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Neither the United States, nor the Commission, nor ony person acting on 
behalf of the Commission 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informotion 
contained m this report, or that the use of any information, apparatus, 
method, or process disclosed in this report may not infringe privately owned 
rights, or 

B. Assumes any l iabi l i t ies with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or process 
disclosed in this report 
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HIGH-TEMPERATURE IRRADIATION OF 
NIOBIUM-1 w/o ZIRCONIUM-CLAD UO^ 

Mihkel Kangi laski , Ear le O. F r o m m , Donald H. Loz ie r , 
Victor W. Storhok, and John P . Gates 

Twenty-four 0.225-in.-diameter and six 0.290-in.-diameter UOo specimens 

clad with 80 mils of niobium-1 w/o zirconium were irradiated to burnups of 1.4 

to 6.0 a/o of uranium at surface temperatures of 900 to 1400 C. UOn and lithium 

were found to be incompatible at these temperatures and the thick cladding was 

used primarily to minimize the chances of contact of UO2 and the lithium coolant. 

The thickly clad specimens did not undergo any dimensional changes as a 

result of irradiation, although it was found that movement of UOo took place in the 

axial direction by a vaporization-redeposition mechanism. It was found that 32 to 

87 per cent of the fission gases was released from the fuel, depending on the 

temperature of the specimen. 

Metallographic examination of longitudinal and transverse sections of the 

specimens indicated the usual VOn micros true ture with columnar grains. Grain-

boundary thickening was observed in the UO2 at higher burnups. The oxygen/ 

uranium ratio of UO2 increased with increasing burnup. 

INTRODUCTION UNCWSSIflffl 
In the pas t decade , UO2 has become the mains tay nuclear fuel in p r e s s u r i z e d -

and boi l ing-water r e a c t o r s . Uranium dioxide has demons t ra ted good dimensional s t a ­
bil i ty during i r r ad ia t ion and it is compatible with a lmost al l cladding m a t e r i a l s . 
Recent ly , UO2 has been i r r ad i a t ed at m o r e s t r ingent heat r a t i n g s ' ^ ' ' . Because of i ts 
good compatibi l i ty with cladding m a t e r i a l s at high t e m p e r a t u r e s , it was decided to 
cons ider UO2 as a poss ib le fuel for compact r e a c t o r s such as SNAP-50. Although p r e ­
l iminary t e s t s showed that UO^ was incompatible with lithium at 1200 C, which is the 
coolant for SNAP-50 , it was decided to i r r ad ia t e UO2 at SNAP-50 operat ing conditions. 
To el iminate speciraen fa i lures which would r e su l t if UO2 and li thium came into con­
t ac t , the spec imens were clad with 80 mi l s of niobium-1 w/o z i rconium. It was r e a ­
lized at the t ime that the cladding was thick enough to prevent study of fuel swelling. 
By protect ing the fuel with a thick cladding, however , it was felt that observat ions 
could be made on fuel movemen t , m i c r o s t r u c t u r a l changes , effect of burnup, fuel-
cladding compat ibi l i ty , and any poss ible effects of fissioning ra te on the above 
phenomena. 

EXPERIMENTAL PROGRAM 

Five c a p s u l e s , each containing six spec imens , were i r r ad ia t ed . The design 
spec imen- su r f ace t e m p e r a t u r e was 1200 C, with fuel burnups ranging from 1. 5 to 
5. 0 a /o of the u ran ium. The spec imen design p a r a m e t e r s and i r rad ia t ion conditions 

*References given at end. 
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TABLE 1. SPECIMEN DESIGN PARAMETERS AND D|4ENSI0NS FOR HIGH-TEMPERA TURE UOg IRRADIATION 

Capsule 

BMI-44-1 

BMI-44-2(a) 

BMI-44-3 

BMI-44-4 

Number of 
Specimens 

6 

6 

3 

3 

3 

3 

Enrichment 

in 
U235, 

per cent 

20 

20 

16 

20 

16 
20 

Surface 

Temperature, 

C 

1200 

1200 

1200 

1200 

1200 

1200 

Central 

Temperature, 

C 

2300 

2300 

2840 

2840 

2300 

2300 

Uranium 
Burnup, 

a /o 

1.5 

3 

3 
3 

3 

3 

»/>'^ 
i * ~ ^ a t 

S S S r a t i o n , 

kw per cm 

2.0 

2 ,0 

3.0 
3.0 

1.1 

1.1 

Fuel 

Diameter , 
in . 

.225 

.225 

.225 

.225 

.290 

.290 

Fuel 

Length, 

in. 

. 75 

.75 

.60 

. 7 5 

Void 

Length, 

in. 

1.05 

1.05 

1.20 

1.05 

Cladding 

Thickness, 

in. 

.080 

.080 

.080 

.080 

Specimen 

Diameter, 

in. 

.385 

.385 

.385 

.450 

Specimen 

Length, 

in. 

2.00 

2 .00 

2.00 ^ 

2.00 

BMI-44-6(^) 16 
20 

1200 

1200 

2300 
2300 

2.0 
2,0 

.225 

.225 

.60 1.20 .080 

(a) Target burnups of BMI-44-2 and BMI-44-5 were interchanged during the program because of thermocouple failures in BMI-44- 5. 

.385 2.00 



a r e given in Table 1. To study the effect of burnup on UO^ pe r fo rmance , the spec i ­
m e n s in Capsules B M I - 4 4 - 1 , - 2 , and -5 were of ident ical des ign , with only the length 
of i r r ad ia t ion being v a r i e d , resul t ing in burnups of 1. 5 to 5. 0 a / o uranium (3, 5 x 
10^" to 12 X 10'^^ f iss ions per cm-^. The spec imens in Capsule BMI"44-4 were i r r ad i ­
ated at a lower f ission r a t e to study the effects of f ission ra te on fuel behavior . In 
o r d e r to main ta in the 1200 C surface t e m p e r a t u r e and 2300 C cent ra l t empera tu re in 
these s p e c i m e n s , it was n e c e s s a r y to i n c r e a s e the fuel d iameter to 0. 290 in. Speci­
mens in BMI-44-3 were i r r a d i a t e d in a cons iderably higher flux than were the other 
spec imens to study the effects of ve ry high fuel cen te r - l i ne t e m p e r a t u r e . 

After i r r a d i a t i o n , the spec imens were examined for d imensional changes and 
surface co r ros ion . The amount of f ission gas r e l ea sed from the fuel was de te rmined . 
Fue l growth was studied by g a m m a scanning and meta l lographic techniques. 

COMPATIBILITY STUDIES 

P r i o r to init iating the i r r a d i a t i o n s , a brief invest igat ion of the compatibil i ty of 
fuel -c ladding- l i th ium at t e m p e r a t u r e s in the 1100 C range was per formed. Work by 
other inves t iga tors had shown that l i thium and niobium-1 w/o z i rconium were compat­
ible at 1200 C up to 1500 h r . (^) The ra te of at tack was thought to be dependent on the 
impur i ty level of the l i thium and the cladding. No previous r eco rd of U02-l i th ium 
compatibi l i ty studies was found, and a s e r i e s of brief compatibil i ty studies was 
under taken: 

(1) Lithium and UO2 at UOO C. 

(2) A compatibi l i ty t e s t involving th ree defected spec imens and one 
undefected spec imen at 1200 C for 300 h r . (Radiographs were 
taken per iodica l ly to de te rmine whether any attack was taking 
p l ace . ) 

(3) Long- t e rm compatibi l i ty t es t s of 3000 hr at 1200 C involving un­
defected UO2 spec imens clad with n iobium-1 w/o z i rconium in 
contact with l i thium. 

UO2-Lithium 

Two UO2 pel le ts (with 96. 3 per cent theore t i ca l density and an oxygen/uranium 
ra t io of 2, 004) were i m m e r s e d in l i thium in a n iobium-1 w/o z i rconium can and heated 
at UOO C. The lithium was purified by using a z i rconium-t i tan ium alloy for get ter ing 
of oxygen and hydrogen. Radiographs were taken of the spec imens before heat ing, 
after 5 min at t e m p e r a t u r e , and after 90 miji at^^temperature. These radiographs a re 
shown in F igure 1. The f i r s t r ad iograph I K q ^ ffye sh^^p edges of the UO2 pel lets 
while some mino r rounding off h a s taken place after«5 min of lithium at tack. After 
90 min of l i thium at tack at 1100 C, cons iderable crumbling of the* specimens had taken 

I I 
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p l a c e . T h r e e d i f f e r e n t a n a l y s e s of t he l i t h i u m r e s i d u e s h o w e d u r z u i i u m c o n t e n t s v a r y ­
ing f r o m 20 to 46 p e r c e n t . 

a. Before Test b. After 5 Min c. After 90 Min 

FIGURE 1. RADIOGRAPHS SHOWING PROGRESSIVE LITHIUM ATTACK ON UO2 AT 1100 C 

UO2-Li th ium-Niobium-1 w/o Zi rconium 

This t e s t included one undefected specimen along with th ree defected spec imens 
in the s a m e container with l i thium at 1200 C. The th ree defected spec imens had the 
following defects : an unfilled weld, a 40-mi l ho le , and a longitudinal s l i t the whole 
length of the spec imen . Radiographs were taken of the spec imens at var ious in te rva l s 
(Figure 2). No attack was detected after 6 h r at 1200 C in contact with l i thium. How­
ever after 150 h r , considerable at tack had taken place in al l but the undefected spec i ­
m e n . No UO2 was left in the spec imen which had a longitudinal s l i t in the cladding. 
The sample defected with the 40-mi l hole had lost all of i ts UO2 down to the level of 
the hole which was posit ioned at the midpoint of the cladding. The specimens with the 
defective weld had lost considerable amounts of UO^. After 300 hr of test ing at 1200 C 
in l i th ium, the spec imens were removed from the capsule and examined visual ly . A 
photograph of the tes t spec imens along with an untested spec imen is shown in F igure 3. 
The n iobium-1 w/o z i rconium cladding underwent considerable co r ros ive at tack. 

Analysis of the li thium res idue in the capsule showed that it contained cons ide r ­
able amounts of l i th ium-U30g sa l t . The niobium-1 w / o z i rconium cladding of the 
spec imen which had the longitudinal sli t was analyzed with a mic roprobe ana lyzer . 
The ana lys is showed a uran ium concentrat ion of 60 per cent nea r the edge , falling off 
to 30 per cent at 5 mi l s from the edge. Uranium and niobium form solid solutions at 
a l l compos i t ions , with the addition of uranium lowering the mel t ing point. It s e e m s 
that the reac t ion of l i thium and UO^ in the p re sence of niobium resu l ted in the fo rma­
tion of a l i thium uranium oxide salt with some free uranium being taken up by the 
n iobium-1 w/o z i rconium alloy. 



40-mil hole 

Longitudinal silt 

Undefected 

Defected weld 

I 

a. Before Test b. After 160 Hr c. After 300 Hr 

FIGURE 2. RADIOGRAPHS OF DEFECTED SPECIMENS AFTER EXPOSURE TO LITHIUM AT 1200 C 

2X 

I'jJ 

Before test Undefected 
specimen 

Defected 
weld 

40-mil hole 

RM24078 

Longitudinal 
slit 

FIGURE 3. COMPATIBILITY SPECIMENS AFTER EXPOSURE TO LITHIUM 
AT 1200 C FOR 300 HR 
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Lith ium-Niobium-1 w/o Zirconium 

Radiographs of a 3000-hr compatibi l i ty specimen (an undefected niobium-1 w/o 
z i r con ium-c lad UO2 specimen) after 300 and 1000 hr of opera t ion at 1200 C in contact 
with l i thium showed that no g r o s s at tack on the spec imen had taken p lace . After 
3000 hr of opera t ion at 1200 C, the spec imen was removed and examined. A continuous 
p rec ip i t a te was found at the g ra in boundar ies of the cladding; however , the re was no 
d i rec t evidence of l i thium penet ra t ion in the cladding. In comparing the above spec i ­
m e n with the n iobium-1 w / o z i r con ium which had been in contact with a mix tu re of 
l i thium and U02^ it was evident that the combination of l i thium and UO2 was cons ide r ­
ably m o r e c o r r o s i v e than li thium alone. No reac t ion was found between the UO2 and 
cladding and no changes had occu r r ed in the UO2 m i c r o s t r u c t u r e as a r e su l t of the 
3000-hr heat t r e a t m e n t . These m i c r o s t r u c t u r e s a re shown in F igure 4. 

CAPSULE DESIGN 

A schemat ic rad ia l c r o s s sect ion of the h igh - t empe ra tu r e capsule used in these 
i r r ad ia t ion exper iments is shown in F igure 5. The spec imens a r e surrounded by a 
40 -mi l annulus of l i thium contained in a 180-mil - th ick n iobium-1 w/o zirconiura can. 
Thermocouples of W5Re-W20Re a r e located in the wall of this can. The t e m p e r a t u r e 
drop from these thermocouples to the spec imen is about 100 C. A s ta t ic hel ium gap is 
located between the niobium-1 w/o z i rconium can and the f i r s t s t a in less s tee l shel l . 
Chromel -Alumel thermocouples a r e located in grooves in this s t a in l e s s s tee l she l l . 
The t e m p e r a t u r e drop from the tungs ten- tungs ten- rhen ium thermocouples to the 
Chromel -Alumel the rmocouples is about 620 C when the spec imen surface t e m p e r a t u r e 
is 1200 C. 

Between the two s ta in less s t ee l shel ls is a gas annulus containing a mix ture of 
hel ium and n i t rogen. The n i t rogen content in the annulus i s va r i ed in o rde r to obtain a 
l a r g e r t e m p e r a t u r e drop if higher spec imen- su r f ace t e m p e r a t u r e s a r e d e s i r e d . The 
outer s t a in less s t e e l shel l is in contact with the r e a c t o r p r o c e s s wa te r . F igure 6 
shows the capsule components . 

A m o r e detai led desc r ip t ion of the des ign and opera t ion of this type of high-
t e m p e r a t u r e i r r ad i a t i on capsule will appear in a forthcoming BMI r e p o r t . 

SPECIMEN DESIGN AND FABRICATION 

In a r r iv ing at the spec imen des ign , the m o s t impor tan t cons idera t ion was to p r e ­
vent the li thium coolant fromi coming into contact with the UO2 fuel. The final spec i ­
m e n des ign ut i l ized .80 m i l s of n iobium-1 w / o z i rconium cladding. Considerable void 

, , ap^ce, %a^ t ^ t P n s | d e the-spec imens in o r d e r to accommodate the expected p r e s s u r e 
• \ prodisced'b^fiMio'h tgas r e l e a s e d frona the fuel. The des ign p a r a m e t e r s for the i r r a d i ­

ation specftnnfens a r e given in Table 1, and the r ea sons for a r r iv ing at these p a r a m e t e r s 
a r e d i scussed in Appendix A. 

• •• "tr, . 
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FIGURE 5. SCHEMATIC CROSS-SECTIONAL VIEW OF THE HIGH-TEMPERATURE CAPSULE 
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Fuel Pel le t Fabr ica t ion 

P a r a m e t r i c s tudies indicated that a fuel of approximate ly 20 per cent enr ichment 
would be n e c e s s a r y to provide the des ign hea t -gene ra t i on r a t e s . Two lots of UO2 were 
obtained for the fabr icat ion of spec imens . Both were a c e r a m i c g rade ; however , the 
nominal en r i chment s were I6 and 20 pe r cent U^-^^. 

Pe l l e t s for Capsule BMI-44-1 were fabr icated to 94 to 96 per cent of theore t i ca l 
densi ty by pref i r ing the m a t e r i a l and bal l mil l ing in 400-g batch lots with u ran ium 
slugs in a rubbe r - l i ned m i l l . Pe l l e t s for Capsules BMI-44-2 , - 3 , - 4 , and -5 were 
fabr icated to 95 to 96 per cent of t heo re t i ca l densi ty by mil l ing the pref i red m a t e r i a l 
in a s ta in less s tee l m i l l . The mi l led m a t e r i a l s were d r i ed in an a i r a tmosphe re oven 
at 150 C, g ranu la ted , and p r e s s e d in a double-act ion die at 35 t s i (50 kg pe r m m ^ ) . 
The pe l le t s were s in te red on a plate of p r e s i n t e r e d UO2 in a flowing dry-hydrogen 
a tmosphere for 2 h r at 1800 C. The hea t -up r a t e was 400 C per hr with a 1-hr hold 
at 1300 C. The pe l le t s were furnace cooled over a 16-hr p e r i o d , with t e m p e r a t u r e 
drop during the f i r s t hour not exceeding 400 C. The 16 per cent enr iched UO2 was 
p r e p a r e d in the same manne r as the 20 per cent enr iched U02« Sintered dens i t ies of 
97 to 98 pe r cent of t heo re t i ca l were m e a s u r e d . 

F igure 7 shows typical m i c r o s t r u c t u r e s of the 16 and 20 per cent enr iched fuel 
pel le ts - The ana lyses of the different s in te red fuel pe l le ts a r e shown in Table 2. 

TABLE 2. CHEMICAL ANALYSIS OF UOg FUEL PELLETS 

Material Fe Cr Ni Si 
Contaminant Elements, 

Mn Mo S Sn 
_EE™„ 

Cu Ca Al C O/U 

16 per cent enriched pellets^^5 460 130 140 5 15 50 — 2 58 50 — — 2,004 

20 per cent enriched pellets^*) 560 160 140 15 2 15 — T 1 5 50 — 2.005 

20 per cent enriched pelletsC') 70 30 30 50 10 3 30 T 3 30 -- 200 2.004 

(a) UO2 ball milled in a stainless steel mill (Capsules BMI-44-2, -3, -4, -5). 
(b) UO2 ball milled in a rubber-lined mill (Capsule BMI-44-1). 

S p e c i m e n C l a d d i n g 

T h e c l a d d i n g s w e r e p r e p a r e d in t w o s e c t i o n s f r o m n i o b i u m - 1 w / o z i r c o n i u m r o d 
by b l i n d d r i l l i n g the fue l c a v i t y w i th an end r a d i u s . An a v e r a g e of f ive a n a l y s e s on t h e 
c l a d d i n g m a t e r i a l s h o w e d the z i r c o n i u m , o x y g e n , and h y d r o g e n c o n t e n t s to b e 0. 85 p e r 
c e n t , 294 p p m , and 5. 6 p p m , r e s p e c t i v e l y . N a t u r a l UO2 p o w d e r w a s p r e s s e d i n to t h e 
r a d i u s of the l o n g e r of the two s e c t i o n s to f i l l t he r a d i a l vo id at the b o t t o m of t h e s p e c i ­
m e n and t h e r e b y p r e v e n t the h o t fue l f r o m c o m i n g in to c o n t a c t wi th the c l a d d i n g . The 
fue l p e l l e t s w e r e s l i p fit in to the c l a d d i n g t u b e , fo l lowed b y a 0. 0 4 0 - i n c h - t h i c k s i n t e r e d 
d i s k of n a t u r a l UO2; a t u n g s t e n s p r i n g w a s p l a c e d on top t o m a i n t a i n t h e UO2 in p o s i t i o n . 
A n i o b i u m - 1 w / o z i r c o n i u m w i r e w a s u s e d to m a i n t a i n the p o s i t i o n of UO2 in s p e c i m e n s 
of C a p s u l e B M I - 4 4 - 1 . F i g u r e 8 g i v e s a s c h e m a t i c d r a w i n g of t he s p e c i m e n s . 
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b. 20 Per Cent Enriched UOg etched with 
H2SO4-95 Volume Per Cent H2O2 

FIGURE 7. MICROSTRUCTURE OF UOg PELLETS BEFORE IRRADIATION 

UNaASSIFlEO 
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*0 .080 in. 

1.225 in. 

•Heliarc welded-

Tungsten spring (a niobium 
wire was used for speci­
mens in BMI-44-1) 

40-mil disk of natural UOg-^ 

0.60 to 0.75 in. active 
fuel length 

Natural UOg powder-

0 080 in. 

g 

0.290 in. 

0.75 in. active fuel length 

a. Specimens for capsule BMI-
44-1,-2,-3 and "5 

b. Specimens for capsule BMI-
44-4 

A-5II5I 

F I G U R E 8. S H E M A T I C DRAWING O F S P E C I M E N S U S E D F O R HIGH-
T E M P E R A T U R E C A P S U L E S 

I 
* 5 

y 
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After loading, the two cladding sections of each spec imen were welded together 
by a tungsten a rc in a he l ium-a tmosphere dry box while maintaining an impuri ty level 
of l e ss than 10 ppm in the hel ium. The excess weld m e t a l was machined from the 
spec imens . The specimens were then annealed in a vacuum for 1 h r at 1260 F while 
being moni tored by a hel ium leak detector . The completed spec imens were examined 
by rad iography and m a c r o g r a p h s , and dimensional m e a s u r e m e n t s and densi t ies were 
r eco rded p r io r to encapsulat ion for i r rad ia t ion . F igure 9 shows a pa i r of welded 
spec imens ready for encapsulat ion. 

2X RM27478 

FIGURE 9. APPEARANCE OF NIOBroM-1 W/0 ZIRCONIUM CLAD UOg SPEQMENS BEFORE IRRADIATION 

IRRADIATION HISTORY 

All of the five capsules were i r rad ia ted in the Mate r i a l s Test ing Reactor . The 
es t ima ted fuel -surface t e m p e r a t u r e s for each of the spec imens in the five capsules 
for each cycle of i r rad ia t ion as determined from thermocouple data a r e given in 
Tables 3 through 7. Tempera tu re readings were taken every 24 h r , and both the 
average and the max imum t e m p e r a t u r e are given for each cycle . The following c o m ­
m e n t s de sc r i be brief ly the p rocedure used to a r r ive at these t e m p e r a t u r e e s t i m a t e s . 
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TABLE 3 . TEMPERATURE SUMMARY FOR BMI-44-1 

Cycle 

196 
197-A^^) 

197-B( a) 

198 

199 

Gas 

Mixmg 

No 
No 
No 

No 

No 

M 

1 

315 
400 

1245 

1205 

1165 

aximurr 

7 

315 
510 

1260 

1170 

1185 

1 Temperature of Specimen 

Indicated, 

2 

760 
815 

1345 

1220 
1230(c) 

C 

8 

775 
885 

1205 

1135 

1135 

4 

1025 
1050 

1040 

995 

1040 

1 

10 

1220 
1220 

900 

845 

980 

Average Temperature 

1 

315 
385 

1230 

1165 

1150 

7 

315 
440 

1230 

1165 

1165 

C 
2 

650 
760 

1290 

1105 

1120('=) 

of Specimen Indicated, 

8 

760 
815 

1165 

1065 

1080 

4 

940 
1040 

995 

925 

980 

10 

1165 
1190 

870 

760 

900 

(a) Capsule was m Position A-2-SW for just 5 days of Cycle 197-A. 

(b) Capsule moved to Position A-2-NE for remainder of Cycle 197-B. 

(c) Chromel-Alumel thermocouple on this specimen failed. Specimen temperatures estimated on basis of readings of 

adjacent thermocouples and axial temperature profile for Cycle 198. 

TABLE 4 . TEMPERATURE SUMMARY FOR BMI-44-2 

Cycle 

199 

200 

201 

202 

203 

204 

205 

206 

207 

208 

209 

210 

211 

212 

213 

Gas 

Mixing 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Maximum Temperature of Specimen 

Indicated, C 

14 

1120 

1245 

1260 

1260 

1230 

1220 

1205 

1230 

1205 

1245 

1220 

1220 

1205 

1205 

1205 

20 

1165 

1290 

1300 

1315 

1260 

1275 

1290 

1275 

1275 

1275 

1260 

1260 

1260 

1245 

1260 

17 

1180 

1260 

1290 

1290 

1290 

1230 

1275 

1260 

1245 

1275 

1315 

1290 

1275 

1275 

1275 

19 

1185 

1275 

1290 

1315 

1245 

1230 

1205 

1260 

1260 

1245 

1275 

1230 

1260 

1230 

1245 

21 

1135 

1205 

1260 

1300 

1230 

1220 

1175 

1230 

1230 

1220 

1245 

1205 

1230 

1220 

1230 

22 

1135 

1175 

1245 

1245 

1220 

1205 

1150 

1205 

1190 

1175 

1220 

1150 

1190 

1175 

1190 

Average Temperature of 

Indicated, C 

14 

1105 

1165 

1205 

1230 

1205 

1205 

1190 

1190 

1190 

1220 

1205 

1205 

1190 

1175 

1150 

20 

1150 

1220 

1220 

1300 

1230 

1260 

1260 

1260 

1260 

1260 

1245 

1245 

1220 

1220 

1230 

17 

1165 

1190 

1275 

1275 

1275 

1220 

1205 

1245 

1230 

1260 

1275 

1275 

1260 

1260 

1260 

19 

1180 

1205 

1275 

1275 

1230 

1205 

1150 

1230 

1230 

1230 

1230 

1205 

1190 

1190 

1205 

Specimen 

21 

1105 

1150 

1220 

1290 

1220 

1175 

1120 

1190 

1205 

1165 

1190 

1150 

1165 

1150 

1165 

22 

1093 

1120 

1205 

1190 

1205 

1150 

1080 

1150 

1165 

1120 

1150 

1095 

1095 

1120 

1095 

TABLE 5. TEMPERATURE SUMMARY FOR BMI-44-3 

Cycle 
Gas 

Mixins 

Maximum Temperature of Specimen 

Indicated, C 

42 36 37 38 45 46 

Average Temperature of Specimen 

Indicated, C 

42 36 37 38 45 46 

203 No 1165 1260 1260 1290 1400 1495 

204(a) No 1205 1300 1315 1315 1425 1395 

205 No 1135 1220 1220 1275 1345 1385 

206 No 1065 1165 1175 1205 1330 1400 

1040 1135 1230 1260 1345 1415 

1065 1175 1220 1230 1345 1370 

1080 1190 1205 1260 1290 1330 

995 1105 1140 1190 1220 1345 

(a) Gas-composites mixing introduced for 11 hr. 
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TABLE 6. TEMffiRATURE SUMMARY FC» BMI-44-1 

Gas 

Cycle Mixing 

Maximum Temperature of Specimen 
Indicated, C 

56 48 49 50 58 59 

Average Temperature of Specimen 
Indicated, C 

56 48 49 50 58 59 

201 
202 

203 
204 

205 

206 
207 

208 
209 

210 
211 

212 

213 

No 

No 

No 

No 

No 
Yes 

•Yes 

Yes 
Yes 

Yes 

Yes 

Yes 
Yes 

1315 1300 1275 1315 1290 1230 

1260 1245 1245 1245 1275 1205 

1260 1245 1260 1260 1245 1205 

1205 1175 1220 1230 1220 1165 

1230 1175 1245 1245 1245 1165 
1230 1165 1260 1245 1275 1190 
1205 1150 1220 1220 1230 1150 

1220 1175 1205 1205 1220 1135 

1205 1120 1205 1205(a) 1230 1150 

1245 1245 1220 1205(a) 1260 1165 

1220 1135 1175 1220(^) 1220 1135 
1190 1135 1175 1220(a) 1230 1150 
1220 1135 1190 1230(a) 1220 1150 

1245 1245 1245 1260 

1245 1245 1245 1245 

1230 1205 1245 1230 

1230 1166 
1205 1135 

1175 1135 

1175 1120 
1175 1120 
1220 1175 
1190 1150 

1190 1135 1190 1190 1190 1105 
1150 1095 1175 1190(a) 1205 1120 
1190 1165 1175 1190(a) 1205 1105 

1175 1120 1165 1190(a) 1205 1105 

1150 1120 1165 1205(a) 1205 1135 
1165 1105 1165 1220(a) 1190 1135 ' 

1175 1165 1215 1225 

1206 1170 1220 1230 
1175 1150 1220 1220 
1150 1105 1205 1190 

(a) Thermocouples for this specimen not operable. Specimen temperature estimated on basis of reading of 
adjacent thermocouples and axial temperature profile. 

TABLE 7. TEMPERATURE SUMMARY FOR BMI-44-5 

Gas 

Cycle Mixing 

Maximum Temperature of Specimen 
Indicated, C 

30 24 25 26 34 35 

Average Temperature of Specimen 
Indicated, C 

30 24 25 26 34 35 

200 No 970 1025 1050 1065 1050 1025 

201 Yes 1175 1220 1220 1230 1220 1190 

202 Yes 1205 1220 1220 1245 1230 1190 

203 Yes 1205 1230 1230 1260 1230 1205 

204(a) Ygj 1205 1245 1245 1245 1220 1175 

205(a) ygj 1205 1245 1245 1245 1220 1175 

955 1010 1040 1050 1010 .1010 

1150 1190 1205 1220 1205 1175 

1175 1205 1205 1230 1205 1175 

1190 1220 1220 1250 1220 1190 

1190 1230 1230 1230 1205 1165 

1190 1230 1230 1230 1205 1165 

(a) Thermocouples on Specimens 25, 26, 34 and 35 became unreliable after four days of Cycle 204. 

Temperatures estimated on basis of thermocouples on Specimens 30 and 24 and axial temperature 

profile for Cycle 203. 

UNCLASSIFIED 
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Sheathed W5Re-W26Re thermocouples a r e located in axial holes in the heavy wall 
of the spec imen containment v e s s e l at a point within 100 C of the fuel -surface t e m p e r ­
a t u r e s . Since these the rmocouples genera l ly become unre l iab le after a per iod of t i m e , 
Chromel -Alumel backup thermocouples a r e incorpora ted in a l ow- t empera tu re rad ia l 
zone (480 to 7 00 C) to provide t e m p e r a t u r e data when the h i g h - t e m p e r a t u r e units no 
longer function p rope r ly . In the event of such fa i lu re , it is n e c e s s a r y to extrapolate 
from the readings of the Chromel -Alumel thermocouples to the spec imen t e m p e r a t u r e s , 
using as a guide the t e m p e r a t u r e readings obtained during the ea r l y port ion of the i r ­
rad ia t ion . The t e m p e r a t u r e e s t ima te s included in Tables 3 through 7 were obtained by 
such ext rapola t ions during the la t te r por t ions of these i r r a d i a t i o n s , inasmuch as mos t 
of the h i g h - t e m p e r a t u r e thermocouples in the capsules became inoperable after s e v e r a l 
r eac to r cyc le s . The uncer ta in ty level in es t imat ing the fue l - sur face t empe ra tu r e is 
about ±50 C, which r e p r e s e n t s the n o r m a l spread in the in-p i le ca l ibra t ion curve for 
the W5Re-W26Re v e r s u s the Chromel-Alurae l thernnocouples. 

To main ta in spec imen t e m p e r a t u r e s at the design level it was n e c e s s a r y in some 
capsules to use a flowing gas mix tu re of hel ium and n i t rogen. If gas mixing was used 
during i r r a d i a t i o n , it is noted in Tables 3 through 7. 

The la rge t e m p e r a t u r e var ia t ion between the top and bottom specimens in Cap­
sule BMI-44-3 was due to the fact that the neut ron flux was cons iderably higher than 
expected for this r e a c t o r posi t ion. It was therefore n e c e s s a r y to i r r a d i a t e the capsule 
near the top of the core in a region with a l a rge var ia t ion in the flux prof i le . 

Ta rge t burnups of Capsules BMI-44-2 and BMI-44-5 were interchanged because 
of thermocouple fa i lures in Capsule BMI-44-5 . Therefore Capsule BMI-44-2 was 
i r r a d i a t e d to a high burnup while Capsule BMI-44-5 was removed for examination after 
an es t ima ted burnup of 3 a / o u ran ium. 

POSTIRRADIATION EXAMINATION 

The pos t i r r ad ia t ion examination of the fuel spec imens was conducted at the 
Battel le Hot Cell Labora to ry . The capsu les were examined in t h ree different g roups : 
Capsule BMI-44-1 ; Capsules BMI-44-3 and BMI-44-5; and finally Capsules BMI-44-2 
and BMI-44-4 . 

Capsule Opening 

Each capsule was opened by cutting through the two s t a in less s tee l shel ls with a 
pipe cu t t e r , after which the n iobium-1 w / o z i rconium compar tmen t s were removed. 
The tack weld connecting the compar tmen t s was broken by slightly tapping t h e m , and 
each of these compar tmen t s was examined individually. The compar tments appeared 
genera l ly clean and shiny except for occas iona l darkened a r e a s . Samples of gas from 
e ^ f t ^ i a ^ i ^ ' ^ i * -v*"^reanalyzed by g a m m a s p e c t r o m e t r y to de t e rmine whether any of 
thf p p 4 ( i i i ^ ^ # i r f t l^ |colnpartme] | i ts had failed and thereby r e l e a s e d the i r f ission g a s e s . 
No f ission gas'fes were xoilnd in any of the 15 compar tmen t s that were sampled for 

II %4 
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f ission g a s e s . This substant ia ted the la ter findings that no cladding fa i lures took place 
in any of the 30 specinaens. 

The top of each compar tmen t was removed by a pipe cutter and the contained 
l i thium was r eac t ed . The l i thium in the compar tments from Capsule BMI-44-1 was 
r e a c t e d with Cel losolve . However , this p roved to be a slow p r o c e s s and the li thium 
in the compar tmen t s of the other capsules was reac ted with water . Before using 
water as a r e a c t a n t , t e s t s were pe r fo rmed on un i r rad ia ted spec imens and the t e s t s 
showed no apparent de t r imen ta l effects on the niobium-1 w/o z i rconium cladding. After 
al l the li thium had been r e a c h e d , the spec imens were removed from the compar tmen t s . 

The re s idue of the l i th ium-water reac t ion from the bottom compar tment of 
Capsule BMI-44-3 was analyzed for f ission p roduc t s . This compar tment was chosen 
because it contained spec imens which had been at the highest operat ing t e m p e r a t u r e s . 
Analysis of the res idue revea led that 0. 23 per cent of the Cs^^''' produced in the fuel 
had diffused through the cladding. Zr95^ Rul03^ Ndl47^ Cel41^ and Bal40 were found 
to be p r e s e n t in quanti t ies of about 10"5 pe r cent of that produced in the fuel. 

After r e m o v a l f rom the c o m p a r t m e n t s , each specimen was visual ly examined. 
The appearance of m o s t of the spec imens was genera l ly s imi l a r to the p re i r r ad ia t ion 
a p p e a r a n c e , with m o s t of them being shiny and some having been darkened somewhat. 
Two of the spec imens had undergone some local at tack at the surface (Figure 10). 
These a t tacks can probably be a t t r ibuted to some contamination on the specimen s u r ­
face which reduced co r ro s ion r e s i s t a n c e to l i thium at 1200 C in that a r e a . Typical 
uncor roded i r r ad i a t ed spec imens a r e shown in F igure 11. 

Dimensional Measu remen t s 

Dimensional m e a s u r e m e n t s were made on al l of the 30 spec imens with a m i c r o m ­
e t e r . These m e a s u r e m e n t s showed that the spec imens underwent no dimensional 
changes as a r e su l t of i r r ad ia t ion . 

Gamma Scanning 

After the d imens ions of the spec imens w e r e m e a s u r e d , al l of the spec imens were 
gamma scanned. The purpose of the gamraa scanning was to compare the re la t ive 
burnup of the fuel in the spec imens and to m e a s u r e any axial fuel growth. 

The gamma scanning was accompl ished by moving the spec imens lengthwise and 
ve r t i ca l ly pas t a sli t in front of the window of a sodium iodide scint i l lat ion c rys t a l . 
The pulses from the c r y s t a l we re r eco rded with a pulse-height ana lyzer . Energy * 
scans of the spec imens showed prominen t peaks at ene rg ies of 0. 53 and|Q.74 Mev. . 
These ene rg ie s co r respond to Ru-'-̂ '-̂  and Z r ° ^ - N b ° ^ p e a k s , respec t ive ly . * The Z r " ^ -
Nb°^ peak was se lec ted for scanning the act ivi ty along the length of the spec imens . 

The gamma scans showed that cons iderab le movement of the fuel had taken place 
in the axia l d i rec t ion as a r e su l t of i r r ad ia t ion . The amount of fuel movement is shown 

* ^ * ^ UNCLASSIFIED 
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4X HC15541 

a. Specimen 19 from Capsule BMI-44-2 

t' 
. " ^ " i ^ j -<> <'.<! 
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6X HC14460 

b. Specimen 30 from Capsule BMI-44-5 

FIGURE 10. PHOTOGRAPHS SHOWING CORRODED AREAS ON TWO OF THE IRRADIATED SPECIMENS 

f 'A. * » 
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• 
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IX HC14452 

a. Specimens 25 and 26 from 
Capsule BMI-44-5 

!#*,. 

31 H 
IX HC14455 

b. Specimens 34 and 35 from 
Capsule BMI-44-5 

4X 

I 

HC15543 

c. Specimen 48 from Capsule BMI-44-4 

FIGURE 11. TYPICAL IRRADIATED SPECIMENS WHICH DO NOT SHOW ANY 
ATTACK AS A RESULT OF IRRADIATION 

The apparant bowing is due to optical distortion. 

UNCLASSIFIED 
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in Table 8. The r ea sons for and m e c h a n i s m of the fuel movement will be d i scussed in 
a la te r sect ion. It was not poss ib le to use the gamma scans for re la t ive burnup m e a ­
s u r e m e n t s because la te r s tudies showed that the c e n t r a l voids were not uniform and 
there fore the re la t ive magni tudes of emi t ted gamma radia t ion did not r e p r e s e n t r e l a ­
tive b u r n u p s , but r a t h e r the re la t ive amounts of fuel p r e s e n t at a pa r t i cu l a r c ro s s 
sect ion. 

Burnup Determina t ions 

Analysis of the fuel for burnup was a t tempted by m a s s s p e c t r o m e t r y and r a d i o ­
chemica l de te rmina t ions based on Cs^^? and Ce l44 . xhe rad iochemica l analyses ex ­
hibited wide sca t t e r and incons i s t enc i e s , pe rhaps a t t r ibutable to ces ium and ce r ium 
movement in the fuel, and the re fo re the da ta a re not r epo r t ed . Fo r the burnup s a m ­
p le , a complete c r o s s sect ion of the spec imen varying from 0. 1 to 0. 3 inch in length 
was used. Sections from th ree different spec imens in each capsule were analyzed. 

F o r the isotopic a n a l y s e s , the re la t ive pe rcen tages of u ran ium isotopes in the 
samples were de te rmined by m a s s s p e c t r o m e t r y . This was done for both the i r r a d i ­
ated samples and an un i r r ad ia t ed control s amp le . The burnups were then de te rmined 
from the changes in the isotopic concen t ra t ions . Difficulty was encountered in d e t e r ­
mining the isotopic composi t ion of un i r rad ia ted controls because the enr ichment of the 
UO2 fuel appeared to be nonhomogeneous. The U^^^ content of the un i r rad ia ted con­
t ro l spec imens was found to be 18. 1, 18. 1, 18. 5 , and 19. 5 per cent by four different 
analyses at Ba t te l le . Three analyses pe r fo rmed at the Chemical P r o c e s s i n g P lan t , 
NRTS, in Idaho r e su l t ed in values of 1 8 . 7 5 , 19 .29 , and 19-43 per cen t , while the UO2 
vendor quoted an enr ichment of 19.91 per cent . 

Three different equations were used to calculate the fuel bu rnup , with different 
assumpt ions being made for each of the equat ions : 

(1) Negligible U ° change; independent of capture to f i s s i o n - c r o s s -
sect ion r a t io for U^-^^. 

(2) Capture to f i s s i o n - c r o s s - s e c t i o n r a t io of U^-^^ is 0. 185, inde­
pendent of u238 . 

(3) Capture to f i s s i o n - c r o s s - s e c t i o n ra t io of U^^^ is 0. 185; negligible 
u238 change. 

The equations used for the burnup calcula t ions a r e given in Appendix B. Equa­
tions (1) and (2) r e su l t ed in l a rge ranges of burnup , with Equation (2) giving consis tent 
r e s u l t s . This was expected since Equation (2) is dependent on the amount of U^-^" p r o ­
duced and is insens i t ive to or ig ina l U^^^ content , while Equations (1) and (3) a r e ve ry 
much dependent on or ig ina l en r ichment . Thus , Equation (2) is insens i t ive to inhomo-
geneit ies in e n r i c h m e n t , and gives what a r e bel ieved to be the mos t re l iab le burnup 

••re'5ults.3 . 
a •* i > • •' . * "• •• * * i • «. i 

r» . * » 
I 

/ 



Capsule 

BMI-44-1 

BMI-44-5 

BMI-44-2 

BMI.44-3 

BMI-44-4 

Specimen 

1 
7 
2 
8 
4 

10 

30 
24 
25 
26 
34 
35 

14 
20 
17 
19 
21 
22 

42 
36 
37 
38 
45 
46 

56 
48 
49 
50 
58 
59 

Increase in 
Fuel Length(a), 

per cent 

47 
55 
75 
55 
31 
28 

15 
13 
22 
33 
26 
26 

27 
23 
20 
36 
28 
29 

85 
83 

100 
84 

145 
110 

44 
40 
40 
46 
44 

18 

TABLE 8. FUEL MC 

Central VoidC'), 
per cent of diameter 

.»» 
40 
50 
40 
25 
41 

35 
40 
32 
n » 

34 
33 

40 
44 
38 
38 
36 

— 

60 
50 
57 
- „ 

65 
50 

34 
36 
36 
40 
34 

— 

)VEMENT INSIDE UC 

Maximum 
Surface 

Temperature, 
C 

1245 
1260 
1345 
1205 
1050 
1220 

1205 
1245 
1245 
1260 
1230 
1205 

1260 
1315 
1315 
1315 
1300 
1245 

1205 
1300 
1315 
1315 
1425 
1495 

1315 
1315 
1300 
1275 
1290 

1230 

ig SPECIMENS 

Final Heat 
Generation, 

w per cm 

350 
383 
365 
398 
414 
435 

378 
380 
350 
317 
320 
320 

410 
415 
420 
380 
405 
385 

372 

418 
403 
475 
430 
527 

374 
392 
400 
373 
389 
453 

Bulk Heat 
Generation 

of Fuel. 
kw per cm 

2,07 
2.34 
2.56 
2.44 

2,19 
2.20 

1.51 
1.45 
1.44 
1,42 
1.41 
1,41 

2.02 
2.02 
2.02 
2.03 
2.07 
1.97 

2.38 
2.60 
2.74 
2.94 
3.63 
3.82 

1.24 
1.22 
1.24 
1.22 
1.26 
1.24 

Estimated 
Maximum 

Central 
Temperature 

at Start, 
C 

2340 
2495 
2700 
2490 
2200 
2370 

2090 
2145 
2140 
2205 
2135 
2110 

2325 
2385 
2385 
2385 
2385 
2285 

2645 
2900 
3000 
3145 
3545 
3775 

2445 
2465 
2470 
2415 
2460 

2360 

Estimated 
Maximum 

Temperature 
ofUOg 

After Fuel 
Movement, C 

• > • 

2030 
1965 
1965 
1900 
2040 

1960 
1970 
1955 
. . 

1875 
1860 

2045 
2075 
2090 
2030 
2100 
- . 

1745 
2010 
1935 
. . 

1990 
2395 

2070 
2090 
2090 
1985 
2070 

»-

"" (a) Accuracy of measurement varies from 7 to 15 per cent, depending on the percentage of growth. The more growth in the specimen the more accurate the 
<v> measurement, 

(b) Considerable variation was present in the void diameter; the number given is the diameter which was the most representative. 
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Another se t of burnup values was de te rmined by calculating the heat flow from 
the s p e c i m e n s . This was accomplished by using the t h e r m a l conductivit ies of the 
capsule m a t e r i a l s and the t e m p e r a t u r e s obtained from the •W5Re-W26Re t h e r m o ­
couples , the Chrome 1-Alumel t he rmocoup le s , and the r eac to r - coo l i ng -wa te r t e m p e r ­
a t u r e . These burnup r e su l t s a r e given in Table 9. 

Another method of deterraining burnup is the convers ion of h i g h - c r o s s - s e c t i o n 
Xe^-^S to Xe^^" during i r r ad ia t ion . Other inves t iga to rs have der ived a curve for the 
convers ion of Xe l35 to Xe^^o as a function of effective t h e r m a l flux, i-'l By using data 
from the m a s s spec t ro rne t r i c ana lyses of the f ission gases in the s p e c i m e n s , the effec­
tive flux and, consequent ly , the burnup was ca lcula ted . 

In compar ing al l the methods of burnup de te rmina t ion , it is bel ieved that the 
ones based on m a s s s p e c t r o m e t r y uti l izing Equation (2) a re the m o s t a ccu ra t e . Burnup 
based on Xe^^S convers ion is not cons idered accura te because mos t of the Xe-'-^^ is in 
the void at the top of the spec imen and the neutron flux causing convers ion is not 
at tenuated as the neutron flux is in the fuel. Therefore the burnup would be somewhat 
high as is apparent in the data in Table 9- The burnup data based on t empera tu r e m e a ­
su remen t s a r e in r a t h e r good ag reemen t with the m a s s s p e c t r o m e t r y data . 

F i s s i o n - G a s Release 

A hole was dr i l led in the spec imen cladding and the contained gases were collected 
in a sy s t em of known vo lume. F r o m this s y s t e m , sma l l ca l ib ra ted vials containing the 
f iss ion gases were sea led and removed for analys is of Kr85 by g a m m a s p e c t r o m e t r y . 
The r e s u l t s of the f i ss ion-gas analys is a r e given in Table 10. 

Other inves t iga to rs have r epor t ed that 100 per cent f i s s ion-gas r e l e a s e occurs 
if UO2 t e m p e r a t u r e s exceed I6OO C. '•*' By using the maiximum surface t e m p e r a t u r e 
and the average hea t -gene ra t ion r a t e c o r r e c t e d for fuel growth, calculat ions were made 
to de t e rmine the percentage of fuel which was above I6OO C in these e x p e r i m e n t s . The 
r e su l t s of such calculat ions and the assoc ia ted g a s - r e l e a s e data a r e given in Table 10. 
Good quali tat ive ag reemen t was obtained for m o s t s p e c i m e n s , although the calculat ion 
of fuel volume above I6OO C was subject to at leas t two sources of e r r o r : 

(1) The s ize of the cen t r a l void va r i ed considerably from one end of the 
spec imen to the o ther . This was caused by the expected axial flux 
var ia t ion and consequent vapor iza t ion- redepos i t ion . It was thus 
difficult to se lec t the bes t d i ame te r for the cen t r a l void in spec imens 
which were sect ioned t r a n s v e r s e l y in jus t one location. 

(2) The second source of e r r o r is the var ia t ion of spec imen surface 
t e m p e r a t u r e s during i r r ad ia t ion . If the max imum t e m p e r a t u r e s 
o c c u r r e d toward the end of the i r r a d i a t i o n , the volume of UO2 above 
1600 C would be i n c r e a s e d and the gases produced in the e a r l i e r 

**•• pa r t of the i r r ad i a t i on would be r e l e a s e d . However , if the max imum 
f • temperaturSjS^QCCurred in the ea r ly p a r t of the i r r ad ia t ion and sub ­

sequently flocreased to below I6OO C, very li t t le further f i s s ion-gas 
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TABLE 9. BURNUP OF UO2 SPECIMENS 

Capsule 

Burnup, a / o of u ran ium fissioned 
Xe l3 5 Heat 

Specimen Isotopicl^-) ConversionCl^) Balance('^) 

Burnup's-), 
lO^Ofissions per cm3 

of fuel 

BMI-44-1 

BMI-44-5 

BMI-44-2 

BMI-44-3 

BMI-44-4 

1 
7 
2 
8 
4 

10 

30 
24 
25 
26 
34 
35 

14 
20 
17 
19 
21 
22 

42 
36 
37 
38 
45 
46 

56 
48 
49 
50 
58 
59 

1.4 

1. 8 

1. 5 

2 .4 

2. 3 

2 .3 

6. 0 

5.9 

6 .0 

2.4 

2 .7 

3 .6 

3. 1 

3 .3 

3 .2 

1.6, 
1.3, 
1.2, 
1.2, 
1.4, 
1.6, 

2 . 2 , 
2 . 2 , 
2 , 5 , 
2 . 5 , 
2 . 5 , 
2 , 1 , 

6 . 7 , 
5 ,2 , 
5 ,2 , 
5 .4 , 
6 , 1 , 
6 .2 , 

2 .6 , 
1 

2 . 6 , 
2 . 5 , 
3 .0 , 

3 

3 . 2 , 
3 .4 , 
4 , 0 , 
3 ,4 , 
2 .9 , 
2 .6 , 

2 . 0 
1.4 
2 , 2 
1.5 
1. 5 
1. 7 

2. 8 
3 . 0 
2 , 8 
3, 1 
3 , 7 
2 . 2 

7 . 0 
5 . 9 
5 . 9 
5 . 9 
7, 1 
6 . 7 

2 , 6 
. 9 
2 . 9 
2 . 9 
3. 1 

. 2 

3 , 8 
3 , 5 
4 . 0 
4 . 0 
3 . 2 
2 , 6 

1.0 
1.2 
1,3 
1.3 
1.3 
1.2 

2. 
2. 
2, 
2, 
2, 
2.3 

5.8 
5.8 
5.8 
5, 8 
5.7 
5.6 

2, 1 
2.3 
2 .4 
2. 5 
2 ,6 
2.7 

3. 0 
2.9 
3. 1 
3. 1 
3. 0 
2.8 

3.3 

4 .2 

3, 5 

5.6 

5,4 

5.4 

14. 1 

13.8 

14. 1 

5.6 

6.3 

8.4 

7.2 

7, 7 

7.4 

•15F7 (a) Based on mass-spectrometry data; assumptions are that capture-to-fission cross-section ratio of U 
ofu238^ 

(b) Based on conversion of Xe^'^° to Xe^''", two mass spectrornetric analyses were available from most specimens. 
(c) Based on thermocouple measurements in capsule giving heat generation from which burnup was calculated. 

is 0.185; independent 

UNCIASSIFIEO 
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TABLE 10, FISSION-GAS RELEASE FROM UO2 SPECIMENS 

Capsule 

BMI-44-1 

BMI-44-5 

BMI-44-2 

BMI-44-3 

BMI-44-4 

Specimen 

1 
7 
2 
8 
4 
10 

30 
24 
25 
26 
34 
35 

14 
20 
17 
19 
21 
22 

42 
36 
37 
38 
45 
46 

56 
48 
49 
50 
58 
59 

Surface 
Temperature, C 

Average 

1150 
1165 
1120 
1080 
980 
900 

1180 
1215 
1230 
1235 
1210 
1175 

1195 
1245 
1245 
1215 
1190 
1140 

1045 
1150 
1210 
1240 
1300 
1365 

1190 
1160 
1200 
1210 
1205 
1135 

Maximum 

1245 
1260 
1345 
1205 
1050 
1220 

1205 
1245 
1245 
1260 
1230 
1205 

1260 
1315 
1315 
1315 
1300 
1245 

1205 
1300 
1315 
1315 
1425 
1495 

1315 
1315 
1300 
1275 
1290 
1230 

Percentage 
of Fuel Above 
1600 C(a) After 
Axial Growth 

54 
59 
47 
37 
28(b) 

48 
51 
50 
__ 
37 
33 

57 
55 
60 
51 
62 
~_ 

29 
58 
54 
__ 
55(c) 
79(d) 

62 
63 
62 
55 
60 
--

Fission-Gas 
Release, 
per cent 

56 
51 
57 
49 
35 
32 

77 
66 
70 
80 
80 
72 

70 
69 
66 
65 
63 
61 

76 
87 
77 
69 
79 
78 

65 
62 
57 
62 
63 
52 

(a) Based on the maximum surface temperature, 
(b) Based on a maximum temperature of 1000 C because the 1220 C occurred in the first cycle. 
(c) Based on 1345 C because the 1425 C occurred in early part of the irradiation. 
(d) Based on 1400 C because the 1495 C occurred in early part of the irradiation. 
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Metal lographic Examination 

Ten t r a n s v e r s e and 20 longitudinal sect ions from the 30 i r r ad ia t ed spec imens 
were examined meta l lographica l ly . These sect ions were cut from locations chosen so 
that the m i c r o s t r u c t u r e caused by al l poss ible operat ing conditions could be observed. 
In g e n e r a l , the per t inent mac roscop i c observa t ions made concerning the fuel were as 
follows: 

(1) A cen t ra l void was formed in al l of the spec imens examined. The 
s ize of the cen t r a l void va r i ed considerably (Figure 12) with a 
l a r g e r void being formed in spec imens which had operated at the 
highest surface t e m p e r a t u r e s at the highest fissioning r a t e s . It 
can a lso be seen in F igu re s 13, 14, and 15 that the d iameter of 
the cen t r a l void var ied at different p laces along the specimen 
ax i s . The es t ima ted size of the cen t r a l void in the var ious spec i ­
mens is given in Table 8. 

(2) The movement of the fuel in the axial d i rec t ion appears to be a 
vapor iza t ion-depos i t ion m e c h a n i s m . This is based on the fact that 
the tungsten sp r ing , which was placed on top of the fuel to keep it 
in p l ace , was sur rounded by UO2 as is shown in F igures 14, 15, 
and 16. K the fuel movement had been due to swelling in the axial 
d i r ec t ion , the spr ing would have been compres sed instead of being 
sur rounded by the fuel. The bridging at the end of the fuel shown 
by some of the spec imens from Capsule BMI-44-1 (Figure 13) may 
be due to the different cons t ruct ion of those spec imens . As noted 
e a r l i e r , spec imens in Capsule BMI-44-1 did not have a tungsten 
spring to keep the fuel in p lace . Ins tead , a c r imped piece of n io­
bium wire was used . P r e i r r a d i a t i o n rad iographs of the specimens 
showed that the wire was ineffective in keeping the thin plate of 
na tu ra l UOo in place in some of the spec imens . It i s , t he re fo re , 
quite likely that the plate of na tu ra l U O T was free to move about. 
In spec imens in the other c a p s u l e s , the spring kept the platelet in 
contact with the fuel and consequently the center of the plate le t 
became hot enough to vapor ize and deposi t around the spring in 
the top pa r t of the spec imen . 

F i g u r e s 17 and 18 show that there is a definite re la t ionship between max imum 
hypothet ical cen t ra l t e m p e r a t u r e and fuel growth and void format ion. The max imum 
hypothet ical cen t r a l t e m p e r a t u r e is d i rec t ly dependent on fissioning r a t e , with a 
higher t e m p e r a t u r e resul t ing from a high fissioning r a t e . Table 8 l i s ts the calculated 
max imum cen t ra l t e m p e r a t u r e s (based on l inear heat generat ion in the pellet before 
the fuel movement took place) and max imum surface t empe ra tu r e . Some of the quoted 
t e m p e r a t u r e s a r e unreasonably high since they exceed the melt ing t empera tu re of U02^ 
but the number s e r v e s as a m e a s u r e of the re la t ive sever i ty of the t h e r m a l conditions 
inside the U02« 

Table 8 a lso l i s t s the calculated t e m p e r a t u r e of the UO2 at the surface of the 
cen t ra l void. This t e m p e r a t u r e is based on the maximum specimen ex te r io r surface 

•Aft liNCLASSIFIED 



26 
,^Q^*»*t!T^^* * 

^^0 

6X HC15314 

a. Specimen24 from C apsule BMI -44-5 

Maximum surface temperature was 1245C, bulk 
heat generation was 1.4 kw per cm . 

HC15711 

b. Specimen 49 from Capsule BMI-44-4 

Maximum surface temperature was 1300 C, bulk 
heat generation was 1.3 kw per cin^. 

J0 

6X HC15331 

c. Specimen 45 from Capsule BMI-44-3 

Maximum surface temperature was 1425 C, bulk 
heat generation was 3.6 kw per cm^. 

6X HC 15698 

b. Speimen 17 from Capsule BMI-44-2 

Maximum surface temperature was 1315 C, bulk 
heat generation was 2.0 kw per cm^. 

FIGURE 12. TRANSVERSE SECTIONS OF VARIOUS SPECIMENS SHOWING THE CENTRAL 
VOID SIZE AT VARIOUS TEMPERATURES AND HEAT RATINGS 

mrmrM 
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a. Specimen 4 
HC13833, HC13834 & HC13835 

^'S. 

•̂ 

"̂ "siP 

h .'=' ^i «S1T 

i 

4X 
b. Specimen 7 

HC13839 & HC13841 

4X HC13835, HCi3836 & HC13837 
c. Specimen 8 

FIGURE 13. LONGITUDINAL SECTIONS OF SPECIMENS FROM CAPSULE BMl-44-1 

Note the uneveness of the central voids ^ ^ e n d "cap"*at the end of • 
the fuel in Specimen 4. 

iJNClASSIFIFn 
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a. Specimen 46 

7«<«fi4jt Spruii 9? 

/ 

HC15488 and HC 15491 

HC 14845, HC 14847 and HC 14849 

b. Specimen 36 

/ 

• i S S J S l f - ^ 

6X HC 15496 

. • •,. ^ - * » f • Specimen 45 

• . l l G ^ M k . LONGITUDINAL SECTIONS OF SPECIMENS FROM CAPSULE BMI-44-3 

• "* « «* • • ' , , • : . 

I 5 # f f 

Note theU02 surrounding the tungsten spring. 
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7wn<!£/&!f ,\pyi>.;) 

SLi's:'.:: . • 1 . • • • . . • • • ' •* i",;••*'•'•••.;• .' 

^%..'lR*'f 
• S j d -

HC16702 

a. Specimen 14 from Capsule BMI-44-2 

/ y H ^ j / e ^ . j / j r i w j - —>.̂ ^̂  

6X HC16708 

b. Specimen 49 from Capsule BMI-44-4 

FIGURE 15. LONGITUDINAL SECTIONS OF SPECIMENS FROM CAPSULES BMI-44-2 AND BMI-44-4 

Note the UO2 surrounding the tungsten spring. 

(INCLASSIFIE!) 
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A-;-

4?. 
j f t i ••' i-i 

, :5P 

.-i'jfVft-

y .̂; 

10 ox 

Specimen 46 from Capsule BMI-44-3 

(As-Polished'* 

HC15465 

lOOX • HC 15404 

b. Specimen 45 from Capsule BMI-44-3 
V. 

t * "l < .t t I . (Etched) 
•_ i } i *-•' f I f . 

MICROSTRUCTURE OF THE VAPOR-DEPOSITED UO2 SURROUNDING THE TUNGSTEN SPRING 

Also note the white particles which are believed to be either tungsten or niobium rather 
than free uranium. 
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t e m p e r a t u r e , s ize of cen t r a l void, and the final l inear hea t -genera t ion r a t e , allowing 
for final fuel configuration. Most of the data indicate final max imum specimen t em­
p e r a t u r e s of 1900 to 2100 C. At these t e m p e r a t u r e s UO2 has a significant vapor 
p r e s s u r e . This indicates that UO2 will vapor ize and then redeposi t until the max imum 
t e m p e r a t u r e is reduced to about 1900 to 2100 C. The var ia t ion in the t empera tu re i s 
due to the uncer ta in ty of void d i a m e t e r s , as d i scussed in the section on fission g a s e s . 
The fuel movement appears to take place rap id ly , since no dependence on burnup is 
evident in F i g u r e s 17 and 18. Also , in no case was all of the available void volume 
taken up by the movement of U02 ' Therefore it s e ems that the final equi l ibr ium con­
figurat ion i s dicta ted by the t h e r m a l conditions inside the spec imen. After the e s t a b ­
l i shment of the stable configuration in the ea r l y pa r t of i r r ad ia t ion , the fuel behaves 
as if it had been a hollow e lement or ig inal ly . 

Microscopic examination of the spec imens revealed the following: 

(1) The genera l m i c r o s t r u c t u r e of the spec imens consis ted of a s - s i n t e r e d 
sma l l equiaxed gra ins near the outer edge of the fuel, with the grains 
becoming l a rge r and m o r e elongated further away from the edge. The 
gra ins finally become co lumnar , and toward the center of the fuel, the 
g ra ins again become equiaxed, although they a re considerably l a rge r 
than the g ra ins at the outside edge. This m i c r o s t r u c t u r e is i l lus t ra ted 
in F igu re s 19, 20, and 21. 

(2) The m i c r o s t r u c t u r e , as it is desc r ibed above, is the same for the fuel 
at a l l locations along the longitudinal ax i s . This holds t rue for the 
"o r ig ina l " fuel as well as for the fuel which was " redepos i ted" . F ig ­
u r e s 22 and 23 show both the "original*' and " redepos i ted" m i c r o s t r u c t u r e s . 

(3) There were few large f i s s ion-gas bubbles in the fuel as shown in F ig ­
u r e s 19, 20, and 21, The few gas bubbles which were p re sen t appeared 
to be r a the r sma l l . The lack of la rge f i ss ion-gas bubbles could be the 
r e su l t of the re la t ive ly high ra t e of f i ss ion-gas r e l e a s e from the fuel. 

(4) The p r e s e n c e of sma l l white p a r t i c l e s was noted in the fuel (Figures 16, 
2 3 , and 24). It was not poss ib le to definitely identify these p a r t i c l e s , 
although they appeared s imi l a r to m a t e r i a l identified as ei ther free 
u ran ium or r e f r ac to ry m e t a l s by other inves t iga to r s . ^~'}°' '' These 
pa r t i c l e s did not etch with H2S04^. This would indicate that the pa r t i c les 
were not u ran ium; however , work at other s i tes has shown that free 
u ran ium becomes r e s i s t a n t to acids after long i r r ad ia t ion t i m e s . This 
is supposedly caused by the alloying effect of fission produc ts . 

Inves t iga tors who have c la imed that the white pa r t i c l e s a r e free u r a ­
nium have a t t r ibuted these pa r t i c l e s to precipi ta t ion of uranium on 
cooling if the UO2 is heated above 1800 C, forming UO2 and uranium 
at lower t e m p e r a t u r e s . They have found the white pa r t i c l e s to be 
p r e s e n t in those regions of the UO2 which have been at t e m p e r a t u r e s 
above 1800 C; namely , in the columnar g r a i n s . However , in these 
spec imens some white pa r t i c l e s were found near the surface of the 
U02^ a region which p re sumab ly had not been above 1800 C. 
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lOOX HC 16335 and HC 16334 

HGURE 19. TRANSVHISE CROSS SECTION OF SPECIMEN 14 FROM CAPSULE BMI-44-2 SHOWING TYPICAL MICROSTRUCTURES 
OF SMALL EQUIAXED GRAINS AT THE EDGE FOLLOWED BY COLUMNAR GRAINS AND THEN LARGER EQUMXED 
GRAINS AT THE MIDDLE OF THE SPECIMEN 

The stringers running perpendicular to the columnar grains could not be identified. 
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-lOOX HC16316, HC16317 and HC16318 

FIGURE 20. CROSS SECTION OF SPECIMEN 58 FROM CAPSULE BMI 44-4 SHOWING TYPICAL MICROSTRUCTURES OF SMALL 

EQUIAXED GRAINS AT THE EDGE FOLLOWED BY COLUMNAR GRAINS AND THEN LARGER EQUIAXED GRAINS 

NEAR THE CENTER OF THE SPECIMEN 

Also note the thickerung of grain boundaries. 
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HC15428. HC15429 and HC15430 
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00 

FIGURE 2 1 . CROSS SECTION OF SPECIMEN 35 FROM CAPSULE BMI-44-5 SHOWING THE TYPICAL MICROSTRUCTURE OF SMALL EQUIAXED 
GRAINS AT THE EDGE FOLLOWED BY COLUMNAR GRAINS AND THEN LARGER EQULAXED GRAINS NEAR THE CENTER OF 
THE SPECIMEN. 

Also note the thickening of grain boundaries. 
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lOOX HC 13864 

a. Original Fuel 

lOOX HC 13863 

b, Redeposited Fuel 

FIGURE 22. MICROSTRUCTURE OF THE "ORIGINAL" AND "REDEPOSITED" 
UOg IN SPECIMEN 4 OF CAPSULE BMI-44-1 
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lOOX HC 15460 and HC 15461 lOOX HC 15469 and HC 15470 

a. Original Fuel b, Redeposited Fuel 

FIGURE 23. MICROSTRUCTURE OF THE "ORIGINAL" AND "REDEPOSITED" UOg IN SPECIMEN 46 OF CAPSULE BMI-44-3 

Also note the presence of white particles near the edge. 
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lOOX HC16319 

a. Longitudinal Section of Specimen 58 from Capsule BMI-44-4 

(3.3 a/o Burnup) 

lOOX HC 13880 

b. Transverse section of Specimen 8 from Capsule BMI-44-1 

(1.4 a/o Burnup) 

FIGURE 24. PHOTOMICROGRAPHS SHOWING THE PRESENCE OF WHITE PARTICLES IN THE UO2 NEAR THE CLADDING 

The long crack in the above photograph (a) is a pellet interface. These particles are believed to be 
niobium rather than free uranium. Formation of the Jagged edge is believed to result during 
sectioning of the specimen. 

UNCLASSIFO 
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Therefore it s eems likely that these white pa r t i c l e s a r e r e f r ac to ry 
m e t a l s , e i ther niobium or tungsten. 

The re appears to be some thickening of g ra in boundar ies with in ­
c r e a s e d burnup . This is brought out by compar ing F igu re s 22, 2 3 , 
and 25. Simi lar g ra in -boundary thickening has been r epo r t ed by 
other inves t iga to r s . Ut^i This widening is bel ieved to be caused by 
the accumulat ion of f ission products at the gra in bot indar ies . 

The g ra in boundar ies of coliomnar g ra in s found in the fuel e tched 
cons iderably m o r e severe ly than the gra in boundar ies of the equiaxed 
g r a i n s . After mode ra t e e tching, the fuel in some spec imens fell out 
at the columnar g r a i n s . This is i l lus t ra ted in F i g u r e s 23 and 26, 
This r eac t ion i s again bel ieved to be due to concentra t ion of f ission 
p roduc t s in the columnar g ra in s gene ra l ly , and in the g ra in boundar ies 
of columnar g ra ins p a r t i c u l a r l y . Concentrat ion of f ission products 
in the columnar gra ins has been r epo r t ed by other inves t iga to r s . (9 /10 ,11) 
The segrega t ion of f ission products at the gra in boundar ies s e e m s to 
be a function of burnup , s ince the spec imens i r r ad i a t ed to burnups of 
about 1. 5 a / o of uranivzm do not show seve re etching of the columnar 
g r a i n s . 

A m i n o r reac t ion zone was found between the UO2 fuel and the 
n iobium-1 w / o z i rconium cladding. This r eac t ion zone was noticed 
in one spec imen from Capsule B M I - 4 4 - 1 , which was in-pi le for 1500 
h r , and in one specimen each from Capsules BMI-44-4 and BMI-44-2 
which were in-p i le for 4900 and 5600 h r , r e spec t ive ly . It was not 
found in other spec imens . In no ins tance was the depth of the reac t ion 
m o r e than 1 m i l thick. The reac t ion zone seems to be r a t h e r b r i t t l e 
since t r a n s v e r s e c r acks were found in i t . At tempts were made to 
de t e rmine the m i c r o h a r d n e s s of the reac t ion zone but the zone was 
too thin for the m e a s u r e m e n t s . It was not poss ib le to identify the r e ­
action zone. The reac t ion zone i s shown in F igu re 27, F i g u r e s 19 
through 26 show no reac t ion zone between the fuel and the cladding. 

Adicrohardness m e a s u r e m e n t s were taken a c r o s s the claddings of 
va r ious spec imens to indicate any oxidation of the cladding. These 
m e a s u r e m e n t s a r e given in Table 11 and show that only in one c a s e , 
where the h a r d n e s s of inside edge was 156, was the re a poss ibi l i ty 
of oxidation o r f i s s ion-product a t tack. 

The gra in s ize of the n iobium-1 w/o z i rconium was i nc rea sed con­
s iderably in a few spec imens in the p a r t of the cladding which was 
in contact with the l i thium and adjacent to the fuel. The e x t r e m e 
case is i l lus t ra ted in F igure 28. This is bel ieved to be due to the 
r e m o v a l of impur i t i e s by l i thium from the cladding, which would 
allow r ec rys t a l l i z a t i on and gra in growth to take place at lower 
t e m p e r a t u r e s . As shown in F igu re 29 , which c o m p a r e s the p r e - and 
pos t i r r ad ia t ion s t r u c t u r e , not a l l of the impur i t i e s were removed 
from the p a r t of the cladding which was next to the void space at the 
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K-

lOOX 

a. Specimen 2 from Capsule BMI-44-1 

( 1 . 5 a /o Burnup) 

HC13850 

10 OX HC 16295 

b. Specimen 49 from Capsule BMI 44-4 

(3 ,3 a /o Burnup) f » 

HGURE 25 . PHOTOMICRDGRAPHS SHOWING THE THICKENING OF GRAIN BOUNDARIES WHICH 

IS BELIEVED TO BE DUE TO CONCENTRATION OF FISSION PRODUCTS 

UNCLASSIFIED 
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« H 

SOX HC 15439 

a. Specimen 42 from Capsule BMI-44-3 

(3.0 a/o Burnup) 

50X HC 15390 

b. Specimen 30 from Capsule BMI 44 5 

(3.0 a/o Burnup) 

50X 

4t 

1 
HC13873 

c. Specimen 4 from Capsule BMI 44-1 

(1.4 a/o Burnup) 

* •• .HG^RE 26^ PHOTOMICRDGRAPHS SHOWING THE SEVERE ETCHING OF GRAIN BOUNDARIES IN 
• i - .•. ^th fcoLUMNAR GRAIN REGION 

'J r t . . 
v • 

This IS believed to be due to fission-product concentration in the columnar-gram 
region. This attack seems to increase with increased burnup in theU02. 

03ni22A ma. 
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450X 

a. 1500 Hr of Operation 

HC13878 

500X HC 16315 250X HC16279 

b. 4900 Hr of Operation c. 5600 Hr of Operation 

FIGURE 27. PHOTOMICROGRAPHS SHOWING A SMALL REACTION ZONE IN THE NIOBIUM-1 w/o ZIRCONIUM CLADDING 

It was not possible to identify this reaction zone. 

UNCLASSIFIED 
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TABLE 11. MICROHARDNESS TRAVERSES ACROSS THE NIOBIUM-1 w/o 
ZIRCONIUM CLADDING 

Inside Edge 

Outside Edge 

Unirradiated 
Control 

116 

101 

102 

94 

93 

96 

97 

103 

90 

95 

Specimen 
34 

83 

84 

83 

90 

90 

98 

94 

100 

98 

91 

98 

97 

Hardness, 
Sp ecimien 

36 

82 

80 

80 

97 

100 

100 

98 

113 

101 

HI 

121 

115 

124 

100 

KHN 
Specimen 

24 

156 

120 

100 

84 

82 

81 

84 

94 

94 

90 

88 

90 

Specimen 
45 

110 

112 

100 

103 

89 

91 

83 

108 

116 

122 

Specimen 
14 

101 

88 

116 

90 

104 

83 

73 

84 

80 

116 

I t i l ' , 4 ; }''P ^ T ^ . , ! 

i'̂ ll i#^ 
H*̂  
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lOOX HC16272 

a. Outer Surface of Cladding, Cladding in Contact With Fuel 

lOOX HC16270 

b. Inner Surface of Cladding, Cladding in Contact With Fuel 

FIGURE 28. PHOTOMICROGRAPHS SHOWING THE VARIATION OF GRAIN SIZE IN DIFFERENT LOCATIONS 

OF THE NIOBIUM-1 w/o ZIRCONIUM CLADDING 

This difference is believed to be caused by removal of impurities from the cladding by lithium, 
thereby increasing the degree of grain growth at a specific temperature. 

UNCLASSIFe 
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lOQX RM39037 

a. Unirradiated 

lOOX HC 16268 

b . Irradiated Cladding Next to Lithium but Not Next to the 
UO2 Fuel 

FIGURE 29, PHOTOMICROGRAPHS SHOWING THE STRUCTURE OF THE NIOBIUM-1 w / o 

ZIRCONIUM CLADDING BEFORE AND AFTER IRRADIATION 

^H^:. 
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top of the spec imen . This indicates that the t e m p e r a t u r e of the c lad­
ding in the upper pa r t of the spec imen was considerably lower than in 
the p a r t of cladding adjacent to the fuel. 

In m o s t of the spec imens some gra in growth had taken place at e i ther 
the outside or inside su r face . This was found to be r a the r min ima l 
when compared to the ex t r eme case d i scussed above. 

Oxygen/Uranium Ratio of UO^ 

The oxygen/uran ium ra t io of the i r r ad i a t ed UO2 was de termined by polarographic 
techniques . Complete c ro s s sect ions of fuel weighing about 1 g each were used as 
s amples for these m e a s u r e m e n t s . In de te rmining the oxygen/uranium ra t io by po la r -
ography, the UO2 was dissolved in a mix tu re of phosphoric and sulfuric ac ids . Then 
an e l ec t r i c cu r r en t was passed through the solution and a plot of voltage v e r s u s 
amperage was der ived . This plot is compared with a plot from a control solution 
which contains known amounts of u ran ium with a +6 valence. By considering the 
amount of u ran ium with +6 valence and the weight of UO2 in the s a m p l e , an oxygen/ 
u ran ium ra t io is de te rmined . 

It was found that the oxygen/uran ium ra t io inc reased with inc reased burnup as 
shown in F igure 30. The upward shift of the exper imenta l curve from the theore t ica l 
curve is bel ieved to be due to some factor in the exper imenta l de terminat ions in the 
hot ce l l , s ince the un i r rad ia ted controls which were analyzed in the hot cell also show 
an equal shift. Analyses pe r fo rmed on the un i r rad ia ted controls outside the hot cel l 
gave oxygen/uran ium ra t ios of 2. 003. There i s also a possibi l i ty that the p resence of 
f ission products in the i r r ad i a t ed UO2 might shift the voltage v e r s u s cu r ren t re la t ion­
ship in the po la rographic de te rmina t ion of the oxygen/uranium r a t i o s . 

Although the oxygen/uranium ra t io i nc rea se is believed to be due to further oxi­
dation of UO2 by the two oxygen a toms which a r e r e l ea sed when a uran ium atom 
f i s s ions , a survey of free energy of formation for the fission products at 1400 C 
showed that p r a s e o d y m i u m , s a m a r i u m , lanthanum, ce r i um, b a r i u m , s t ron t ium, neo-
dymium, yttrixim, promethiunn^ eu rop ium, and gadolinium would form stable oxides 
at equi l ibr ium condit ions. All of the stable oxides would be in the form of sesquioxides 
except for B a 2 0 and SrO. By taking into account the fission yields of the oxide-forming 
f iss ion products it was calculated that 60 p e r cent of the r e l ea sed oxygen atoms would 
be used up in forming stable f i ss ion-product oxides in sho r t - t ime i r r ad i a t ions . For 
l ong - t e rm i r r a d i a t i o n s , the percen tage of oxygen a toms taken up by stable f iss ion-
product oxides d e c r e a s e s to about 50 pe r cent because some of stable oxide f ission 
products decay to nuclides which do not form stable oxides . This is further d i scussed 
in Appendix C. 

P rev ious i r r ad ia t ions of hype r s to i ch iome t r i c UO2 have indicated comparat ively 
poore r o v e r - a l l pe r fo rmance than that for s to ich iomet r ic U02 . The hypers to ich io­
m e t r i c UO2 was found to have poore r thernnal conductivity, higher f iss ion-gas r e l e a s e , 
and poore r d imens ional stabil i ty than s to ich iomet r ic UO2. (12,13) 
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218 

6 8 10 12 

Fission Burnup, percent 

FIGURE 30. CHANGE IN THE OXYGEN/URANIUM RATIO OF UO2 
AS A FUNCTION OF BURNUP 

.1 
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The i n c r e a s e in the oxygen/uran ium ra t io with i r r ad ia t ion may be the explanation 
of high c reep r a t e s found in UO2 during i r r ad ia t ion by Westinghouse inves t iga tors . (^) 
It has been found by Arms t rong and I rv ine ' l ^ ) that the c reep ra te is very sensi t ive to 
i n c r e a s e s in oxygen/urani iun r a t i o . Also the i n c r e a s e in f i ss ion-gas r e l e a s e with 
burnupCl^) m a y be caused^ in p a r t , by the i n c r e a s e in oxygen/uranium ra t io during 
i r r ad ia t ion . 

CONCLUSIONS 

The following conclusions were der ived from this study: 

(1) Lithium and UO2 a r e incompatible at 1100 C. 

(2) No d imens iona l changes of the spec imens took place because the 
heavy cladding was sufficient to withstand in te rna l f iss ion-gas 
p r e s s u r e . 

(3) A cen t ra l void was formed in a l l specimens and fuel movement took 
place by a vapor iza t ion- redepos i t ion mechan i sm. The vaporizat ion 
r a t e was significantly reduced when the max imum fuel t empera tu re 
d e c r e a s e d below 1900 to 2100 C. 

(4) The size of the cen t r a l void and the degree of the fuel movement 
were dependent on the ini t ia l c e n t r a l t e m p e r a t u r e and independent 
of burnup. 

(5) The amount of f ission gas r e l e a s e d from the UO2 ranged from 32 
to 87 pe r cen t , depending on the spec imen surface t empera tu re and 
the volume of fuel operat ing above 1600 C. 

(6) Gra in-boundary widening of the UO2 took place at a burnup of above 
2 to 3 a /o of u r an ium. 

J[7) White me ta l l i c pa r t i c l e s found in the fuel a re believed to be e i ther 
tungsten or niobium. 

(8) Minor r eac t ions between the UO2 and niobium-1 w/o z i rconium 
were observed in some spec imens . In a l l c a se s the react ion zone 
was l ess than 1 m i l thick. 

(9) The oxygen to u ran ium ra t io of the UO2 inc reased with increas ing 
burnup. 

(10) The UO2 reached a stable configuration as a r e su l t of i r radiat ion^ 
with the configuration being dependent on specimen surface temper-^ 
a ture and fissioning ra t e in the fuel. 

uNCLASSIFIFfi 
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A - 1 

A P P E N D I X A 

C L A D D I N G DESIGN C R I T E R I A 

T h e a n a l y s e s l e a d i n g t o t h e d e s i g n of t h e c l a d d i n g fo r t h e s p e c i m e n s in the h i g h -
t e m p e r a t u r e UO2 i r r a d i a t i o n p r o g r a m a r e s u m m a r i z e d in t h i s A p p e n d i x . The s p e c i m e n s 
fo r four c a p s u l e s h a d 0. 2 2 5 - i n . d i a i n e t e r s and a n i o b i u m - 1 w / o z i r con ix im c l add ing of 
80 m i l s . T h e s p e c i m e n s fo r t h e one c a p s u l e h a d 0. 2 9 - i n . d i a m e t e r s and a n i o b i u m - 1 
v^/o z i r c o n i u m c l a d d i n g of 80 m i l s . 

In d e s i g n i n g t h e s p e c i m e n s , e n o u g h c l a d d i n g s t r e n g t h w a s a l l o w e d to w i t h s t a n d the 
f i s s i o n - p r o d u c t p r e s s u r e b u i l t u p i n s i d e t h e s p e c i m e n s a t 1200 F . In c o n s i d e r i n g t h e 
p r e s s u r e b u i l d u p , a l l t h e v o l a t i l e f i s s i o n g a s e s w e r e t a k e n in to a c c o u n t . S ince 2200 F i s 
t h e l o w e s t t e m p e r a t u r e i n t h e s p e c i m e n s , a l l t he f i s s i o n p r o d u c t s h a v e bo i l i ng po in t s 
l o w e r t h a n t h a t t e m p e r a t u r e wou ld be v o l a t i l e . T h e f i s s i o n p r o d u c t s w h i c h a r e v o l a t i l e 
a n d t h e i r f i s s i o n y i e l d s a r e g i v e n in T a b l e A - 1 . (1)* B a r i u m and s t r o n t i u m would be 
v o l a t i l e at t h i s t e m p e r a t u r e , b u t t h e i r o x i d e s a r e t h e r m o d y n a m i c a l l y m o r e s t a b l e t h a n 
UO2. T h e r e f o r e , t h e s e f i s s i o n p r o d u c t s wou ld r e d u c e UO2 to f o r m B a 2 0 and S r O . (2) 
T h e c e s i u m a n d r u b i d i u m o x i d e s a r e t h e r m o d y n a m i c a l l y l e s s s t a b l e t h a n UO2. 

V a r i o u s p o s s i b i l i t i e s w e r e c o n s i d e r e d w h i c h wou ld p r e v e n t g a s e o u s c e s i u m and 
r u b i d i u m f r o m e x e r t i n g p r e s s u r e on t h e s p e c i m e n w a l l . One p o s s i b i l i t y w a s t ha t c e s i u m 
a n d r u b i d i u m wou ld no t v a p o r i z e a t 1200 C b e c a u s e of the h i g h g a s p r e s s u r e i n s i d e t he 
s p e c i m e n s . V a p o r - p r e s s u r e d a t a ( 3 ) i n d i c a t e t h a t t h e p r e s s u r e would h a v e to b e c o n ­
s i d e r a b l y h i g h e r a t 1200 C t h a n w a s a n t i c i p a t e d , to p r e v e n t c e s i u m and r u b i d i u m f r o m 
e v a p o r a t i n g . The o t h e r p o s s i b i l i t y w a s t h a t c e s i u m and r u b i d i u m m i g h t r e a c t wi th t he 
n i o b i u m - 1 w / o z i r c o n i u m c l a d d i n g at 1200 C. R e s e a r c h a t AGN h a s s h o w n tha t no r e a c ­
t i o n o c c u r s b e t w e e n r u b i d i u m a n d n i o b i u m - 1 w / o z i r c o n i u m a t 990 C^'*' and b e t w e e n 
c e s i u m and n i o b i u m - 1 w / o z i r c o n i u m at 1010 C . w ) T h e r e f o r e , it s e e m s tha t t h e r e i s 
l i t t l e l i k e l i h o o d t h a t a n y r e a c t i o n wou ld o c c u r a t 1200 C . No c o r r e c t i o n w a s m a d e fo r 
p o s s i b l e c e s i u m and r u b i d i u m d i f fus ion i n to t he c l a d d i n g w h i c h would r e d u c e t he a m o u n t 
of c e s i u m v a p o r a v a i l a b l e fo r c o n t r i b u t i n g to t h e p r e s s u r e . T h e r e f o r e , a f i g u r e of 0. 5 
g a s a t o m p r o d u c e d p e r f i s s i o n a l l o w s a f a c t o r of s a f e t y . 

In p r e d i c t i n g f i s s i o n - p r o d u c t r e l e a s e , t h e r e l e a s e of c e s i u m and r u b i d i u m w a s 
t a k e n a s b e i n g e q u a l t o t h e r e l e a s e of x e n o n and k r y p t o n . (6) In c a l c u l a t i n g f i s s i o n -
p r o d u c t r e l e a s e f r o m UO2, t h e fo l lowing m e t h o d w a s u s e d . T h e t e m p e r a t u r e p r o f i l e 
of t h e c a p s u l e w a s d e t e r m i n e d b y u s i n g t h e r e l a t i o n s h i p 

H 
T = T + ^ , 

r o 47rk 

2 2 
r o - r 

"̂ References appear at end of Appendix. UNCLASSIFIEO 
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TABLE A - 1 . VOLATILE FISSION PRODUCTS AT 2200 F 

Isotope Half-Life Yield 

B r 
81 

K r 
83 

K r 
84 

K r 
85 

K r 
86 

Rb 
85 

87 
Rb 

.129 

X e 
131 

Xe 

X e 

Xe 

132 

134 

136 

C a 
133 

C a 
135 

C a 
137 

Stable 

Stable 

Stable 

10.3 y 

Stable 

Stable 

6 X 10^° y 

1.7 X lo"^ y 

Stable 

Stable 

Stable 

Stable 

Stable 

2. 6 X 10 y 

Stable 

0. 14 

0. 544 

1. 00 

0.36 

2. 02 

0. 94 

2,49 

0, 90 

2. 93 

4.38 

8,06 

6.46 

6.59 1 

> 3 .92 

3.43 

> 19.83 

6.41 

6. 15 , 

49 .374 

> 19.15 

* • 1 * 
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where 

r = d is tance f rom cen te r , cm 

r = rad ius of pel le t , c m 
o 

T = t e m p e r a t u r e at d is tance r , C 

T = t e m p e r a t u r e at sur face , C 

k = t h e r m a l conductivity (Chalk River Data) 

H = heat flux, w per cm. 

The diffusion p a r a m e t e r D' was used in these calculat ions where 

^ ° S ° ' l 4 0 0 = -14 . 00 + 2 l o g s , 

2 (7) 
where S is the sur face a r e a of UO2 in cm per g. The surface a r e a was found to be 
3. 3 cm2 pe r g for UO2 with a theore t i ca l densi ty of 98 per cent. (8) The D' for other 
t e r a p e r a t u r e s was de te rmined f rom the re la t ionsh ip is:(7) 

D't AH 
In = —— 

^ ' l 4 0 0 ^ 1673 T + 273 

where 

AH = act ivat ion energy (A figure of 60 kcal per mole was chosen from 
values ranging f rom 45 to 115 kcal per raole . ) 

R = gas constant (1.987 cal per (g)(mole)(C). 

The fract ional f i s s ion-gas r e l e a s e at a given t e m p e r a t u r e is given by: 

4^ ^''^ 
F . — - ^ ^ t 

where t is the t ime of i r r ad ia t ion in seconds . (7) 

The fuel spec imen was divided into concentr ic volumes and the average t e m p e r a ­
t u r e for each volume was de te rmined . By using the above equation, the fractional r e ­
l ease f rom each volume was de te rmined . The total fract ional r e l e a s e for the whole 
spec imen was then calculated and is given in Table A-2 . 

A uniform fissioning ra te was a s sumed in these calculat ions . However, if flux 
per tu rba t ion was taken into account, the expected f iss ion-gas r e l e a s e could be reduced 
by up to 25 pe r cent . The fission product p r e s s u r e inside the spec imens was calculated 
for the var ious spec imens which had different fuel and void lengths . These values a r e 
given in Table A - 2 . The f i s s ion-gas t e m p e r a t u r e in the specimen voids was assumed to 
be 1095 C for the ca lcula t ions . 
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TABLE A-2 DESIGN PARAMETERS FOR HIGH-TEMPERATURE UOg IRRADIATION PROGRAM 

^Capsule 

r ^ 
^ 2 

i 3 

4 

5 

No 

Spe< 

(a) Calculated by 

1. of 

;imens 

6 

6 

6 

6 

6 

using the 

' • • 

Specimen 

Diameter, 

m 

0.225 

0.225 

0 225 

0.290 

0.225 

stress formula 

Fuel 

Length, 

in 

0 75 

0.75 

0.60 

0.75 

0.60 

Void 

Length, 

m 

1 05 

1 05 

1 20 

1.05 

1 20 

Inside Pressure [(OD)2 + 
stress = • 

[(OD)2 - (ID)2] 

Burnup, 
a /o 

1.5 

3 0 

3 0 

3 .0 

5 0 

(ID)2] 

Fractional 

Gas 

Release 

0 74 

0.75 

0 96 

0.76 

0.77 

Center 
Line 

Temperature. 

F 

4200 

4200 

5000 

4200 

4200 

aad 
Thickness, 

m. 

0.080 

0.080 

0.080 

0.080 

0.080 

Pressure 
Inside 

Specimens, 

psi 

270 

530 

480 

525 

615 

Maximum 
Stress(a), 

psi 

550 

1080 

975 

1275 

1250 
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In designing the speci inens the m a x i m u m s t r e s s for thick-walled closed cyl inders 
i s : 

St = l^^side P r e s s u r e [(OD)'^ + (ID)-^] 

[(OD)2 - (OD)2] 

To prevent excess ive c r e e p f rom taking place in the cladding, the maximum s t r e s s 
was l imited to 1200 ps i . F o r a 1 per cent deformation by c r e e p to take place at 1200 C. 
in niobium-1 w/o zirconiunn, a s t r e s s of 1300 psi for 5000 hr is needed. (9) Therefore , 
the s t r e s s e s which a r e p resen t in the spec imens leave a considerable marg in of safety 
even if a poss ib le 15 pe r cent d e c r e a s e in c r e e p s t rength due to i r rad ia t ion is 
cons idered . (10) 

The above calculat ions indicate that the spec imen claddings w e r e designed with a 
l a rge safety m a r g i n to min imize the poss ibi l i ty of contact between the l i thium capsule 
coolant and U02. The safety m a r g i n resu l t ed from: 

(1) The design was based on a m a x i m u m s t r e s s during the whole i r r a ­
diation, r a t h e r than on a continuously inc reas ing s t r e s s with f i ss ion-
product buildup which r e a c h e s the max imum at the end of the 
i r r ad ia t ion . 

(2) A safety factor was left even when a 15 per cent dec rease in s t rength, 
due to i r r ad ia t ion , was cons idered . 

(3) Uniforna fissioning throughout the fuel was considered. If flux p e r ­
turbat ion due to high enr ichment was taken into account, the f iss ion-
gas r e l e a s e would be reduced about 25 per cent. 
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BURNUP ANALYSIS 

Equations Used for Burnup Determinat ions 

(1) 100 t i - R g / s R s / g ] 

238 
U not depleted 

(2) 100 

Independent of a 

Bes t for high enr ichment and high burnup 

^ 6 / 5 ~ ^ 6 / 5 

a + R, 
1+a 6/5 

U can be depleted 

Must a s s u m e an a value, 0. 185 used 

(3) 100 

Bes t for low enr ichment and lower burnup 

(l+a)(E - E_) 
5 5 

E^ ( l+a - E^) 
5 5 

238 
U not depleted 

Must a s s u m e as a value , 0. 185; however , re la t ively insensi t ive to 
change in a. 

Bes t for high enr ichment and high burnup 

Der ivat ion of the Equations Used for Burnup on BMI Samples 

235 
(1) g U depleted 235 . , ^ •, , , i.- v ^ 

= a /o U depleted (when mult ipl ied 
g or iginal U 

E ° U ° - E U E U 
5 5 5 by 100) = ~ 2 „ = 1 _ 

E°U° 5 E ° U ° 

iHClASSIFin 
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(2) E U = E U A s s u m e no loss of U 

E° 

(3) 1 
E^U 

5 
o o 

E^U 
D 

1 - Substitute (2) into (3) 

^ ~ •^8/5-^5/8 * 

I I . 
^6/5 " -^6/5 

- ^ — + R 
l+a 6/5 

:i) a = 
E , U - E°U° 

0 6 
235 

_ g U captured 
_o o o o 235 
E U + E ,U - E^U - E . U g U fissioned 

5 6 5 6 

(2) l+a = 
E°U°+ E°U° - E U - E H + E . U - E°U° 

5 5 5 D 6 o 

E°U° + E°U° - E , U - E . U 
5 6 5 6 

E°U° - E U 
5 5 

o o o o 
E . U + E . U - E . U - E ^ U 

5 6 5 6 

(3) 

1-4^ 

a 
E . U E°U° 

6 - 6 

l+a E ° U ° - E U 

l + a o , o 
E5 - EgU/U 

o „ o (5) a E " - a E ^ U / U = E , U / U - E + a E U / U - a E 6 

(6) a E , U / U ° + E^U/U° + a E ^ U/U° = a E° + E° + a E ° 

o „ o 
„ (?)• { U/U ( a E , + E + a E ^ ) = a E ^ + -^6 "̂  '^'^6 
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a E ° + E ° + a E ° 
U / u ° = —^ ^ ^ 

a E . + E , + a E ^ 
6 6 5 

E , U a E ° E , + E ^ E ° + a E E ° 
5 5 5 5 6 5 6 

; i o ) 1 

: i i ) 1 

(12) 1 

o o 
E5U 

E ^ U 

0 0 
E5U 

E ^ U 

0 0 
E 5 U 

E5U 

E ^ U ° 

a E ° E , + E ° E , + a E ° E , 
5 6 5 6 5 5 

a E ° E , + E ° E , + a E ° E _ - a E ° E ^ - E ° E ^ - E ^ E ° + a E E ° 
5 6 5 6 5 5 5 5 5 5 5 6 5 6 

a E ° E , + E ° E , + a E ° E ^ 
5 6 5 6 5 5 

0 0 0 0 
a E F^ + E F ^ - E E^ + a E ^ E , 

5 6 5 6 5 6 5 6 

a E ° E , + E ° E , + a E ° E ^ 
5 6 6 6 5 5 

a " ^ . ""^ - " ^ S a " " ^ 
= 5 "=5 E ° E ° 

' d iv ide by E ° E 

•=6 . -=6 . 
E 

(13) 1 -
E ^ U 

E ° U ° 
5 

5 "=5 

E , 

+ a 

[1 + a ) 
E . 

0 -

(1 + a ) 

a + (1 + a ) 6 
ET 

; i 4 ) 1 
E^U 

5 
„ o o 
E5U 

E , 

E 

a 

l + a 5 

d iv ide by l + a 

U N C m ^ 
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(15) 1 -
E ° U ° 

5 

^ 6 / 5 ~ ^ 6 / 5 

« , \ / 5 
l + a 

III. 
(1 + a ) (Eg - Eg) 

E g ( l + a - E g ) 

(1) E ° U ° - E U = 1 + a (U° - U) 
5 5 A s s u m e no l o s s of U 

238 

(2) E ° = E U/U° + (1 + a) (1 - U/U°) 

(3) E° = E^U/U° + 1 - U /U° + a - a U/U° 
D 5 

(4) E° - 1 - a = U/U° ( E , - 1 - a) 
5 5 

E ° - l - a l + a - E ° 

5 5 

(6) ^ 5 ^ Eg ( l + a - E g ) 

E°U° E ° ( 1 + a - E J 
5 b 5 

E^U E ri + a - E,) 
(7) i _ . J _ ™ = i _ „ ! L. 

o o 
E g U 

E g ( l + a - Eg) 

o o o o 
E^ + a E ^ - E F . - E^ - a E . + E ^ E . 

5 5 5 5 5 5 5 5 

\ V }f Eg (1 + a - E g ) 

<L » 

E ° + a E ° - E^ - a E^ 
5 5 5 5 

E ° ( l + a - E g ) 

- * '. i 
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APPENDIX C 

FISSION-PRODUCT-OXIDE FORMATION 

J 

f ission products 

Isotope 

Sr88 
Sr89 
Sr90 

Y 8 9 

Y 9 1 

Bal38 

La i 39 

Cel40 
Cel41 
Cel42 
Ce l44 

P r l 4 1 

Ndl43 
Ndl45 
Ndl46 
Ndl48 
Ndl50 

Sml49 
Sml51 
Sml52 
Sml54 

P m l 4 7 

Eu l53 
Eu l55 

— — - — g 

would be found after 100 days . 

F rac t ion of F i s s i o n Product 
PresentCl )* 

0.0370 
0.0271 
0.0590 

0.0209 
0.0344 

0.0580 

0.0600 

0.0630 
0.0367 
0.0590 
0.0610 

0.0233 

0.0620 
0,0420 
0.0330 
0.0180 
0. 0074 

0.0130 
0.0050 
0.0030 
0.0009 

0.0260 

0.0015 
0.0003 

C3 ' ' 

Stable Oxide 
Formed{2-5) 

SrO 
S r O 
S r O 

Y2O3 
Y2O3 

Ba20 

La203 

Ce203 
Ce203 
Ce203 
Ce203 

P r 2 0 3 

Nd203 
Nd203 
Nd203 
Nd203 
Nd203 

Sm203 
Sm203 
Sm203 
Sm203 

P m 2 0 3 

EU2O3 

Oxygen Atoms 
Taken Up 

0.0370 
0.0271 
0.0590 

0.0315 
0.516 

0.0290 

0.0900 

0.0945 
0.0550 
0.0885 
0.0915 

0.0350 

0.0930 
0.0630 
0.0495 
0.0270 
0.0111 

0. 0195 
0,0075 
0. 0045 
0.0013 

0.0390 

0.0022 
0.0005 

The re fo re : 50 pe r cent of available oxygen atoms a r e taken 
up by s table f i ss ion-product ox ides . 

1. 0072 

*References listed on following page. 
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