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ABSTRACT 

HIGH-TEMPERATURE IRRADIATION OF U02 -Be0 BODIES’k 

G. W. T i t u s ,  Aerojet-General Nucleonics 

J. H. Sa l ing ,  Ba t t e l l e  Memorial I n s t i t u t e  

A s  a p a r t  of t h e  ML-1 r e a c t o r  f u e l  e v a l u a t i o n  program, uo2 - 
B e 0  bodies  con ta in ing  two UO compositions,  7 0  and 80 w t %  UO , were 
i r r a d i a t e d  t o  a burnup equ iva len t  t o  8750 hours of ML-1 reacgor  
o p e r a t i o n  (8.5% U-235) .  It was e s t ima ted  t h a t  maximum cladding 
s u r f  ace  t e m p e r a t u r e s  of 1 7  10°F were a t t a i n e d  during i r r a d i a t i o n .  
Reference design burnup f o r  t h e  ML-1 i s  9.7% U-235, i n  10 000 hours 
of o p e r a t i o n  a t  maximum c l a d  s u r f a c e  temperatures of 1 7 5 0  F. Post-  
i r r a d i a t i o n  examination of t h e  t e s t  specimens r evea led  t h a t  t h e  
c l add ing  of one of t h e  80 w t %  UO -Be0 specimens had rup tu red  a f t e r  2 seve re  swe l l ing .  A l l  o t h e r  specimens showed l i t t l e  e x t e r n a l  e f f e c t  
from t h e  i r r a d i a t i o n .  F i s s i o n  gas  release from t h e  f u e l  v a r i e d  be- 
tween 0.59 and 2.7% except f o r  t h e  f a i l e d  specimen which r e l e a s e d  
about 69%. Considerable  change w a s  observed i n  t h e  m i c r o s t r u c t u r e  
of t h e  i r r a d i a t e d  specimens al though subsequent X-ray d i f f r a c t i o n  
examination d i d  no t  i n d i c a t e  s e r i o u s  damage t o  t h e  c r y s t a l  s t r u c t u r e  
of e i t h e r  t h e  B e 0  o r  U02.  The d a t a  obtained from t h i s  experiment 
are  i n  s u b s t a n t i a l  agreement wi th  t h a t  determined i n  i r r a d i a t i o n  

’ experiments performed a t  o t h e r  f a c i l i t i e s  (Refs.  1 and 2).** The 
performance of 70  w t %  UO - B e 0  w a s  considered t o  be s u i t a b l e  f o r  
use i n  t h e  ML-1 reactor . ’  This  work w a s  performed under Contract  
AT(10-1)-880 between Aerojet  and t h e  U. S. Atomic Energy Commission. 

2 

6 

*Published by Aerojet-General Nucleonics, San Ramon, C a l i f o r n i a  
>*References are  l i s t e d  a t  t h e  end of t h i s  r e p o r t .  

- v i i -  
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ARMY GAS-COOLED REACTOR SYSTEMS PROGRAM 

HIGH-TEMPERATURE IRRADIATION OF U02-Be0 BODIES* 

INTRODUCTION 

GENERAL: 

The ML-1 i s  a pro to type  gas-cooled,  mobile nuc lea r  power r e a c t o r  system 
designed by Aeroje t  under c o n t r a c t s  w i th  t h e  AEC Div is ion  of Reactor Develop- 
ment and t h e  U. s. Army. Reactor f u e l s  s e l e c t e d  f o r  t h e  pro to type  ML-1 f u e l  
elements were 70  w t %  UO -Be0 and s o l i d  U 0 2 .  
loy  X f u e l  p i n s  a r range3  i n  two concen t r i c  r i n g s  (F igure  1). 
i s  conta ined  i n  t h e  o u t e r  r i n g  of p ins ;  t h e  inne r  r i n g  of p ins  c o n t a i n s  s o l i d  
U02 fueA. A s  t h e  ho t  spo t  t e m p e r a t u r e  of t h e  f u e l  elements w a s  c a l c u l a t e d  t o  
be  1750 F, i r r a d i a t i o n  of t h e s e  f u e l s  w a s  performed a t  about t h i s  temperature .  

These f u e l s  are placed i n  Hastel- 
The UO -Be0 f u e l  2 

S t a t i c  capsu le  i r r a d i a t i o n s  were performed on bo th  f u e l s  t o  o b t a i n  
10,000 ML-1 ope ra t ing  hours  equ iva len t  burnup d a t a  under c l o s e  t o  r e a c t o r  t e m -  
peratures. The U - 2 3 5  burnups a n t i c i p a t e d  w e r e  3.5 atom% U-235 (U02);9.5 atom% 
U-235 (70  w t %  U02-BeO).  To o b t a i n  t h i s  in format ion  i n  a reasonable  l eng th  of 
t i m e ,  t h e  burnup w a s  a c c e l e r a t e d  t o  b e  a v a i l a b l e  i n  approximately 3000 hours  
of r e a c t o r  ope ra t ion .  (The UO i r r a d i a t i o n  was r epor t ed  ear l ie r  i n  Ref. 3*) 2 

The i r r a d i a t i o n  experiment r epor t ed  he re  was performed under t h e  j o i n t  
supe rv i s ion  of personnel  from Bat te l le  Memorial I n s t i t u t e  (BMI) and Aeroje t -  
General  Nucleonics (AGN). The capsu le  w a s  designed and f a b r i c a t e d  by BMI ,  t h e  
specimens by AGN, c apsu le  i r r a d i a t i o n  was performed i n  t h e  MTR, and t h e  pos t  
i r r a d i a t i o n  examination i n  t h e  Bat te l le  ho t  c e l l  f a c i l i t y .  

R e s u l t s  of t h i s  experiment i n d i c a t e  no major adverse  e f f e c t s  upon t h e  
f u e l  as a r e s u l t  of h igh  temperature ,  long d u r a t i o n  i r r a d i a t i o n .  

* Published by Aerojet-General  Nucleonics,  San Ramon, C a l i f o r n i a  
** References are l i s t e d  a t  t h e  end of t h i s  r e p o r t  
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I 

EXPERIMENTAL PROCEDURE: 

I r r a d i a t i o n  specimens were prepared a t  AGN using f u l l y  enr iched  (Spencer 
Chemical Co.) UO of 5 t o  40 micron pa r t i c l e  s i z e  and Brush Beryl l ium grade  
LOH b e r y l l i a  powier of 1 t o  3 micron par t ic le  s i z e .  Pre-dr ied ,  homogenized 
ceramic Be0 and UO powders were blended two hours  i n  V b lenders ,  w e t  mixed i n  
a s o l u t i o n  of water, c a s t o r  o i l  and CD108, then p a r t i a l l y  d r i e d  i n  a vacuum 
dry ing  oven.'  The p a r t i a l l y  d r i e d  material  w a s  g ranu la t ed  by being passed 
through a double sc reen  and f i n a l l y  d r i e d  and t h e  f i n e s  removed. 
u l e s  of approximately 20 mesh w e r e  formed i n  t h i s  t rea tment .  P e l l e t s  were 
co ld  pressed  from t h e s e  g ranu le s  i n  a Stokes F-4 press, then  s i n t e r e d  i n  hydro- 
gen a t  3000°F f o r  two hours.  
f o r  i n t e g r i t y  and dimensional  c o n t r o l .  P e l l e t  d e n s i t i e s  of 96-97% were ob- 
t a i n e d  from t h i s  process .  
a re  shown i n  Tables  1 through 3 below: 

2 

Small gran- 

A f t e r  t h e  pe l le t s  were c o o l ,  they were inspec ted  

Typical  chemical ana lyses  of t h e  U02 and Be0 powders 

TABLE 1 

TYPICAL SPECTROGRAPHIC ANALYSIS OF U02 CERAMIC 

GRADE POWDER FROM SPENCER CHEMICAL CO. 

Element E m  
C admi um 0.1 

Element .w!! 
I r o n  30 

I S i l i c o n  100 Nicke 1 10 

Boron 1 

Phosphorous 50 

Manganese 2 

Magnesium < 5 

Lead 2 

Chromium < 5  

A 1  umin um 10 

Molybdenum 3 

Tin 1 

Copper 3 

S i l v e r  0.1 
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TABLE 2 
TYPICAL ANALYSIS OF LOH GRADE Be0 
SUPPLIED BY BRUSH BERYLLIUM COO 

E 1 emen t 
Boron 

Aluminum 
Chromium 
Iron 
Lithium 

Mag n e  s ium 

ppm 
1.9 

130 

15 

20 

50 

< 500 

E 1 emen t 

Manganese 
Nickel 

Sodium 
Ca lc ium 

Si1 icon 

TABLE 3 

TYPICAL ANALYSIS OF U02-Be0 CERAMIC 

FUEL PELLETS (SPECTROSCOPIC) 

E 1 emen t 
Silver 
A1 uminum 
Boron 
Barium 

Bismuth 

Ca IC ium 
Cobalt 
Chromium 

Copper 
Iron 

ND = Not Detected 

ND < 1 

ND < 10 

10 

5 

E 1 emen t 
Lithium 
Magnesium 
Manganese 
Nickel 

Lead 

Silicon 

Tin 
S t r on t ium 

Zinc 

E!! 
13 0 

so 
3000 

50 

330 

uz! 
2 00 
10 

40 

20 

ND < 10 

ND < 10 

150 

ND < 10 

ND < 20 
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I. PREPARATION OF THE EXPERIMENT 

A. FUEL SPECIMEN PREPARATION 

The i r r a d i a t i o n  capsu le  employed a s t anda rd  double-walled des ign  
u t i l i z i n g  a helium h e a t  t r a n s f e r  b a r r i e r  i n  t h e  annulus between t h e  w a l l s .  
S i x  i r r a d i a t i o n  specimens supported by a n i c k e l  expanded metal  baske t  
were a l i g n e d  v e r t i c a l l y  i n  NaK and s e a l e d  i n t o  t h e  inne r  capsule ,  The 
i r r a d i a t i o n  specimens were prepared a t  AGN u t i l i z i n g  f u l l y  enr iched 7 0  and 
80 w t %  U02-Be0 pe l le t s .  
f u e l ,  c o n s i s t i n g  of f i v e  7 0  o r  80 w t %  U 0 2 - B e 0  p e l l e t s ,  0 . 1 4 5  inches i n  d i a -  
meter, 0.211 inches long enclosed i n  a 0 . 2 4 0  i nch  o u t s i d e  diameter ,  0.030 inch  
w a l l  Has t e l loy  X t ube  specimen (F igu re  2 ) .  Specimen ends were c losed  under a 
helium atmosphere wi th  press f i t  Eiastelloy X plug machined from wrought 
Has te l loy  X rod.  
l eak  checked a f t e r  welding. 
t h e  o u t s i d e  of t h e  pe l l e t s  and t h e  i n s i d e  of t h e  c l add ing  because of dimen- 
s i o n a l  v a r i a t i o n s .  Thin s e c t i o n e d ,  s t a i n l e s s  s t ee l  space r s  prevented t h e  
p e l l e t s  from touching t h e  end plugs.  A radiograph of s e v e r a l  specimens a s -  
sembled i n t o  t h e  c a p s u l e ,  p r i o r  t o  i r r a d i a t i o n ,  i s  shown i n  F igu re  3 .  

Each specimen assembly contained 1.056 inches of 

Each plug w a s  h e l i a r c  welded i n  p l a c e  and t h e  f i n a l  assembly 
A two t o  t h r e e  m i l  r a d i a l  gap was p resen t  between 

The specimens assembled i n t o  t h i s  experiment were of two f u e l  com- 
p o s i t i o n s ,  f o u r  of 7 0  w t %  U02-Be0 and two of 80 w t %  U02-BeO; t h e  7 0  wt% UO 
specimens contained 1 . 2 4  grams of U-235; t h e  80 w t %  UO 
1.74 grams. 

specimens con ta ine2  2 

I B. IRRADIATION CAPSULE DESIGN 

The i r r a d i a t i o n  c a p s u l e  w a s  designed t o  maintain t h e  cladding-  
0 

s u r f a c e  t e m p e r a t u r e  of t h e  peak-flux specimen a t  1.725 F by a combination of 
f i s s i o n ,  g a m a ,  and e lectr ical  hea t ing .  Standard double-wall  c o n s t r u c t i o n  of 
AIS1 Type 347 s t a i n l e s s  s tee l  was employed. The specimens were suspended i n  a 
n i c k e l  baske t  immersed i n  NaK. Details of t h e  c a p s u l e  are shown i n  F i g u r e  1 
and an assembLed view i s  shown i n  F igu re  4 .  

The capsu le  inne r  s h e l l  was 0.438 i nch  i n  i n s i d e  d i ame te r ,  0,900 
i nch  i n  o u t s i d e  d i ame te r ,  and 16-3/4 inches  i n  ,insi.de l eng th .  Three 1/16 inch  
o u t s i d e  diameter s t a i n l e s s  s t e e l - s h e a t h e d  magnesium ox ide - insu la t ed  Eanthal  
h e a t e r  elements w e r e  brazed i n t o  h e l i c a l  grooves machined on t h e  o u t e r  s u r f a c e  

http://insi.de


CAPSULE - U 0 2  SPECIMEN 
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RADIOGRAPH OF THE INNER SHELL OF CAPSULE 

FIGURE 3 
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DETAl LS OF CAPSULE MTR GCR-3 

FIGURE 4 
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of t h e  inne r  s h e l l .  Each h e a t e r  was r a t e d  a t  1 kw. A bottom plug, machined 
t o  a 1/8- inch w a l l  t h i c k n e s s  t o  f a c i l i t a t e  gas  sampling a f t e r  i r r a d i a t i o n ,  
w a s  welded t o  t h e  inne r  s h e l l .  A r e c e s s  was machined i n t o  t h i s  plug t o  engage 
a f i t t i n g  on t h e  bottom of t h e  specimen baske t  t o  maintain a x i a l  alignment of 
t h e  baske t .  The header was welded t o  t h e  inne r  s h e l l  i n  a h e l i u m - f i l l e d  dry 
box a f t e r  t h e  specimens and NaK were loaded. The thermocouple passed through 
a brazed double seal  i n  t h e  h e a t e r .  A t  t h i s  po in t  t h e  inne r  s h e l l  was r ad io -  
graphed (F igu re  2) and l e a k  checked. 

The AISI Type 347 s t a i n l e s s  steel  capsu le  o u t e r  s h e l l  was 0.970 
inch  i n  i n s i d e  d i ame te r ,  1.125 inches i n  o u t s i d e  diameter ,  and 18 inches i n  
i n s i d e  l eng th .  The header of t h e  inne r  s h e l l  was t o r c h  brazed t o  t h e  i n s i d e  
s u r f a c e  of t h e  o u t e r  s h e l l .  Heater leads passed through s l o t s  around t h e  
per iphery of t h e  header.  The brazed j o i n t  s e a l e d  t h e  helium annulus from t h e  
l e a d  tube.  The l - i n c h  o u t s i d e  diameter  A.ISI Type 3 0 4  s t a i n l e s s  s teel  l ead  
t u b e  was jo ined  t o  t h e  c a p s u l e  by an  adap te r  welded t o  t h e  t o p  of t h e  c a p s u l e ,  
The f i n a l  c l o s u r e  of t h e  o u t e r  c a p s u l e  was made by welding t h e  bottom t o  t h e  
o u t e r  s h e l l  i n  a h e l i u m - f i l l e d  dry box. This weld was a l s o  checked w i t h  a 
helium-leak d e t e c t o r .  

S i x  of t h e  seven thermocouples i n  t h e  c a p s u l e  were pos i t i oned  i n -  
d i v i d u a l l y  a t  t h e  midpoint of each specimen. The seventh w a s  l o c a t e d  a t  t h e  
u p p e r  end of t h e  f u e l e d  s e c t i o n  of t h e  falurth specimen from t h e  t o p  (Specimen 
6 )  i n  an a t t e m p t  t o  determine temperature  d i f f e r e n c e s  i n  t h e  specimen r e s u l t -  
i ng  from f l u x  p e r t u r b a t i o n .  The thermocouple on t h e  t h i r d  specimen from t h e  
top  (Specimen 4 )  w a s  i n o p e r a t i v e  a f t e r  t h e  capsu le  w a s  assembled. I n  a l l  
c a s e s  t h e  thermocouple beads were sepa ra t ed  from t h e  c l add ing  s u r f a c e s  by 
about 1 / 3 2  i nch  and were estimated t o  i n d i c a t e  temperatures  about 35 t o  40 F 
below t h e  c l add ing  t e m p e r a t u r e s .  The thermocouples were passed up  i n t o  t h e  
l e a d  tube  through t h e  h e a t e r  j u n c t i o n  and. w e r e  j o ined  t o  s t anda rd  thermocouple 
leadout  w i r e  w i t h  s p e c i a l  connectors .  

The l e a d s  from each of t h e  three l-kw capsule h e a t e r s  were con- 
nec ted  t o  i n d i v i d u a l  16-gage copper leadciuts i n  an  A1203 packed j u n c t i o n  i n  
t h e  l ead  tube.  The copper l eadou t s  were contained i n  a 1/4- inch-outs ide d i a -  
meter A I S I  Type 3 0 4  s t a i n l e s s  s teel  s h e a t h  packed w i t h  magnesium oxide.  The 
capsu le  h e a t e r s  were designed t o  meet a l l  requirements  f o r  e l e c t r i c a l  h e a t i n g  
wi th  two of t h e  t h r e e  h e a t e r s  o p e r a t i v e .  
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11. IRRADIATION HISTORY 

The i r r a d i a t i o n  of t h i s  capsu le  (des igna ted  as MTR-GCR-3) began i n  MTR 

nv. 
c o r e  p o s i t i o n  A-27-NE a t  t h e  beginning of cyc le  145. The reques ted  neutron 
f l u x  f o r  t h i s  p o s i t i o n  w a s  8.5 x d3 nv, t h e  quoted f l u x  was 4-8 x 
S t a r t u p  f o r  t h i s  c y c l e  was 19 September 1960, The capsu le  was i n i t i a l l y  
placed a t  t h e  bottom of t h e  p o s i t i o n  t o  provide f l e x i b i l i t y  f o r  movement t o  
a h igher  f l u x  by r a i s i n g  t h e  capsu le  i n  t h e  p o s i t i o n .  A s  t h e  a c t u a l  specimen 
temperatures were below t h e  des i r ed  ope ra t ing  l e v e l s  ( s e e  Table 4 )  t h e  cap- 
s u l e  was r a i s e d  7 inches  during t h e  subsequent r e a c t o r  shutdown. The thermo- 
couple  on specimen 4 ( t h e  t h i r d  specimen from t h e  top)  w a s  i n o p e r e t i v e  through- 
out  t h i s  c y c l e  (Table  4 ) .  

It became apparent  e a r l y  i n  c y c l e  146 t h a t  movement of t h e  capsu le  d i d  
not  g r e a t l y  improve t h e  specimen t e m p e r a t u r e  p a t t e r n  so t h a t  t h e  a u x i l i a r y  
hea t  r equ i r ed  t o  maintain t h e  temperature was cons iderably  more than a n t i -  
c ipa t ed .  T rans fe r  of t he  capsu le  t o  a h igher  f l u x  p o s i t i o n  w a s  reques ted  and 
scheduled t o  c o r r e c t  t h i s  s i t u a t i o n .  Shor t ly  a f t e r  dec id ing  t o  t r a n s f e r ,  how- 
eve r ,  a l l  spec imen  thermocouples but  one f a i l e d ,  and i t  was decided not  t o  
t r a n s f e r  t h e  capsu le  a s  movement might cause t h e  remaining thermosouple t o  
f a i l .  

Shor t ly  a f t e r  t he  beginning of c y c l e  147 t h e  remaining thermocouple 
f a i l e d  and t h e  a u x i l i a r y  hea t  input  had t o  b e  g r e a t l y  reduced. 

During t h e  shutdown fo l lowing  c y c l e  147 ,  e f f o r t s  w e r e  made t o  r e - e s t a b -  
l i s h  ope ra t ion  of t h e  thermocouples. This e f f o r t  w a s  p a r t i a l l y  success fu l  as 
two thermocouples opera ted  dur ing  c y c l e  148. One h e a t e r  f a i l e d  dur ing  c y c l e  
148 so t h a t  t h e  remaining h e a t e r s  were opera ted  a t  reduced power t o  main ta in  
h e a t e r  l i f e .  Peak-flux specimens attainecd a s u r f a c e  temperature  of approxi-  
mately 1700°F i n  c y c l e  149 wi th  a i d  of 20100 w a t t s  from t h e  a u x i l i a r y  h e a t e r s .  
A t t e m p t s  a f t e r  t h i s  c y c l e  t o  r e s t o r e  t h e  i n o p e r a t i v e  thermocouples were un- 
success fu l .  

Another h e a t e r  f a i l e d  a t  t h e  beginning of c y c l e  150 and t h e  remaining 
h e a t e r  had i n s u f f i c i e n t  ou tput  t o  main ta in  d e s i r e d  t e m p e r a t u r e  l e v e l s .  A s  t h e  
h e a t e r - c o n t r o l  thermocouple a l s o  f a i l e d ,  t he  remaining h e a t e r  was no t  opera ted  
f o r  t h e  du ra t ion  of t h i s  cyc le .  A surfacle t e m p e r a t u r e  of 1550 F without  
a u x i l i a r y  heatwas es t imated  f o r  t h e  peak-€lux specimen based upon e x t r a p o l a t i o n  
of previous t e m p e r a t u r e  d a t a ,  

0 



MTR 
Cycle 

145 

146 

147 

148 

149 

1 5 0 ~ ~ )  

15 1 

152 

153 

154 

F u l l  
Power 
Days 

18.2 

10.0 

18.0 

17.3 

25.6 

10.5 

14.5 

16.8 

16.5 

15.5 

Average 
E l e c t r i c  
Heat 
I n p u t ,  
Watts 

1550 

2200 

2300 

740 

2000 

- -  

Mean 

1425 

15 10 

1450(4) 

1310 

1540(6) 

1380(6) 

1380(6) 

1380(6) 

1380(6) 

1380(6) 

TABLE 4 

r I SUMMARY OF TEMPERATURE DATA FOR MTR GCR-3 IRRADIATTON EXPERIMENT 
I.. 

8 

Specimen Clad Surface Temperature, O F  

71 
T r- 3 11 6 13 10 

Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. M i n .  - - - - -  - - - - - - - - - m  

This  thermocouple f a i l e d  t h r e e  days a f t e r  t h e  s t a r t  of t he  cyc le .  

This  thermocouple f a i l e d  s i x  days a f t e r  t h e  s t a r t  of t h e  cyc le .  

These thermocouples f a i l e d  seven days a f t e r  t h e  s ta r t  of t h e  cyc le .  

This  thermocouple f a i l e d  s h o r t l y  a f t e r  t h e  r e a c t o r  s t a r t u p .  The h e a t e r s  w e r e  turned off f o r  t h e  remainder of t h e  cyc le .  

Heaters  f a i l e d  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  and remaining thermocouple f a i l e d  during cyc le .  

Estimated on the  b a s i s  of previous thermocouple data .  

n 

1385 1160 2 
1540 1425 
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During t h e  remaining fou r  i r r a d i a t i o n  c y c l e s ,  no informat ion  on specimen 
temperature  was a v a i l a b l e  and t h e  remaining h e a t e r  w a s  no t  opera ted .  The esti-  
mates of specimen t e m p e r a t u r e s  (shown i n  Table  4 )  were based upon ear l ie r  t h e r -  
mocouple d a t a  as t h e r e  was no reason t o  suspec t  g ross  changes i n  f l u x .  

The c a p s u l e  was discharged a t  t h e  te rmina t ion  of c y c l e  154, permi t ted  t o  
decay two weeks, and shipped t o  t h e  BMI Hot C e l l  F a c i l i t y  a t  Columbus, Ohio. 

Capsule ope ra t ion  l e f t  much t o  b e  d e s i r e d  as des ign  specimen temperatures  
were a t t a i n e d  f o r  only a smal l  po r t ion  of  t h e  t o t a l  i r r a d i a t i o n  t i m e .  However, 
t h e  es t imated  c ladding  t e m p e r a t u r e s  w e r e  maintained c l o s e  t o  ML-1 average c ladding  
temperatures  (/y 1550°F), even though hot  spo t  cond i t ions  were no t  dup l i ca t ed .  
Fue l  c e n t r a l  temperatures  were cons iderably  h igher  than those  p red ic t ed  i n  t h e  
ML-1 f u e l  element because of burnup a c c e l e r a t i o n .  
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111. POST IRRADIATION EVALUATIQN 

Post  i r r a d i a t i o n  eva lua t ion  of t h i s  capsu le  began s h o r t l y  a f t e r  t h e  
capsu le  a r r i v e d  a t  EMI.  The examination included t h e  fol lowing:  

Visua l  and dimensional examimation, 

Gamma scanning,  

Measurement of f i s s i o n  product gas  release, 

Burnup ana lyses ,  

Meta l lographic  examination, 

Chemical ana lyses ,  and, 

X-ray d i f f r a c t i o n  ana lyses .  

CAPSULE OPENING AND GAS SAMPLING 

The o u t e r  s h e l l  of t h e  capsu le  was removed us ing  a remotely oper- 
a t e d  p i p e  c u t t e r .  The inne r  capsu le  s h e l l  w a s  t hen  punctured and sampled f o r  
f i s s i o n  product gases  r e l e a s e d  by specimens during i r r a d i a t i o n  and t h e  gases  
c o l l e c t e d .  There w a s  evidence of f i s s i o n  product gas  release, i n d i c a t i n g  t h a t  
one o r  more specimens had f a i l e d  during i r r a d i a t i o n .  

The t o p  of t h e  inne r  capsu le  s h e l l  was next  removed and t h e  inne r  
s h e l l  immersed i n  b u t y l  al-cohol. This  s t e p  w a s  performed t o  react t h e  NaK 
hea t  t r a n s f e r  f l u i d  and remove it  from t h e  inne r  s h e l l .  Following t h i s  s t e p ,  
t h e  n i c k e l  specimen support  b a s k e t s ,  w i th  specimens s t i l l  a t t a c h e d ,  were re- 
moved and disassembled. Each specimen was c leaned  and i d e n t i f i e d  i n  prepar-  
a t i o n  f o r  v i s u a l  examination, 

B. VISUAL EXAMINATION 

Each specimen w a s  r i n s e d  i n  f r e s h  b u t y l  a l coho l ,  d r i e d  and tho r -  
oughly examined through a s t e r e o  microscope. I n  g e n e r a l ,  a l l  t h e  specimens 
appeared i n t a c t  and unchanged except specimen 11 (Figure  5) .  Th i s  specimen 
conta ined  80 w t %  UO -Be0 and t h e  c ladding  showed a l o n g i t u d i n a l  r u p t u r e ,  1/4 
inch  long over t h e  gue l  s e c t i o n .  An u n f a i l e d  specimen cons idered  t y p i c a l  of 
t h e  o t h e r  i r r a d i a t i o n  specimens i s  shown i n  F igu re  6. No swel l ing  o r  c racking  
could b e  d e t e c t e d  i n  t h e  c laddings  of t h e  o t h e r  f i v e  specimens. 
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SPECIMEN 11 CONTAINING Be0-80 WT % U02  IRRADIATED TO A N  AVERAGE 
BURNUP OF 5 x  1020 FISSIONS/cc AT A MAXIMUM CLAD SURFACE TEMPERATURE 
OF 1 750°F IN CAPSULE MTR GCR-3 

3x 
(a) Overall view of Specimen 1 1  showing swelling and rupture. 

Note the discolored area over the fuel section 

12x I4A 

(b) View of transverse and longitudinal cross sections of 
Specimen 1 1  showing central void i n  the fuel 

FIGURE 5 
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TYPICAL CONDITION OF UNFAILED SPECIMENS CONTAINING 
Be0-70 w t  % U 0 2  FROM CAPSULE MTR GCR-3 

3x 
(a) Specimen 10 irradiated to a burnup of 5 . 8 ~  1G0 fissions/cc at a 

maximum clad surface temperature of 151OOF 

12x 

(b) Specimen 10, transverse section, 
irradiated to a burnup of 5.8 X 
1020 fission/cc at a maximum clad 
surface temperature of 151 O°F. 

12x 

(c) Specimen 6 ,  transverse section, 
irradiated to a burnup of 6.4 X 
1020 fissions/cc at  a maximum 
clad surface of 16OOOF. 

FIGURE 6 
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C. GAMMA SCANNING 

A s  an i n i t i a l  s t e p  i n  determining specimen burnup, t h e  r e l a t i v e  
i n t e n s i t y  of gamma r a d i a t i o n  emi t ted  Erom each p in  w a s  determined as a func t ion  
of length .  The d a t a  from t h i s  ope ra t ion  w a s  c o r r e l a t e d  wi th  t h e  a n a l y t i c a l l y  
determined burnup (d iscussed  l a t e r )  t o  y i e l d  t h e  r e l a t i v e  burnup d i s t r i b u t i o n  
over t h e  l eng th  of t h e  i n d i v i d u a l  f u e l  specimen as w e l l  as the  v e r t i c a l  neut ron  
f l u x  d i s t r i b u t i o n  along t h e  c a p s u l e  length .  The 0 .717  Mev zirconium 95 photo 
peak w a s  used t o  o b t a i n  t h e  gamma i n t e n s i t y  p r o f i l e .  

D. MEASURENENT OF PHYSICAL DIMENSIONS 

The l eng th  and diameter of each specimen were measured b e f o r e  and 
a f t e r  i r r a d i a t i o n .  Dimensions were measured w i t h  s tandard f r i c t i o n  thimble 
micrometers. The accuracy of t h e s e  measurements has been s t a t e d  as I 0.0005 
inches .  The d a t a  obta ined  from t h e  present  specimens are  d isp layed  i n  Table  
5. From t h e  d a t a  i t  i s  evFderit t h a t  very  l i t t l e  change could be de t ec t ed  be- 
tween p r e -  o r  p a s t - i r r a d i a t i o n  measurements except  €o r  specimen ll. Consider- 
a b l e  swel l ing  w a s  apparent  i n  v i s u a l  examination of t h i s  specimen. This  
swel l ing  averages  15% d iame t ra l  incp-ease, 16% maximum. 

+ 

E. GAS SAMPLING OF IRRADIATION SPECIMENS 

Af te r  Length and diameter measurements w e r e  completed, t h e  f i s s i o n  
product gases  were removed from eacii specimen except specimen 11, and c o l l e c t e d  
f o r  a n a l y s i s  e 

Gama-ray and m a s s  spec t rographic  techn-iques w e r e  used i n  ana lyz ing  
t h e  specimens. The percent  of gas r e l e a s e d  from t h e  f u e l  specimen by f i s s i o n  
fragment r e c o i l  was c a l c u l a t e d .  

One m i l l i l i t e r  samples  were c o l l e c t e d  i n  g l a s s  v i a l s  f o r  gamma ray  
spectrography;  f o u r  samples were analyzed f o r  each specimen. In  t h e  a n a l y s i s  
technique  employed, t h e  i n t e n s i t y  of t h e  c h a r a c t e r i s t i c  
emi t ted  dur ing  t h e  r a d i o a c t i v e  decay O€ krypton-85 w a s  measured. A gamma-ray 
spectrometer  having a wel l - type  NaTiTh) crys ta l .  w a s  used i n  making t h e  measure- 
ment s. 

0.51 1"Iev gamma r a y  

For mass spec t rographic  a n a l y s i s ,  1 0 0 - m i l l i l i t e r  samples  were 
c o l l e c t e d  i n  g l a s s  v i a l s .  In t h i s  a n a l y s i s  only one sample  was analyzed f o r  
each specimen. I s o t o p i c  r a t i o s  f o r  krypton-83, krypton-84, krypton-85, and 
krypton-86 as w e l l  as xenon-131, xenon-132, xenon-134 and xenon-136 were es- 
t a b l i s h e d .  Prom t h e s e  d a t a ,  t h e  q u a n t i t y  C J ~  each i so tope  p resen t  was e s t ab -  
l i s h e d  and t h e  f r a c t i o n  of fission gas r e l e a s e d  from each specimen c a l c u l a t e d .  

The r e s u l t s  of t h e s e  ana lyses  are  shown i n  Table  6. The gas  re- 
lease i n  genera l .was  small except  € o r  specimen 11 where c ladding  r u p t u r e  and 
poss ib ly  c e n t r a l  c o r e  mel t ing  had occurred.  
from t h e  inne r  s h e l l  of t h e  capsu le  was assumed t o  have o r i g i n a t e d  from speci- 
men 11. 

A l l  of t h e  f i s s i o n  gas  c o l l e c t e d  



TABLE 5 

CHANGES I N  PHYSICAL DIMENSIONS AND WEIGHTS OF HASTELLOY X-CLAD 70 w t %  U 0 2 - B e 0  

AND 80 W t %  U02-Be0 SPECIMENS IRRADIATED I N  CAPSULE MTR GCR-3 

Change i n  Phys 'c  1 t.8 P r e i r r a d i a t i o n  Phys ica l  P o s t i r r a d i a t i o n  Phys ica l  
proper  t i es  ( a)  P r o p e r t i e s  (a) P r o p e r t i e s  

U02  Content ,  D i a m e t e r ,  Length, Weight, D i a m e t e r ,  Length, Weight, Diameter, Length, Weight, 
per  cen t  Spec imen w t Z  i n .  i n .  g i n .  i n .  p, 

3 70 0.2400 1.6180 7.8570 0.2412 1.6212 7.8606 0.5 0.2 < 0 . 1  

11 80 0.2400 i.5924 8.2268 0.2753 1,3YLL 8.2940 ij ( h )  < 0 .1  0.8 

4 70 0.2400 1.6210 7.9001 0.2412 1.6212 7.9043 0.5 < 0.1 < 0 . 1  

6 70 0 2400 1.6175 7.8555 0.2399 1.6160 7.8550 < 0.1 < 0.1  < 0.1 

13  80 0.2405 1.5990 8.1355 0.2407 1.5978 8.1271 < 0.1 < 0.1 

10 70 0.2420 1.6212 7.9152 0.2413 1.6108 7.9164 - 0.5 < 0 . 1  

.. -,,--a 

0 . 1  
71 

rt 
< 0 . 1  s 

( a )  Average of t h r e e  r ead ings  taken  f o r  each measurement. 3 
(b)  Maximum swe l l ing  which occurred  was 16%. 

H 
b 
? 
N . .  
03 
cn 
0 
0 
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TABLE 6 

FISSION GAS RELEASE DATA FROM HASTELLOY X-CLAD 70 wt% U02-Be0 
AND 80 Wt% U02-Be0 SPECIMENS IRRADIATED IN CAPSULE MTR GCR-3 

I 
N 
0 

I 

H 

Amount of Krypton-85 Released, (a) per cent Estimated Amount of Krypton-85 9 
Determined by Gamma-Ray Determined by Mass Released by Recoil, h, 

Spectroscopy per cent cn 

U02 Content, 
rn 
0 
0 

S pe c imen wt% Spectroscopy 

Capsule -- 
3 70 

- 11 80 

4 70 

6 70 

13 80 

10 70 

(a) Calculations were based on 
(Ref. 5) 

69 

2.8 

(Specimen ruptured) 

1 . 3  

1.5 

2 . 8  

0.62 

18 

2.2 

-- 

1.1 

1.2 

2.7 

0.59 

a krypton-85 fission yield of 0.293% (Ref. 

-- 

0.24 

0.24 

0.24 

0.24 

0.24 

0.24 

4) and a branching ratio of 0.36% 
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F.  FUEL BURNUP ANALYSIS 

The burnup ana lyses  determined w e x e  very c l o s e  t o  t h e  level e s t ab -  
l i s h e d  as t h e  10,000 hour ML-1 burnup va lue ,  is?., 9 . 7  atom% U-235. These 
va lues  were determined by performing cesiuui-137 and i s o t o p i c  burnup ana lyses  
upon i r r a d i a t e d  f u e l  from specimens 4 and IOe Data from t h e s e  ana lyses  were 
c o r r e l a t e d  wi th  t h e  g a m a  scan  performed earlier t o  0btaj.n a burnup va lue  f o r  
each specimen, The r e s u l t s  ob ta ined  from t h e  burnup ana lyses  and g a m a  scan  
c o r r e l a t i o n  are d i sp layed  i n  Table  7 .  

Approximately half  of a f u e l  specimen was u t i l i z e d  i n  performing 
t h e  a n a l y s e s ,  t h e  d a t a  obta ined  from such ail a n a l y s i s  is an average  f u e l  burn- 
up.  However, i t  should be noted i n  Table 7 t h a t  t h e  r a t i o  of s u r f a c e  t~ c e n t e r -  
l i n e  f u e l  burnup i s  about t h r e e  d i ~ e  t o  t h e  f u e l  enrichment csf these specimens. 

The i s o t o p i c  and cesium- i.37 ana lyses  were performed by P h i l l i p s  
Petroleum Company I Chemical Process ing  P l a n t  a t  NP.TS, Idaho. 

There w a s  good agreement between t h e  burnup v a l u e s  cb ta ined  by 
rad iochemis t ry  (Cs-137) and i s o t o p i c  analysi , . .  The latter t ccnniquc  i s  gene ra l -  
l y  cons idered  t h e  more accurate oE t h e  two i n  t h i s  i n s t a n c e ,  as cons ide rab le  
cesium migra t ion  can b e  expected a t  t h e  f u e l  tempesaCures encountered i n  
t h i s  i r r a d i a t i o n .  I n  t h i s  h s t s n c e ,  however, the c lose  agreament of t h e s e  
two techniques  i n d i c a t e d  t h a t  l i t t l e  c e s i u m  migra t ion  had occurred.  

Ca lcu la t ed  va lues  €os t h e  specimen c. ladding and c e n t r a l  f u e l  t e m -  
peratures a r e  based upon t h e  f i s s i o n  heat gene ra t ion  rates.  I n  g e n e r a l ,  t h e s e  
va lues  a re  s l i g h t l y  h igher  than temperatures measured dur ing  t h e  f i r s t  two 
i r r a d i a t i . o n  cyc le s .  This  m y  i n d i c a t e  a t ta i rmei i t  of h igher  t e m p e r a t u r e s  t han  
were recorded by t h e  thermocouples.  

G. METALLOGRAPH I C  S PEC INEN EXAM INAT I O N  

This  phase of t h e  capsu le  p o s t - l x r a d i a t i o n  examination w a s  performed 
upon t r a n s v e r s e  and l o n g i t u d i n a l  szct ioi l#s  of spec inens  4 ,  6 ,  L O ,  ( 7 0  w t %  UO -EeO), 
11 and 13 (80 wt% UO,-BeO). 
u n i r r a d i a t e d  specirne6s mounted i n  “Col-Weld” were examined. 

For cornpari,son, transverse seccioris of se lec te i  

The u n i r r a d i a t e d  s p e c i m e n s  were prepared f o r  microscopic  examination 
by g r ind ing  on 240, 400 and 600 g r i t  s i l i c o n  ca rb ide  paper ,  fol lowed by po l i sh -  
i ng  on a h igh  speed po l i sh ing  wheel covered wi th  l i n t l e s s  c l o t h ,  Po l i sh ing  w a s  
performed i n  a s l u r r y  of Linde A ,  3% Cr (3 and water .  These specimens were 
exaniined i n  t h e  as -pol i shed  cond i t ion  and a f t e r  s w a b  e t c h i n g  w i t h  a s o l u t i o n  
composed of 25 grams Ill3 FHF and 75 grams of hot  water. 

2 3  

4 
The i r r a d i a t e d  s e c t i o n s  were mounted i n  I j a k e l i t e  w i t h  r e s i n o i d  added 

t o  a i d  i n  f u e l  r e t e n t i o n .  A f t e r  mounting, each specimen w a s  ground on two 240 
g r i t  p a p e r s  w i t h  t h e  specimen under 40 pounds p r e s s u r e ,  fol lowed by g r ind ing  on 
two 400 g r i t  papers  under 30 pounds p r e s s u r e .  Final.  g r ind ing  w a s  accomplished 
on a s i n g l e  600 g r i t  paper w i th  20 pounds a p p l i e d  t o  t h e  specimen. 

All gr ind ing  was accomplished w i t h  water: l u b r i c a n t ,  I n i t i a l  po l i sh -  
ing  was performed on one micron diamond w i t h  kerosene l u b r i c a n t ;  f i n a l  pol . ishing 



Specimen 
Number 

3 

11 

b 

6 

13 

10 

UO Con ten t ,  
2 w t %  

70 

80 

70 

70 

80 

70 

TABLE 7 

IRRADIATION CONDITIONS AND EFFECTS OF WSTELLOY X CLAD 

70 AND 80  w t %  UO2-BeO FUEL PINS I N  CAPSULE MTR GCR-3 

Specimen Clad S u r f a c e  
Es t imated  Range 
of Tempera ture ,  

Based on Thermocouple 
Measurements, OF 

Mean Min. Max. 

1280 1570 1355 

- - -  

1480 1710 1520 

1330 1600 1425 

1310 1580 1380 

1275 1540 1325 

Average Specimen 
Tempera ture ,  F 

C a l c u l a t e d  From 
F i s s i o n  Heat 

Genera t  i o n  R a t  e ( a)  
Clad C e n t r a l  

S u r f a c e  Core(b) 

1480 2550 

0 

-- 

1450 2490 

1720 3020 

1740 3060 

1640 2860 

1610 2810 

F i s s i o n  Heat 
Genera t ion  

R a t e ,  
B t u / h r /  
Specimen 

1490 

1450 

1810 

1835 

1700 

1670 

Es t ima ted  Average Uranium-235 F i s s i o n  Burnup 

Cesium-137 I s o t o p i c  Per  c c  of Per c c  of 
A n a l y s i s  Ana lys i s  F u e l  P e l l e t ( d )  UO ( d )  

8.0") 6.9") 5.2 13 

5 . 5 ( 4  4.8") 5 .0  9.2 

Average F i s s i o n s  

atom% atom% x 1020 x 1 O 2 O  

9 . 8  8 . 4  6.3 16 

9 .9@) 8.5 6.4 16 ( c )  

6.5") 5.6"' 5.9 11 

9 .0  7 . 8  5 .8  15 

( a )  Based on f i s s i o n  and gamma, h e a t  g e n e r a t i o n  ra te ,  a d j u s t e d  t o  account  f o r  t h e  e l e c t r i c a l  h e a t .  

(b )  

( c )  Obta ined  by c o r r e l a t i n g  t h e  i s o t o p i c a l l y  de te rmined  burnups  w i t h  g a m a - s c a n  p r o f i l e .  

Based on a the rma l  c o n d u c t i v i t y  v a l u e  of 4 f o r  b o t h  70 and 80 w t %  U02-Be0.  

(d )  Based upon t h e  i s o t o p i c a l l y  de te rmined  burnup. The s u r f a c e  t o  c e n t e r l i n e  burnup r a t i o  w a s  c a l c u l a t e d  t o  be  about  3 w i t h  t h e  maximum 
c e n t e r l i n e  burnup abou t  30 x LO2' f i s s i o n s / c c  of U 0 2 .  

I 
N 
N 
1 

P 
-a 
0 
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waa done on Mic roc lo th ,  l u b r i c a t e d  w i t h  a s l u r r y  of 2% Bichromic a c i d .  Each 
p o l i s h i n g  r e q u i r e d  approximately f o u r  hours t o  complete. 
ammonium b i f l u o r i d e  and hydrogen f l u o r i d e  w a s  used t o  e t c h  t h e  BeO; a s u l p h u r i c  
acid-hydrogen peroxide m i x t u r e  was used upon t h e  UO 
t h e  Has te l loy  X c l add ing  mace r i a l .  

A s o l u t i o n  of 

g l y c e r e g i a  was used on 2; 

Of t h e  specimens s e c t i o n e d ,  specimens 4 and 6 experienced t h e  high- 
est i r r a d i a t i o n  temperatures ,  and specimen 10. ope ra t ed  a t  t h e  lowest measured 
t e m p e r a t u r e .  Specimen 11 obviously experienced t h e  h i g h e s t  c e n t r a l  f u e l  t e m -  
p e r a t u r e s  as c e n t r a l  me l t ing  occurred i n  t h i s  specimen, 

Examination of t h e  UQ -Be0 f u e l  r evea led  r a d i a l  and c i r c u m f e r e n t i a l  2 crack’ing i n  a l l  f u e l  s e c t i o n s  observed. The composite views of t r a n s v e r s e  
s e c t i o n s  from specimens 6 and 10 shown i n  F i g u r e s  7 and 8 are t y p i c a l  of t h e  
c rack ing  found. 

Of t he  80 w t %  UO -Be0 specimens (11 and 1 3 ) ,  specimen 11 was damaged 
through c e n t r a l  me l t ing  whicfi r e s u l t e d  i n  major swe l l ing .  Th i s  caused f a i l u r e  
of t h e  c l add ing  as i l l u s t r a t e d  i n  F i g u r e  5 ,  Macrophotographs i l l u s t r a t i n g  t h e  
damaged areas a r e  shown i n  F i g u r e  9 and a l o n g i t u d i n a l  composite of t h e  melted 
area i s  shown i n  F i g u r e  10. Because of t h i s  f a i l u r e ,  t h e  o t h e r  80 w t %  UQ2-Be0 
specimen was s e c t i o n e d  t o  i n v e s t i g a t e  specimen i n t e g r i t y .  A microphotograph 
and l o n g i t u d i n a l  composite s e c t i o n  (F igu res  11 and 12) c l e a r l y  show t h a t  t h i s  
specimen appea r s  una f fec t ed  by t h e  exposure. 

In t h e  microscopic  e x a m h a t i o n  of t h e s e  specimens, i n i t i a l  s t u d i e s  
d e a l t  w i th  t h e  u n i r r a d i a t e d  f u e l  bod ie s .  M i c r o s t r u c t u r e s  observed i n  t h e  70  and 
80 w t %  UO -Be0 bodies  (Figure 13) show t h a t  r e l a t i v e l y  uniform d i s p e r s i o n s  were 
achieved $n b o t h  f u e l  l oad ings ,  a l though  t h e  UO phase appears t o  b e  t h e  primary 
phase i n  t h e  80 w t %  specimen. 2 

I n  g e n e r a l ,  t h e  major e f f e c t s  noted were: 

1) 
particles i n  the 70 w t %  U02 bodies, 

2) 
and vo id  formation a t  t h e  par t ic le  pe r iphe ry  i n  par t ic les  more c e n t r a l l y  
l o c a t e d ,  

The agglomerat ion of t h e  [J02 i n t o  l a r g e r  and appa ren t ly  d i scon t inuous  

Pore formation i n  U02 p a r t i c l e s  p o s i t i o n e d  c l o s e  t o  t h e  p e l l e t  edge 

’ 3)  The Be0 m i c r o s t r u c t u r e  was no t  g r e a t l y  changed, a l though i t s  e t c h i n g  
and p o l i s h i n g  behavior  appeared a l t e r e d  from u n i r r a d i a t e d  material. 

It was d i f f i c u l t  t o  d e t e c t  a s t r u c t u r e  i n  t h e  i r r a d i a t e d  Be0 through e t c h i n g .  
The same g e n e r a l  comments apply f o r  80 w t %  UO 
showed a tendency t o  s t r a t i f y  and form a cont%nuous phase. 

bod ie s  a l though t h e  U02 pa r t i c l e s  

The fol lowing s i g n i f i c a n t  p o i n t s  concerning t h e  pos t  i r r a d i a t i o n  
c o n d i t i o n  of t h e  f u e l  were r evea led  by a d e t a i l e d  s tudy of specimens c o n t a i n i n g  
bo th  f u e l  loadings:  Fuel  p a r t i c l e s  c l o s e  t o  t h e  s u r f a c e  of t h e  70 w t %  UO 
pel le t s  showed a c o n s i d e r a b l e  i n c r e a s e  i n  p o r o s i t y  (F igu re  13 i s  t h e  t y p i c a l  
p r e - i r r a d i a t i o n  c o n d i t i o n ,  F igu re  14 shows t h e  f u e l  par t ic les  a f t e r  i r r a d i a t i o n  
t o  8-9 atom% U-235 burnups).  Th i s  i n c r e a s e  i n  p o r o s i t y  i s  considered t o  have 

2 
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COMPOSITE OF A N  AS-PO SHED TRANSVERSE SECTION OF SPECIMEN 6 
(Be0-70 WT % U02) IRRADIATED TO A BURNUP OF 6 . 4 ~  1020 FISSIONS/cc 
AT A MAXIMUM CLAD SURFACE TEMPERATURE OF 160OOF 

FIGURE 50x 7 E! 
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COMPOSITE OF A N  AS-POLISHED TRANSVERSE SECTION OF SPECIMEN 10 
(BeO-70 WT Yo U02)  IRRADIATED TO A BURNUP OF 5 . 8 ~  1020 FISSIONS/cc 
AT A MAXIMUM CLAD SURFACE TEMPERATURE OF 1510OF 

50X 
FIGURE 8 
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CENTRAL VOID I N  SPECIMEN 1 1  

6X 

a. Transverse section of central void in  
specimen 1 1 ,  80wt% U02-Be0 fuel 

4x 
bo Longitudinal view of specimen 1 1 ,  

80wt% U02-Be0 fuel 

FIGURE 9 
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LONGITUDINAL SECTION THROUGH SPECIMEN 1 1  

1 3X 

26X 80wt% U02  - B e 0  PELLET, AS POLISHED 

FIGURE 10 
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PHOTOMICROGRAPHS OF 70 AND 80 w t  % U02-Be0 

250X 
70 wt% U02-Be0, Unirradiated and etched 

2 50X 
80 wt% U02-BeO, Unirradiated and etched 

FIGURE 13 = 



Typical appearance near outer surface. 
Note the cracks, and void distribution, 
The large voids were probably formed 
during fabrication. 

NOTE: AREAS SHOWN ~~~~ WERE NOT 
COVERED BY THE PHOTOMICROGRAPHS 

FIGURE 11 , PHOTOMICROGRAPH OF 80 WT % U02-Be0 SPECIMEN 13 
I 
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FIGURE 12. LONGITUDINAL SECTION THROUGH 70 WT % UO2-kO FUEL SPECIMEN 
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been caused by agglomeration of f i s s i o n  gas  voids ,  a l though agglomeration of 
t he  o r ig ina l  vo id  volume i n  t h i s  material may have cont r ibu ted  t o  t h e  post- 
i r r a d i a t i o n  appearance of t h e  p a r t i c l e s .  Also of i n t e r e s t  was t h e  change i n  
uo p a r t i c l e s  near p e l l e t  su r f aces  from an i r r e g u l a r  bu t  d i s t i n c t  p a r t i c l e  
ouz l ine  t o  an i n d i s t i n c t  o u t l i n e  ( see  F igure  14). 
p a r t i c l e s  toward e t chan t s  had changed considerably and i t  w a s  d i f f i c u l t  a f t e r  
i r r a d i a t i o n  t o  d e l i n e a t e  the  micros t ruc ture .  

The r e a c t i o n  of t hese  

2 Porosi ty  of f u e l  p a r t i c l e s  located more c e n t r a l l y  i n  the  70 w t %  UO 
d id  not appear g r e a t l y  a l t e r e d  from t h e  p r e - i r r a d i a t i o n  appearance (Figure 15 
shows typ ica l  views of c e n t r a l  p e l l e t  s t r u c t u r e s ) .  It can be  observed t h a t  
while the p a r t i c l e  edges were more r egu la r  than i n  un i r r ad ia t ed  specimens, t h e  
uo -Be0 in t e r f ace  w a s  more sharply def ined than t h a t  noted around particles 
c lose  t o  the p e l l e t  surface.  
d e f i n i t e l y  by etching i n  t h i s  more c e n t r a l  loca t ion .  The l a rge  voids  which 
appear a t  the  UO - B e 0  i n t e r f a c e  were not  observed i n  p re - i r r ad ia t ion  views. 

f i s s i o n  fragment bombardment, which pul led out during specimen preparat ion.  
Around the  edges of the  smaller  f u e l  par t ic les  a zone can be noted which might 
a l s o  have been caused by f i s s i o n  fragment damage. 

2 P a r t i c l e  micros t ruc tures  could be resolved more 

It is  possible  t i?l a t  t hese  were gas voids  o r  a very b r i t t l e  zone caused by 

The d i f f e rences  noted between p a r t i c l e s  loca ted  a t  edge and cen te r  
of f u e l  p e l l e t s  may be a t t r i b u t e d  t o  t h e  l a r g e  d i f f e rences  i n  burnup between 
the  two locat ions.  As i s  ind ica ted  in&igure 13 i n  a specimen which was ex- 
posed t o  an average burnup of 6.4 x 10 
p a r t i c l e s  on the  p e l l e t  su r f ace  received burnups of 30 x lo2’ f i s s i o n s / c c .  

f i s s i o n s / c c ,  i t  w a s  es t imated t h a t  

Microstructures  of t he  80 w t %  UO bodies  did not show t h e  edge- 
b o i i e s  (Figure 13 d i sp lays  a pre-  cen te r  d i f fe rences  observed i n  70 w t %  UO 

i r r a d i a t i o n  v i e w  of t h i s  f u e l  composition and Figure  16 shows p o s t - i r r a d i a t i o n  
views). It appears t h a t  some p a r t i c l e  agglomeration and a change i n  the  BeO- 
UO r e l a t i o n  had occurred. It appears t h a t  t h e  B e 0  phase had been in t e r rup ted  
wigh t h e  U 0 2  phase becoming dominant. 

2 

Large elongated voids  were found wi th in  t h e  f u e l  pel le ts  i n  speci-  
men 13. These appeared t o  have been caused by d e f e c t s  introduced during p e l l e t  
f ab r i ca t ion  r a t h e r  than melting (Figure 1 7 ) .  

The Hastel loy X cladding d id  not appear adversely a f f ec t ed  by t h e  
exposure. A cur ious formation observed (Figure 14) appeared t o  i n d i c a t e  ev i -  
dence of a r eac t ion  between the  cladding and f u e l .  Examination of t h e  cladding 
as etched, however, d id  not support  t h i s  i nd ica t ion ,  s ince  no r eac t ion  could be  
de tec ted  in  the  cladding micros t ruc ture .  There w a s  no evidence of t he  g r a i n  
boundary p r e c i p i t a t e s  which were observed i n  an e a r l i e r  experiment where s o l i d  
U02 contained i n  Hastelloy X w a s  the  inves t iga t ed  (Ref. 1). 

H. X-RAY DIFFRACTION 

Selected cross-sect ioned samples from specimen 6 (70 w t %  U02-BeO) 
and specimen 11 (80 w t %  UO -BeO) w e r e  removed, ground i n t o  a f i n e  powder and 
mounted for  X-ray d i f f r a c t i o n  s tud ie s .  
was prepared i n  a similar manner and t h e  r e s u l t s  of X-ray d i f f r acg ion  s t u d i e s  
compared with those  of t h e  i r r a d i a t e d  samples. 

2 An un i r r ad ia t ed  70 w t %  UO -Be0  specimen 

The r e s u l t s  of X-ray d i f f r a c t i o n  

i J 
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CONDITION OF UO2 PARTICLES NEAR OUTER EDGE OF FUEL PELLETS 
(Be0-70 WT % UO2 FROM CAPSULE MTR GCR-3. NOTE THE VOIDS IN 
THE U 0 2  PARTICLES BUT ARE LOCATED AT THE U02-Be0 INTERFACE 

AS-POLISHED 2 50X 

(a) Specimen 6 irradiated to a burnup of 
6 . 4 ~  1020 fissions/cc of pellet at a 
maximum clad surface temperature of 
16000F. Burnup of fuel particle 
near pellet surface estimated to be 
about 30x 1$O fissions per cm3 of 
uo2.  

AS- PO LI SH E D 250X 

(b) Specimen 4 irradiated to a burnup of 
6 . 3 ~  1$O fissions/cc of pellet a t  a 
maximum clad surface temperature of 
1 6OOOF 

AS-PO LI SHED 250X 

(c) Specimen 6 irradiated to a burnup of 6 . 4 ~  102' 
fissions/cc of pellet at a maximum clad surface 
temperature of 160OOF. FIGURE 14 
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CONDITION OF U 0 2  PARTICLES NEAR CENTER OF FUEL PELLETS (Be0-70 WT % UO2) 
FROM CAPSULE MTR GCR-3. NOTE VOIDS ARE NOT WIDENT IN THE U 0 2  PARTICLES 
BUT ARE LOCATED AT THE U02-Be0 INTERFACE 

AS-POLISHED 250X 
(a) Specimen 6 irradiated to a burnup of 

6,4x 1020 fissions/cc of pellet at a 
maximum clad surface temperature of 
1600OF 

AS-POLISHED 250X 
(b) Specimen 4 irradiated to a burnup of 

6 . 3 ~  1020 fissions/cc of pellet at a 
maximum clad surface temperature of 
16OOOF. Note voids at UO2-Be0 
interface 

ETCHED 250X 
{c) Specimen 6 irradiated to a burnup of 

6 . 4 ~  1020 fissions/cc of pellet at a 
maximum clad surface temperature of 
16OOOF 

AS-POL1 SHED 250X 
(d) Damaged portion of Specimen 4 

irradiated to a burnup of 6,3x 1$O 
fissions/cc of pellet at a maximum 
clad surFace temperature of 160OOF 

FIGURE 15 
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SPECIMEN 13 (Be0-80 WT % U02)  IRRADIATED TO A BURNUP OF 
5.9~ 1020 FISSIONS/cc OF PELLET AT A MAXIMUM CLAD SURFACE 
TEMPERATURE OF 1580OF 

AS-POLISHED 500X 

ETCHED 250X 1 
FIGURE 16 2 
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METALLOGRAPHS OF SPECIMEN 13 

The metallographs of specimen 13 (80 wt % 
UO2-BeO) illustrates the condition of the 
specimen. These voids probably orginated 
during fabrication of the specimen rather 
than as a result of irradiation 

35x 

FIGURE 17 
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mcasurements on specimen 6 (70 w t %  UQ -Bee) i n d i c a t e d  a n  average UO, c r y s t a l  
c o n t r a c t i o n  of 0.26% and a n  i n t e r n a l  s t r a i n  i n  t h e  ZJO c r y s t a l  of 0.18%. It 
should b e  noted t h a t  t h e s e  d a t a  r e f e r  t o  average c o n d i t i o n s  i n  t h e  f u e l  p e l l e t ;  
however, presence of t h e  l a r g e  burntip g r a d i e n t  e x i s t i n g  between Ehe edge and 
c e n t e r  of t h e s e  p e l l e t s  nay no t  b e  r e f l e c t e d  by t h e s e  r e s u l t s .  

2 L 

2 

The X-ray d i f f r a c t i o n  d a t a  were ob ta ined  w i t h  a s h i e l d e d  d i f f r a c t o -  
meter i i i  corpora t ing  a c r y  s t a1 -monochr oma Led d e t e c t  o r  l i t  i 1 i z  i ng e l e c t r o n i c  d i s  - 
c r imina t ion .  An inc reased  broadening of t h e  LJO' d i f f r a c t i o n  l i n e s ,  (111) ,  
( 2 2 0 ) ,  and ( 3 1 i )  w a s  observed. The broadening of t h e s e  l i n e s  was i n t e r p r e t e d  
t o  y i e l d  t h e  m i c r o s t r e s s e s  r e p o r t e d  above, No X-ray d i f f r a c t i o n  p a t t e r n  f o r  
Re0 could b e  ob ta ined  from t h e s e  specimens. It w a s  be l ieved  t h a t  t h i s  d i f f i -  
c u l t y  w a s  due t o  t h e  high U 0 2  l oad ing  and the. g r e a t e r  ser is ic i .vi ty  of a d i f f r a c t o -  
meter f o r  UQ than  BeO.  S p e c i a l  tretitment c;f t h e s e  specimens was r e q u i r e d  t o  
o b t a i n  a Specimen 7 w a b  e n t i r e l y  
consumed i n  previous experiments so  t h a t  specimen 3 (70 w t %  UO -BeO), which had 
r ece ived  an  ave rage  hornup of 5 .2  x lo2' f i s s i o n / c c ,  was used 1.n experiments t o  
determine t h e  Be0 p a t t e r n s .  I n  p repa r ing  these specimens, t h e  UO w a s  e x t r a c t e d  
w i t h  a i t r i c  a c i d  and the  Be0 remainiiig was c o l l e c t e d .  The p o s i t i o n s  atid 
b r e a d t h s  of Be0 X-ray d i f f r ac : t i on  l i n e s  ( l O O j ,  (002) and (101) and (110) were 
then  measured. It w a s  apparent  from t h e  r e s ~ l t s  t h a t  t h e r e  was a small i n c r e a s e  
i n  b r e a d t h  of t h e  d i f f r a c t i o n  l i n e s  of t h e  i r r a d i a t e d  Be0 which was i n t e r p r e t e d  
as l a t t i c e  s t r a i n  of 0.044%, Except f o r  this sinaI1 e f f e c t ,  t h e r e  w a s  e s s e n t i a l -  
l y  no change i n  t h e  i r r a d i a t e d  Be0 con ta ined  in specimen 3 .  Apparent ly ,  the  
volume of Be@ l o c a t e d  w i t h i n  r e c o i l  range of the  TJO p a r t i c l e s ,  which should 
have s u f f e r e d  severe l a t t i c e  damage, w a s  no t  s u f f i c i e n t l y  g r e a t  t o  a f f e c t  t h e  
o v e r a l l  r e s u l t s  of t h i s  s tudy  (F igu re  14) .  R e s u l t s  of EIhe X-ray d i f f r a c t i o n  
p a t t e r n s  of U 0 2  from 6 and 11 and zn u n i r r a d i a t e d  sample a re  shown ir. F i g u r e  18. 
P a t t e r n s  of i r r a d i a t e d  and u n i r r a d i a t e d  B e C  2x2 shown ir. F i g u r e  1 9  a 

L 

d i g f r a c t i o n  p a t t e r n  of the i r r i d i a t e d  BciO. 

2 

2 

2 
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FIGURE 18. X-RAY DIFFRACTION PATTERNS OF UO2 FROM SPECIMENS 6 AND 1 1 ,  CAPSULE MTR GCR-3 
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UNIRRADIATED 

I UNIRRADIATED 70 WT O h  U02-Be0 

I 

SPECIMEN 6, 70 WT Yo U02-Be0 
AVERAGE BURNUP OF ABOUT 16x lo2' 
FISSIONS PER crn3 OF UOp 

SPECIMEN 11,  70 WT 'Yo U02-BeO 
AVERAGE BURNUP OF ABOUT 16x 1$O 
FISSIONS PER cm3 OF UO2 
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On t h e  b a s i s  of v i s u a l ,  dimensional and microscopic  e v a l u a t i o n , t h e  UO - 
2 Be0 f u e l  wi ths tood  t h e  descr ibed  exposure w i t h  few apparent  de t r imen ta l  e f -  

f e c t s .  Meta l lographic  examination revea led  t h a t  t h e r e  was, i n  f a c t ,  damage 
t o  t h e  Be0 iannediately surrounding t h e  U02  p a r t i c l e s ;  t h a t  specimen 11 had 
f a i l e d  by what appeared t o  be c e n t r a l  c o r e  mel t ing ,  and t h a t  U02  p a r t i c l e s  
l oca t ed  c l o s e  t o  t h e  pe l l e t  s u r f a c e  had been seve re ly  damaged o r  des t royed .  
No o t h e r  obvious e f f e c t s  were noted i n  e i t h e r  t h e  meta l lographic  o r  v i s u a l  
examinations.  A comparison of p r e -  and p o s t - i r r a d i a t i o n  dimensional and 
d e n s i t y  measurements d i d  no t  i n d i c a t e  t h a t  s i g n i f i c a n t  swel l ing  had occurred 
as a r e s u l t  of t h i s  i r r a d i a t i o n  i n  any but  specimen 11. 

The resul ts  of thermocouple measurements and h e a t  gene ra t ion  calcula- 
t i o n s  i n d i c a t e  t h a t  specimen c ladding  s u r f a c e  t e m p e r a t u r e s  measured ranged 
between 1300° and 1650'F. 
men exposed t o  t h e  h ighes t  neutron f l u x  w a s  about 8.5 atom%, whi le  a spec i -  
men exposed t o  t h e  lowest f l u x  was determined as 4.8 atom%* 
a t i o n  of t h e  f u e l  showed t h e  presence of predominately r a d i a l  c racking ,  a l -  
though a tendency toward c i r c u m f e r e n t i a l  c racking  was observed. 

The average f i s s i o n  burnup of U-235 i n  t h e  speci- 

Macro examin- 

The release of gaseous fission p r o d u c t s  generated i n  t h e  f u e l ,  (aga in  
except f o r  specimen 11 which had experienced c e n t r a l  me l t ing ,  swel led and 
rup tu red  i t s  c ladding)  was q u i t e  s m a l l .  It w a s  assumed t h a t  a l l  t h e  f i s s i o n  
gas  de t ec t ed  w i t h i n  t h e  capsu le  c a v i t y  was r e l e a s e d  from specimen 11 s i n c e  
only t h i s  specimen had a c ladding  f a i l u r e .  

There i s  no obvious e x p l a n a t i o n , f o r  t h e  c e n t r a l  c o r e  void formed i n  t h e  
f u e l  pel le ts  of specimen 11. Surface  temperatures measured on t h i s  p a r t i c u -  
lar  specimen during t h e  e a r l y  i r r a d i a t i o n  c y c l e s  d i d  n o t  i n d i c a t e  s u r f a c e  
temperatures h igh  enough t o  suppor t  c e n t r a l  c o r e  mel t ing .  Unfor tuna te ly ,  a l l  
thermocouples f a i l e d  a f t e r  t h e  f i r s t  two i r r a d i a t i o n  c y c l e s  so  t h a t  t h e r e  was 
no a c c u r a t e  s u r f a c e  temperature  d a t a  a f t e r  t h i s  t i m e ,  Data based upon gamma 
scanning of t h e  specimens i n d i c a t e d  specimen 1 3 ,  a l s o  of 80 w t %  U02-Be0,to 
have been i n  a h igher  average temperature  than  specimen 11, y e t  t h e r e  w a s  no 
evidence of mel t ing i n  specimen 13. However, specimen thermocouples, when 
o p e r a t i v e ,  measured cons iderably  h igher  c ladding  temperature  on specimen 11 
than  on specimen 13. 

- .  .- . . .. . - . . . . . . . . . - - . . . . . . . . . . 
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Cen t ra l  f u e l  temperatures  were es t imated  f o r  two cases  t o  i n v e s t i g a t e  
t h e  cause of f a i l u r e :  I n  one c a s e  t h e  f u e l  p e l l e t  was cen te red ,  i n  t.he o t h e r  
c a s e  i t  r e s t e d  a g a i n s t  t h e  tub ing  wa l l  a t  cne p o i n t ,  
f u e l s  were i n v e s t i g a t e d  under capsu le  cond i t ions  f o r  comparison. The r e s u l t s  
of t h i s  s tudy ,  t a b u l a t e d  i n  Table  8 , i n d i c a t e  r e l a t i v e l y  high c e n t r a l  t empera -  
tures  i n  t h e  U 0 2  f u e l .  
t u r e s ,  cons iderably  lower than t h a t  r equ i r ed  t o  cause c e n t r a l  mel t ing .  

Pure U 0 2  and BeO-U02 

The BeO-U02  f u e l s  showed q u i t e  low c e n t r a l  tempera- 

TABLE 8 

TEMPERATURE DISTRIBUTION I N  FUEL SPECIMENS 
-- 

-- OP U 0 2 - m  BeO-U02  CAPSULES 

U02 Fue l  ( a >  

U 0 2  Fue l  ( b )  

80 w t %  U02-Be0 

70 w t %  U02-Be0 

( a )  P e l l e t  cen te red  

(b)  P e l l e t  i n  c o n t a c t  wi th  c ladding  

(c} S ide  no t  i n  c o n t a c t  w i th  c ladding  

F u e l  Cen t ra l  0 

-- T e m p .  F 

3925'F 

3854'F' 

2950 

2610 

Edge of p e l  
P e l l e t  . F 

229O0F 

2552") 

2280 

2060 

Cladding 
Temp . F 

1775'F 

0 

16 8.5 

1570 

A cornparison of mel t ing  po in t  vs  composition f o r  a range of UO -Be0 com- 
p o s i t i o n s  (F igure  20)  suppor t s  t he  con ten t ion  t h a t  t h e  es t imated  UO :Be0 
c e n t r a l  t e m p e r a t u r e s  are t o o  low t o  r e s u l t  i n  mel t ing .  I f  t h e  i n t e r n a l  
s t r u c t u r e  of t h i s  mixture  had changed i n  such a way t h a t  UO became t h e  ma t r ix  
r a t h e r  than  d i spe r sed  phase,  however, t h e  e i f e c t i v e  thermal  conduc t iv i ty  of 
t h e  mixture  would b e  g r e a t l y  reduced. The conduc t iv i ty  of t h e  body could be- 
come more comparable t o  t h a t  of U023where t h e  c a l c u l a t e d  temperature  was of 
s u f f i c i e n t  magnitude t o  cause  melt ing i n  a d i l u t e d  system. The post  i r r a d i -  
a t i o n  metallography suppor t s  t h i s  con ten t ion  t o  a g r e a t  e x t e n t ;  a s  shows i n  
F igu res  10 and 16 .  It a p p e a r s  from F igures  LO and 1 6  t h a t  t h e r e  has  been an 
agglomerat ion and s t r a t i f i c a t i o n  of 30 t o  form a cont inuous phase. 2 

2 

2 

The 70 w t %  U0, -Be0 f u e l  mel t ing  poip t  i s  s u f f i c i e n t l y  g r e a t e r  than t h e  
80 w t %  t o  prec lude  k i t i n g  wi th  a 70 w t %  UO -Re0 composition a t  t h e  c e n t r a l  
t e m p e r a t u r e s  es t imated  (F igure  20). 2 

Metal lographic  examination of f u e l  from t h e  70 w t %  UO -Be0 specimens re- 
vea led  a b r i t t l e  o r  e a s i l y  e tched  zone i n  t h e  Be0 immediately ad jacen t  t o  t h e  
U 0 2  p a r t i c l e s .  This  c o n d i t i o n  can be  observed i n  p a r t i c l e s  shown i n  F igu res  
14 and 15. This  cond i t ion  has  appa ren t ly  been caused by f i s s i o n  fragment 
damage t o  t h e  Be0 l a t t i c e  i n  these  a r e a s .  It w a s  no t  p o s s i b l e  t o  d e t e c t  t h e  
damage by  X-ray d i f f r a c t i o n  as it  i s  conf ined  t o  a n  extremely l o c a l i z e d  area 
and c o n s t i t u t e s  a very smal l  p ropor t ion  of t he  t o t a l  volume p resen t .  



Report No. I D 0  28600 -39- 

5000 

U 
0 
w 
Lul 
3 

4500 
ai 
L u  

2 
w 
I- 

4000 

3700 I I I I 
20 40 60 80 

WEIGHT PERCENT U02 

MELTING POINT VERSUS COMPOSITION FOR U02 - B e 0  

FIGURE 2Qg 



-40- Report No. IDO-28600 

E lec t ron  microprobe a n a l y s i s  might have de tec t ed  t h e s e  changes by v i r t u e  of 
t h e  c a p a b i l i t y  of t h i s  equipment t o  eva lua te  s p e c i f i c  po in t s  i n  a specimen. 
Unfor tuna te ly ,  r a d i a t i o n - s h i e l d e d  equipment w a s  no t  a v a i l a b l e  so t h a t  t h i s  
po in t  could be  reso lved .  

A marked d i f f e r e n c e  i n  r a d i a t i o n  damage between t h e  edge and c e n t e r  of 
f u e l  pe l l e t s  was descr ibed  ear l ier .  
p e l l e t  edge were observed t o  con ta in  many l a r g e  s p h e r i c a l  voids .  This  i s  a 
q u a l i t y  usua l ly  a t t r i b u t e d  t o  h igh  burnups i n  d i s p e r s i o n  type  f u e l s  and has  
obviously occurred i n  t h i s  case.  The vo ids  probably r e s u l t e d  from accumu- 
l a t i o n  of f i s s i o n  product  gases .  Fue l  p a r t i c l e s  more c e n t r a l l y  l o c a t e d  w e r e  
observed t o  be r e l a t i v e l y  f r e e  from t h e s e  voids .  It was observed t h a t  l a r g e  
vo ids  were loca ted  a t  t h e  i n t e r f a c e  between t h e  B e 0  matrix and U02 par t ic les  
nea r  t h e  f u e l  cen te r .  These may i n d i c a t e  t h a t  t h e  f i s s i o n  gases  were d i f -  
f u s i n g  from the U02 p a r t i c l e s  and lodging i n  t h e  ad jacen t  Be0 where agglomer- 
a t i o n  occurred because of h igher  fuel. temperatures  i n  t h e  f u e l  c e n t e r .  

Partic1.e.s of U02 l oca t ed  c l o s e  t o  t h e  

Another po in t  mentioned ear l ie r  concerned t h e  i n d i s t i n c t  appearance of 
t h e  U02-Be0 i n t e r f a c e  and t h e  d i f f i c u l t y  encountered i n  r e so lv ing  t h e  U02 
m i c r o s t r u c t u r e  i n  p a r t i c l e s  c l o s e  t o  t h e  f u e l  p e l l e t  sur face .  This phenomenon 
has  been  a t t r i b u t e d  t o  seve re  damage o r  complete d e s t r u c t i o n  of t h e  U02  
l a t t i c e  i n  t h i s  p a r t i c u l a r  region.  Here agtiin, as i n  t h e  i n s t a n c e  o f  t h e  B e 0  
desc r ibed  ear l ie r ,  t h i s  damage could n o t  b e  de t ec t ed  by d i f f r a c t i o n  as t h e  
t o t a l  amount of U02 which r ece ived  an exposure s u f f i c i e n t  f o r  l a t t i c e  de- 
s t r u c t i o n  was q u i t e  small. 

Damage r e s u l t i n g  i n  complete d e s t r u c t i o n  of the Be0 and U02 l a t t i c e  has  
been descr ibed  by B le ibe r  (Ref. 9) and Berman (Ref. 10).  They r epor t ed  ex- 
posure l e v e l s  of 18 x 
measurable d e s t r u c t i o n  of c r y s t a l  l a t t i c e .  S ince  t h a t  t i m e ,  however, f u r t h e r  
s t u d i e s  w i t h  similar materials have shown t h a t  complete l a t t i c e  d e s t r u c t i o n  
d i d  n o t  occur .  I n s t e a d ,  very  f i n e  g r a i n s  were formed which gave t h e  appear- 
ance  of an amorphous s t r u c t u r e  w i t h  t h e  equipment and techniques  then  avail-  
able+;. S tud ie s  performed by 
Sh ie lds  (Ref. 11) i n d i c a t e d  t h a t  damage t o  Be0 from neut ron  exposure is  re- 
duced as i r r a d i a t i o n  temperatures  are increased  to temperatures  i n  t h e  1400°F 
range.  

f i s s i o n s / c c  of U02 w e r e  r equ i r ed  t o  produce 

Tempera tu res  a l s o  e f f e c t  t h e  amount of damage. 

I n  view of t h e  foregoing  p o i n t s ,  i t  i s  not  unexpected, then ,  t h a t  
n e i t h e r  tbe UO nor  t h e  B e 0  i n  t h i s  f u e l  were ex tens ive ly  damaged. 2 

*Personal communication t o  J. H. Sa l ing ,  BMI from Thomas R. Padden, Westing- 
house-Bet t i s  Atomic Power Laboratory,  1 7  January 1963. 
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CONCLUSIONS : 

The fol lowing concl.usions can be dravn from t h i s  f u e l  i r r a d i a t i o n  
experiment : 

1) With t h e  excep t ion  of one specimen, n e g l i g i b l e  changes occurred 
i n  t h e  dimensional p r o p e r t i e s  of  t h e  fuel  i r r a d i a t e d  in t h i s  experi-  
ment t o  ave rage  burnups ranging from 5 . 0  x 
cc of f u e l  c o r e  a t  specimen c l a d  s u r f a c e  temperatures  ranging from 
1300’ t o  1710’F. 

t o  6.4 x 10” f i s s i o n s /  

2 )  Under t h e  c o n d i t i o n s  of t h i s  experiment,  t h e  only changes observed 
i n  t h e  m i c r o s t r u c t u r e  of t h e  U02 o r  Be0 was che appearance of f i s s i o n  
g a s  bubbles  i n  t h e  U 0 2  p a r t i c l e s  nea r  t h e  ou te r  pe r iphe ry  of t h e  f u e l ;  
an  appa ren t  f i s s i o n  fragment d a m g e  zone i n  t h e  Be0 a t  t h e  i n t e r f a c e  
between t h e  UO and B e O ;  and t h e  apparent  d e s t r u c t i o n  of t h e  micro- 
s t r u c t u r e  of U h 2  p a r t i c l e s  l o c a t e d  nea r  t h e  s u r f a c e  of t h e  f u e l .  

3)  F i s s i o n  g a s  l o s s  from t h e  f u e l  was very l o w  (0.6 t o  2 .7%)  for a l l  
specimens w i t h  t h e  excep t ion  of specimen 11 which r e l e a s e d  about 69% of 
t h e  t o t a l  formed i n  th.e f u e l .  

4 )  X-ray d i f f r a c t i o n  d a t a  i n d i c a t e d  l i t t l e  change i n  t h e  c r y s t a l  
s t r u c t u r e  of e i t h e r  t he  Be0 o r  110 a s  a r e s u l t  cf i r r a d i a t i o n .  However, 2 t h e s e  d a t a  were a f f e c t e d  by t h e  small volume of Be0 damaged by f i s s i o n  
fragments  as  compared t o  t h e  t o t a l  volume of B e O ,  and by t h e  small  
f r a c t i o n  of t h e  t o t a l  q u a n t i t y  of UO p a r t i c l e s  which was s u b j e c t e d  t o  
burnups of s u f f i c i e n t  magnitude t o  des t roy  t h e  l a t t i c e s .  E s s e n t i a l l y  
t h e  X-ray d i f f r a c t i o n  d a t a  r ep resen ted  average c o n d i t i o n s  on t h e  f u e l .  

2 
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L E G A L  N O T I C E  

This report was prepared as an account of Govern- 
ment sponsored work. Neither the United States, nor 
the Commission, nor any person acting on behalf of the 
Commis s ion : 

A. Makes any warranty or representation, ex- 
pressed or implied, with respect to the accuracy, com- 
pleteness, or usefulness of the information contained 
in this report, or that the use of any information,ap- 
paratus, method,or process disclosed in this report may 
not infringe privately owned rights; or, 

B. Assumes any liabilities with respect to the 
use of, or for damages resulting from the use of any 
information, apparatus, method, or process disclosed in 
this report. 

As used in the above, llperson acting on behalf of 
the Commission" includes any employee or contractor of 
the Commission, or employee of such contractor, to the 
extent that such employee or contractor of the Com- 
mission, or employee of such contractor prepares, dis- 
seminates,or provides access to, any information pursu- 
ant to his employment or contract with the Commission, 
or his employment with such contractor. 

The information herein is regarded as preliminary 
subject to further checking, verification and analysis. 
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