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Performance en r6acteur d'616ments combustibles 
(U3Si gain6 de zircaloy) rendus dgfectueux et 
expos6s 2 deux types de caloporteurs (eau 
pressurisge et eau bouillante) 
par M.A. Feraday, G.M. Allison, J . F . R .  Ambler, 
G . H .  Chalder et J.J. Lipsett 
R6sum6 - Dans un premier essai un 616ment pr6cg- 
m t  irradig (-. 5300 MWd/tonne U) a 6t6 rendu 
dgfectueux puis il a 6t6 expos6 d'abord a de 
l'eau pressurisge puis & de l'eau bouillante 2 - 2 7 O o C .  Dans un second essai, un 616ment non 
irradi6 contenant un vide central a 6t6 disloqu6 
et satur6 avant d'Ctre expos6 
see  pendant 50 minutes. On a dQ mettre rapide- 
ment fin aux deux essais par suite de la forte 
activit6 d6celge dans le caloporteur de la boucle 
par un dgtecteur gamma et un dgtecteur de neu- 
trons retard6s. 

- 

de l'eau pressuri- 

L'examen post-irradiation a montr6 que 
les deux 616ments ont s u b i  d'importantes ruptures 
de gaine expliquges par l'augmentation de volume 
r6sultant de la formation de grandes quantit6s 
de produits de corrosion. Ces produits sont dus 
2i la r6action de l'eau avec la partie centrale 
chaude du combustible. 

La conclusion est que la resistance 
2 la corrosion de 1'U3Si ?i 3OO0C n'est pas 
s6rieusement modifi6 e par l'irradiation. 
pendant, la vitesse de la corrosion augmente 
rapidement quand la tempgrature s'6lkve. 

Chalk River, Ontario 
Mai 1968 

Ce- 
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I N  REACTOR PERFORMANCE OF DEFECTED ZIRCALOY-CLAD U3Si FUEL 
ELEMENTS I N  PRESSURIZED AND B O I L I N G  WATER COOLANTS 

M.A. Feraday, G.M. Al l i son ,  J .F .R .  Ambler, 

G.H. Chalder and J.J. L i p s e t t  

SYNOPSIS 

The r e s u l t s  of two in- reac tor  d e f e c t  tests of Zircaloy-clad 
U3Si a r e  repor ted .  

I n  the  f i r s t  t e s t ,  a prev ious ly  i r r a d i a t e d  element (-5300 MWd/ 
tonne U )  was defec ted  then exposed t o  f i r s t  p ressur ized  water 
then  b o i l i n g  water a t  -27OOC. I n  the second tes t ,  an uni r ra -  
d i a t e d  element conta in ing  a c e n t r a l  void was defected,  water- 
logged, then exposed t o  p res su r i zed  water f o r  50 minutes. 
Both tes ts  w e r e  terminated because of high a c t i v i t y  i n  the  loop 
coo lan t  de t ec t ed  by both  gamma and delayed neutron monitors. 

P o s t - i r r a d i a t i o n  examination showed t h a t  both elements had 
su f fe red  major shea th  f a i l u r e s  which w e r e  a t t r i b u t e d  t o  the  
volume increase  accompanying the  formation of l a r g e  q u a n t i t i e s  
of co r ros ion  product formed by the  r e a c t i o n  of water wi th  the 
h o t  c e n t r a l  p a r t  of the  f u e l .  

I t  was concluded t h a t  the cor ros ion  r e s i s t a n c e  of U 3 S i  a t  
3OOOC i s  no t  s e r i o u s l y  a f f e c t e d  by i r r a d i a t i o n ,  b u t  t h e  
cor ros ion  r a t e  i nc reases  r a p i d l y  wi th  temperature.  

Fuel Mater ia l s  Branch 
Chalk River Nuclear Labora tor ies  

May 1968 
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I N  REACTOR PERFORMANCE OF DEFECTED ZIRCALOY-CLAD U3Si FUEL 
ELEMENTS I N  PRESSURIZED AND B O I L I N G  WATER COOLANTS 

M.A. Feraday, G.M. Al l i son ,  J .F .R.  Ambler, 
G.H. Chalder and J.J. L i p s e t t  

INTRODUCTION 

The d e l t a  phase of t he  uranium-sil icon system (U3Si) i s  
a t t r a c t i v e  a s  a nuclear  f u e l  because of i t s  high uranium 
dens i ty ,  low p a r a s i t i c  absorpt ion and good aqueous cor ros ion  
r e s i s t a n c e .  U3Si i s  be ing  developed f o r  use i n  CANDU-type 
r e a c t o r s  f u e l l e d  wi th  n a t u r a l  uranium and cooled by pressur-  
ized  water or  b o i l i n  water because of expected reduct ions  
i n  u n i t  energy c o s t s  91) . 
Confidence i n  the  good aqueous cor ros ion  r e s i s t a n c e  of U 3 S i  
i s  based on out-reactor  tes ts  i n  300-350°C water  both on 
u n i r r a d i a t e d  U3Si and on specimens i r r a d i a t e d  t o  burnups 
between 1000-4000 MWd/tonne U ( 2 ) .  
r e a c t o r  d e f e c t  tes ts  have previous ly  been done on U 3 S i ,  two 
Zi rca loy  c l a d  elements conta in ing  s o l i d  rods of U 3 S i  
(1200 MWd/tonne U )  operated in- reac tor  f o r  up t o  t h r e e  days 
i n  265OC water a f t e r  s p l i t s  developed i n  t h e i r  shea ths  (see 
s e c t i o n  5 )  ( 3 ) .  From these  r e s u l t s  it was concluded t h a t  t h e  
cor ros ion  r e s i s t a n c e  of U3Si was no t  s e r i o u s l y  a f f e c t e d  by 
i r r a d i a t i o n  ( 3  ) . 

Although no d e l i b e r a t e  in- 

Recent i r r a d i a t i o n  tes ts  have shown t h a t  provis ion  of an 
i n t e r n a l  -void - i n  U3Si f u e l  elements was e f f e c t i v e  i n  reducing 
shea th  s t r a i n ,  compared t o  e a r l i e r  t es t s (4)  . The c e n t r a l  void 
would be p rogres s ive ly  f i l l e d  during i r r a d i a t i o n ,  b u t  i n  the  
event  of a shea th  d e f e c t  e a r l y  i n  t h e  l i f e  of the  f u e l  element, 
the presence of r e s i d u a l  voidage i n  t h e  f u e l  r a i s e s  t h e  possi-  
b i l i t y  of coo lan t  reaching t h e  h o t t e r  (-5OOOC) c e n t r a l  r eg ion  
of t he  fuel-causing enhanced cor ros ion .  A l t e rna t ive ly ,  water- 
logging ( i . e . ,  the  c e n t r a l  void f i l l i n g  wi th  wa te r )  during a 
shutdown could cause enhanced cor ros ion  and/or high i n t e r n a l  
p re s su res  a s  the f u e l  temperature rises during t h e  subsequent 
r ise  t o  power. 

The two phases of t h e  d e f e c t  t e s t  descr ibed below w e r e  
designed t o  study: 
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a )  Phase I: the cor ros ion  behaviour of prev ious ly  
i r r a d i a t e d  (-5300 MWd/tonne U )  U3Si, c l a d  i n  a 
defected Zi rca loy  sheath,  i n  pressur ized  water 
and b o i l i n g  water environments. 

b) Phase 11: the  cor ros ion  behaviour of an u n i r r a d i a t e d  
element containing U3Si having a c e n t r a l  void and 
c l a d  i n  a defec ted  Zi rca loy  sheath: t he  element would 
be waterlogged before being i n s t a l l e d  i n  the loop. 

c )  Phases I and 11: the  type and magnitude of the 
a c t i v i t y  given of f  by the  U3Si. 

2 .  DESCRIPTION OF THE ELEMENTS 

Figure 1 summarizes the  da t a  on elements M J K  (Phase I )  and 
APZ (Phase 11). 

Each element was defected w i t h  a 0.8 mm diameter hole  a t  the 
l o c a t i o n s  s h m  i n  Figure 1. During i n - c e l l  d r i l l i n g  of the 
defect i n  the previous ly  i r r a d i a t e d  specimen M J K ,  two 0.8 mm 
diameter ho le s  -0.5 mm a p a r t  w e r e  a c c i d e n t a l l y  s t a r t e d .  The 
downstream or  lower hole  was subsequently d r i l l e d  r i g h t  
through t h e  shea th  and i n t o  the U3Si t o  a t o t a l  depth of 
1.5 m m ( 5 ) .  The f u e l  f o r  t h i s  element cons i s t ed  of two 
enr iched  U3Si f u e l  rods (Figure 1) each of w h i c h  o r i g i n a l l y  
contained a nominal 7 vol% c e n t r a l  void; based on d e s t r u c t i v e  
examination of s i m i l a r  elements, t hese  voids  a re  assumed t o  
have been f i l l e d  i n  by i r r a d i a t i o n  induced swel l ing  of t he  
U3Si during the  e a r l i e r  i r r a d i a t i o n ( 4 ) .  

N o  d i f f i c u l t y  was experienced i n  d r i l l i n g  through the shea th  
of t he  u n i r r a d i a t e d  element, APZ. The f u e l  f o r  t h i s  element 
cons i s t ed  of two enr iched  U3Si rods between two n a t u r a l  U3Si 
f l u x  suppressors ,  a l l  of which contained a nominal 7 vol% 
c e n t r a l  void (Figure 1). 

3. IRRADIATION OF THE ELEMENTS 

3.1 Phase I 

Specimen MJK was i r r a d i a t e d  a t  a c a l c u l a t e d  power output  of 
700 w/cm. Af te r  17 equ iva len t  f u l l  power days opera t ion  

c 
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3.2 

4. 

4.1 

4.2 

(seven i n  p re s su r i zed  water a t  26OOC and t e n  i n  b o i l i n g  water 
a t  2 8 O o C ) ,  M J K  was removed from t h e  loop f o r  underwater 
examination of t he  d e f e c t  hole .  Af te r  an 11-day per iod  of 
underwater s to rage  i n  the  NRX t rench,  t he  specimen was re- 
i n s t a l l e d  i n  the loop i n  p re s su r i zed  water ,  b u t  a f t e r  a 
f u r t h e r  f i v e  hours '  opera t ion  a t  a f u e l  power ranging up t o  
550 W/cm, it was removed because of high gamma and DN monitor 
s i g n a l s  (Figures  2 and 3 ) .  

Phase I1 

Afte r  de fec t ing  and p r i o r  t o  i r r a d i a t i o n ,  element APZ was 
water-logged by autoclaving f o r  one day i n  26OOC water.  The 
water conten t  of t he  element was measured a s  2.3 grams 
i n d i c a t i n g  t h a t  t h e  void was f u l l .  The i r r a d i a t i o n  t e s t  i n  
260°C p res su r i zed  water was terminated a f t e r  about 50 minutes 
a t  f u e l  powers ranging up t o  550 W/cm because of high s i g n a l s  
i n  both  the  gamma and DN monitors (Figure 4 ) .  

RESULTS 

Power Output 

The f u e l  power outputs  shown i n  Figure 1 f o r  elements M J K  and 
APZ w e r e  der ived  from the  measured power output  of a s i m i l a r  
element prev ious ly  i r r a d i a t e d  i n  t h i s  l oop(6 )  . 
Temperature D i s t r i b u t i o n  i n  the  Fuel  

The f u e l  c e n t r a l  .temperatures shown i n  F igures  3 and 4 w e r e  
c a l c u l a t e d  u s h g  : 

a cons tan t  fue l / shea th  h e a t  t r a n s f e r  c o e f f i c i e n t  of 
5 W/cm20C f o r  prev ious ly  i r r a d i a t e d  element M J K  and 
1.2 W/cm20C f o r  the  new element, APZ.  

a water/sheath f i l m  c o e f f i c i e n t  of 5.5 W/cm2'C 

an average thermal conductiv-i-ty of 0.2- W/cm°C f o r  t he  
u3si  (4) 

h e a t  genera t ion  
r l  

t he  f u e l  of 182 MeV/fission. 
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4.3 Monitor Data 

Continuous gross  gamma and delayed neutron (DN) monitoring 
of the  loop coolan t  was provided during both  phases of the  
test .  

Phase I: During t h e  f i r s t  pe r iod  of exposure of pre- 
i r r a d i a t e d  specimen M J K  (3-20 March), no s i g n i f i c a n t  change 
i n  gamma s i g n a l  from the  d e f e c t  was noted (Table 1); b u t  
the  DN monitor r e g i s t e r e d  a s i g n i f i c a n t  increase  during the  
l a s t  two days of t he  t es t  (Figure 2 ) .  The magnitude of t he  
DN s i g n a l  immediately p r i o r  t o  shutdown was c a l c u l a t e d  t o  
correspond t o  the  a c t i v i t y  r e l e a s e d  by r e c o i l  from 0.23 cm2 
of f u e l  exposed t o  the  coolan t .  

Element M J K  was r e - in se r t ed  i n  t h e  loop f o r  a second pe r iod  
of exposure, b u t  f a i l e d  during the  f i r s t  r e a c t o r  s t a r t u p  
on March 31. During t h e  f i r s t  s t a g e s  of t h i s  s t a r t u p ,  bo th  
monitors i nd ica t ed  s i g n a l s  which w e r e  s l i g h t l y  h igher  
(Figure 3 )  than a t  t h e  end of t he  f i r s t  t e s t  of MJK, and 
these  rose  slowly during the  pe r iod  2000 h r s  t o  2130 h r s .  
During the  subsequent power increase  t o  30 MW, both monitor 
s i g n a l s  increased  r a p i d l y  t o  va lues  i n d i c a t i n g  a major 
f a i l u r e .  
t o  a r e c o i l  source equ iva len t  t o  25 c m 2  of U 3 S i .  
r e a c t o r  shutdown the  gamma a c t i v i t y  i n  the  coolan t  decreased 
s t e a d i l y  and had r e tu rned  t o  background (600 cpm) w i t h i n  s i x  
hours,  due t o  decay and clean-up. 

The delayed neutron s i g n a l  a t  2400 h r s  corresponded 
After  the  

Phase 11: During the  Phase I1 t es t  on element APZ ( 2 1  March) 
the  gamma and DN s i g n a l s  (Figure 4 )  rose  sha rp ly  s h o r t l y  
a f t e r  r e a c t o r  s t a r t u p .  A t  about  2129 hours when t h e  power 
was r a i s e d  from 13 t o  2 3  MW, t he  DN monitor s i g n a l  dropped 
t o  the  background l e v e l ,  suggest ing t h a t  the  d e f e c t  hole  had 
become blocked. About 20 minutes l a t e r ,  when the  r e a c t o r  
power was r a i s e d  from 2 3  t o  30 MW, bo th  the  gamma and DN 
monitor s i g n a l s  rose  very r a p i d l y ,  fol lowing which the  
r e a c t o r  was s h u t  down. The gamma a c t i v i t y  f e l l  from a high 
of 2 x l o 5  cpm t o  about 1.4 x l o 4  cpm e i g h t  hours a f t e r  
shutdown, due t o  decay and clean-up. 

The r a d i a t i o n  f i e l d  on t h e  u n i b o l t  f i t t i n g  a t  t h e  top  of 
t he  loop t e s t  s e c t i o n  was a s  high a s  50 Roentgen/hour during 
both  tests, b u t  dropped t o  less than  5 Roentgen/hour w i t h i n  
a few minutes of t he  r e a c t o r  being s h u t  down. 
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4-4 Chemical and Radiochemical Resu l t s  

Although some d i f f i c u l t y  was experienced i n  maintaining 
the pH c o n t r o l  during the f i r s t  t h r e e  days of Phase I ( M J K ) ,  
the  prescr ibed  ammonia concent ra t ion  of 1 2  mg/kg was main- 
t a i n e d  f o r  t h e  balance of bo th  phases (Appendix A ) .  

The radiochemical r e s u l t s  from both  tes ts  a r e  summarized 
i n  Table 2 and a re  discussed i n  d e t a i l  i n  Appendix A. The 
measured production r a t e  of Kr-88 and 1-133 w i t h i n  the  tes t  
s e c t i o n  coo lan t  during t h e  f i rs t  p a r t  of Phase I i n d i c a t e  
t h a t  t he  defect i n  element M J K  s t a r t e d  t o  en large  between 
14-16 March. N o  q u a n t i t a t i v e  radiochemical r e s u l t s  w e r e  
made during t h e  second t e s t  on M J K  (31 March), b u t  gamma 
s p e c t r a  of loop coolan t  samples ind ica t ed  t h a t ,  un l ike  
f a i l u r e s  i n  U 0 2  f u e l ,  the  f i s s i o n  gases  and iod ines  w i t h  
h a l f - l i v e s  g r e a t e r  than two hours d i d  n o t  dominate the  spec t r a .  

N o  q u a n t i t a t i v e  radiochemical measurements w e r e  made during 
the Phase I1 of the t e s t  ( A P Z ) ,  however the comments 
regard ing  t h e  gamma s p e c t r a  on t h e  loop water i n  the  t e s t  
on M J K  a l s o  apply f o r  t h i s  test .  

Two methods of measuring the uranium r e l e a s e d  from the 
defects a r e  discussed i n  Appendix A. The r e s u l t s  a r e  incon- 
c l u s i v e  i n  t h a t  they cannot be used with any c e r t a i n t y  t o  
e s t ima te  even minimum amounts of f u e l  r e l e a s e d  from t h e  U3Si 
f a i l u r e s ,  b u t  they  do i n d i c a t e  t h a t  some r e l e a s e  d i d  occur,  
I f  it i s  assumed t h a t  t h e  uranium which moved was from the  
U3Si f a i l u r e s ,  t h i s  would i n d i c a t e  t h a t  a t  l e a s t  80 mg of 
U3Si had been re leased .  This  is .  a r i s k y  assumption s ince  
t h e  loop had a l s o  been contaminate'd i n  the  p a s t  from U 0 2  
f a i l u r e s .  

4.5 Macro-examination 

Phase I 

Underwater examination -of element M& a f t e r  t he  f i r s t  three-  
week  exposure (i.e.,  P a r t  I of Pha'se I )  showed t h a t  a s l i g h t  
s p l i t  and a bulge had formed i n  the  shea th  of t he  o r i g i n a l  
defect hole  (Figure 5 ) .  Trench examination of MJK fol lowing 
i t s  second per iod  of exposure ( i .e . ,  P a r t  2 of Phase I )  
which l a s t e d  f i v e  hours,  confirmed the  conclusion drawn 
from t h e  monitor r e s u l t s ,  t h a t  t h e  element had sus t a ined  a 
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major f a i l u r e  (Figure 6 ) .  C e l l  examination of the unpolished 
cross -sec t ions  (Figure 6 )  showed a q u a n t i t y  of cor ros ion  
product i n  the  U3Si, which decreased i n  volume i n  the s e c t i o n s  
remote from the  de fec t .  

Phase I1 

Underwater examination of element APZ a f t e r  50 minutes' i r r a -  
d i a t i o n  showed t h a t  t he  shea th  and one enr iched  U3Si rod 
had s p l i t  open 180' from the  o r i g i n a l  defect (Figure 7 ) .  
C e l l  examination of t he  c u t  s e c t i o n s  (Figure 7 )  showed t h a t  
cor ros ion  product had e n t i r e l y  f i l l e d  the  c e n t r a l  void space 
i n  the  lower of the  two enr iched  rods  and the  lower h a l f  of 
the  c e n t r a l  void i n  the upper enr iched rod. L e s s  cor ros ion  
product was seen i n  the t o p  h a l f  of the upper enr iched  rod  
and i n  the  void of the t o p  end f l u x  suppresor.  

Although precise diameter measurements could not be made, 
measurements taken from photographs i n d i c a t e d  diameter 
i n c r e a s e s  a t  the rup tu re  of 4-6 mm i n  both  elements.  

4.6 Metal loqraphic  Examination 

General 

Three t r ansve r se  s e c t i o n s  from element M J K  (Phase I )  and 
two f r o m  element APZ (Phase 11) w e r e  prepared and examined 
i n  both  the etched(7) and unetched condi t ions .  Fea tures  
observed a r e  shown i n  F igures  8-19 ( M J K )  and Figures  20-29 
( A P Z ) .  
of t h e  f i v e  s e c t i o n s  examined. 

N o  U 3 S i  g r a i n  boundaries could be revea led  i n  any 

T h e  average hydride conten t  i n  the  Zi rca loy  shea th  from 
element M J K  (Figure 8a)  i s  es t imated  t o  be 50-100 ppm and 
i s  n o t  much higher  than  i n  an u n i r r a d i a t e d  archive specimen 
(Figure 8b). General ly  the hydride was randomly or ien ted .  
There was a small  a r ea  (from s e c t i o n  2 of Figure 6 )  where a 
concent ra t ion  of r a d i a l  hydride was seen a t  the  outs ide  
diameter toge ther  w i t h  a poss ib l e  hydride l aye r  on the i n s i d e  
diameter of t he  shea th  (Figure 8c) .  

There was no apparent  i nc rease  i n  hydrogen content  of the 
Zi rca loy  shea th  of element APZ on i r r a d i a t i o n .  
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URSi - Element MJK 

Examination of s e c t i o n  1, through the  o r i g i n a l  d r i l l e d  
defect, showed a star-shaped a rea  of cor ros ion  about t h e  
cen te r  of t h e  f u e l  (Figure 9 ) .  There w e r e  c racks  from the 
ends of t h e  s t a r  arms t o  the fuel-sheath i n t e r f a c e .  The 
f u e l  element had s p l i t  open l o n g i t u d i n a l l y  along the arm of 
the co r ros ion  s t a r  immediately under t h e  d r i l l e d  defect. 
Corrosion on t h e  f u e l  per iphery was l i m i t e d  t o  a small  a r e a  
d i r e c t l y  under the d r i l l e d  defect and where t h e  cor ros ion  
product was a maximum of 5 microns i n  th ickness  (Figure 10). 
Most of the f u e l  was i n  t i g h t  c o n t a c t  w i th  the  shea th  and 
no cor ros ion  product was seen a t  t h e  i n t e r f a c e  (Figure 11). 

I n  s e c t i o n  1, t h e  U3Si ad jacent  t o  the  main co r ros ion  f r o n t s  
was darker  i n  both  i t s  as-polished and as-etched cond i t ion  
than t h e  bulk  of t h e  U3Si (Figure 1 2 )  and had a "spot ty"  
appearance (Figure 1 3 ) .  For the sake of convenience t h i s  
c o n s t i t u e n t  was c a l l e d  phase "X". The U3Si2 w i t h i n  the  "X" 
phase was heav i ly  cracked. I n  some a r e a s  the re  w e r e  f i l a -  
ments of a white phase (o the r  than U3Si2) pene t r a t ing  i n t o  
the "X" Phase (Figure 13) w h i l e  i n  o the r  a r e a s  the same w h i t e  
phase was p r e s e n t  a s  a l aye r  between the  "X" phase and t h e  
f i n a l  co r ros ion  product (Figure 1 4 ) .  Remote f r m  t h e  corro- 
s i o n  f r o n t ,  t he  f i n a l  co r ros ion  product contained p a r t i c l e s  
c o n s i s t i n g  of the  "X" phase and the  white  phase (Figure 1 5 ) .  
The percentage of t h e  white  phase decreased near t h e  cor ros ion  
f r o n t ,  while  remote from i t ,  a t  t he  c e n t e r  of t h e  corroded 
area ,  t h e  p a r t i c l e s  contained no "X" phase (F igure  1 6 ) .  

I n  s e c t i o n  2 (Figure lZ), t h e r e %  was. a- ,diametral  c rack  through 
the f u e l  from the, sheath.. s p l - i t ,  and' an, a r e a  6.5 mm i n  . 

diameter i n ?  t h e .  center .  of,-t.the . fuel  -which e t ched  l i g h t e r  than 
the  bulk of t h e  U3Si. A s  i n  s e c t i o n  -1-..the f u e l  was i n  t i g h t  
con tac t  w i t h  the sheath.  A t  t h e - c e n t e r ,  t h e  U3Si a long the 
s i d e s  of .the- c racks  I appeared..darker. than  i n  tkie bu lk  of t he  
f u e l  (F-igure 18) . I .  This  was s i m i l a r  . t o  the1 "X" phase seen i n  
s e c t i o n  1, and w i t h i n - i t  t h e  IJ3Si.2 was heav i ly  cracked. 

I n  section:.3 . ( F  a :  p a r t i a l  d iamet ra l  crack,  
and a l i g h t  etchmg- -.simi-l.-ar $ in  appearance:and s i z e  t o  
t h a t  seen i n  s e c t i o n  2 -(Figure--17) . I *  There was t i g h t  c o n t a c t  
between t h e  f u e l  and t h e  sheath.  The appearance of t h i s  
s e c t i o n  was s i m i l a r  t o  t h a t  of undefected f u e l  elements i r r a -  
d i a t e d  t o  a s i m i l a r  burnup, i n  which the  c e n t r a l  void has  
been completely f i l l e d ( 4 ) .  
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U 3 S i  - Element APZ 

Examination of s e c t i o n  4 (Figure 20) showed a star-shaped 
cor ros ion  a rea  s i m i l a r  t o  t h a t  i n  f u e l  element MJK, the  
cor ros ion  product having completely f i l l e d  i n  the  c e n t r a l  
void. There was a l s o  a cor ros ion  l aye r  on the  outer  
diameter (O.D.) of t h e  U3Si, t h e  maximum th ickness  of which 
was 80 microns (Figure 2 1 ) .  

Under the  cor ros ion  product on the  O.D. of t h e  f u e l ,  t he re  
was a l aye r  of white phase, and some of t he  U 3 S i  around the  
U 3 S i 2  p a r t i c l e s  near the  co r ros ion  f r o n t  was darker than 
the  bulk  of t he  U3Si (Figure 2 2 ) .  

The same white phase seen i n  M J K  was p re sen t  a s  a broken 
r i n g  wi th in  the  f i n a l  co r ros ion  product  a t  t he  center of 
the  f u e l  (Figures  20 and 23 ) .  From i t s  pos i t i on ,  it seems 
probable t h a t  t h e  r i n g  had been formed on the  su r face  of t he  
c e n t r a l  void o r i g i n a l l y  p r e s e n t  i n  t h e  f u e l ,  b u t  it i s  
unce r t a in  haw t h e  cor ros ion  product  g o t  i n s i d e  the  r i n g  
wi thout  breaking it up. The white phase was a l s o  p r e s e n t  
a t  t h e  co r ros ion  f r o n t  (Figure 24) .  Also p resen t  a t  t he  
cor ros ion  f r o n t  was a dark band s i m i l a r  i n  appearance t o  
t h e  "X" phase seen i n  f u e l  element MJK. 
p a r t i c l e s  ahead of t h e  cor ros ion  f r o n t  had the  dark phase 
a s soc ia t ed  wi th  them i n  a s i m i l a r  manner t o  those seen near 
the  cor ros ion  f r o n t  on t h e  f u e l  O.D. On e tch ing ,  t he  dark 
band was seen t o  c o n s i s t  of two phases (Figure 25) .  The 
darker  of t h e  two phases was c a l l e d  "X1" ,  and t h e  o the r  "X2" .  
The " X l "  phase was t h e  one a s soc ia t ed  wi th  the  U3Si2 p a r t i c l e s  
ahead of t h e  main co r ros ion  f r o n t .  There w e r e  c racks  i n  the  
''X2'' phase and i n  the  U 2 S i 2  i n  it. Within the  f i n a l  corro- 
s i o n  product  t h e r e  w e r e  p a r t i c l e s  c o n s i s t i n g  of the  white  
phase and t h e  llX2I1 phase (Figure 25) .  

Some of the  U3Si2 

I n  s e c t i o n  5 (Figure 26) t h e r e  was again cor ros ion  both a t  
t h e  cen te r  and a t  t h e  O.D. of the  f u e l .  The cor ros ion  
products  a t  t h e  f u e l  O.D. showed the  same f e a t u r e s  a s  w e r e  
seen i n  s e c t i o n  4. The c e n t r a l  cor ros ion  z rea  was c i r c u l a r  
i n  shape (Figure 26) ,  and t h e  same phases w e r e  p re sen t  a s  i n  
s e c t i o n  4. However the  "X2"  phase was p re sen t  a s  a t h i c k  
(1.5 mm) l aye r  (Figure 2 7 ) .  There was heavy c i r cumfe ren t i a l  
cracking of the  "X2" phase i t s e l f  and of the  U 3 S i 2  p a r t i c l e s  
w i th in  it (Figure 2 8 ) .  A t  the  i n t e r f a c e  of the  "X2" phase 
wi th  the  main cor ros ion  product  t h e r e  was a l aye r  of the  
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w h i t e  phase. Within the  main cor ros ion  product t h e r e  w e r e  
p a r t i c l e s  c o n s i s t i n g  of the  white phase and the  "X2"  phase 
(Figure 29 ) .  

5. DISCUSSION 

A t  l e a s t  one of the  two ruptured  U3Si elements i r r a d i a t e d  
by Huwe(3) remained a t  power (750 W/cm l eng th )  for  about 
3 days fol lowing t h e  d e t e c t i o n  of a f a i l u r e  by a r i s i n g  
s i g n a l  from the  gamma monitor. P o s t - i r r a d i a t i o n  examination 
showed t h a t  the d e f e c t s  i n  both h i s  elements had n o t  
propagated a s  much as  those i n  t h e  p re sen t  t es t  i n  which the  
elements w e r e  exposed for  s h o r t e r  t i m e s  fol lowing de tec t ion .  
I n  H o w e ' s  elements,  which w e r e  f a b r i c a t e d  by co-extrusion, 
t he  Zi rca loy  cladding was bonded t o  the  s o l i d  ( i .e.  no 
c e n t r a l  void)  U3Si core ( 3 )  . 
Metallographic examination of elements s i m i l a r  t o  M J K ,  a f t e r  
i r r a d i a t i o n s  ranging from 1600 t o  8400 EIWd/tonne U ,  showed 
t h a t  t h e  c e n t r a l  voids  w e r e  f i l l e d  i n ,  t h e  U3Si was cracked, 
and t h e  f u e l  and shea th  w e r e  i n  i n t ima te  c o n t a c t  and probably 
bonded(4) . Metallographic examination of element M J K  a f t e r  
t h e  p r e s e n t  t e s t  showed t h a t  the sheath was bonded t o  the 
f u e l :  we have t h e r e f o r e  assumed t h a t  M J K  was i n  t h i s  condi- 
t i o n  a t  t h e  s t a r t  of the defect tes t .  This  f u e l  shea th  bond 
res t r ic ted co r ros i an  a t  t h e  f u e l  O.D. t o  t h e  a rea  immedia- 
t e l y  under the de fec t ,  g ross  cor ros ion  and swel l ing  only 
occurred where the coolan t  gained access  t o  the  c e n t e r  of 
the f u e l .  I n  f u e l  element RPZ, w h e r e  there was no bond 
between the  shea th  and f u e l ,  t h e r e  was cons iderable  cor ros ion  
a t  the O.D.vof the  f u e l .  

No comparison i n  defect behaviour can be made between H o w e ' s  
elements and the  fresh element APZ of t h e  p re sen t  t es t  s ince  
the f u e l  and shea th  OS APZ w e r e  unbonded, permi t t ing  free 
access  of water t o  the  h o t t e s t  p a r t s  of t h e  f u e l  surrounding 
the c e n t r a l  void. However 1 a v a l i d  comparison i s  poss ib l e  
between Howe ' s elements and previous ly  i r r a d i a t e d  element 
MJK of the p re sen t  t es t  s ince  both  contained s o l i d  U3Si rods  
bonded t o  the  Zi rca loy  s h e a t h ( 3 t 4 ) .  

Resu l t s  from the  Phase I tes t  a r e  c o n s i s t e n t  wi th  the  
fol lowing suggested f a i l u r e  mechanism i n  element M J K .  During 
the  f i r s t  1 7  day test ,  t he  bonded shea th  confined a t t a c k  t o  
t h a t  U 3 S i  immediately under the  shea th  defect. Thus the  
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amount of cor ros ion  product  formed was small  and l i t t l e  o r  
no a c t i v i t y  was r e l e a s e d  t o  the  loop. The increase  i n  
production of 1-133 and Kr-88 (Table 2 )  dur ing the f i r s t  
three-week i r r a d i a t i o n  of specimen M J X  sugges ts  t h a t  t h e r e  
was an increase  i n  the  su r face  a rea  of uranium exposed from 
which f i s s i o n  products  could escape t o  the  coolan t .  This 
increas ing  t r e n d  f r o m  about 14 March was a l s o  noted on t h e  
DN monitor. A t  the  end of t h e  per iod,  enough cor ros ion  
product  had formed t o  cause a small  bump and a s p l i t  i n  the  
sheath (Figure 5 ) .  During the eleven-day per iod  of under- 
water s torage  between the two p a r t s  of the  t e s t ,  the  element 
cooled s u f f i c i e n t l y  f o r  water t o  be expected t o  pene t r a t e  
along cracks  i n  t h e  f u e l ,  N o  such long shutdown occurred 
i n  H o w e ” s  elements fol lowing the  defect. Expansion of t h i s  
water,  o r  the cor ros ion  product  formed from i t ,  caused the  
shea th  t o  s p l i t  e a r l y  i n  the  second p a r t  of the tes t ,  
Penet ra t ion  of water or steam t o  t h e  h o t t e r  c e n t r a l  f u e l  
reg ion  then r e s u l t e d  i n  a high co r ros ion  r a t e  and the large 
volume inc rease  of t he  cor ros ion  product  caused f u r t h e r  
crack propagation i n  the f u e l  and shea th  (Figure 6 ) .  The 
s p l i t  i n  the  f u e l  and shea th  reached i t s  f i n a l  s i z e  when 
s u f f i c i e n t  water had e n t e r e d  the  element t o  lower the f u e l  
temperature and -thus the co r ros ion  r a t e ,  l ead ing  t o  the 
reduced s lope  of the monitor s i g n a l s  near the end of the  
t es t  (Figure 3 ) .  

New element APZ d i f f e r e d  from M J K  i n  t h a t  the c e n t r a l  void 
was s t i l l  p r e s e n t  (and f i l l e d  w i t h  w a t e r ) ,  and the shea th  
was n o t  i n  c lose  c o n t a c t  with the  f u e l .  The following 
suggested f a i l u r e  mechanism of element APZ during Phase I1 
of the  t e s t  i s  c o n s i s t e n t  with t h e  monitor d a t a  (Figure 4 )  
and metal lographic  r e s u l t s .  For the  f i r s t  15 minutes 
following r e a c t o r  s t a r t u p ,  water was forced  ou t  of the  
defect hole  a s  a r e s u l t  of the change i n  s p e c i f i c  volume of 
t he  water and/or the  formation of steam. 
the c a l c u l a t e d  c e n t r a l  temperature surpassed the s a t u r a t i o n  
temperature of the  coo lan t  a t  the loop pressure  of 95 b a r s  
(Tsat x 308OC) and a l l  the  water i n s i d e  the  c e n t r a l  void 
turned t o  steam, A f t e r  about 15 minutes, probably when the  
r e a c t o r  power was r a i s e d  from 13 t o  23  MW, the  defect hole  
became blocked and a s  a r e s u l t  t he  DN monitor s i g n a l  dropped 
t o  background l e v e l .  I t  appears l i k e l y  t h a t  the defect hole 
was blocked by cor ros ion  product  s ince  c a l c u l a t i o n s  of 
d i f f e r e n t i a l  thermal expansion i n d i c a t e  t h a t  the f u e l  and 
shea th  would n o t  have come i n t o  complete con tac t  a t  t h i s  

During t h i s  per iod,  
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s t age .  During the  fol lowing 20 minutes, the  i n c r e a s i n g l y  
superheated steam caused considerable  f u r t h e r  cor ros ion  
of t h e  U3Si. 
r e s u l t e d  e i t h e r  from the  build-up of cor ros ion  product  and/or 
high i n t e r n a l  pressure  of steam i n  t h e  void. 
s i o n  of the  U 3 S i  continued u n t i l  the  r e a c t o r  was s h u t  down 
15 minutes l a t e r .  I t  appears poss ib l e  t h a t  cor ros ion  
product  hydrogen and other  gases  r e l e a s e d  a s  the  water i n  
the  void f l a shed  t o  steam w e r e  trapped i n  the upper end of 
the  s p l i t  element thus  prevent ing water from r i s i n g ,  and 
may be the  cause of the  reduced cor ros ion  i n  t h i s  a r ea  
(see Figure 7 ) .  

F i n a l  f a i l u r e  of t he  f u e l  cy l inde r  and sheath 

Fur ther  corro- 

The major d e f e c t s  which developed i n  these  elements ( i .e .  
p a r t  2 of Phase I and Phase 11) w e r e  c l e a r l y  i n d i c a t e d  by 
the  gamma and DN monitors s h o r t l y  a f t e r  r e a c t o r  s t a r t u p .  
W e  have es t imated  from monitoring da ta  t h a t  exposure t o  the  
coolan t  of an a rea  of 25 c m 2  of f u e l  f o r  MJK and 60 c m 2  f o r  
APZ had occurred i n  each element. This  was confirmed by 
examination of photomicrographs of element MJK which 
ind ica t ed  t h a t  about 1 7  c m 2  of U3Si w e r e  exposed t o  the 
coolan t  a t  the  end of t he  tes t ;  t h e  remainder of t he  r e c o i l s  
probably came from the  cor ros ion  product sur face  exposed 
t o  the  coolan t .  The c a l c u l a t e d  f r e e  sur face  of U 3 S i  i n  
element APZ was about 85 c m 2 ,  i n d i c a t i n g  t h a t  about three-  
q u a r t e r s  of t h e  sur face  was f r e e l y  access ib l e  t o  the  coolan t .  

Although a recognizable DN monitor s i g n a l  was obtained i n  
the  X-6 loop during the  f i r s t  p a r t  of the  Phase I tes t  (MJK), 
such a s i g n a l  would probably no t  be recognizable  i n  a power 
r e a c t o r  such a s  BLW-500. W e  have c a l c u l a t e d  t h a t  a recog- 
n i zab le  DN monitor s i g n a l  ( i . e .  t w i c e  background) should be 
obtained from about 1.5 c m 2  of exposed n a t u r a l  U3Si i n  
BLW-500 when the  r e a c t o r  has  the  minimum su r face  uranium 
contamination (1.5 x 10-8 g U / c m 2 ) .  
much less severe f a i l u r e  than those experienced i n  these  
loop tests (25 & 60 c m 2  exposed f u e l ) .  I n  the  X-6 loop, 
we es t imate  t h a t  1.5 cm2 of enr iched  (1.8 w t %  U235 i n  U )  
f u e l  exposed should g ive  a DN monitor s i g n a l  of about 1650 
cps. I f  t he  DN monitor curve recorded during Phase I had 
continued on a t  t h e  same exponent ia l  s lope ,  t h i s  s i g n a l  
(1650 cps)  would have occurred wi th  four  more days opera t ion  
a f t e r  the  shutdown on the  2 0  March (Figure 2 ) .  

This  corresponds t o  a 
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I n  comparison wi th  the defect behaviour of Howe' s elements,  
it appears a s  i f  the  r e a c t o r  shutdown a f t e r  p a r t  1 of 
Phase I (MJK) occurred a t  a c r i t i c a l  t i m e .  The 11 day 
cool ing per iod  f o r  element MJK j u s t  p r i o r  t o  p a r t  2 of 
Phase I appears t o  be the s i g n i f i c a n t  f a c t  i n  expla in ing  
the  r ap id  propagation of the d e f e c t  during the second 
s t a r t u p .  Had the prolonged shutdown not  occurred, it 
appears l i k e l y  t h a t  slow propagation of t he  defect i n  M J K  
would have continued, g iv ing  an increased  and f u l l y  recog- 
n izable  monitor s i g n a l ,  be fo re  a major shea th  s p l i t  occurred. 

The impl ica t ion  from both  phases of t h i s  t e s t  (and from 
H O w e ' s  e a r l i e r  r e s u l t s )  i s  t h a t  a defect which occurs during 
i r r a d i a t i o n  of a U3Si f u e l  element w i l l  no t  have se r ious  
effects  so long a s  the r e a c t o r  cont inues operat ion.  Should 
an extended shutdown occur,  or should a d e f e c t  be p resen t  
i n  a f r e s h l y  i n s t a l l e d  f u e l  element, i n g r e s s  of water i n t o  
the e l e m e n t  w i l l  increase the speed of f a i l u r e .  T h e  amount 
of water which e n t e r s  t h e  e l e m e n t  w i l l  probably d i c t a t e  
the speed of f a i l u r e ,  and t h i s  can be markedly reduced i n  
f r e s h  f u e l  by employing a bonded shea th  and/or s e a l i n g  the 
void volume p resen t  i n  t h e  element. Should ex tens ive  
cracking of U 3 S i  under i r r a d i a t i o n  be i n e v i t a b l e ,  there 
would always be the p o s s i b i l i t y  of some water-logging i n  a 
defected element subjec ted  t o  an extended shutdown, even 
i f  sheath and f u e l  w e r e  bonded, a s  i n  M J K .  

Should water-logging of a defected element occur, t he  e x t e n t  
of f a i l u r e  on subsequent r e a c t o r  s t a r t u p  can be minimized 
by reducing the  r a t e  of power a p p l i c a t i o n  t o  the f u e l .  A 
c l e a r l y  recognizable  s i g n a l  was obtained from the  water- 
logged element APZ i n  the  p re sen t  t e s t  a t  <15% of f u l l  
power. The s i z e  of the d e f e c t  corresponding t o  t h i s  s i g n a l  
i s  not  known, b u t  would be s i g n i f i c a n t l y  less than t h a t  
which u l t i m a t e l y  developed a t  f u l l  power. Thus, immediate 
shutdown of t he  r e a c t o r  and/or removal of f u e l  defects 
detected a t  less than 15% power on s t a r t u p ,  would probably 
avoid s e r i o u s  f a i l u r e  even i n  water-logged elements.  

The tes t  performed on APZ,  i . e .  d e l i b e r a t e  water-logging of 
a l a r g e  i n t e r n a l  void volume, followed by r a p i d  power 
app l i ca t ion ,  r ep resen t s  t h e  wors t  case i n  regards  of poss ib l e  
f u e l  f a i l u r e s .  Although major shea th  s p l i t s  occurred, the  
a c t i v i t y  r e l e a s e d  t o  t h e  coo lan t  decreased r a p i d l y  fol lowing 
r e a c t o r  shutdown. While a r e l i a b l e  measurement of uranium 
r e l e a s e  i s  n o t  poss ib l e ,  f o r  t he  reasons given i n  Appendix A, 
i t  appears t o  be of the order  of t e n s  t o  hundreds of m i l l i -  
grams. The q u a n t i t y  of uranium, depos i ted  i n  the primary 
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system of a l a r g e  r e a c t o r ,  which would i n t e r f e r e  wi th  
monitoring of f r e s h  d e f e c t s ,  has been es t imated  t o  be of 
t he  order  of 1 0  g ( 8 ) .  
s i o n a l  f a i l u r e  corresponding t o  t h a t  i n  APZ, while incon- 
venient ,  would not  be a major d i s a s t e r .  

Thus the  occurrence of an occa- 

The r e s u l t s  of t h i s  t e s t  show t h a t  i r r a d i a t i o n  does no t  
apprec iab ly  a f f e c t  the  cor ros ion  r a t e  of U 3 S i  a t  a tempera- 
t u r e  near 3OO0C,  i .e. a t  f u e l  sur face ,  (about 0.2 mg/cm2 h )  
b u t  demonstrates,  t h a t  a s  expected, t h e  cor ros ion  r a t e  
i nc reases  wi th  temperature. Using s e c t i o n  B of Figure 7 
t o  r e p r e s e n t  t he  maximum amount of cor ros ion  found, and 
assuming t h a t  a l l  the  U 3 S i  i n s i d e  the cor ros ion  f r o n t  has  
been consumed, we c a l c u l a t e  an average cor ros ion  r a t e  a t  

t o r y  r e s u l t s  a r e  a v a i l a b l e  under these  condi t ions  f o r  
comparison. I t  should be noted t h a t  f o r  cor ros ion  a t  t he  
cen te r  of a f u e l  element the  temperature of t h e  cor ros ion  
f r o n t  p rogres s ive ly  decreases ,  s ince  h e a t  i s  being e x t r a c t e d  
through the  r e l a t i v e l y  unaf fec ted  outer  sur face .  

a mean temperature of 5OOOC a s  6 x lo3  mg/cm 2 /h. N o  labora- 

The metal lographic  examination of the  elements MJK and APZ 
shows t h a t  t he  cor ros ion  r e a c t i o n  f o r  U3Si and water ,  o r  
steam, i s  a h igh ly  complicated one. Although it i s  impos- 
sible t o  g ive  a d e t a i l e d  explana t ion  of t h e  co r ros ion  
mechanism, a number of f e a t u r e s  a r e  apparent.  F i r s t l y ,  
co r ros ion  i n  both elements involved t h e  formation of i n t e r -  
mediate phases before  the  f i n a l  cor ros ion  products .  Secondly, 
the number of these  phases was no t  t he  same i n  the  two f u e l  
elements.  One phase which was common t o  the corroded a reas  
i n  both f u e l s  was t he  white phase. 
immediately ad jacen t  t o  the  f i n a l  cor ros ion  product  and a l s o  
wi th in  the  f i n a l  cor ros ion  product.  Work by D'Eye and 
Trowse(9) i d e n t i f i e d  a s i m i l a r  phase seen i n  U3Si corroded 
a t  3 O O O C  and above i n  steam and water ,  a s  pUSi2 .  The o ther  
in te rmedia te  phase "X" , seen i n  the  corroded a r e a s  of f u e l  
element MJK was darker  and e tched  more r e a d i l y  than  U 3 S i .  
Since the  boundary between t h e  "X" phase a n d . t h e  U3Si i s  
no t  a d i s t i n c t  l i n e ,  t he  "XIt phase may n o t  be a s e p a r a t e  
phase b u t  subs to ich iometr ic  U3Si, represented  by the  formula 
U ~ S ~ I - ~ .  By s i m i l a r  reasoning it i s  the  "Xl",  phase i n  
f u e l  element APZ which i s  subs to ich iometr ic  U3Si, ItX2", 

being a d i s t i n c t l y  d i f f e r e n t  phase s ince  it has d e f i n i t e  
boundary wi th  the  ' lXltt  phase. 
phase formed by cor ros ion  i n  the  s e c t i o n s  of f u e l  element 
APZ from p o s i t i o n s  remote from the d e f e c t  i s  no t  apparent.  

This  was always seen 

Why t h i s  should be the  major 
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Much of t he  preceding paragraph i s  suppos i t ion  and 
necessa r i ly  so  s ince  there has  been no thorough inves t iga-  
t i o n  of t he  cor ros ion  r e a c t i o n s  t ak ing  place out-reactor  
between U 3 S i  and water or  steam a t  temperatures comparable 
t o  those a t  the cen te r  of the  f u e l  during i r r a d i a t i o n .  
Since t h i s  information i s  lacking  it i s  n o t  poss ib le  t o  
account f o r  t h e  d i f f e r e n c e s  i n  cor ros ion  behaviour of t h e  
two f u e l  elements. 

I n  none of the specimens examined was there evidence t o  
i n d i c a t e  t h a t  cor ros ion  of the  U3Si causes a marked hydro- 
gen pick up by the Zi rca loy  sheath.  

6. CONCLUSIONS 

1. 

2. 

3 .  

4. 

5 .  

6. 

The major shea th  f a i l u r e s  i n  both elemencs ( M J K  and APZ)  
r e s u l t e d  from i n t e r n a l  p re s su res  caused by t h e  build-up 
of cor ros ion  products  i n  t h e  h o t t e s t  p a r t  of t h e  f u e l ;  
build-up of steam pressure  i n  element APZ may a l s o  have 
been a c o n t r i b u t i n g  f a c t o r  i n  the f a i l u r e .  

The i n g r e s s  of water i n t o  c racks  i n  the  f u e l  i n  element 
M J K  during an 11-day underwater cool ing  per iod  was the 
cause of the r a p i d  propagation of the defect i n  t h i s  
element on r e - i r r a d i a t i o n .  

The co r ros ion  r e s i s t a n c e  of U 3 S i  a t  3OOOC i s  n o t  
s e r i o u s l y  a f f e c t e d  by i r r a d i a t i o n  b u t  the  co r ros ion  
r a t e  i n c r e a s e s  r a p i d l y  w i t h  temperature.  

T h e  cor ros ion  r e a c t i o n  f o r  U 3 S i  and high temperature 
water/steam i s  a h igh ly  complicated one, i n  which 
in te rmedia te  cor ros ion  products  a re  formed. 

U3Si i s  capable of g iv ing  off  s t rong  gamma and DN 
monitor s i g n a l s  from f i s s i o n  products  which have a 
s h o r t  h a l f  l i f e .  

These two s e r i o u s  f a i l u r e s  d id  n o t  r e s u l t  i n  a l a r g e  
r e l e a s e  of uranium t o  t h e  loop. 
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APPENDIX A 

CHEMICAL AND RADIOCHEMICAL RESULTS 

G,M. A l l i son  

1. COOLANT CHEMISTRY 

1.1 Phase I 

The coo lan t  was t o  con ta in  10-12 mg NH3/kg during both  
phases of t he  i r r a d i a t i o n .  However, during the  f i r s t  
t h r e e  days of Phase I ,  March 4-7, 1967 (element M J K ) ,  t he  
ammonia concent ra t ion  i n  the  pressurized-water coolan t  
var ied  from 100 t o  1800 mg/kg because of a malfunction of 
the  ammonia-addition equipment. Good ammonia c o n t r o l  was 
maintained f o r  t he  remainder of t h i s  phase (March 7-20). 
During the  second per iod  t h a t  element M J K  was i n  the  loop 
( f i v e  hours on March 31, 1967) the  ammonia concent ra t ion  

was the  p re sc r ibed  1 2  mg/kg. 

For s e v e r a l  hours p r i o r  t o  the  r e a c t o r  s t a r t u p  i n  Phase I 
(3  March) the  loop water was degassed i n  order  t h a t  
hydrogen product ion could be followed when the  i r r a d i a t i o n  
began. During r e a c t o r  ope ra t ion  wi th  t h e  loop i n  the  
pressurized-water mode degassing cannot be done convenient ly  
or e f f i c i e n t l y ,  so  gases  produced by r a d i o l y s i s  of ammonia 
w e r e  allowed t o  b u i l d  up t o  an equi l ibr ium l e v e l .  Af te r  
four  hours '  i r r a d i a t i o n ,  the H2 and N 2  concent ra t ions  a t  
t he  t e s t  s e c t i o n  i n l e t  had reached 1 0  and 3 cm3/kg respec- 
t i v e l y ;  the  equi l ibr ium concent ra t ions  appeared t o  be 
18 cm3H2/kg and 6 cm3N2/kg0 When the  loop operated i n  the 
b o i l i n g  mode t h e  steam from the sepa ra to r  was degassed i n  
the  degassing condenser g iv ing  i n l e t  Ha concent ra t ions  
between 0.5 and 1 cm3/kg. 

1 . 2  Phase I1 

Theammoniaconcentration a t  t h e  beginning of Phase I1 was 
2 8  mg/kg which would soon have decreased under i r r a d i a t i o n  
t o  the  s p e c i f i e d  1 2  mg/kg. However, the  i r r a d i a t i o n  was 
terminated a f t e r  about 50 minutes due t o  severe f a i l u r e  of 
the  defec ted  element, A P Z .  

c 
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2 .  F I S S I O N  PRODUCT RELEASE 

F i s s i o n  products  w e r e  p re sen t  i n  the coolan t  from two 
sources:  

1) uranium contamination on the  ou t s ide  of the  
f u e l  shea ths  and on the pressure  tube 

2 )  the defec ted  element i t s e l f .  

An inc reas ing  f i s s i o n  product l e v e l  would i n d i c a t e  propa- 
ga t ion  of the d e f e c t ,  i . e . ,  an increase  i n  the a rea  of 
uranium exposed t o  the  coolan t  and an e a s i e r  escape path 
t o  the  coolan t .  

2 . 1  Phase I 

During t h e  f i r s t  p a r t  of the Phase I i r r a d i a t i o n  of element 
M J K ,  the  f i s s i o n  product gas  Kr-88 was measured r e g u l a r l y  
i n  the loop coo lan t  t o  i n d i c a t e  defect propagation. For the 
p res su r i zed  water opera t ion  (no degassing) it was assumed 
t h a t  equi l ibr ium condi t ions  preva i led ,  i.e . , the  f i s s i o n  gas  
produced i n  the coo lan t  i n  the  t es t  s e c t i o n  (atoms/s) was 
equal  t o  loss by r ad ioac t ive  decay ( t o t a l  d i s i n t e g r a t i o n s  
per  second i n  the c o o l a n t ) .  For b o i l i n g  opera t ion  w i t h  
e f f i c i e n t  degassing a balance across  t h e  test  s e c t i o n  was 
made by measuring Kr-88 i n  water a t  the t es t  s e c t i o n  i n l e t  
and i n  water and steam from the sepa ra to r  a t  the  o u t l e t .  
From the  d i s i n t e g r a t i o n s  per second per gram of coo lan t  
measured and the p e r t i n e n t  flow r a t e  (grams/second) , t h e  
production of Kr-88 (atoms/s) i n  the  t es t  s e c t i o n  coo lan t  
was ca l cu la t ed .  

The r e s u l t s  i n  Table 2 show t h a t  p r i o r  t o  the March 16 
samples, the Kr-88 production r a t e  was n o t  i nc reas ing  and 
was e s s e n t i a l l y  the same a s  t h a t  found i n  the previous t es t  
without  defec ted  f u e l .  A t  some t i m e  between March 10 and 
16 an increase  i n  Kr-88 production occurred. 

Radioiodine measurements w e r e  a l s o  made and a f a c t o r  of two 
increase  i n  1-133 production occurred between March 14 and 
20.  Combined wi th  the Kr-88 da ta  t h i s  would i n d i c a t e  the  
d e f e c t  s t a r t e d  t o  en large  between March 14 and 16. 

During t h e  s h o r t  second per iod  of i r r a d i a t i o n  of element 
M J X  on March 31 when f a i l u r e  occurred, no q u a n t i t a t i v e  radio-  
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c 
chemical measurements were made. However, gamma s p e c t r a  
of t h e  loop coolan t  w e r e  taken with a G e ( L i )  spectrometer 
which showed a very complex mixture of shor t - l ived  
y-emitt ing nuc l ides  wi th  more than 2 0  well-defined photo- 
peaks. The very high a c t i v i t y  i n  the  coolan t  and the  
s h o r t  i r r a d i a t i o n  t i m e  l i m i t e d  the  work done b u t  i t  was 
obvious t h a t ,  un l ike  f a i l u r e s  i n  UO2 f u e l ,  the  f i s s i o n  
gases  and iod ines  wi th  h a l f - l i v e s  g r e a t e r  than 2 hours d i d  
no t  dominate the spec t r a .  

2 .2  Phase I1 

Defected element APZ only rece ived  about 50 minutes of 
i r r a d i a t i o n  before  the  tes t  was terminated due t o  high 
a c t i v i t y  r e l e a s e .  Again no q u a n t i t a t i v e  radiochemical 
measurements could be made and the  comments regarding the  
f a i l u r e  of element MJK above a l s o  apply here .  

3 .  URANIUM RELEASE FROM THE FAILURES 

During the  i r r a d i a t i o n  of t he  defec ted  elements and during 
per iods  between tests when t h e r e  was no f u e l  i n  the  loop, 
t he  coo lan t  was analyzed f o r  uranium t o  see i f  any r e l e a s e  
was ind ica ted .  The uranium was determined by a f l u o r i m e t r i c  
method and the  l i m i t  of d e t e c t i o n  was 2 vgU/kg of coolan t .  
Resu l t s  a r e  given i n  Table 2 .  S i g n i f i c a n t  amounts w e r e  only 
found a f t e r  t he  Phase I1 f a i l u r e .  Assuming t h e  mass of 
flowing water i n  the  loop t o  be 110 kg, the  maximum uranium 
ind ica t ed  i n  the  coolan t  was I 2 O  llo or 1 3  mg. 

103 

Another i n d i c a t i o n  of uranium r e l e a s e  i s  obtained by measuring 
Kr-88 i n  the  coolan t  during t h e  per iods  a f t e r  t he  f a i l u r e s  
when the re  was no f u e l  i n  the  loop. Some f r a c t i o n  of any 
uranium r e l e a s e d  t o  the coolan t  w i l l  d e p o s i t  on the  w a l l s  of 
t he  tes t  s e c t i o n  and, when i r r a d i a t e d ,  w i l l  produce f i s s i o n  
products.  Kr-88 was used a s  a measure of t h i s  deposi ted 
uranium based on the  fol lowing assumptions: 

a )  the  uranium was spread evenly and t h i n l y  over 

b) one-half of t he  f i s s i o n  r e c o i l s  en te red  t h e  

c )  average thermal neutron f l u x  = 4.5 x n/cm2-s. 

t he  su r face  of t he  t e s t  s e c t i o n  

coo lan t  c 
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Resu l t s  expressed a s  mg U-235 a r e  given i n  Table 2 .  I t  
can be seen t h a t  i n  subsequent f u e l  tests under d i f f e r e n t  
chemistry condi t ions  the  amount of contamination i n  t h e  
t es t  s e c t i o n  r o s e  g r e a t l y .  This was probably due t o  move- 
ment of uranium from out-reactor  t o  in- reac tor  su r faces  
because of t h e  dis turbance caused by the  changing chemistry.  
I f  one assumes t h a t  the uranium moved was from the  U3Si 
f a i l u r e s  t h i s  would i n d i c a t e  t h a t  a t  l e a s t  80 mg of U 3 S i  
had been re leased .  However, t h i s  i s  a r i s k y  assumption 
s ince  the  loop had a l s o  been contaminated i n  t h e  p a s t  from 
U 0 2  f a i l u r e s .  

These r e s u l t s  cannot be used wi th  any c e r t a i n t y  t o  e s t ima te  
even minimum amounts of f u e l  r e l eased  from the  U3Si f a i l u r e s .  
Hawever, they do i n d i c a t e  t h a t  some r e l e a s e  d i d  occur. 

. .  
i. , I .: . .~ : ..e.. . .  

. . . - ... . - , , . . . ... .. 



D a t e  

23 February 1967 

3 March 1967 

6 March 1967 

9 March 1967 

12 March 1967 

15 March 1967 

18 March 1967 

19 March 1967 

20 March 1967 

21 March 1967 

31 March 1967 

TABLE 1 

GAMMA MONITOR DATA 

- - 

Moni t o r  L e  ve 1 
Gamma 
( CPm) 

625 

550 

600 

700 

650 

680 

650 

680 

680 

See Figure 4 

See Figure 3 

Remarks 

X-610 t e s t  i n  loop 

Specimen M J K  ( P a r t  1) 
i n s t a l l e d  

Scheduled removal of 
MJK 

Specimen APZ 

Specimen M J K  ( P a r t  2) 



TABLE 2 

SUMMARY OF CHEMICAL AND RADIOCHEMICAL RESULTS FOR PHASES I AND I1 OF X-616 TEST 

Date 
(Time ) 

2 1  February 

3 March 

9 March 

10 March 

14 March 

16 March 

20 March 

2 1  March 

2 1  March 

22 March 

23 March 

2 8  March 

30 March 

31 March 
(2245 h r s )  

1 Apr i l  
(0108 h r s )  

1 Apri l  

3 Apri l  

5 Apri l  

7 Apri l  

17 Apr i l  

1 2  May 

T e s t  

X-610 

X-616 Ph. I ( M J K )  
i n s t a l l e d  

X-616 Ph. I (MJK) 

X-616 Ph. I ( M J K )  

X-616 Ph. I ( M J K )  

X-616 Ph. I (MJK) 

X-616 Ph. I (MJK) 
removed 

X-616 Ph. I1 (APZ) 
i n s t a l l e d  & 
removed 

N o  f u e l  

N o  f u e l  

N o  f u e l  

N o  f u e l  

N o  f u e l  

X-616 Ph. I ( M J K )  
r e - in s t a l l ed  

X-616 Ph. I ( M J K )  

X-616 Ph. I (MJK) 
removed 

N o  fue l  

N o  f ue l  

N o  f u e l  

X-639 

X-610 Ph. I1 

Opera ti on 
Mode 

BW 

PW 

PW 

BW 

BW 

BW 

BW 

PW 

PW 

-- 
-- 
-- 

PW neu t r a l  coolant 

BW neu t r a l  coolant 

Kr-88 Production 
Rate (atoms/sec) 

2.3 x 107 

2 . 8  107 

2 . 1  io7 

6.0 x 107 

6.7 x 107 

-- 

Uranium Conc. 
i n  Loop Water 

(pg U/kg coolant)  

<2 
( s i x  samples) 

68 

120 
-- 
<2 

< 2  

3 

< 2  

U-235 
Contamination 

on Tes t  Section 
(mq U-235) 

0.02 
-- 

0.07 
-- 

0.05 

0.11 

1.5 

~ ~~ 

1-133 
Production Rate 

(atoms/sec) 

-- 
-- 

1.3 x l o 8  
-- 

2.5 x l o 8  

BW = boi l ing  water PW = pressurized water 



Figure  1 

D e t a i l s  of E lemen t s  MJK (Phase I )  and APZ (Phase 11) f o r  X-616 
APZ M J K  

R 
- 

E 

- 

E 
.- 
D 

- 

A 

- 237 

TOP M J K  

Zircaloy-2 
15.2 

- 

0.72 

APZ - 
Zircaloy-4 

15.2 
0.63 

Sheath - m a t e r i a l  
- OD (mm) 
- t h i c k n e s s  (mm) 

U3Si - OD (mm) 
- I D  (m) 
- l e n g t h  (mm) 
- l e n g t h  w i t h  EFS (mm) 

- S i  (wt%)  
- Carbon (ppm) 
- wt% ~ 2 3 5  i n  u 
- Heat t rea tment  

13.72 
n i l *  

130.4 
- 

13.80 
3.7 

129.5 
157.0 

4.0 

1.8 
800OC- 3 days 

375 

E 

- 

E 
- .  

D 

4.0 

1.8 
400 

800OC- 3 days 

mm 

Power Output a t  42 MW Reactor 
Power  (w/cm) 

700 770 

Burnup (MWd/tonne U )  

- s t a r t  of t e s t  
- end of t e s t  

5320 
5920 

new element  
-0 

EF: 
Defec t  diameter  (mm) 0.8 0.8 

* o r i g i n a l  vo id  (3.5 mm d i a . )  e n t i r e l y  f i l l e d  

D = d e f e c t  hole 

i n  dur ing  previous  i r r a d i a t i o n  
EFS = end f l u x  suppressor  of n a t u r a l  U3Si 

E = e n r i c h e d  U3Si s l u g  
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Figure  3 - Reactor  power, delayed neut ron  and gamma monitor r eco rd ings  f o r  
e lement  M J K  (Phase I ,  P a r t  2 )  
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1.  Corrosion product 

2 .  U 3 S i  

3 .  Hysol impregnant 

64 

-3 ” 

MET. SECTICX #3 
D(11657) 

. .  

. .  
. .  

F i g u r e  6 

Unpolished Sections of Specimen M J K  After Major Rupture 

Approx. Scale 5 nun 
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A (11653) / 

(MET. SECTION #4) 

. . - .  

DEFECT 

1 BOTTOM TOP 

\ 

\ 

F (11553) 

I 
.. . . 

I 

B (11655) C (11654) D (11651) 

(MET. SECTION # 5 )  

E (11557) 

I 

FIGURE 7 1. Corrosion product  
2. U3Si 
3. Hysol impregnant 

Unpolished Cross-Sections of Element APZ Af t e r  a Short  In-Reactor D e f e c t  T e s t  

Approx. Sca le  5 mm 

NOTE: Sec t ions  A, B, C & D a re  c u t  f aces .  Sec t ions  E & F a r e  ends of rods  
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Figure 8 HYDRIDE DISTRIBUTION I N  THE ZIRCALOY SHEATH FROM ELEMENT M J K  

Figure 8 A  (R-28-B8) 

Typ ica l  hydride d i s t r i b u -  
t i o n  a f te r  defect t es t .  

(Chem.  .pol ished)  

O.D. 

F igu re  8 B  (K-56-A1) 

Typical hydride d i s t r ibu -  
t i o n  i n  u n i r r a d i a t e d  sheath.  

( c h e m .  p o l i s h e d )  

Local area of r a d i a l  
hydride on O.D. and 
possible layer  on I . D .  

(Chem.  p o l i s h e d )  

O.D. 



SECTION #1 ELEMENT M J K  

F igure  9 

Corrosion 
de fec t .  

(R-28-C1) As Pol i shed  

a rea  near t h e  o r i g i n a l  

F igure  1 0  (R-28-CZ) A s  Pol i shed  

Corrosion l aye r  on the  U3Si 
per iphery  d i r e c t l y  under the  
d r i l l e d  d e f e c t .  

- U3Si 

F igure  11 (R-28-Cl3) Etched 

T igh t  con tac t  between the  U3Si 
f u e l  and Zi rca loy  shea th .  

c 



SECTION #1 ELEMENT M J K  

Figure  12 (R-28-C7) As Polished 

Corrosion f r o n t  a r e a  - g r e y  band 
(X phase) between U3Si and dark 
c o r r o s i o n  product .  

F igu re  13 ( R - 2 8 - C l l )  As Polished 

Cracked U3Si2 p a r t i c l e s  i n  the  
X phase and wh i t e  f i l amen t  phase 
a t  t h e  co r ros ion  f r o n t .  

i 

Figur 

. Simi l  
White 

'e 14 (R-28-C6) 

a r  a r ea  t o ,  Fi-g 
-pliase- p r e s e n t  

E t &  

- _  
ure 13. 
. a s  a I: 

. 

!d 

band. 
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SECTION #1 ELEMENT M J K  

Figure 15 (R-28-ClO) I 

- As Polished 

P a r t i c l e s  c o n s i s t i n g  
of the  w h i t e  phase and 
the X phase i n  outer  
po r t ion  of main corro- 
s i o n  product.  

Figure 16 (R-28-C9) 
- As Polished 

Par t i c  l e  s cons i s  t ing 
of white  phase only i n  
the cen te r  of the main 
cor ros ion  product.  



SECTIONS #2 & 3 ELEMENT MJK 

Figure  17 (R-28-B1) 

Sec t ion  2 (Etched)  

Cracking and l i g h t  e t c h i n g  zone. 

F igure  18 (R-28-B4) Etched 

Sec t ion  #2 - Dark band a long  t h e  
s i d e s  of c racks  i n  t h e  U3Si. 

. I  

Figure  19 (R-28-A1) 

Sec t ion  3 (Etched)  

. ' Cracking and l i g h t  

< *  

e t c h i n g  zone. 
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SECTION #4 ELEMENT APZ 

F igure  20 (R-27-A1) A s  Pol i shed  

Sec t ion  near t he  d r i l l e d  d e f e c t  
ho le  showing s t a r  shaped co r ros ion  
a rea  and c i r c u l a r  band of whi te  
phase. 

F igure  2 1  (R-27-A2) A s  Po l i shed  

Corrosion l a y e r  on t h e  ou t s ide  
diameter of t he  U3Si. 

F igure  22 (R-27-A4) Etched 

White phase l aye r  a t  t h e  i n t e r -  
f a c e  between the main c o r r o s i o n  
product  and t h e  U3Si. Some 
darkening of the U3Si around t h e  
U3Si2 p a r t i c l e s .  



SECTION #4 ELEMENT APZ 

Figure  23 (R-27-A10) Etched 

Broken r i n g  of white  phase i n  
the  c e n t e r  of t he  f i n a l  corro-  
s i o n  product .  

F igure  24 (R-27-Al2) As Pol i shed  

Dark phase and some white  phase 
a t  t he  main co r ros ion  f r o n t .  

F igure  25 (R-27-A7) Etched 

White phase and two dark phase 
(XI and X2). l a y e r s  a t  t he  main 
co r ros ion  f r o n t .  



SECTION #5 ELEMENT APZ 

Figure  26 ( R - 2 f - B l )  A s  Pol i shed  

Cen t ra l  co r ros ion  and c racks  
i n  s e c t i o n  away from the  d e f e c t .  

F igure  2 8  (R-27-B9) A s  Polished 

Cracked X2 phase con ta in ing  
some U3Si2 p a r t i c l e s .  
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