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I n t r o d u c t i o n  

The a c t i v i t i e s  o f  RCN a t  P e t t e n  are p a r t l y  d i r e c t e d  t o  t h e  development 
o f  a nuc lea r  p ropu l s ion  system f o r  a 65000 tons  dwt, 22000 shp s h i p ,  
The t echno log ica l  p a r t  of  t h e  development programme i s  c a r r i e d  ou t  
under  oon t r ac t  between RCN and Euratom. The des ign  t a r g e t  i s  a p r e s s u r i z e d  
water reactor  wi th  i n t e r n a l  r e c i r c u l a t i o n ,  a thermal  r a t i n g  of  61 MW 
and a core l i f e  t ime of 3 * 3  y e a l s a t  f u l l  power. The f u e l  rods i n  t h i s  
r e a c t o r ,  t h e  NERO r e a c t o r ,  w i l l  be of  t he  convent ional  rod-type: 
s i n t e r e d  UG2-pellets enc losed  i n  a 1250 mm long  tube  with an I . D ,  o f  
10.20 mm and a W.T, of  0 0 8 5  mm. A cons iderable  p a r t  o f  t h e  f u e l  rods  
Fr! t he  NERC core  have t o  ope ra t e  a t  a temperature  o f  345 OC a t  t h e  o u t e r  
s u r f a c e  o f  t he  h o t  p l aces  o f  t h e  canning t u b e s e  

During the  p re l imina ry  s ta te  of  design 
Zirconium a l l o y  a t  t h a t  moment, w a s  chosen as one of  the p o s s i b l e  
canning materials f o r  t h e  fuel .  The d e l e t e r i o u s  e f f e c t  o f  hydrogen, 
absorbed i n  t h e  canning du r ing  ope ra t ion  under  PWR cond i t ions ,  on t h e  
mechanical p r o p e r t i e s  made a safe  longterm use of t h e  Zirealoy-2 however 
doub t fu l ,  A c a l c u l a t i o n ,  performed i n  19639 of  t h e  safe l i f e  time 
expactandy o f  Zircaloy-2 canning tubes  in t he  NERO f u e l  element,  was 
based on t h e  fo l lowing  assumptions: 

1. The time t o  t r a n s i t i o n  i s  decreased  by a f a c t o r  f o u r  i n  a reac tor .  
2 .  The p o s t - t r a n s i t i o n  ox ida t ion  r a t e  i s  inc reased  by a f a c t o r  two in'4 

a r e a c t o r .  
3. The percentage  of  hydrogen absorbed i s  50% i n  t h e  p r e - t r a n s i t i o n  

r eg ion  and 100% i n  t h e  p o s t - t r a n s i t i o n  reg ion .  
4. The maximum al lowable  hydrogen con ten t ,  i n  our  0.85 mrn t h i c k  wall, 

i s  300 ppm more than  t h e  hydrogen s o l u b i l i t y  i n  Zircaloy-2 a t  t h e  
temperature  o f  t h e  oxide-metal i n t e r f a c e .  

Zircaloy-2,being t h e  b e s t  known 

The c a l c u l a t i o n  l e d  t o  t he  p e s s i m i s t i c  conclusion t h a t  the  maximum 
l i f e  time o f  t h e  fue l  r o d s ,  having  a c ladding  s u r f a c e  temperature  o f  
345 "C, was 1.3 yea r s .  

During the  p a s t  f i v e  y e a r s  a c o n t i n u a l l y  i n c r e a s i n g  number o f  co r ros ion  
experiments were i n  p rogres s ,  i n v e s t i g a S i n g  t h e  behaviour  of Zirconium 
alloy5 i t a  water ,  stearn and oxygen. Correct  i n t e r p r e t a t i o n  and c c r r e l a t l c r  
of" t h e  publ i shed  r e s u l t s  i s  however impeded by: 

a> t h e  disagreement i n  publ i shed  oxida t ion-  and hydr ida t ion  ra tes  
obta ined  by d i f f e r e n t  l a b o r a t o r i e s ,  caused mainly by d i f f e r e n t  
thermal cyc l ing  and oxygen content  condi t ions  d u r i n g  t h e  experiments ,  

b) t h e  wide s c a t t e r  i n  t h e  d a t a  obta ined  from d i f f e r e n t  t e s t  specimens 
corroded under similar cond i t ions  , appa ren t ly  caused by s l i g h t  
dev ia t ions  f r o m  s p e c i f i e d  cond i t ions  du r ing  degreas ing ,  p i c k l i n g  
and cond i t ion ing  t r ea tmen t s ,  

c )  t h e  absefice of  a fundamental unders tanding  o f  t h e  ox ida t ion  and 
hydr ida t ion  mechanism e 

I n  s p i t e  of t hese  interpreta-tim d i f f i c u l t i e s  t h e  experimental  r e s u l t s  
no t  o n l y  j u s t i f y  a r e c t i f i c a t i o n  of t he  above mentioned assumptions 
but a l s o  ask f o r  a new approach of  t h e  c a l c u l a t i o n  methods. 
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Apart from t h e  chemical composition and t h e  metallurgical s t a t e  of 
t h e  Zirconium a l l o y s  t h e  o x i d a t i o n  and hydr ida t ion  rates a r e  in f luenced  
by a number o f  f a c t o r s  which can be d iv ided  i n :  

0 A .  Phys ica l  f a c t o r s  

1) Mechanical a t t a c k  
2 )  Thermal c y c l i n g  
3 ) .  Pressu re  e f f e c t  
4)  Galvanic  coupl ing  
5 )  Heat f l k  

B. 

C. 

Chemical f a c t o r s  

1) Sur face  pre- t rea tment  
2)  Welding t rea tment  
3) Oxygen content  o f  t h e  co r ros ive  medium 
4) Hydrogen content  of t h e  co r ros ive  medium 
5 )  pH of  t h e  co r ros ive  medium 

E f f e c t s  o f  i r r a d i a t i o n  

I n  p a r t  A ,  B and C of t h i s  r e p o r t  a l i t e r a t u r e  survey w i l l  be given of  
t h e  exper imenta l ly  observed e f f e c t s  of t h e  j u s t  mentioned f a c t o r s .  
After  a p r e s e n t a t i o n  of  t he  BCN r e su l t s  i n  p a r t  D and a summary o f  the  
p r e s e n t  s t a t e  o f  knowledge r ega rd ing  the  o x i d a t i o n  and h y d r i d a t i o n  
mechanism i n  p a r t  E, a k i n e t i c  p i c t u r e  of t hese  mechanisms w i l l  be 
p re sen ted  i n  p a r t  F. 

F i n a l l y  i n  p a r t  G a c a l c u l a t i o n  of t h e  safe  l i f e  time expectancy o f  
Zirconium a l l o y  canning i n  t h e  NERO f u e l  element w i l l  be performed. 

-4- 
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A ,  The in f luence  of phys i ca l  parameters on ox ida t ion  and. hydr ida t ion  r a t e s  

1 Ef fec t  o f  mechanical a t t a c k  ........................... 
2 1.1 Coupons o f  Zircaloy-2 corroded t o  a weight ga in  o f  30-60 mg/dm 

i n  100 atm. steam a t  400 OC were bent around a. 4.5 cm diameter 
c y l i n d r i c a l  mandrel and subsequent ly  corroded f u r t h e r  i n  s t e a n ,  
By t h i s  bending n e i t h e r  the  t r a n s i t i o n  p o i n t  a.t  39-40 mg/dmz 
n o r  t he  p o s t - t r a n s i t i o n  oxida t ion  r a t e  were a f f e c t e d  considerably.  
( A . 0  

1 . 2  P o i n t s  of f r e t t i n g  a t t a c k  of Zircaloy-2 pressure  tubes ,  apparent ly  
caused by a combination of r e l a t i v e  movement hetween f u e l  elements 
and pressure  tubes  and of cor ros ion ,  i nc rease  i n  number and 
p e n e t r a t i o n  depth with:  

a )  increased  temperature 
b )  increased  v i b r a t i o n  
c )  i nc reased  c learance  between t h e  impacting su r faces .  

About 2% approximately 1600 f r e t t i n g  s p o t s  were deeper  than  
0.250 am. The maximum pene t r a t ion  depth,  0.650 m m ,  Jccured i n  
approximately two months of r e a c t o r  ope ra t ing  time. 

Af t e r  a 20 day t e s t  i n  315 OC water ,  f lowra te  45-49 m/sec,, 
p e n e t r a t i o n  depths  of 25 and 25-125 microns were observed a t  
c learances  of  0.125 and 1.25 mm r e s p e c t i v e l y .  The hydride content  
o f  the  f r e t t e d  a r e a  w a s  increased  by a f a c t o r  1.5-3. ( A e 2 )  

Qf 

1 ,  

2 Gffea4-a f - therrnaa-EY~~~~g  . 

2.1 Zircaloy-4 coupons condi t ioned f o r  21 and 49 d.ays i n  400 OC, 
l o 5  atm. steam and then  corroded i n  360 O C ,  lO5 atm. steam showed 
n e a r l y  the  same cor ros ion  r a t e s  a f t e r  t r a n s f e r  a s  coupons corroded 
cont inuously i n  360 OC, lo5  atm. steam. ( A , 3 )  

2.2 During the  cor ros ion  of a Zircaloy-2 coupon i n  steam of 1 atm. 
a t  425 'C f o r  85 days the  weight was recorded cont inuously usii?g 
a thermobalance, No r a t e  t r a n s i t i o n  a t  a11 was observed i n  the  
35-40 mg/dm: reg ion  where t r a n s i t i o n  normally occurs .  A t  about 
60-70 mg/dm 
r e s u l t  i s  i n  agreement with Harwell r e s u l t s .  

weight ga in  the  r a t e  began t o  a c c e l e r a t e ,  This 

2 Cooling of t h e  coupons, i n  the  range 35-45 mg/dm , t o  room 
temperature overnight  and r e h e a t i n g  t o  425 "C t he  next  morning 
i n i t i a t e d  an i n c r e a s e  i n  cor ros ion  r a t e  with a dec reas ing  r a t e  
over t he  next 7 days fo l lowing  t h e  thermal cyc le ,  ( A . 4 )  

30 Effe@t-of_EEessuE? 
3.1 Zircaloy-2 and Zircaloy-4 specimens were exposed t o  400 OC steam 

a t  105, 35 and 3.5 atmosphere p re s su re .  The d a t a  obta ined  a f t e r  
9 months exposure show t h a t  the  3.5 atm, coupons e x h i b i t  the  
lowest weight ga ins .  The hydrogen absorp t ion  percentage appears 
g e n e r a l l y  una f fec t ed  by t e s t  p re s su re .  ( A . 3 )  

3.2 Zircaloy-2 specimens were exposed t o  500 OC steam a t  0.02, 1.0 
and 35 atm. p re s su re .  Nearly ' the  same^oxidat ion r a t e s  were measured 
as wel l  i n  the  pre-  a s  i n  the  p o s t - t r a n s i t i o n  r eg ion ,  

-5- 
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After  a sudden p res su re  inc rease  o r  decrease an i n i t i a l  high 
i n c r e a s e ,  r e s p e c t i v e l y  decrease  i n  o x i d a t i o n  ra te  was followed 
by a g r a d u a l l y  r e t u r n  t o  t h e  ox ida t ion  r a t e  a t  which i t  would 
have been, had t h e  specimen been ox id i sed  a t  t h e  new p res su re  
t o  t h e  same weight ga in .  ( A , 5 )  

4.  E f f e c t  of  ga lvan ic  coupl ing  ---------- --------------- 
4.1 Galvanic  coupl ing  o f  Zircaloy-2 and 1818 s t a i n l e s s  s t e e l s  i n  

300 OC water had l i t t l e  e f f e c t  on t h e  ox ida t ion  r a t e  of  Zi rca loy-2o  
The hydrogen abso rp t ion  however w a s  decreased markedly by the  
coupl ing.  I n  most i n - p i l e  and oukof-pi le  co r ros ion  experiments  
t h e  Zircaloy-2 p a r t s ,  f ue l  rods  o r  coupons, are h e l d  i n  p l ace  by 
s t a i n l e s s  s t e e l  a c c e s s o r i e s .  An improperly p a s s i v a t e d  s t a i n l e s s  
s t e e l  sur face  o r  one t h a t  has  been rup tu red  mechanical ly  may thus 
produce diminut ion o f  hydrogen abso rp t ion  by t h e  Zircaloy-2 p a r t s  
without  t h i s  be ing  r e f l e c t e d  i n  t h e  observed weight ga ins .  ( A , 6 )  

5 .  Effec t  of h e a t . f l u x  ------------------- 
5.1 The ox ida t ion  ra te  o f  Zircaloy-2 i n  300-360 OC water  as a f u n c t i o n  

of  h e a t  f lux  was c a l c u l a t e d .  

Assuming a 50$ hydrogen pickup percentage ,  t h e  time t o  reach  a 
hydr ide  l e v e l  of 500 ppm i s  reduced by about 5% f o r  a 31.5 W/cm2 
i n c r e a s e  i n  hea t  f lux.  

However, no account h a s  been taken of  a p o s s i b l e  a c c e l e r a t i o n  i n  
o x i d a t i o n  r a t e  and a diminut ion of hydrogen pickup percentage  due 
t o  i r r a d i a t i o n  and oxygen i n  t h e  water. ( A . 7 )  
I n  t h e  l a s t  p a r t  of  t h i s  r e p o r t  a c a l c u l a t i o n  o f  t h e  in f luence  
o f  h e a t  f l ux  on t h e  sa fe  l i f e  time expectancy o f  Zircaloy-2 
canning, o p e r a t i n g  under PWR cond i t ions  w i l l  be inco rpora t ed ,  
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B o  The in f luence  of chemical parameters on oxida t ion  and hydr ida t ion  r a t e s  

1. E f f e c t  of sur face  Ere- t reatment  ------------------ ------------ 
Pickled  Zircaloy-coupons were r i n s e d  i n  d i f f e r e n t  s o l u t i o n s  i n  order  
t o  reduce r e s i d u a l  su r f ace  f l u o r i d e  concent ra t ions .  None o f  t he  
t e s t e d  s o l u t i o n s ,  under which a A l ( N O 3 ) 3  ba th ,  reduced t h e  e f f e c t  of 
f l u o r i d e  contamination. However, a thermal annea l ing  t reatment  i n  
vacuum dur ing  one hour a t  650 OC was very success fu l .  Normal1 
prepared coupons showed weight ga ins  ranging from 21-27 mg/dm 
29 days t e s t i n g  i n  360 OC water.  Annealed coupons showed a weight 
ga in  of 23  mg/dm2 without any spread i n  the  r e s u l t s .  (B .1 )  

5 a f t e r  

2. EffecLof_weld&n#3 
Specimens o f  Zircaloy-4 and Ni-free Zircaloy-2,  converted t o  l a r g e  
a gra ined  ma te r i a l  by e l e c t r o n  beam welding and annea l ing ,  were 
co r ros ion  t e s t e d  i n  360 OC water and 400 OC steam. S imi l a r  charac- 
t e r i s t i c s  of t he  ox ida t ion  and hydr ida t ion  r a t e s  a r e  exh ib i t ed  by 
the  coarse  and the  f i n e  gra ined  a l l o y s .  (B.2)  

3. E f f e c t  of oxzgen content  ------------ ---------- 
3-1 Autoclave t e s t s  i n  360 OC degassed water conta in ing  oxygen t o  

an overpressure o f  70 atm. of Zi rca loy  specimens, extending t o  
weight gains  o f  250 mg/dm*, reached a f t e r  543 days,  showed the  
fo l lowing  r e s u l t s  ( B . 3 ) :  

a )  t h e  presence o f  oxygen i n  t he  water i s  r e l a t i v e l y  innocuous 
t o  the Zi rca loy  oxida t ion  r a t e  al though s l i g h t l y  higher  weight 
ga ins  a r e  obta ined  i n  the  oxygenated environment a s  compared 
wi th  s tandard  weight gains  i n  degassed 360 OC water ,  

b)  a marked decrease i n  hydrogen absorp t ion ,  per  u n i t  oxygen 
weight ga in ,  i n  t h e  oxygenated environment over t h a t  i n  
degassed water was measured. 

I n  360 OC degassed water Zircaloy-2,  n i c k e l - f r e e  Zircaloy-2 and 
Zircaloy-4 absorbed i n  the  p r e - t r a n s i t i o n  reg ion  r e s p e c t i v e l y  409 
15 and 25% of the  t h e o r e t i c a l l y  a v a i l a b l e  hydrogen. I n  the  pos t -  
t r a n s i t i o n  reg ion  these  percentages were 78, 22 and 26%. 

In oxygenated water a l l  t h ree  a l l o y s  absorb approximately 574 of 
t h e  t h e o r e t i c a l l y  a v a i l a b l e  hydrogen a f t e r  the  i n i t i a l  30 mg/dm2 
weight ga in  a s  wel l  i n  t h e  pre-  a s  i n  the  p o s t - t r a n s i t i o n  region.  
I n  t a b l e  I the  ox ida t ion  and hydr ida t ion  d a t a  f o r  a-annealed 
Zircaloy-2 i n  360 OC water ,  degassed + oxygen and r e f r e shed ,  %re  
presented .  It i s  remarkable t h a t  the  hydr ida t ion  r a t e  i s ,  a p a r t  
from the  0-20 mg/dm2 reg ion  and the  t r a n s i t i o n  r eg ion ,  li 'nearly 
dependent on time i n  degassed water.  I n  the  p o s t - t r a n s i t i o n  
reg ion  the  hydr ida t ion  r a t e ,  2.75 mg/m2.day, i s  by about a f a c t o r  
f i v e  l a r g e r  than i n  the  p r e - t r a n s i t i o n  r eg ion ,  0.55 mg/m2.day. 
I n  oxygenated water t hese  r a t e s  a r e  reduced by about a f a c t o r  t e n .  

3.2 Zircaloy-2 coupons corroded i n  steam a t  400 O C  showed a twofold 
reduct ion  i n  hydrogen pickup percentage i n  going from deoxygenated 
rep len ished  steam, 0.1 ppm 02, t o  rep len ished  steam with 3-4 ppm 
Oxygen. (B .4) 
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4. Effect of hydrogen content 
~ ~ q ~ p ~ o o ~ ~ ~ P ~ ~ ~ ~ P ~ ~ o _ - - - - ~ ~ ~ ~  

4.1 Zircaloy-2, nickel-free Zircaloy-2 and Zircaloy-4 coupons 
0 were exposed to 360 C, degassed and degassed hydrogenated water 

under an 2.1 atmosphere overpressure of hydrogen. 
After lo7  days exposure the weight gains for the three alloys 
were respectively 53, 30 and 31 mg/dm2 for the degassed water 
and 20, 7 1  and 24 mg/dm2 for the hydrogenated water. The 
cumulative hydrogen pickup percentages after those 107 days 
were 15, 1 1  and 9% for the nonhydrogenated and 50, 26 and 
8% for the hydrogenated conditions (B. 5 ) .  

4.2 Coupons of Zircaloy-2 were exposed to 31 5OC degassed water 
under static autoclave conditions with no hydrogen addition 
and with 21 atm. hydrogen overpressure. While the corrosion 
rate increased only slightly the hydrogen pickup percentage 
increased from 15 to 72$ of the theoretically available 
hydrogen in the early pre-transition region ( B . 6 ) .  

4e3 Coupons of Zircaloy-2 and nickel-free Zircaloy-2 were exposed 
to 343OC degassed water under static conditions with'no hydrogen 
addition and with 49 atm. hydrogen overpressure. 
The tests were only performed in the pre-transition region 
up to 32 n?g/dm2 after 140 days for Zircaloy-2 and 40 mg/dm 
after 140 days for Ni-free Zircaloy-2. 
The presence of hydrogen did not increase the oxidation rate. 
The percentage of hydrogen pickup increased from 26-29$ for 
the nonhydrogenated water to 43-55% for the hydrogenated water 
for Zircaloy-2. F o r  Ni-free Zircaloy-2 these figures were 
respectively 6-13 and 19-27$ ( B . 7 ) .  

;I 

4.4 Zircaloy-2 and Zircaloy-4 coupons subjected to a two week 
exposure in 343OC water with 0, 3 5 ,  70, l o 5  and 140 atm. 
hydrogen overpressure showed that the weight gains, ranging 
from ' 14 to 22 mg/dm2 varied nonsystematically with increasing 
hydrogen overpressure. 
The hydrogen pickup however, was found to be a linear function 
of hydrogen pressure with Zircaloy-2 showing the greatest 
sensitivity to hydrogen and Zircaloy-4 being virtually' 
unaffected by its presence (B.8) .  

4.5 During corrosion tasting of ZArconium alloys in degassed water 
in autoclaves the non-absorbed hydrogen accumulates in the water 
causing an overpressure of hydrogen. For example during a 28 
days exposur5 of hundred Zircaloy-2 specimens, total surface 
area 28.1 dm 
hydrogen pressure of approximately 4.2 atm. is produced if a 
40% of theoretical hydrogen pickup is accounted f o r .  To 
investigate a possible influence of the accumulated hydrogen 
Zircaloy-2 and nickel-free Zircaloy-2 coupons were tested both 
in static and in refreshed solutions. The results indicate the 
general equivalence between refreshed and static water testing 
on both the corrosion and hydrogen absorption kinetics of 
Zircaloy. ( B . 9 )  

in a 2.35 liter autuclave at 360°C a partial 
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5 .  Effect of pH 
_-o--_--o--__ 

5.1 Corrosion coupons of Zircaloy-2 and Zircaloy-4 were exposed 
to 3320C-water containing ammonia to a pH o f  12.2. No change 
in oxidation rate has been noted uptill a weight gain of  70 mg/ 
dm2 after 538 days ex osure as compared with standard oxidation 
rates in degassed 332 C water (B.10). 

5.2 In the pH range 9.0-10.0, obtained by additions of lithium- 
hydroxide or ammonia, no effect onthe oxidation and hydridation 
rate was observed neither in static nor in dynamic water. In 
more concentrated lithium hydroxide solutions, pH >12, an 
acceleration of as well the oxidation as the hydridation rate 
was measured . (B 1 1 ) 

5. 3 Corrosion coupons of Zircaloy-2 and Zirealoy-4 were exposed in 
two out-of-pile loops containing pH 10 lithium hydroxide 
solution and oxygen below 0.05 ppm. One loop was operated with 
0.03 cm3H2/kg water, the other with 55 cm3H2/kg water. The f low- 
rate along the speeimens was 30 cm/stSo9 the temperature 322OC. 
Although the scatter in the results, presented in table 2, is 
quite evident, an inerease in oxidation and hydridation rate 
is dcteetable for the hydrogenated solution as compared with 
the non-hydrogenated solution, In degassed waterp ~ e e  4.1 and 
4.39 the oxidation rate was decreased or unaltered by hydrogen 
dissolved in the water. The values in table 2 clearly indicates 
the sensitvity of p-treated Ziroaloy-2 to hydrogen in solution 
(B,12) e 
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C. The lnfluence of neutron and gamma radiation on oxidation and 
hydridation rates. 

1. In-reactor exposure of Zircaloy-2 in watervapour-hydrogen-helium 
mixtures increases the oxidation rate in the temperature range 
290-4OO0C (C e 1 ) . 

2. Samples of Zircaloy-2 exposed in a P.W. loop in ETR, no hydrogen 
added, oxygen content 0.07-2.0 ppm and pH=lO, at a temperature of 
283OC showed that irradiatkon, fast f lux  
increased the weight gains of the samples about tenfold as compared 
with samples in a similar out-of-pile loop (C.1). 

3 .  In an in-pile loop containing a steam-water-ammonia mixture Zircaloy-2 
was exposed to a fast neutron flux oi’ 2o1012n/cm2.sec. at 285OC. 
Here also a considerable increase in oxidation rate was observed (C.2). 

5.10%/cm2.sec., 

4. Zircaloy-2 fuel cladding exposed at 300°C in a BWR showed that the 
time to transition was shortened and the post-transition oxidatioK 
rate was increased compared with out-of-pile autoclave tests. (C. 3 ) 

5. A Zircaloy-2 process tube, operating for approximately 200 days at 
204OC in a flux of 3.9-20 1012n/cm2.sec. (> 1 MeV) was examined 
for oxide thickness and hydrogen uptake. The oxidation rate, at 
weight gains not exceeding 40 mg/dm2 was increased by a factor 5. 
Assumlng a 30% hydrogen absorption percentage no effect of irradiation 
on hydridation percentage was measured (C.4). 

P 2 6. Zircaloy-2 specimens irradiated in a fast flux of 1.0 1014n/cm .sec. 
at 285OC showed that the oxidation rate was increased by a factor 
1.0-2.2 while the hydridation percentage was not influenced by the 
irradiation (C.5). 

7. Experiments at Harwell resulted in the following conclusions (C.6)‘: 
a) The rate of oxidation of both Zircaloy-2 and Zr-2.58 Nb in 3OO0C 

steam increases in a flux of 3.10’3 fast neutron/cm .6ec. and a 
gamma flux of 5.108 r/tur. 

b) Before transition the rate is doubled, after transition the rate 
is increased by a factor ten at 300°C. 

c) The magnitude o f  the effect decreases as the temperature is 

d) No enhancement of oxidation rate w a s  detected at @lO”n/cm .sec.  
but at 2.10q2n/cm2.sec. it was almost as large as at 3.1013n/cm2e 
sec e 

e) During irradiation in 300°C steam the hydrogen absorption 
changes in proportion to the change in the oxidation rate. 

raised and at 4OO0C it becomes negligible. 2 

8. Zircaloy-2 coupons were exposed to pH 10 lithiumhydroxide, 
replenished water containing 25-30 cm3 hydrogen/kg H20 in an auto- 
clave at 300°C both at in-pile - in flux and in-pile - out of flux 
positions. No enhancement of oxidation and hydridation rate was 
measured comparing coupons exposed in-flux and out-of-flux (C.7). 
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9. Under PWR oonditions, where reliable experience 'has been accumulated 
in general no adverse effects of irradiation on oxidation and 
hydridation of Zircaloy-2 canning have been noted (C.8). 

10. No indication of hydrogen acoumulation in the walls of a Zircaloy-2 
--in-pile loop was observed after an exposure of one year in the 
KEPR at Hanford (C.9). 

11. Zircaloy-2 and Zr-2.5% Nb coupons were irradiated in the X-2 loop 
in the N U  reactor during 125 days at 250°C. The total thermal 
fluence was 2.3 1020n/cm The water conditions: pH approximately 
10 with LiOH, 15-25 ppm hydrogen, flow rate approximately 2 m/sec. 
Despite the wide scatter in the obtained data, (hydrogen pick-up 
in Zircaloy-2 ranged from 400-900 pg/dm2), the results indicate 
that in the early pre-transition region: (C.10) 

The oxidation rate of Zircaloy-2 is increased by a factor 1 . 3  
The hydridation rate of. Zircaloy-2 is decreased slightly 

c) The oxidation rate of Zr-2.5$ Nb is not affected 
d) The hydridation rate of Zr-2.5$ Nb is increased by a factor of 

about two. 

12. Two fuel r o d s ,  oanned with Ziroaloy-2, from Core 1 of the Shipping- 
port APS, operating almost continuously at 268OC for approximately 
21.000 EFPH, were examined for dimensional and microstructural 
changes, for fission gas release, oxide film thickness and hydrogen 
content. The reactor conditions, calculated oxide thickness and 
hydrogen content increase during the three seeds, and the measured 
values after the third seed are presented in table 3 .  The 
calculated hydrogen concentrations were based on a 34% uptake in 
the pre-transition region. An oxide thickness of one micron equals 
a weight gain of 1 5  mg/dm2 
The measured values show unequivocally that the oxide growth on and 
hydrogen accumulation in the Zircaloy-2 cladding was commensurate 
with the corrosion time-temperature history of the fuel rods based 
upon corrosion data obtained in out-of-pile autoclaves.(C.ll). 

13- Oxide films between 0.2 and 0.7 microns thick, on van Arkel zirconium 
ircaloy-2, were irradiated to pure gamma doses of up to 

and 2.10 !3 rads and two oxide films were exposed to 10'7 nvt of fast 
neutrons . 
Electrical conductivity and capacitance, 100-20.000 c/s., and 
optical absorption, 2000-20.000 8, measurements resulted in the 
following conclusions ( C. 12) : 
a) The cunductivity, capacitance and optical absorption were not 

detectably altered, neither by gamma doses of up to 2.109rads 
at 2OoC nor by fast neutrons, 1017 nvt, at 100°C. 

b) The measurements indicate that l e s s  than 1019 ion displaoements/cc 
were caused in the films. 

c) Theory indicates that less than 
occur as a consequence of such a gamma dose. 

d) It is highly unlikely that the gamma irradiation experienced by 
Zircaloy-2 corrosion films, 0.2-0.7 p thick, in high temperature 
water reactors could significantly affect electron o r  ion 
transport in them. 

e) If, under such conditions, electron o r  ion transport controls 
the corrosion of Zircaloy-2, then the corrosion rate should not 
be altered by reactor gamma radiation. 

ion displacements/cc should 
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B.C.N. results 
1. In 35OoC water and 400°C et?=, 100 atm., the weight gain of 

Zircaloy-2 is about 2 mg/dmz higher than that of Bimaloy-4 in 
the region 10-30 mg/dm2. Beyond this region thee. two alloy8 ehow 
nearly equal weight gains. 

2. The oxidation rate of Zr-2.546 Nb is by about a factor 1.6 higher 
than that of Zircaloy-2 in the pro-transition region of the 
Zircaloy-2 curve. Beyond the Zircaloy-2 transition point 
preliminary results indicate similar oxidation rates for 
Zircaloy-2 and Zr-2.5$ Nb. 

3 .  The transition oint of Ztrcaloy-2 is reaahed at weight sine of 40 and 60 mg/dmg in respectively oxygen and steam at 500 8 C and at 
1 atm. pressure. 

0-15 and 60-80 mg/dm2 weight gain range, a rectilinear rate law. 
4. In 500°C one atm. steam the hydridation follows, apart from the 

5. From weight gain curves, obtained in our laboratory in autoolaves 
with canning tube specimens and sheet coupons, the following empirical 
relations could be calculated for the oxidation of alpha-annealed 
Zircaloy-2 in 500-36O0C water and 4OO0C, 100 atmospheric steam: 
Pre- t ran8 i ti on 
oxidation 

oxid at i on 

: w  k t1/3 = (2’7.1+o.s).103t1/3.exp.(-  ZE) Pro C 

Pas$-transition = (23.0+0.7).10 8 t.Oxp.(- U E )  Wpost= 

Time to transition: ttr a 

Weight gain at 
transit ion 

W = weight gain in mg/dm 2 . 
T = temperature in OK. 
t = time in days. 
During these autoclave experiments the number of thermal cyc le s  
from operating conditions to room temperature, for weighing the 
coupons, and heating up again to operating conditions, w a e  
appro imately eight for the pre-traneition region and one per 1 5  

In the relations D.l, D.2, and D.4 the weight gains due to hydrogen 
absorption is not incorporated. The hydrogen absorption percentage 
was 33 + 3$ at the end of the pre-trans3tion region and 75 & 5s in 
the weiiht gain region of 100-600 mg/dm . 
In table 4 the constants kc, kl, t an: Wtr are presented for the 
temperatures 300, 320,340, 360, adr400 C ,  

( 9 3 . 0t3 1 .1  0-9. expo ( -1 
P ‘tr 

15 mg/dm2= 1p thick oxide layer. 

mg/dm 5 weight gain in the post-transition region. 

Although our curves deviate somewhat from curves obtained at 
different laboratories abroad these deviations are not important 
in relation to the life time calculations presented in part F of 
this report. 
F o r  example, the 142 mg/dm oxygen and 11 mg/dm hydrogen weight 
gain after 500 days in degassed 360°C water, see table 1 ,  is cal- 
culated at 149 2 4 and 12 mg/dm2 weight gain of respectively 
oxygen and hydrogen with the relations D.l-D.4. 

2 2 
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E. Summary of the present state of knowledge regarding the oxidation 
and hydridation mechanism of Zirconium alloys in high temperature 
water, steam and oxygen. 
The present state of knowledge regarding the oxidation and hydridation 
mechanism can be summarized in the following conclusions obtained and 
described recently by three different investigators. 

HW-82651, July 1964, D.W. Shannon 
p. 5.20-5.24 Zirconium hydriding mechanism 

1. 

2. 

3 .  

4. 
. -  

59 

6 .  

7 .  

8. 

9.  

The corrosion process is controlled by oxygen diffusion from the 
environment to the metal. 
The zirconiumoxide corrosion product can be non-stoichiometric, 
i.e. ZrO, to ZrO 
The corroe on weigif'gain kinetics initially follow a cubic rate 
law shifting more or l e s s  to a linear rate at tttransition". Under 
certain conditions the linear portion can initially be a series 
of respective non-linear segments, i.e, multiple rate transitions. 
In high pressure systems the corrosion rate is relatively independent 
of.oxygen or water pressure. 
In low pressure systems the post-transition corrosion rate becomes 
increasingly dependent on pressure during the oxide growth and can 
fall appreciable below the limiting high pressure value. 
In the absence of oxidants hydrogen is rapidly absorbed, but 
concentrations of oxidant sufficient to maintain the normal oxidation 
rate results essentially in complete inhibition of gas phase 
hydriding. 
However, even with oxidants present, very high hydrogen pressures 
increase the hydriding rate although to a much lower extent than 
with oxidants absent. 
The hydriding pick-up fraction during aqueous corrosion has been 
observed to be high initially, slow down, and then become more 
rapid after transition. 
Traces of oxygen present during aqueous corrosion reduce the amount 
of hydrogen absorbed during corrosion. 

AECL-2085, September 1964. C. Roy 
Hydrogen distribukion in oxidized Zirconium alloys, 

1 .  

2. 

3. 

4. 
5. 

6 .  

Segregated tritium was observed in Zircaloy-2, under certain 
conditions, at grain, twin and phase boundaries, and at metal zones 
enriched in oxygen. 
A constant concentration of tritium throughout the oxide film 
formed in a T 0 atmosphere, irrespective of orientation, was 
observed 
A much higher uniform concentration of tritium was observed in 
pre-transition oxide than in the metal substrate, . 
In post-transition oxides tritium segregation was observed. 
Post-transition oxides were found to offer litter protection 
against tritium permeation. 
Low solubility of tritium gas was found in both pre- and post- 
transition oxides. 
The distribution of tritium in the metal beneath the oxide was 
affected by the oxygen concentration. 

2 
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8. Tritium was rejected from the metal layer adjacent to the oxide- 
metal interface, which is highly enriched in oxygen, to a metal 
zone of lower oxygen content containing between 4-8% at. oxygen, 
equivalent to 8000-16000 ppm oxygen by weight. 

9. The oxygen content of the metal beneath the oxide is decreasing 
according to a diffusion like movement of oxygen to the bulk metal. 

AERE-R-4820, December 1964. J.K. Dawson 
Areview of the kinetics and mechanism of oxidation and hydriding of 
zirconium, zircaloy-2 and zirconium-2.5% niobiun! alloy., 

- - - -~- - - - - - - -~-=-- - -  Oxidation mechanism h 

1. 

10. 

11. 

12. 

130 

L 
In the weight gain range 0.1-0.3 mg/dm 
Pectilinear kinetics, independent of film thickness thus indicating 
a film thickness growth controlled by ,an interface reaction. 
In the weight gain range 0.3-1.2 mg/dmL a parabolic rate law is 
followed, controlled by a unifom diffi 9 sion through the oxide layer, 
In the weight gain range le2-3.0 mg/dnt 

From W 3 mg/dm2 to the transition point, 35-40 mg/dm , a cubic 
rate law form a useful approximation of the corrision kinetics. 
There is no difference between the kinetic behaviour of Zircaloy-2 
in steam and oxygen at 4 0 O o C .  
Stress induced increase 2 of the oxidation rate was observed at a 
weight gain of 23 mg/dm . 
The pre-transition region persists much longer fos Zircaloy-2, till 
40 mg/dm2, than for pux'e zirconium, till 20 mg/dm , at 4 0 0 ° C .  
After transition a cyclic behaviour of the weight gain gradually 
changes into a rectilinear kinetics. 
In this post-transition region the number of, metallographically 
observable, oxide layers corresponds to the number of cycles on 
the weight gain curve. 
The exact role of alloying elements in the oxidation kinetics is 
as yet not clear. 
Large and widely spread precipitate particles are detrimental for 
the corrosion rate. 
The rate of oxidation of cold worked Zr-2.5$ Nb alloy in water at 
temperatures up to 360°C is about a factor of two higher t h a n  t h a t  
of Zircaloy-2 in the pre-transition region. Beyon transition the 
two alloys behave very similarly. 
The general features of the oxidation curves of Zr-2.j% Nb are 
qualitatively similar to those of Zircaloy-2, except that transition 
to approximately linear kinetics is a much more gradual process 
for the Zr-Nb alloy. 

the oxidation follows a 

a logarithmic rate law is 
followed. 2 

Hydridation mechanism 
1. Up tp about 1 ng/dm2 weight gain of Zircaloy-2 a 100% uptake of 

the hydrogen ev lved by the corrosion reaction is suggested. 
2 .  Between 3 mg/dmq and the transition point the hydrogen uptake of 

Zircaloy-2 increasesfrom 5 to 2074 of theoretical. 
3 *  Before transition addition of oqygenb 3 6 O O C  water has little 

effect on hydrogen absorption by Zircaloy-2. 
4. After transition a-annealed Zircaloy-2 absorbs about 8% of the 

corrosion hydrogen at 3 6 O o C .  
5. After transition additions of oxygen reduce the hydrogen absorption 

in both steam and water. 

-----------_-P__O_-_- 
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6. Below 400°C the Zr-2.5$ Nb alloy absorbs about 10% of the 
corrosion hydrogen as well in the pre- as in the post-transition 
region - 

7. Enhanced hydgogen absorption occurs when Zircaloy-2 is exposed to 
water of 340 C containing substantial amounts of dissolved 
hydrogen, 9000 cc/kg. 

8, Absorption of D from D20 is at 36OoC considerably lower than that 
of H from H20. 

9. Exposure of Zircaloy to hydrogen, in the absence of sufficient 
water vapor to maintain film growth, can give rise to rapid 
penetration to the metal. 

10, Alloying additions which are beneficial in preventing hydrogen 
absorption.in the metal are Nb, V, Si, Sb, Cu and Ti. 

11. The higher percentage of hydrogen absorbed in the post-transition 
region compared with that in the pre-transition region can perhaps 
be attributed to molecular hydrogen liberated at the base of pores 
and cracks creating thus a high pressure within the finer pores. 

.. . 
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F. Kinetic picture of the Oxidation and Hydridation mechanism 
Water, steam or oxygen react with a clean oxide-free Zirconium alloy 
surface according to the equations: 

-. Zr + 2 H20 --+ Zr02 + 4 H 
Zr + O2 --+ ZrO 2 

Initially the hydrogen evolved by reaction (la) is completely 
absorbed by the metal. Besides forming an oxide layer, part of the 
oxygen in Z r 0 2  is absorbed by the metal. The solubility of oxygen 
in Zircaloy-2 is 15.7. 1O2I atoms O/cm3 compared with an oxygen 
concentration in the oxide of 56.1021 atoms O/cm3 and a normal oxygen 
cont nt of 1000 ppm in the Zircaloy-2 equivalent to 0.2~l.10~~ atoms 
O/cm’. Thus although the diffusion coefficient of oxygen in the 
Zirconium alloy is very much lower, see table 5 ,  than that of oxygen 
in the oxide, the large oxygen concentration gradient at the oxide 
metal interface causes a migration of oxygen ions from the oxideto 
the metal. This diffusing oxygen is not used for the formation of the 
oxide layer. The reactions occuring at the oxide-metal interface can 
be presented by the equations. 

(lc) 

(Id) Zr + 2 b=] ox ---+ 2 [OoJox + ZrO2 + 4 e- 

where Lo=] ox = oxygen ion in the oxide lattice pD]ox = oxygen vacancy in the oxide lattice 
[o] met = oxygen dissolved in the metal. 

from an oxide-free surface to one ranginf This oxidation region, 
bearing an approximately 200 thick layer, is characterized by the 
formation of a non-stoichiometric, anion deficient, oxide, the 
formation of a metal layer9 adjacent to the oxide, enriched in 
dissolved oxygen and by a hundred percent uptake of hydrogen evolved 
by the corrosion reaction. 
The oxidation rate in this region, being controlled by interface 
reactions, is nearly constant. 
With increasing thickness of the oxide layer, above 200 8 ,  a gradual 
change in oxidation kinetics occurs. After the initial linear rate 
law a parabolic rate law is followed. Depending on alloy composition, 
in chemical and metallurgical sensep on corrosive medium and on 
temperature and pressure9 this parabolic kinetics of the oxidation 
rate can further develop to a logarithmic function and finally a cubic: 
rate lax can be followed. For Zircaloy-2 corroding in high pressure, 
300-400 C water and steam the transition from a linear to a cubic. rate 
occurs in the oxide thickness region of 0.02-0.2 microns. 
The cubic rate law is followed up to an oxide thickness of  2.3-2.5 
microns. Considering the oxide as an electrolyte for cations, anions 
and electrons (3’ l-4), at the boundaries of and in the oxide the 
following reactions are possible: 
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The s u b s c r i p t  1 r e f e r s  t o  a l a t t i c e  p l a c e  n e a r e r  t o  t h e  oxide s u r f a c e .  

A t  t h e  oxide-metal  i n t e r f a c e :  
- - -0 - -9 - - -__-_-_-_- - -~~-~~- - -  

b=l ox --9 [OD] ox + [o] met + 2e- 

b o  l ox  --+ pQ]ox + p] met (4b)  

Z r  + kr.30x -+ [zr4+JOx + 4e- ( 4 4  

( 4 4  

zr + 2 [O 3 met --9 Z r  O2 (4d?  

where [Zr4+]ox = zirconium i o n  i n  t h e  oxide l a t t i c e  

k r  ] ox = zirconium vacancy i n  t h e  oxide l a t t i c e  

Po] = hydrogen atom i n  an oxygen vacancy i n  t h e  oxide 

= oxygen a tom d i s s o l v e d  i n  t h e  meta l  

= hydrogen atom d i s s o l v e d  i n  t h e  meta l .  

l a t t i c e  ox 

C.1 met 

According t o  t h i s  r e a c t i o n  scheme a p-type semi conduct ing  oxide i s  
formed a t  t h e  oxide s u r f a c e  and a n-type oxide a t  t h e  oxide metal 
i n t e r f a c e .  The growth o f  t h e  oxide l a y e r  can be c o n t r o l l e d  by: 

1 .  Boundary r e a c t i o n s  2a-2h 
2 .  Migra t ion  o f  zirconium i o n s ,  e l e c t r o n s  o r  oxygen ions i n  t h e  

3 .  Boundary r e a c t i o n s  4a-4d. 
ox ide ,  accord ing  t o  r e a c t i o n s  3a-3c 
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Davies and Dalgaard ( F  5 )  showed t h a t  xenon atoms, embedded 
approximately 25 8 below t h e  s u r f a c e  o f  Zircaloy-2,  were s t i l l  p r e s e n t  
a t  t h a t  dep th  below t h e  oxide s u r f a c e  a f t e r  c o r r o s i o n  i n  steam a t  
400-500°C. The re fo re  t h e  r e a c t i o n s  2a, 2b9 3b and 4c can be n e g l e c t e d  
i n  o x i d a t i o n  ra te  k i n e t i c s  c o n s i d e r a t i o n s .  
I n  view of t h e  f a c t  t h a t  Zirconium a l l o y ,  d u r i n g  p r e - t r a n s i t i o n  
c o r r o s i o n ,  cor rode  acco rd ing  t o  a p a r a b o l i c ,  l o g a r i t h m i c  or cub ic  
r a t e  l a w  i t  i s  most l i k e l y  t h a t  t h e  o x i d a t i o n  r a t e  k i n e t i c s  i s  
c o n t r o l l e d  by t h e  mig ra t ion  of oxygen i o n s  t o  t h e  meta l  and t h e  
movement of e l e c t r o n s  t o  t h e  surface. E l e c t r i c a l  n e u t r a l i t y  f o r  t h e  
oxide r e q u i r e s  a c u r r e n t  of e l e c t r o n s  twice as l a r g e  as t h e  c u r r e n t  
of oxygen i o n s  i n  t h e  oppos i t e  d i r e c t i o n .  The c o n c e n t r a t i o n s  and 
m o b i l i t i e s  of t h e  e l e c t r o n s  and the oxygen i o n s ,  o r  b e t t e r  oxygen 
v a c a n c i e s ,  are however n o t  the same. S ince  t h e  m o b i l i t y  of t h e  e l e c t r o n s  
i s  much larger than  t h a t  of t h e  oxygen i o n s  a p o t e n t i a l  f i e l d  i s  
formed over t h e  oxide l a y e r .  The oxide f i l m  becomes n e g a t i v e  a t  t h e  
oxide s u r f a c e  r e l a t i v e  t o  the oxide-metal  i n t e r f a c e .  The format ion  
o f  t h i s  p o t e n t i a l  g r a d i e n t  i s  suoh t h a t  t h e  c u i r e n t  of e l e c t r o n s  t o  
t h e  s u r f a c e  j u s t  matches t h e  d i f f u s i o n  of oxygen i o n s  t o  t h e  meta l .  
It must be noted  t h a t  t h e  e l e c t r o n s  move a g a i n s t  t h e  p o t e n t i a l  f i e l d  
because t h e i r  movement i n i t i a l l y  c r e a t e s  and t hen  ma in ta ins  t h e  f i e l d .  
The i n i t i a l  d i f f e r e n c e  i n  mig ra t ion  speed between e l e c t r o n s  and oxygen 
i o n s  d i s a p p e a r s  by s lowing  down of t h e  e l e c t r o n s  and speeding  up of 
t h e  oxygen ions .  In  view of t h i s  p o t e n t i a l  f i e l d  i t  i s  n o t  l i k e l y  that  
hydrogen i o n s  formed by t h e  r e a c t i o n  2c,  p e n e t r a t e  and mig ra t e  i n  t h e  
oxide f i l m ,  
Desc r ib ing  the  o x i d a t i o n  p rocess  i n  terms o f  t h e  well-known Wagner- 
Hauffe theo ry  r e s u l t s  i n  a p a r a b o l i c  o x i d a t i o n  r a t e  l a w .  For Zr-2.5$ 
Nb and Z r - j $  Nb-l$ Sn t h i s  t heo ry ,  or an adapted v e r s i o n  o f  i t  g i v e s  
a p o s s i b l e  exp lana t ion  of the o x i d a t i o n  p rocess .  Zircaloy-2 and 
Zircaloy-4 however cor rode  acco rd ing  t o  a cub ic  r a t e  l a w  i n  t h e  pre- 
t r a n s i t i o n  r eg ion .  
Whether t h i s  cub ic  r a t e  l g w ,  v a l i d  f r o m  0.2-2.4 p oxide t h i c k n e s s  i n  
water o r  steam at  300-400 C ,  i s  caused by e l e c t r i c a l  cha rges  a t  t h e  
oxide  s u r f a c e  and/or  a t  t h e  oxide-metal  i n t e r f a c e  o r  by space charges  
i n  the boundary l a y e r s  of t h e  oxide f i l m  i s  a s  y e t  n o t  known. 

is greater than unity, 1.55 f o r  Z i r c a l o y - 2 ,  stresses b u i l d  up within 
t h e  oxide f i l m  d u r i n g  i t s  growth. Af t e r  some time, which i s  dependent 
on a l l o y  composi t ion and tempera ture ,  t h e s e  s t r e s s e s  are r e l i e v e d  by 
t h e  format ion  of microcracks  p a r a l l e l  t o  t h e  s u r f a c e .  A t  t h i s  t r a n s i t i o n  
p o i n t  t h e  cub ic  or p a r a b o l i c  ra te  l a w  o x i d a t i o n  mechanism t r ans fo rms ,  
more or less  suddenly,  t o  a l i n e a r  ra te  l a w .  The o x i d a t i o n  p rocess  i s  
now c o n t r o l l e d  e i t h e r w  mig ra t ion  of  oxygen i o n s  through an oxide 
l a y e r  of c o n s t a n t  t h i c k n e s s  o r  by the r e a c t i o n s  a t  t h e  boundaries  of 
t h e  oxide f i l m .  For Zircaloy-2 t h e  t i m e  t o  t r a n s i t i o n  and t h e  weight 
g a i n s  a t  t r a n s i t i o n  as f u n c t i o n  of tempera ture  a r e  p re sen ted  i n  t a b l e  4.  
The h y d r i d a t i o n  ra te  i s  c o n t r o l l e d  by the r e a c t i o n s  2d, 2 f ,  2 g  and 2h 
and by t h e  number of oxygen vacanc ie s  p r e s e n t  a t  t h e  oxide s u r f a c e ,  
The d i ame te r  of an oxygenvacancy i n  t h e  oxide l a t t i c e  i s  about  2,6 8. 
I n t e r s t i t i a l  s i t e s  between oxygen and zirconium i o n s  i n  t h e  oxide have 
d iame te r s  r ang ing  from 0.2-1 . I 3  2 a t  t h e  oxide s u r f a c e  and f r o m  0.1- 
0.6 8 i n  t h e  bulk oxide.  The hydrogen atom, having a d i a e t e r  o f  l o l  8,  
e n t e r s  t h e  oxide t h e r e f o r e  v i a  an oxygen vacancy, s e e  r e a c t i o n  Zh, 
Movement o f  hydrogen atoms f r o m  t h e  oxide s u r f a c e  towards t h e  meta l  
o c c u r s 9  acco rd ing  t o  r e a c t i o n  3c,  by jumping from vacancy t o  vacancy, 

Because t h e  Pi l l ing-Bedworth r a t i o  f o r  t h e  t r ans fo rma t ion  Z r  ---ia Z r O  2 

- 1  8- 



-1 8- 

The competition between reactions 2g and 2h results in a hydridation 
rate which can be expressed under constant conditions, as a percentage 
of the’theoretical quantity of hydrogen evolved by reactions 2c and 2d. 
In the pre-transition region of the oxidation process this” percentage 
is 33% for Zircaloy-2 and 10% for Zircaloy-4, Zr-2.5% Nb and Zr-3% Nb - 1% Sn. This difference can be attributed to Nickel, present in 
Zircaloy-2 and not in the other zirconium alloys. Apparently reaction 
2g is hindered by the’presence of NiO, or a mixed zirconium-nickel oxide, 
probably due to adsorption of atomic hydrogen on this oxide. The 
increase in hydridation percentage, after the transition to linear 
kinetics of Zircaloy-2 corroding in water or steam can be attributed 
to the adsorption of hydrogen atoms not only on the oxide-water 
surface but also in the overlying cracked oxide film. The percentage 
hydrogen uptake is not changed after transition for Zircaloy-4 and 
the Zr-Nb alloys. The lower hydridation rate in water containing oxygen 
can be attributed to a lower vacancy concentration at the oxide 
surface resulting in a decrease of reaction 2h. The higher hydridation 
rate in water containing large quantities of molecular hydrogen can be 
attributed to a decrease in reaction 2g, resulting in a higher concentration 
of atomic hydrogen, thus favouring reaction 2h. 
The effect of irradiation on the oxidation and hydridation rate can be 
characterized in two general conclusions: 
1. Aqceleration of the corrosion process is observed if the, specimens 

2. No effect on corrosion of Zirconium alloys is observed if the 

A simple but unsatisfactory explanation of these conclusions can be 
given if we attribute a possible irradiation effect to decomposition 
products of tKe water, QI: steam., formed by radiolysis...These 
decomposition products, radicals H, OH, H02 and molecules H2 and H 2 0 2 s  
if available in sufficient quantities, can cause an increase in 
oxidation and hydridation rate. The concentrations of a decomposition 
product R is given by the relation (F 6 ) :  

are exposed to steam under reactor conditions. 

specimens are exposed to water under PWR conditions. 

R = (Kl 2 2  S + K2GRI)1/2 - KIS 
where 

GR = reaction yield in number of species R formed by the absorption 

I = dose rate 
S = concentration of the solute 
R I concentration of the decomposition product R 
K1 and K2 = constants. 

100 ev. of energy in the solute 

Now‘under PWR conditions it is apparently so that K 2S2 > K GRI resulting 
in a low valie o f  R. In steam atmosphere S is considerably !?ewer s o  
that than K2GRIC K1 2 2  S resulting in a relatively high value of R. 
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G. - Calculation of the safe life time of Zircaloy-2 canning in the NERO 
fueI-element 

1. Temperature and heat flow at the outer canning surface. 
The inlet temperature of the cooling water in the NERO core is 
285OC, the .outlet temperature 31 5oC. Internal circulation of 
the water in the core and the temperature drop across the water- 
film adjacent to the canning surface make that the temperature 
at the oxide surface is considerably higher than the just mentioned 

The heat flow through the canning walls of the fuel rods in the 
NERO re ctor has a maximum value of 126 W/cm2 and a mean value of 
35 W/cm . For life time calculations a heat flow of 100 W/cm2 will 
be used because only very few of the thousands fuel rods present 
in the core are operating at a heat flow of 100-126 W/cm2* At &he 
operating pressure of 140 sg/cm2 and a waterflow of 0.21 Kg/cm 
this heat flow of 100 W/cm 
canning surface, present ,in the NEB0 core, has a temperature of 3 4 5 O C .  
Thus for the NERO fuel element life time calculations a heat flow of . 
100 W/cm2 and an oxide-surface temperature of 345OC will be used. 

...................................................... 

31 5Oc. 

9 

sec. 
makes that about 30% of-the Zircaloy-2 

2. Effect of heat flow through the canning wall 
_-_--__--__-----_--___o_________________-_-~ 

During operation in a reactor the heat transported through the 
canning causes a temperature gradient across the metal + oxide 
wall. Assuming that the temperature at the oxide surface remains 
constant during reactor operation, thus neglecting an eventually 
occuring,-cFd deposition on the fuel rods, the growth of the 
zirconium-oxide film causes an increase in temperature at the oxide- 
metal interface. In part F of- this.report we have seen that it+is 
not impossible that the temperature at the oxide-metal interface 
is the oxidation rate detemining temperature. In taking this 
temperature as the rate controlling temperature we are not far from 
truth because cracking of the oxide film after transition makes 
that the mean temperature in the one micron thick oxide layer 
adhering to the metal is oxidation rate controlling. The temperature 
at the oxide-metal interface can be calculated with the formula: 

TS.+ X 
Ti 

(G.1) 

where 
= temperature at interface 

x = oxide layer thickness  in^ cm. 

k E heat conductivity, in cal/cm.sec. C, of the .oxide film, 

In tieating the oxide film as a f l a t  surface instead of a cylin- 
drical surface we make'a negligible error. Now using the empirical 
relations presented in part D for Zircaloy-2 we derived the 

Ti T =  11 (I  surface 
8 

q = heat flow in cal/cm2 .set. 0 

. .. 
a .: ,....+I -'i 1 : . .  

.> . . , . t i  . : '. . .-.:._ ~ ._ I. 
, . , .  

following relations: . .  
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= r5.55 exp (F) dx]' 
ttr 0 i 

+ 6.54 . T e x p  (w) dx 
tx ttr Y Ti 

I '  - where 
= time to transition, in days 

= oxide thickness 
;tr = oxide thictkness at transition, in cm. 
x tx - ttr days after transition, in cm. 

The heat conductivity of oxide films, formed on Zirconium alloys in 
high temperature water, is 0.0033 cal/cm.secb OC, 

Wiith the relations Eel-4 the time to reach a certain oxide'thickness 
was calculated as a function of the oxide surface temperature and 
the heat flow, 

Effect of irradiation on the oxidation rate 
Although under constant PWR conditions no effect of irradiation is 
observed up till now, the number o f  investigators reporting an 
irradiation effect on the oxidation and.hydridation rate is too 
large to neglect their results completely. Part of the effects 
found by these investigators can however be attributed to heat flow 
and thermal cycling effects. Therefore in our calculationsan increase 
of the oxidation and hydridation rate by a factor 1 5 will be taken 
into account. The data calculated with the relations E. l -4  divided 
by a factor 1.5, are presented in table 6. 

Absorption of hydrogen as a function of the oxide thickness. 
The percentage of the hydrogen, liberated during the corrosion of 
Zircaloy-2 in high temperature water, that is absorbed in the 
canning wall is 33% in the pre-transition region and 75% in the 
post-transition region of the Zircaloy-2 oxidation curve. For 
Zircaloy-4, Zr-2.5$ Nb and Zr-?% Nb - 1% Sn these percentages are 
10% both in the pre- andin the post-transition region. In table 7 
the mean hydrogen concentration, in ppm, absorbed in the canning 
wall is presented as a function of oxide film thickness, in p, and 
canning wall thichness, in mm. 

--------------------___o________________---- 

---------------------------'--------------------------------- 

5. Distribution of hydrogen in the canning wall ............................................ 
The heat f l o w  through the canning wall causes a difference in temperature 
between the inner and outer surface-0-f the canning wall. This temperature 
gradient can be calculated with the relation: 

1 

where 
= temperature in OC at inner wall surface 

= heat :low, in cal/cm2. sec., at the iuter wall surface 
= heat conductivity in cal/cm.sec. O C  = 0.038 for Zircaloy-2 

Ti = 11 11 II outer I1 

k 

r = outer radius, in cm, of the canning tube = 0.595 
ri = inner 

and 0.0033 for Zr02. 

0 I1 I t  I1  ll II 11 = 0.510 I1  
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where 
K, = a constant for a'given s e t  of  conditions. 

If ci and co are the hydrogen concentrations at the inner surface 
and the oxide-metal interface of the canning wall, the concentration 
c, can be calculated with the relation, derived from G . 8 :  
I Ti-To 
c i = c 0 exp (- 3 -  Ti.To 1 

The hydrogen concentration at the moment that the first hydrides 
are formed at the colder oxide-metal interface can be calculated 
with the relation: 

( G .  10) 

where 
( c ~ ) ~ ~ ~  = solid solubility of hydrogen, in ppm, in Zircaloy-2 at 

C' = a constant = 8.50 . l o 4  ppm for Zircaloy-2 
AH = heat of mixing = 7600 cal/mole for Zircaloy-2 

a temperature of To 'Kelvin 
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2 At the NERO heat flow of 23.9 cal/cm .sec., equivalent to 100 
W/cm2, we calculate a temperature difference between the oxide 
surface and the oxide-metal interface of 0.724°C/p oxide 
thickness and a temperature difference of 57.7OC between the inner 
and outer surface of the metal wall. The temperature gradient is 
nearly constant throughout the metal wall. Under the influence of 
this temperature gradient dissolved hydrogen diffuses to the colder 
oxide-metal interface according to the relation: 

dc X D cx Q* 7 dTX 

Tx= 
- J  = - D - -  

* dx Jx = - Jc T dx 

3 2  
where 

J = diffusion rate in ppm H cm /cm .sec. at x cm of the oxide- 
metal interface X 

Jc JT = 
D =  coefficient of hydrogen in Zircaloy-2 
c = hydrogen concentration in ppm, at place x 

Q X x  
R = gas constant per mole 
Tx 

= diffusion rate caused by a concentration gradient 
11 I 1  I t  I t  temperature I t  

I t  

= heat of transport of hydrogen in Zircaloy-2 = 6000 cal/mole 

= temperature in 'Kelvin 'at place x 

The diffusion coefficient D ban be calculated with the relation: 
D = D exp (- 2) 

0 Tx 
where. 2 

D- = frequency factor = 2.17 . cm /sec. for hydrogen in 
Zircaloy-2 0 

Q = hydrogen diffusion activation energy of Zircaloy-2 = 8300 
c a1 /mo 1 e 

Because Qx is positive hydrogen diffuses from w a r m  

Integration leads then to the equilibrium condltion. 

to cold places 
in the Zircaloy-2 wall. Diffusion stops when Jx = 0 or Jc = -J T' 
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For the fuel rod canning in the NERO core, operating at a heat 
- flow of 100 W/cm2 the calculated values of To, TiD (c,) 
c the mean hydrogen concentration in the 0.085 cm t#?8; 
wall, at the moment that the first hydrides precipitates, are 
presented in table 8 as a function of oxide thickness. 
Combination of the calculated values presented in table 7 and 8 
leads to the conclusion that at the time that ari oxide thickness of 
7.2 p is reached the first hydrides are precipitated at the cold 
side of the 0.85 mm t ick Zircaloy-2 canning wall operating at a 
heat flow of 100 W/cm 
345OC. This moment is reached after 1.05 years reactor operation. 
Assuming that the solid solubility of hydrogen in Zirealoy-4 is 
equal to that in Zircaloy-2 it can be calculated that the first 
hydrides will precipitate in a 0.85 mm thick Zircaloy-4 wall at an 
oxide thickness of approximately 70 p. The solid solubility of 
hydrogen in Zr-Nb is so high that the effect of hydrogen on the 
life time of canning tubes can be neglected. 

c i and 

W’ 

3 and having an oxide-surface temperature of 

6 .  Hydride layer thickness as a function of oxide thickness 
With the data presented in table 7 and 8 the thickness of the 
hydride layer as a function of the oxide thickness can be 
calculated for Zircaloy-2 canning walls operating at a heat flow 
of 100 W/cm2 and at an oxide-surface temperature of 345%. For these 

1. A 1 p thick ZrH1.6 layer equals a mean hydrogen concentration of 

2. By the formation of a 1 

3 .  By the formation of a 1 p thick ZrH1.6 layer the metal wall 

---------_----__----___________________o---------------- 

calculations we have to use the following relations: 

21 ppm in a 0.85 mm thick canning wall of Zircaloy-2 

thickness is decreased with 0.645 p. 

thickness is decreased with 0.85 p. 

p thick Zr02 layer the metal wall 

7.  

In table 9 are presented as a function of the oxide thickness: 
= total mean hydrogen concentration, including 20 ppm H2 

= mean dissolved hydrogen concentration in the wall, in ppm 
= mean precipitated hydrogen concentration, in ppm 
= thickness of the hydride layer in p 

= decrease in metal wall thickness by the oxide layer, in p 

initially present Ht 

:; + H 
+dH+O = thickness of oxide + hydride layer in p 

-dM0 
-d%+O= decrease in metal wall thickness by the oxide + hydride 

Critical hydride and oxide layer thickness 
The Zirconium hydride platelets, precipitated during reactor 
operation at the colder, outer surface of the canning wall, can 
be oriented at ramdom or preferentially in the radial, or circum- 
ferential direction. Radially oriented hydrides increase the 
susceptibility to the formation of cracks perpendicular to the 
wall surface. These cracks can propagate within a short time to 
the inner wall surface causing failure of the fuel rod. 
Therefore most manufacturers of Zircaloy-2 deliver their tubes in 
the recovery annealed condition, with a crystallographic texture 
which favours the circumferential orientation of precipitated 
hydrides. During reactor operation the platelets tend to 
precipitate perpendicularly to a tensile stress and to the heat 

layer, in p. 

--------------_---_-s___________________~- 
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f low d i r e c t i o n  and p a r a l l e l  t o  a compressive stress.  Assuming now 
t h a t  t h e  f u e l  e lement  c o n s t r u c t i o n  i s  such t h a %  i t  favour s  
c i r c u m f e r e n t i a l  o r i e n t a t i o n  of t h e  h y d r i d e s ,  t h e  hydr ide  l i m i t  i s  
depending  e i t h e r  on t h e  t h i c k n e s s  of  t h e  hydr ide  l a y e r  o r  on t h e  
mean d i s s o l v e d  hydrogen c o n c e n t r a t i o n  i n  t h e  metal w a l l .  
The d i s s o l v e d  hydrogen d e c r e a s e s  t h e  impact  s t r e n g t h  c o n s i d e r a b l y .  
Under PWR c o n d i t i o n s  however t h e  e f f e c t  of  i r r a d i a t i o n  on t h e  
impact s t r e n g t h  dominates  t h e  hydrogen induced e f f e c t .  A t  room 
temp r a t u r e  t h e  impact s t r e n g t h  of  Zi rca loy-2  i r r a d i a t e d  t o  10" 
n/cm i s  n e a r i y  t h e  same f o r  specimens c o n t a i n i n g  20 ,  100 and 250 
ppm hydrogen. 
From t a b l e  8 i t  can be  seen  t h a t  even a t  an  ox ide  t h i c k n e s s  o f  40 
p t h e  maximum d i s s o l v e d  hydrogen c o n c e n t r a t i o n  i n  t h e  me ta l  wall i s  
o n l y  233 ppm. Zircaloy-2 c l a d d i n g  i n  t h e  Sh ipp in  p o r t  r e a o t o r ,  
see t a b l e  3 ,  has  a l r e a d y  been i r r a d i a t e d  t o  2 . 1 0  
o p e r a t i n g  s a t i s f a d m y .  I t  i s  t h e r e f o r e  u n l i k e l y  t h a t  d i s s o l v e d  
hydrogen l i m i t s  t h e  u s e  of  Zi rca loy-2  o p e r a t i n g  under  PWR 
c o n d i t i o n s .  The t o l e r a b l e  i n c r e a s e  i n  oxide  f i l m  and hydr ide  l a y e r  
t h i c k n e s s  i s  de termined  by t h e  momect a t  which t h e  l a y e r s  s c a l e  o f f  
from t h e  a d j a c e n t  metal. L i t e r a t u r e  data  o f  t h e  s c a l i n g  o f f  p o i n t  
of  Zirconium a l l o y  canning  t u b e s  o p e r a t i n g  i n  h i g h  p r e s s u r e ,  h igh  
t empera tu re ,  c i r c u l a t i n g  wa te r  are  however scarce.  The expe r imen ta l  
r e s u l t s ,  o b t a i n e d  up t i l l  mow i n  d i f f e r e n t  c o u n t r i e s ,  can be 
summarized i n  t h e  f o l l o w i n g  conc lus ions :  

5 .  

5 n/cm2 and i s  s t i l l  

1 .  F o r  i s o t h e r m a l l y  t e s t e d  Z i r c a l o y  specimens s c a l i n g  o f f  s tar ts  

2. Z i rsa loy-2  canning  t u b e s  c o n t a i n i n g  500-800 ppm hydrogen f a i l e d  

3. Up t o  a hydrogen c o n t e n t  o f  400 ppm Z i r c a l o y  cann ing  can  be used 

at, an  ox ide  t h i c k n e s s  of  approximate ly  35 p 

d u r i n g  o p e r a t i o n  under  PWR c o n d i t i o n s  

s u c c e s s f u l l y .  

A 500 ppm hydrogen c o n t e n t  i n  o u r  c a s e  co r re sponds ,  see t a b l e  9 ,  
wi th  an oxide  + hydr ide  l a y e r  t h i c k n e s s  of  35.9 p. T h e r e f o r e  a n  
oxide  + hydr ide  l a y e r  t h i c k n e s -  of  35 p w i l l  be used as t h e  
cann ing  l i f e  t ime l i m i t i n g  f a c t o r .  
F o r  Zi rca loy-4  and t h e  Zr-Nb canning  t u b e s ,  i n  which no h y d r i d e s  
are  p r e c i p i t a t e d  a t  an oxide  t h i c k n e s s  o f  35 p, a cann ing  l i f e  t i m 2  
l i m i t i n g  ox ide  t h i c k n e s s  o f  35 p w i l l  be used. T h i s  oxide r e s p .  
oxide  c h y d r i d e  layer t h i c k n e s s  o f  35 p so r re sponds ,  s e e  t a b l e  3 ,  
t o  a d e c r e a s e  i n  metal  w a l l  th ickness  o f  22.6 and 25.7 p 
r e  s p e c t i v e 1 y . 
For  fully and r e c o v e r y  annealed Zi rca loy-2  t h i s  decrease i n  w a l l  
t h i c k n e s s  co r re sponds  t o  t h e  consumption of  a 1-2 g r a i n  t h i c k  
s u r f a c e  l a y e r .  Thus it i s  a p p a r e n t l y  s o  t h a t  t h e  s c a l i n g  o f f  p r o c e s s  
s tar ts  when g r a i n s  a d j a c e n t  t o  a c o r r o s i o n  consumed g r a i n ,  which i s  
comple te ly  t ransformed i n  ox ide  o r  ox ide  + h y d r i d e ,  can be 
e x p e l l e d  e a s i l y  from t h e  surface by t h e  f l o w i n g  wa te r .  

8. S a f e  l i f e  t i m e  expec tancy  o f  Zirconium a l l o y  cann ing  t u b e s  ope ra t i r ig  
E i ~ Z ~ - ~ E R b - Z G i ~ i 3 i o n s  

Befo re  drawing  t h e  f i n a l  c o n c l u s i o n  o f  t h i s  r e p o r t  i t  i s  u s e f u l  t o  
r e c a p i t u l a t e  a l l  more o r  less  d i s c u s s i b l e  assumpt ions  on which 
t h e  c a l c u l a t i o n s  and c o n c l u s i o n s  are  based.  

1 .  I n  300-6OO0C water t h e  o x i d a t i o n  r a t e  of  Zi rca loy-2  and Zi rca loy-4  

--------------------_______o__________I_---------~-- ..................... 

i s  given by t h e  r e l a t i o n s :  
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2. 

3. 

4. 

5. 

6. 

7 .  

8 .  

9 .  

10. 

3 w = 27.1 . IO 
= 23.0 . io 

Pre 
8 

Wpost 
The oxidation rat 

ti/’ . exp (- 2222) 

f Zr-Nb-alloys is a fa tor two higher th n 
that of the Zircaloys in the pre-transition region of the 
oxidation curve. Beyond transition these alloys behave very 
similarly. 
Under PWR conditions the oxidation rate is increased by a factor 
1.5. 
The percentage of hydrogen pick-up is 33% and 75$ for 
Zircaloy-2 in respectively the pre- and post-transition region 
of the oxidation process. 
For Zircaloy-4 and the Zr-Nb-alloy the hydrogen pick-up 
percentage is 10% as well in the pre- as in the post-transition 
region. 
The oxidation rate is controlled by the temperature at the 
metal- oxide interface. 
Zirconium alloy tube fabricatian history and fuel element 
construction favour the circumferential orientation of 
precipitated hydrides in the canning wall. 
The fuel element construction is such that fretting corrosion, 
for example at spacer locations, does not occur or at least 
does not impair the canning life time. 
The maximum tolerable oxide o r  oxide + hydride layer thickness, 
on Zirconium alloy canning tubess is 35 p. 
The decisive NERO conditions for canning life time calculations 
are a heat flow of 100 W/cm2 and a temperature of 345OC at the 
oxide- surf ace. 

Furthermore it must be noted that the calculations take account of 
the increase in oxidation rate under the influence of the heat flow 
and of the distribution in the metal wall of absorbed hydrogen in 
the radial but not in the axial direction. 
In figure 1 the oxide + hydride thickness of Zircaloy-2 and the 
oxide thickness of Zircaloy-4 and the Zr-Nb-alloys are presented 
as a function of time of the NERO canning operatink under PWR 
conditions at a heEt flow of 100 W/cm2 and an oxide-surface 
temperature of 345 C. 
The curves lead to the conclusion that the expectable safe life 
time of Zirconium alloy canning tubes operating under NERO 
conditions is 2.40 years for Zircaloy-2, 3.40 years for the Zr-Nb, 
alloys and 3.60 years for Zircaloy-4. 

9 .  Discussions of the calculated life time data ............................................ 
The life time data, presented in the conclusions above indicate 
that the continuous use of Zirconium alloys as canning material 
during 3.3 years in the NERO reactor operating at full power is 
hardly attainable. The use of Zircaloy-2 must even be dissuaded. 
In view of the many more or less uncertain assumptions which had 
to be used in the calculations the mentioned life time data need 
however experimental confirmation before a certain Zirconium alloy 
can be excluded as canning material for the NERO fuel rods. Apart 
from the effect of heat flow on hydrogen distribution in-the wall 
but assuming a 1.5 times increase in oxidation rate caused by the 
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radiation field in a reactoqthe test temperature in isothermally 
performed tests in out-of-pia@ loops o r  autoclaves must be 370- 
38OoC in order that the test results are, from a corrosion point 
of view, comparable with teisrte performed under NERO conditions. 
Because the critical temper 
and constructed for the a i r  tion of high pressure water are 
not suitable for tests at 2 
supercritical steam loops have to be used for these experiments. 
The life time calculations ppeeented in this report were based on 
the assumption that corrosi n limits this time. But the gradual 
change in mechanical proper ies during reactor operation, as for 
example the deorease in ductility and increase in creep rate, must 
also be considered as possible life time limiting factors. 
Zircaloy-2 clad fuel rods were tested in a pressurized water l o o p  
in the Canadian NRX reaotor for 18 months at a canning surface 
temperature of 260-28OoC and P heat flow of 45-75 W/cm2. Although 
.an approximately 30% inorease'in room temperature U.T.S. was accompa- 
nied by a fourfold decrease in duotility, at a maximum hydrogen 
concentration of 100 ppm in the cladding wall, the tested fuel 
rods did not show cladding failures. The Zircaloy-2 clad blanket 
fuel rods in Shipping-port Core 1 operated without important failures 
during almost 3 years at a oladding surface temperature of 268OC, 
an a erage heat flow of 49 W/om2 and a maximum heat flow of 130 
W/cm'. Moreover it is known 'that recovery rates of radiation damage 
in Zircaloy-2 increase with inareasing irradiation temperature. 
The cladding wall temperatures in the NERO reactor is 8OoC 
higher than those in the olahding wall of the Shipping port blanket 
fuel rods, It is therefore quite possible, and can even be expected, 
that the decrease in meohanfoal integrity oaused by the radiation 
field is not a life time limiting faotor for the Zirconium alloy 
cladding wall in the NERO rea-@tor. 
The inorease in crack propa$ation susoeptibility, caused by hydrogen 
and oxygen absorbed in the wall during reactor operation, is most 
likely the cladding life time limiting factor. Especially during 
reactor shut down periode, whin f o r  example a nuclear ship is towed 
into a harbour by a tug, this susoeptibility to crack propagation 
can cause fuel rod failurers. ' 

e of water is 374OC loops designed 

f80°C. Therefore su2erheat or 
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Summarx 
Based on the present day knowledge of the oxidation and hydridation 
behaviour of Zirconium alloys under PWR conditions a calculation of 
the safe life time expectancy of Zirconium alloy canning in the fuel 
elements of the NERO reactor is presented. The decisize NERO conditions 
for life time calculations are a heat flow of 100 W / h  
of 345OC at the oxide-water surface. 
The calculations take account of the increase in oxidation rate under 
the influence of the heat flow and of the distribution of absorbed 
hydrogen in the canning wall in the radial direction. 
The maximum tolerable oxide or oxide + hydride layerthickness, 
Zirconium alloy canning tubes was fixed at 35 p. 
The calculated data led to the conclusion that from the corrosion point 
of view the safe life time of Zirconium alloy canning tubes, having a 
wall thickness of 0.85 mm, operating under NERO conditions i s  2.40 
years for Zircaloy-2, 3.40 years for Zr-2.5$ Nb and Zr-3$ Nb-l$ Sn, 
and 3.60 years for Zircaloy-4. 

and a temperature 

on 
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Oxidat ion  and Hydr ida t ion  o f  a-annealed Zi rca loy-2  i n  w a t e r  a t  360°c 

Degas sed wa te r  

2 
Weight g a i n  i n  mg/dm 

Hydrogen '' 
T o t a l  hydrogen pick-up 
p e rc en t age 

'I 

Degassed wa te r  + 70 a t m  
oxygen 

Weight g a i n  i n  mgjdm 

Hydrogen I t  " 

T o t a l  hydrogen pick-up 
p e r c e n t  age 

2 

11 

Replenished degassed  
wa te r  

Weight, g a i n  i n  mg/dm 

Hydrogen ' I  

T o t a l  hydrogen pick-up 
p e r c  en t age 

2 

11 I I  

7 

3 - 
I 1  

c. 30 

22 

P 

15 
0 . i 6  

10 

12 

0.44 

29 

T e s t  tiroe i n  days  - 
10 

27  
0.21 

6 

2 3  
9.94 

34 

100 

28.5 

1 .3 l  

37 

36 
0.23 

5 

1 . I 9  

32 

- 

150 

33 
1 * 59 

3s 

52 

0 . 3 3  
5 

54 
1 - 4 5  

34 

290 

52 

2.60 

73  
0.46 
5 

A2 

2 . 3  

44 

300 

82 

5.3 
52 

115 

0.72 

5 

70 

4.2 

48 



Table 2 

Corros ion  and Hydrogen a b s o r p t i o n  o f  Z i r c a l o y  i n  322 C oxygen f r e e ,  pH = 10 r e c i r c u l a t i n g  water. 0 

-- 
Mat e ri a1 

Z i r c  a1 oy- 2 
a-annealed 

Z i r c  aloy-2 
p- t r e a t e d  

Z i r c  a1 oy- 4 
a- ann e a1 e d 

Z i r c  a1 oy-4 
p - t r e a t e d  

Hydrogen 

0.03 cm3/kg 

0.03 om 3 /kg 

_c_ 1- 

0.03 om 3 /kg 

- _-_ 
3 0.03 om /kg 

55 

leasured 
ralue 

2 AW mg/dm 
AH mg/m2 
AH $ 

AW mg/d? 2 

AH mg/m 
AH $ 
AW mg/dF 2 

AW mg/dq 2 

AH mg/m 
AH $ 

AH mg/m 
AH $ 

\W mg/dF 2 

IH mg/m 
\H $ 
1W mg/d92 
1H mg/m 
IH $ 

1W mg/dZ2 
1H mg/m 
IH $ 
\W mg/d$ 
1H mg/m 
1H 

Is_ 

30 

1 5  
18 
10 

16 
38 
1 9  

1 4  
37 
21 

1 6  
60 
29 

14 
16  

9 
14 
34 
2 0  

1 3  
20 
1 3  

73 
33 
20 

cp_ 

=__ 

- 

__5 

_y_ 

_I__j 

60 

17 
36 
1 8  

18 
44 
18 

1 6  
45  
21 

19 
76 
34 

16 
28  
10 

1 7  
2 5  
12 

74 
19 
11  

1 6  
22  
11  

__. 

- 

__. 

- 

E__ 

I - 
1 1 6  

21 
43 
17 
22  
55 
20 

20 
54 
24 

23 
1 2 3  
43 

19 
1 5  

7 
19 
25 
1 1  

18 
1 7  
8 

1 9  
31 
13  

P 

- 

- 

_p___/ 

- 

a t  t 
174 

22 
36 
1 3  
24 
69 
23  

25  
68 
23  
26 

145 
46 

7 

- 

_=m_ 

- 
21 
1 7  

7 
22 
27 
10 - 

e i n  - 
233 

24 
43 
15  
2 7  
67 
20 

25 
69 
24 
2 8  

132 
38 

22 
18 

6 
24 
37 
12 

22 
30 
11 

24 
38 
1 3  

P 

=__ 

n__ 

- 

ays 
293 

25 
43 
14 
2 8  
68 
19 

26 
59 
20 

30 
146 

43 

- 

- 
41 0 
n___ 

2 8  
41 
1 2  

31 
80 
21 

29 
62 
1 7  

37 
193 

42 

27 
27 

7 
30 
42 
11 

28 
34 
11 

32 

_I 

- 
- - 

P 

53 3 

30 
76 
20 

42 
157 

30 

33 
6 3  
1 5  

50 
21 4 

37 

29 
26 

7 
43 
61 
1 1  

P 

- 

31 
35 

9 
42 
50 
10 

- 
6 52 

35 
97 
22 

57 
2 52 

34 

43 
135 

24 

63 
401 

52 

36 
40 

9 
54 

108 
1 6  

39 
37 
8 

56 
76 
11 

Cumulative AH' 7 
p r e - t r a n s i  t i o n  

24 

30 

20 

40 

9 

11 

8 

10 



w 
Z i r c  a loy-  2 1 3din 

measured v a l u e s .  

b havi  u r  i n  Shipping-port  PWR, c a l c u l a t e d  and 

T o t a l  exposure t ime i n  dzys 
o t a l  exposure t ime EFPH 

verage  h e a t  f l u x  W/cm 2 

I n t e g r a t e d  fas t  f l u x  n v t  x lo- 21 

v.' U02 burn-up Fiss/cm3 x 

10-20 
0 

Av. c l a d  s u r f a c e  temp. C 

Ca lcu la t ed  inc remen ta l  
i n c r e a s e  : 

i n  oxide t h i c k n e s s  p 

i n  hydrogen c o n t e n t  ppm 

c a l c u l a t e d  t o t a l :  
oxide t h i c k n e s s  i n  p 

hydrogen c o n t e n t  i n  pprn 

Measured : 

oxide t h i c k n e s s  i n  p 

hydrogen c o n t e n t  i n  ppm 

Before 
c ond i t i o n i n g  

- 
- 
- 
- 

- 
40 

40 

l e fore  
ieed 1 

3 
- 
- 
- 

- 

360 

0.60 

9 

0.60 

49 

S f t e r  
Seed 1 

660 

5800 

48.2 

5.8 

1.3 

265 

0.6C 

9 

I .2c  

58 

Lfter  
jeed 2 

1122  

13700 
48 
13. 

268 

0. 

4 

1. 

62 

4 7 9  

f t.er 
eed 3 

1519 
1000 

48.0 

20 ,o  

6.4 

268 

0.73 

2 

1 - 6 3  

6 )+ 

1 .17-2.5 

5727 



Table 4 
I -.. . . 

. . ,  

Oxidation constants f o r  a-annea,e Zircaloy-2 

0 Temperature in C 

Kc, cubic rate constant 

K1, linear rate constant 

3.00 

0281 

time to transition in 1118 
days ttr’ 

weight gain at transition 31.0 
mg/dm2 

320 

4.08 

06 56 

51 3 

32 .5  

340 

5.43 

*A45 

247 

33.9 

360 

7.12 

0 303 

125 

35.3 

400. 

11.6 

1-17 

36 

30 .0  

I .  



Table 2 
Some fundamental  d a t a  o f  Zircaloy-2 and Zirconium d i o x i d e  

Zircaloy-2 

Density i n  gram/cm 

ktoms Z r / c m  

It Zr/cm 

3 
3 
2 

S o l u b i l i t y  o f  Oxygen a t  300-4OO0C 

weight % 
atoms O/cm 3 

11 O/cm2 

1000 ppm Oxygen e q u a l s  

weight $ 
atoms O/cm 

O/cm 

Zirconium d i o x i d e  

3 
2 

Dens i ty  i n  gram/cm 3 
3 a toms  O/cm 
2 O/cm 

S o l u b i l i t y  o f  Zirconium 

weight '$ 
atoms Zdcm 3 

2 
n 

Zr/cm 

6.57 
44.4 
12.35 

6.50 
15.67 

6 .26  

0.1 

0 .24  
0.385 

5 - 7 3  
56 
14.6 

0.83 

0.31 

0.46 

1 O2l 

1 O2.l 

1 0 ~ 4  

1 o2I 

I 014  

1 o2l 

I 0 ~ 4  

A weight  gain o f  1 5  mg/dmc = + 1.008 p Zr02 3 - 0,651 p Z r  meta l  

An o x i d a t i o n  r a t e  o f  1 mg/dm*.day e q u a l s  a r e a c t i o n  r a t e  o f  4.35.10 

atoms O/cm . sec .  

D i f f u s i o n  c o e f f i c i e n t  i n  c m  / sec .  of Oxygen 

1 2  

2 

2 

0 Temperature C 

300 

320 

340 

360 
400 

18 - D  z i rca loy-2  x 10 

0.22 

0.99 

4 - 2 5  
16.2 

179. 

14 D zirconium oxide x 10 

1 . 2 7  

3 ~ 2  

8.46 
! 8 , 8  

93.2 



T a b l e  6 
Reactor operating time, in years, for Zircaloy-2 canning tubes operating under 
PWR conditions as a function of oxide film thickness, in p, heat flow and 
temperature at the oxide surface. ,.- 

’emperature Heat floi 
’C at oxide in 
iurface 

2 52 
300 0 

I 63 

189 
2 52 

340 0 

63 
126 

189 
2 52 

360 0 

63 
126 

189 

NERO conditions: 
0 

34 5 100 

Time in years to reach an oxide thickness in p of: 

4 6 8 12 16 20 30 40 4 
tr X 

4.67 9-55 14.4 19.2 28.8 >30 >30 >30  > 3 0  

4.63 9.24 13.6 17.8 25.7 >30 > 3 O  > 3 O  > 3 O  

4.52 8.85 12.8 16.4 22.8 28.2 >30 >30 >30 

4.40 8.50 12.0 15.2 20.4 24.5 27.7 2 3 0  >30 

4.30 8.15 11.3 14.1 18.3 21.4 23.7 27,2 28.9 

2.04 3.90 5.82 7.74 11.6 15.4 19.3 28.9 38.5 
2.00 3.78 5.55 7.27 10.5 13.5 16.2 22.2 27.2 

1.95 3.63 5.24 6.73 9.38 11.7 13.6 17.4 20.0 

1.90 3.49 4.95 6.25 8.44 10.2 11.6 14.0 15.5  

1.86 3.36 4.68 5.82 7.63 8.99 10.0 11,6 12.4 

0.94 1.69 2.51 3.33 4.96 6.60 8.23 12.3 16.4 
0.91 1.64 2.41 3.14 4.54 5.85 7.05 9.72 11.9 

0.89 1.58 2.28 2.93 4.09 5.11 5.98 7.71 8.93 
0.87 1.52 2.16 2.73 3.71 4.49 5.14 6,27 6.97 

0.45 0-78 1.15 1.53 2.28 3 * 0 3  3.78 5.66 7.53 
0.44 0,75 1.10 1*44 2.08 2.68 3.23 4.47 5.53 
0.43 0.73 1.05 1.34 1.88 2.36 2$77 3.60 4.20 

> 0.8 1, 2 e o  .2 I 5 1  

0.42 0.70 L O O  1.26 1.72 2,oq 2.40 2.96 3 , y  
0 0. 1 0.68 0. 1.1 1,8 2.11 2, 2, 0 

0.23 0~37 0.55 0.73 1.08 1.44 1.79 2.67 3.56 
0.22 0.36 0.53 0.69 1.00 1.29 1.56 2.17 2.69 
0.22 0.35 0.51 0.65 0.91 1.14 1.35 1.76 2.07 
0.21 0.34 0-48 0.61 0.83 1,02 1.18 1.46 1155 
0.21 0 .33  0.46 0.58 0.77 0.92 1.04 1.24 ~ 3 6  

0.37 0.65 0.95 1.26 1.88 2.51 3,08 4.65 6.12 
0.36 0,62 0.88 1.14 1.63 2.07 2.45 3.24 3*9O 
0.35 0.60 0.86 1.12 1.57 l“97 2,32 2.98 3.50 

x!x = oxide thickness at transition point in the oxidation curve: 

= 1.97, 2.07, 2.17, 2.26, 2,28 and 2.35 p at respectively 
tr 

280, 300, 320, 340, 345 and 36OoC. 



Hydrogen concentration, in ppm, absorbed in Zirconium alloy canning walls 
as a function of the oxide thickness, in p, and wall thickness, in mm, 

xide film thickness in IJ. 

all thickness 
nmm 

0 . 5 5  
0 .70  
0.85 

1 .oo 

0 . 5 5  
0.70 

0 .85  
1 .oo 

Zirconium- alloy 

Zircaloy-2 
?I 

I f  

11 

Zr- 4/2rNb/ZrNbS1 

- 
40 
31 
26 

22  

52 

10 
8 

7 
- 

2 64 
207 
171 
1 4 5  

42 
3 3  
27 
23 
7 

- 
42 3 
331 
274 
2 32 

6 3  
50 
41 
35 

- 
582 
456 
37 7 
31 9 

84 
66 
55 
46 
- 

3E 
X = oxide thickness at trmsition point, see souscript table 6 .  tr 

Zirconium alloy tubes, delivered by European manufacturers; contain 10-30 
ppm hydrogen. The total concentration of hydrogen in the canning wal ls  is 
therefore 10-30 ppm higher than the value presented in table 7 for a given 
oxide thickness. 



Table 8 

Hydrogen concentrations, in ppm, in the Zircaloy-2 canning walls of NERO 
fuel rods, at the moment that the first hydride will precipitate in the 

wall 

~~~ ~ 

Oxide thickness in p 

0 oxide-metal temp. C to9 
0 ti, inner wall temp. C 

in ppm H ( Co)rnax 9 

c in ppm H 

c in ppm H 
i 9  

ws 
- 

- 
6 
- 

8 
- 
12 

I__ 

16  

357 

41 5 

199 

1 3 3  

162 

- 

_s 

- 
20 

3 59 

41 7 

203 

137 

166 

_I 

- 

40 

374 

432 

2 33 

160 

1 9 1  

- 



Table 9 

Hydrogen c o n c e n t r a t i o n s ,  hydr ide  l a y e r  t h i c k n e s s  a d  w a l l  thickness 

d e c r e a s e  f o r  Zircaloy-2,  0.85 mm t h i c k ,  canning  walls, o p e r a t i n g  a t  2 h e a t  

f low of  100 W/cm2 and e x t e r n a l l y  cooled  wi th  335°C v a t e r ,  2s a f a n e t i o n  

of ox ide  l a y e r  t h i c k n e s s .  

Oxide t h i c k n e s s  i n  p 4 

88 

88 

0 

0 

4 

2.6 

2 . 6  

12 

294 

158 

136 

6 .5  

- 

18.5 

7 .7  

13.3 

- 
16 

397 

162 

235 

11.2 

- 

27.2 

1 0 ~ 3  

19.9 

- 

30 

7 57 

178 

57 9 

27.6 

57.6 

19 .4  

42 .9  

- 

1014 

191  

8 2  3 

39.2 

79.2 

2 5 . 8  

59.2 
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20 

T h i c k n e s s  i m  . /u 
A 
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