The d ivergent  r e s u l t s  f o r  hydrogen absorpt ion i n  high temperature steam may 

r e s u l t  f r o m  v a r i a t i o n s  i n  the  r a t e  of hydrogen uptake with heat  t reatment .  

B ~ u l t o n ( ~ ~ ) ,  however, has  t e s t e d  ma te r i a l  i n  t he  same me ta l lu rg ica l  condi t ion  

as t h a t  used here ,  and the  d i f f e rence  i n  t h i s  case may r e f l e c t  s u s c e p t i b i l i t y  of 

t h e  hydrogen uptake r a t e  t o  small va r i a t ions  i n  the l e v e l  of o t h e r  gases  i n  t h e  

steam. 

Other 

A t  temperatures below 
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TABLE ' I  

Composition of niobium a l l o y s  

C r  

52B 

648 

Ternary addi t ions ( M )  

Bg Sb 

l u p  

59B 60B 

71B 72B 

II -I--- i 
. t '  sa tch  of 

Numbers i n  each square a r e  the a l l o y  reference numbers. The l e t t e r  following each number r r ?  . 

zirconium sponge from which the a l l o y  was made. 
Numbers i n  brackets  g i v e  t h e  weight p e r  cent of niobium i n  t h e  a l loy ,  t h e  percentage shorn 

x t-rie i s  t h a t  
- 

of  any te rnary  addi t ion  a l s o  present.  



A Not known 

B Batches 178-182 

C ZL213 

D ZL9015 

? 
N Fe A 1  C C r  Cu Ni Pb Mn K T i  B Hf Me: O H  

f o r  ana lyses  of i nd iv idua l  a l l o y s  produced from t h i s  material see  r e fe rence  I 
- i  

800 40 60 145 300 - - 12 8 - 30 - < 10 - I * %  10 

I 
1650 25 100 - 117 - - - - 35 - - < 5 (0.5 270 - 
1000 20 55-85 230 ( 5 0  120 30 15 10 40 3 (30 * l o o  - *IO 
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TABLE I11 

Oxygen n i t rogen  and hydrogen contents  of  a l l o y s  

I F i n a l  d i g i t  
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