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Sximmary & Conclus ions 

The o r ig ina l concep t of the fuel e l e m e n t for the P e b b l e Bed R e a c t o r 
was an uncoa ted s p h e r e of g r aph i t e fueled with f i s s i l e a n d / o r f e r t i l e 
m a t e r ia l« Th is concep t w a s b a s e d on the u s e of a n exceed ing ly cheap fuel 
e l e m e n t to offset the i n c r e a s e d c o s t s a s s o c i a t e d with the r e s u l t i n g h ighe r 
ac t iv i ty l eve l s in the p r i m a r y coolant s t r e a m . In view of the exper innenta l 
p r o g r a m s which would be r e q u i r e d to p r o p e r l y a s s e s s the i n c r e a s e d 
p r i m a r y loop c o s t s ( i . e . sh ie ld ing , m a i n t e n a n c e , and h a z a r d s ) , the u s e 
of c e r a m i c coa t ings to retatin f i s s ion p r o d u c t s within the fuel e l e m e n t 
a t high t e m p e r a t u r e w a s s e l e c t e d a s the nraajor unde r t ak ing of the P B R 
F u e l E l e m e n t Deve lopment P r o g r a m u n d e r C o n t r a c t A T C 3 0 - l | - 2 3 7 8 . 
Two me thods of r e t a in ing f i s s ion p r o d u c t s w e r e ex tens ive ly i n v e s t i g a t e d . 
T h e s e w e r e coa t ings on the fuel e l e m e n t s u r f a c e , and coa t ings on 
individual fuel p a r t i c l e s . 

Sur face Coa ted F u e l E l e m e n t s . To d a t e , a to ta l of t e n P B R fuel 
elennent s p e c i m e n s with su r face coa t ings have b e e n sub jec ted to va ry ing 
amoun t s of h igh l eve l i r r a d i a t i o n in the Capsu l e I r r a d i a t i o n p r o g r a m . Of 
th i s n u m b e r , c r a c k s o r p inholes have b e e n found in s ix of the c o a t i n g s . 
One s p e c i m e n ( F A - S in Capsu le S P - 3 ) w a s found to have no p inholes o r 
c r a c k s and the condi t ion of t h r e e o the r s p e c i m e n s (one FA--23 and two 
F A - 2 0 in the s t a t i c c o m p a r t m e n t of Capsu le S P - 5 | a r e p r e s e n t l y unknown. 
The exac t c a u s e s of the f a i l u r e s a r e not known p r e c i s e l y , but ev idence 
ind ica t e s tha t the g raph i t e m a t r i x con t r ibu ted to m o s t of the f a i l u r e s , e i t h e r 
th rough inc ip ien t fla'ws in the g raph i t e o r th rough d imens iona l changes of 
m a t r i x unde r i r r a d i a t i o n . 

It i s unfor tunate tha t the fa i lu re s t a t i s t i c s to da te a r e so o p p r e s s i v e 
b e c a u s e a t l e a s t one of t h e s e m a t e r i a l s h a s been found to be an exce l l en t 
b a r r i e r to f i s s ion p roduc t diffusion, a p r o p e r t y h e r e t o f o r e thought to be 
so le ly in the r e a l m of m e t a l l i c c l a d d i n g s . R e l e a s e f ac to r s of the o r d e r 
of 10-9 for the Si -SiC coat ing u n d e r high l eve l i r r a d i a t i o n e x i s t e d for a 
p e r i o d of about 1 m o n t h . Indeed, th i s f i s s ion p r o d u c t r e t en t i on by the 
Si-SiC above I Z O O T p r o b a b l y would exceed tha t of m a n y m e t a l s if the 
m e t a l s w e r e sub jec ted to s i m i l a r t e s t s . P r e v i o u s t e s t s have shown that 
an Si-SiC coa ted s p e c i m e n can m e e t a l l the p r e - i r r a d i a t i o n s t r eng th 
r e q u i r e m e n t s J that the coat ing i s wel l bonded to the g raph i t e m a t r i x , 
and that the coat ing can wi ths tand the i n t e r n a l p r e s s u r e s g e n e r a t e d by 
the fission p r o d u c t g a s e s . Th i s coa t ing wil l have a t e m p e r a t u r e l im i t a t i on 
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sl ight ly in e x c e s s of 2000 F due to m i g r a t i o n of the f ree p h a s e s i l i con 
f rom the coa t ing . F u t u r e work would have to include a de ta i l ed u n d e r ­
s tanding of the p r o p e r t i e s of the under ly ing g raph i t e body tha t could 
cause coat ing fa i lu re and a r a t h e r l a r g e quant i ty of s p e c i m e n s would 
have to be f ab r i ca t ed and t e s t e d in o r d e r to i n s u r e s t a t i s t i c a l confidence 
with th i s type of coa t ing . 

The pyro ly t i c c a r b o n coat ing has shown some p r o m i s e a s a f i s s ion 
p roduc t b a r r i e r in s e v e r a l neu t ron ac t iva t ion t e s t s . It h a s the advantage 
of ove rcoming the t e m p e r a t u r e l imi t a t ion i nhe ren t in the Si -SiC coa t ing . 
However , i t a p p e a r s tha t while r e l a t i v e l y thick coa t ings a r e n e c e s s a r y to 
achieve good f iss ion p roduc t r e t en t ion , i n t e r l a y e r c r a c k i n g in t h e s e t h i cke r 
coat ings s e r i o u s l y weakens the coa t ing . As with the Si-SiC coa t ing , a 
b e t t e r unde r s t and ing of the g raph i t e m a t r i x and the eva lua t ion of a l a r g e 
quant i ty of s p e c i m e n s would be r e q u i r e d before th i s type of coat ing could 
be u t i l i z ed . 

Alumina Coated UO2 P a r t i c l e s . F o u r t e e n b a t c h e s of UO2 p a r t i c l e s 
have been coated with AI2O3 by the vapor depos i t ion p r o c e s s . UO2 
p a r t i c l e s i z e s r a n g e d f rom 100 to 400 naicrons and coat ing t h i c k n e s s e s 
r anged f rom 20 to 150 m i c r o n s . At the 1800°F depos i t ion t e m p e r a t u r e 
u s e d for m o s t of the r u n s , the UO2 p a r t i c l e s a r e un i fo rmly coa ted with a 
dense i m p e r m e a b l e l a y e r of AI2O3. G r e a t e r than 99% of the p a r t i c l e s 
a r e found to be adequate ly coa ted a s shown by a subsequent oxidat ion t e s t 
in 1200°F a i r . U r a n i u m con tamina t ion on the coat ing can be kep t below 
10~" of the conta ined u r a n i u m by r i n s ing the p a r t i c l e s and the equ ipment 
af ter the f i r s t th in l a y e r h a s been depos i t ed . Succes s ive l a y e r s can then 
be wel l bonded to each o t h e r . 

Spher ica l ly shaped UO2 p a r t i c l e s have been u s e d in m o s t of the b a t c h e s 
to avoid poss ib i l i ty of coat ing fa i lure at s h a r p c o r n e r s . However , i t h a s 
been noted tha t i r r e g u l a r fuel p a r t i c l e s can s t i l l be uniformily coa ted and 
t h e r e m a y be an economic incen t ive to u s e o the r than s p h e r i c a l fuel 
p a r t i c l e s . Two b a t c h e s w e r e made with T h 0 2 - U 0 2 p a r t i c l e s and no 
p r o b l e m was encoun te red with the u s e of t h o r i a . One ba tch was success fu l ly 
coa ted containing a po rous i nne r l a y e r of AI2O3 depos i t ed a t 1400°F which 
would be useful a s a r e s e r v o i r for f i s s ion p r o d u c t g a s e s . However , s o m e 
difficulty was encoun te red when th i s type of coat ing was appl ied to 
i r r e g u l a r l y shaped UO2 p a r t i c l e s . 

Some s l ight u r a n i u m con tamina t ion of the g raph i t e m a t r i x h a s been 
found when i t i s fueled with AI2O3 coa ted UO2. S o u r c e s of the con tamina t ion 
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c a n a r i s e fromi uraj i ium on the p a r t i c l e s u r f a c e s , f rom p a r t i c l e s b r o k e n 
dur ing the a d m i x t u r e p r o c e s s , and pos s ib ly f rom con tamina ted p r o c e s s 
equ ipmen t . The ope ra t ing t e m p e r a t u r e s of g raph i t e bodies fueled with 
AI2O3 coa ted UO2 will be l inaited to l e s s than 2500 ' 'F in o r d e r to avoid 
r e a c t i o n be tween AI2P3 and g r a p h i t e . Shor t t i m e p r o c e s s i n g t e m p e r a t u r e s 
of 2 5 0 0 ° F wi l l be s a t i s f a c t o r y but th i s m e a n s tha t the g raph i t e body cannot 
be comple t e ly g r a p h i t i z e d . T h e r m a l expans ion t e s t s have shown that the 
AI2O3 coat ing t h i c k n e s s should exceed about 30% of the UO2 p a r t i c l e 
d i a m e t e r so that the s l ight ly h ighe r expans ion coefficient of the UO2 
will not r u p t u r e the coat ing a t 2 5 0 0 ° F . F u e l p a r t i c l e s occupyabout 1.7 v / o 
of the g raph i t e m a t r i x in the r e f e r e n c e P B R fuel e l e m e n t and the u s e of 
coa ted fuel p a r t i c l e s i n c r e a s e s th i s vo lume to about 10 v / o depending 
on the r a t i o of coat ing t h i cknes s to fuel p a r t i c l e d i a m e t e r . No l o s s in 
s t r eng th h a s been found in both i m p a c t and c o m p r e s s i o n t es t ing of g raph i t e 
s p h e r e s fueled with coa ted p a r t i c l e s . However , t h e r e i s s o m e evidence 
tha t th in p a r t i c l e coa t ings (40 m i c r o n s o r l e s s ) can be d a m a g e d in t h e s e 
t e s t s . M a s s i v e coa t ings ( '^250 m i c r o n s thick) w e r e not found to be dannaged. 

F i s s i o n p roduc t r e t en t i on t e s t s a t low burnup l eve l s have shown vapor 
depos i t ion AI2O3 to be an exce l l en t b a r r i e r to f i ss ion p roduc t r e t e n t i o n . 
Typica l n e u t r o n ac t iva t ion ( i . e . p o s t i r r a d i a t i o n heat ing) t e s t r e s u l t s show 
(that only 1 0 " " of the conta ined Xe 133 i s r e l e a s e d f rom a g raph i t e s p h e r e 
fueled with AI2O3 coa ted UOg when the s p e c i m e n i s h e a t e d a t 2 0 0 0 ° F for 
4 h o u r s . In a cont inuous i r r a d i a t i o n and sampl ing t e s t in a low n e u t r o n 
flux ( i . e . F u r n a c e Capsu le T e s t ) , a s i m i l a r s p e c i m e n was found to have 
l eakage f ac to r s ( i . e . r e l e a s e r a t e / p r o d u c t i o n r a t e ) for the long l ived f i s s ion 
p roduc t g a s e s of 1 0 " " to 1 0 " ' a t 300 ' 'F which i n c r e a s e d to only 10"^ to 
10-5 at 1 8 0 0 ° F . F r o m both of t he se t e s t s , i t i s concluded that the " l e a k a g e " 
was p r i m a r i l y due to u r a n i u m con tamina t ion in the s p e c i m e n r a t h e r than 
diffusion th rough the AI2O3 c o a t i n g s . 

The m o s t s ignif icant t e s t of th is type s p e c i m e n was a high leve l 
i r r a d i a t i o n in Sweep Capsu le S P - 5 . The s p e c i m e n o p e r a t e d a t a v e r a g e 
condi t ions of 1.5 KW, ISSO 'F su r face t e m p e r a t u r e and ISBO^F c e n t r a l 
t e m p e r a t u r e . A burnup of 6 a / o U235 was ach ieved in th i s e x p e r i m e n t . 
Up to about 1.5 a / o , the l eakage f a c t o r s for 10 i so topes ranging in half 
life f rom 2 0 . 8 d I 131 to 1.7s Xe 141 w e r e found to be in the r ange of 10-6 
to 10~" . Be tween 1.5 a / o and 3 a / o the l eakage f ac to r s for the l o n g e r -
l ived i so topes began to i n c r e a s e indica t ing that nneasurab le diffusion was 
s t a r t i ng to occu r through the AI2O3 a s a r e s u l t of r ad i a t i on d a m a g e . At 
6 a / o , the l eakage f ac to r s r anged f rom 10"*^ for Xe 133 to 10~" for the v e r y 
s h o r t l ived f i ss ion g a s e s and i t a p p e a r e d that s o m e of the coa t ings m a y have 
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c r a c k e d . The final a n a l y s i s of t he se r e s u l t s m u s t awai t v i sua l i n spec t ion 
of the s p e c i m e n dur ing hot ce l l examina t ion . 

F u r t h e r w o r k with AI2O3 coa ted UO2 should e m p h a s i z e extending the 
low leakage f ac to r s obta ined a t the 1,5 a / o l eve l to a t l e a s t 6 a / o b u r n u p . 
The u s e of p o r o u s i nne r l a y e r s in the p a r t i c l e coat ing to m i n i m i z e r u p t u r e 
due to f i ss ion gas p r e s s u r e bui ldup should be e x p l o r e d . A fundamental study 
of neu t ron damage to the m o l e c u l a r l y depos i t ed AI2O3 m a t e r i a l should be 
m a d e to d e t e r m i n e whe the r o the r p r o c e s s condi t ions o r the u s e of coat ing 
addi t ives wil l m i n i m i z e r a d i a t i o n induced p o r o s i t y . A b e t t e r unde r s t and ing 
of f ac to r s which influence the r e a c t i o n be tween A1203 and g raph i t e should 
be ob ta ined . These f ac to r s m a y include the type of f i l le r and b inde r u s e d 
in the g raph i te miatrixy the final bakeout c y c l e , and the i m p u r i t y l eve l s 
in the m a t r i x . An op t imum p a r t i c l e s i ze should be e s t a b l i s h e d s ince i t 
a p p e a r s that l a r g e p a r t i c l e s , of about 400 m i c r o n UO2 with a 200 m i c r o n 
AI2O3 coat ing , would be d e s i r a b l e to m i n i m i z e both phys i ca l damage to the 
coat ing and f i s s ion p roduc t l e a k a g e , 

P y r o l y t i c Ca rbon Coated UC2 P a r t i c l e s . The i n t e r e s t in th i s type 
of coa ted p a r t i c l e s t e m s f rom the absence of a t e m p e r a t u r e l im i t a t i on 
due to r e a c t i o n be tween the p a r t i c l e coat ing and the g raph i te m a t r i x . 
Also , th i s type of coat ing does not effectively d i sp lace imoderator a t o m s . 
The coat ings a r e depos i t ed on the fuel p a r t i c l e s by the p y r o l y s i s of 
h y d r o c a r b o n g a s e s . Two b a t c h e s w e r e p r e p a r e d a t 1900®F, two a t 2 4 5 0 ° F , 
and two at 3600°F and t e s t da ta i s ava i lab le for the f i r s t four b a t c h e s . UC2 
p a r t i c l e s i z e s r a n g e d f rom 150 to 250 m i c r o n s and coat ing t h i c k n e s s e s 
r a n g e d f rom 17 to 160 m i c r o n s . 

L e a c h t e s t s of a s - f a b r i c a t e d p a r t i c l e s in hot n i t r i c a c i d showed tha t 
g r e a t e r than 99% of the p a r t i c l e s w e r e adequa te ly coa t ed . The exposed 
u r a n i u m was found to be of the o r d e r of 10"^ of the conta ined u r a n i u m . 
T h e r m a l cyc le t e s t s have shown a definite t endency for the coa t ings to 
r u p t u r e when hea ted above t h e i r depos i t ion t e m p e r a t u r e due to the h ighe r 
expans ion coefficient of the UC2» One a t t e m p t to f abr ica te a ba tch of 
p a r t i c l e s into a s p h e r i c a l g raph i te m a t r i x r e s u l t e d in the f r a c t u r e of 
m a n y of the p a r t i c l e c o a t i n g s . T h e s e f a i l u r e s a r e be l i eved to have o c c u r e d 
dur ing the mix ing p r o c e s s b e c a u s e of the i r r e g u l a r l y shaped UC2 p a r t i c l e s 
u s e d in th i s b a t c h . 

The only f i ss ion p roduc t r e t en t ion t e s t s on t h e s e p a r t i c l e a w e r e 
neu t ron ac t iva t ion t e s t s of s e v e r a l of the b a t c h e s . Typica l r e s u l t s 
w e r e 10-6 Qf |;ĵ @ conta ined Xe 133 r e l e a s e d in a 1 h r . hea t ing p e r i o d a t 

vi i i 



temperatures not exceeding the coating deposition temperatures (1900°F 
and 2450''F). These resul ts a re comparable to the data obtained for 
AI2O3 coated UO2. 

Future work on pyrolytic carbon coated UC2 should include the effects 
of radiation damage on coating permeabili ty; the determination of the 
optimum coating deposition temperature based on strength, permeabili ty, 
and thermal cycle rupture; and problems associated with incorporation 
of these coated par t ic les into a graphite nraatrix. 

In other mater ia ls developments, a study of the preparation of 
graphite blanket elements loaded with Th02 by the thorium nitrate 
infiltration process was conducted. It was found that graphite densities 
below 1.45 g/cc and more than 5 infiltration steps were required to achieve 
the desired Th02 loading. A variety of subsurface coating miaterials 
for graphite spheres were studied. It was found that best resul ts wotdd 
be obtained if a hot-pressing technique were used so that the coating 
mater ia l located beneath an unfueled graphite shell was in a molten phase 
during fabrication. High density spheres were made with natural graphite 
filler ma te r i a l s . Densities of 2.0 g/cc were achieved but the spheres 
did not have adequate strength at the low binder contents needed to achieve 
the high density. 

Future Work. The basic design of the PBR Fuel Element which has 
evolved from the work to date consists of a molded graphite sphere 
containing a dispersion of coated fuel par t i c les . No significant deterioration 
of the structural propert ies of the graphite nnatrix was found after i rradiat ion 
to about 6000 KWH which is the present design objective of the 125 eMW 
Pebble Bed Reactor , The final choice of the coated fuel part icle cannot be 
naade at present . Pyrolytic carbon coated UC2 part ic les are favored because 
they offer an all carbon system with temperature l imits above 3000°F. 
However, there i s no information on radiation damage effects on this mate r ia l . 
AI2O3 coated UO2 has shown good fission product retention up to at least 
1.5 a /o burnup. If future work shows that metal oxide coatings such as 
AI2O3 can be developed to maintain coating integrity to higher burnups, 
it will be possible to utilize these coatings in Pebble Bed Reactors by 
limiting top fuel temperatures to about 2500°F. 

Some method will be needed to prevent damage or loss of coated fuel 
par t ic les at the surface of the fuel element. This would include either an 
unfueled graphite shell or a surface coating such as pyrolytic carbon or 
siliconized silicon carbide. Since oxidation protection may be required on 
PBR fuel elements, the surface coatings may serve a dual function. Two 
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types of pos s ib l e a t t ack a r e of c o n c e r n : the m a s s t r a n s f e r of c a r b o n by 
r e a c t i o n with t r a c e i m p u r i t i e s of CO2 or H2O in the he l ium coolant and 
the sudden oxidat ion by the a d m i s s i o n of a i r in the event of a r u p t u r e in 
the p r i m a r y l oop . Si-SiC coat ings can p r e v e n t t h e s e types of a t t ack , 
however the effects of p inholes and c r a c k s in the coat ing should be 
a s s e s s e d . AI2O3 coa ted UO2 could not be u s e d in th i s type of fuel e l emen t 
s ince 3600°F fabr ica t ion t e m p e r a t u r e s a r e needed to apply the Si-SiC 
coa t ing . The r e s i s t a n c e of py ro ly t i c c a rbon , know^n to be l e s s r e a c t i v e 
than g raph i t e , to th i s type of a t t ack should be determiined. 

All of the m a t e r i a l s s tudied in the p r e s e n t p r o g r a m have been nnade 
only in l a b o r a t o r y quant i t ies a t high uni t c o s t s . Manufactur ing cos t 
s tudies w e r e not inc luded in the scope of the p r e s e n t p r o g r a m . However , 
now tha t a b a s i c des ign h a s evolved, sufficient w^ork shotild be done to 
p e r m i t r e a l i s t i c fuel e l emen t cos t e s t i m a t e s to be m a d e . 
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1.0 In t roduct ion 

The b a s i c object ive of the P e b b l e Bed R e a c t o r F u e l Elemient 
Development P r o g r a m i s to develop a n d / o r evalua te fuel e l e m e n t s w^hich 
woxdd be su i tab le for the economic ope ra t i on of a l a r g e sca l e P e b b l e Bed 
R e a c t o r . The c h a r a c t e r i s t i c s of a r e f e r e n c e des ign fuel elennent have been 
b a s e d on des ign s tud ies of a 125 eMW P e b b l e Bed R e a c t o r S t eam P o w e r P l a n t 
( 1 , 2) , Th i s r e a c t o r i s a high ten t ipera ture , a l l - c e r a m i c , he l ium cooled 
r e a c t o r , cons i s t ing of a r a n d o m l y packed s ta t i c bed of fueled g raph i t e 
s p h e r e s . F u e l e l emen t c h a r a c t e r i s t i c s have b e e n comple t e ly d e s c r i b e d in 
the P h a s e I R e p o r t on the P B R F u e l E l e m e n t Development P r o g r a m {3) 
and a r e s u m m a r i z e d be low. 

1. The fuel e l emen t i s a 1 1/2 inch d i a m e t e r s p h e r e of fueled g r a p h i t e . 
2 . F u e l loading i s 4 . 7 5 g m s of u r a n i u m in the form of e i t he r the 

oxide o r the c a r b i d e . 
3 . The m a x i m u m power dens i ty i s 3 KW p e r s p h e r e . Matximumi su r face 

and c e n t e r t e m p e r a t u r e s a r e 1800°F and 2100°F r e s p e c t i v e l y . 
The des ign burnup i s 5500 KWH p e r s p h e r e which i s equivalent 
to 6 a / o of to ta l u r a n i u m o r 40 , 000 M W D / m e t r i c ton of u r a n i u m , 

4 . F i s s i o n p r o d u c t r e t en t ion should be such tha t the e x t e r n a l ac t iv i ty 
l eve l i s -e i lO-" of the ac t iv i ty which would r e s u l t f rom the comple t e 
r e l e a s e of a l l i so tope cha ins containing vola t i le f i s s ion p r o d u c t s . 

5 . The s p h e r e s sha l l wi ths tand a 2 . 0 f t - l b . i m p a c t load and a 500 l b . 
coEnpress ive l o a d . 

6 . Other p e r t i n e n t f ea tu re s a r e that adjacent fuel e l e m e n t s should not 
self weld, fuel e l emen t coa t ings should wi ths tand i n t e r n a l p r e s s u r e 
bui ldup of gaseous f i ss ion p r o d u c t s , and fuel e l e m e n t s u r f a c e s 
should not dus t , a b r a d e , o r e r o d e . 

The P B R Fue l Elencient Development P r o g r a m h a s been a r r a n g e d to 
evalua te these v a r i o u s c h a r a c t e r i s t i c s . F i g u r e 1-1 i s a s c h e m a t i c outl ine 
of the evaluat ion p r o g r a m . In g e n e r a l , fuel e l emen t specinnens a r e subjec ted 
to p r e - i r r a d i a t i o n t e s t i n g , followed by i r r a d i a t i o n t e s t s to naeasure f i ss ion 
p r o d u c t r e t en t ion c h a r a c t e r i s t i c s a n d / o r the effects of i r r a d i a t i o n on phys i ca l 
p r o p e r t i e s . F ina l s t eps in the p r o g r a m include high l e v e l / c a p s u l e i r r a d i a t i o n 
and ope ra t ion of an i n -p i l e loop to s imu la t e p r o b l e m s in the p r i m a r y loop of 
a P e b b l e Bed R e a c t o r . The t e s t a p p a r a t u s u s e d in th i s p r o g r a m h a s been 
d e s c r i b e d in ref (3) . All p h a s e s of the eva lua t ion p r o g r a m up to and including 
the capsu le i r r a d i a t i o n s a r e being conducted a t the Ba t t e l l e M e m o r i a l I n s t i t u t e . 
The in -p i l e p r o g r a m i s being conducted by the Nuc l ea r Sc ience and Eng inee r ing 
C o r p . 
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The present report describes the resul ts during Phase II of the PBR 
Fuel Element Developnnent P r o g r a m . Phase II covers the period from 
November 1959 through October I960 which is the middle 12 month period 
of a 24 inonth program. Other reports issued during Phases I and II, 
exclusive of Monthly P rog res s Reports, are listed in Table 1-1. 

TABLE 1-1 

Reports on PBR Fuel Element Development P rogram 

NYO 2706 Phase I Report, May 1, 1959 to Oct. 31, 1959. 
NYO 9057 Quarterly Report, Nov. . 1 , 1959 to Jan. 31, I960. 
NYO 9058 Quarterly Report, Feb . 1, I960 to Apr . 30, I960. 
NYO 9061 Quarterly Report May 1, I960 to July 31, I960. 
NYO 9059 Thorium Oxide Infiltration of Graphite Spheres; Speer Carbon Co; 

June 15, I960. 
NYO 9060 Subsurface Coatings for Fueled Graphite Spheres; June 30, I960. 





2 , 0 M a t e r i a l s Deve lopment 

Graph i t e was in i t i a l ly s e l e c t e d a s the nnatr ix m a t e r i a l for P B R 
fuel e l e m e n t s b e c a u s e i t i s a low cos t m a t e r i a l which h a s good s t r eng th 
a t high tenrxperatures . T h r e e me thods of fueling the g raph i t e m a t r i x 
have been c o n s i d e r e d : (1) a d m i x t u r e of c e r a m i c fuel p a r t i c l e s with g r aph i t e , 
(2) in f i l t ra t ion of the g raph i t e s p h e r e with a u r a n y l n i t r a t e solut ion, and 
(3) lumping of a cerantiic fuel pe l l e t within a g raph i t e s h e l l . The m a j o r 
eo iphas i s h a s b e e n the r e t en t ion of f i s s ion p r o d u c t s i n t h e s e fueled g raph i t e 
s p h e r e s by m e a n s of high t e m p e r a t u r e c e r a m i c c o a t i n g s . 

T h r e e loca t ions for f i ss ion p r o d u c t coa t ings have been c o n s i d e r e d : 

1 . A coat ing can be appl ied to the outs ide su r f ace of the fueled g raph i t e 
s p h e r e . A su r f ace coa t ing c a n be appl ied to any of the t h r e e types of fueled 
g raph i te s p h e r e s and a su r f ace coat ing i s r e l a t i ve ly e a s y to app ly . However , 
the coat ing i s subjec t to s t r e s s e s a r i s i n g fronts both e x t e r n a l loads ( i . e . 
i m p a c t , contipression) and pos s ib l e d i f ferent ia l expans ion with the g raph i te 
s p h e r e due to t enape ra tu re cycl ing o r r ad i a t i on damage e f fec t s , 

2 . A coat ing catn be l oca t ed benea th the su r f ace of the g raph i te s p h e r e , 
with the fueled r eg ion being ins ide the coa t ing . The coat ing i s not subjec ted 
d i r e c t l y to e x t e r n a l loads appl ied to the fuel e l e m e n t but the manufac tu r ing 
p r o c e s s i s sontiewhat naore c o m p l e x . 

3 . Coat ings can be appl ied to the individual fuel p a r t i c l e s in an a d m i x -
t u r e d type fuel e lennent . The c e r a m i c coa t ings can be u s e d in l a r g e th i ckness 
to d i a m e t e r r a t i o s which a r e naore s tab le and individual coat ing f a i lu re s would 
expose only a v e r y s m a l l po r t i on of the fuel . However , the fuel p a r t i c l e 
coa t ings a r e sub jec ted to f i s s ion f r agmen t r e c o i l damage and r u p t u r e due 
to f i ss ion gas p r e s s u r e bui ldup which cotild l i m i t the useful life of the coa t ing . 

The c e r a m i c m a t e r i a l s which w e r e inves t iga ted for t he se app l ica t ions 
differ fronn o r d i n a r y cerannic m a t e r i a l s which g e n e r a l l y have r a t h e r high 
p e r m e a b i l i t i e s . M a t e r i a l s u s e d in th i s p r o g r a m such a s s i l i con ized s i l i con 
c a r b i d e , py ro ly t i c c a r b o n and v a p o r - d e p o s i t e d a l u m i n a have b e e n found to 
be low pernt ieabi l i ty m a t e r i a l s , of the o r d e r of that found for m a n y m e t a l s . 
Indeed, the p e r m e a b i l i t i e s of t h e s e spec i a l c e r a m i c s r e m a i n low a t t e m ­
p e r a t u r e s which a r e beyond the safe l i m i t s for nsany m e t a l s . Sect ion 3 .0 
s u m m a r i z e s a l l the w o r k on s i l i con ized s i l i con c a r b i d e and pyro ly t i c c a r b o n 
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Surface c o a t i n g s . Coated fuel p a r t i c l e s a r e d i s c u s s e d in Sect ion 4 . 0 
(Alumina) and Sect ion 5 .0 (Pyro ly t i c c a r b o n ) . Subsur face coa t ings a r e 
d e s c r i b e d in Sect ion 6 . 2 . 

In addi t ion to the work on coa t ings , t h e r e w e r e s e v e r a l o the r programis 
in the a r e a of m a t e r i a l s deve lopment . The tho r ium oxide loadings which can 
be ach ieved in g raph i t e by in f i l t ra t ion with t h o r i u m n i t r a t e i s d e s c r i b e d in 
Sect ion 6 . 1 , The u s e of n a t u r a l g raph i te in p r e p a r i n g a high dens i ty m a t r i x 
m a t e r i a l i s d e s c r i b e d in Sect ion 6 . 3 . A spec ia l capsu le i r r a d i a t i o n to t e s t 
the abi l i ty of u r a n i u m graphi te s p h e r e s to wi ths tand high burnup i s d e s c r i b e d 
in Section 7 . 0 . 

The m o s t p robab le appl ica t ion of the Pebb le Bed R e a c t o r wil l be a s a 
high t e m p e r a t u r e b r e e d e r r e a c t o r employing a u r a n i u m - t h o r i u m loading in 
the c o r e and a t ho r ium loading in the b l anke t . F o r p u r p o s e s of the e x p e r i ­
men ta l p r o g r a m , the t ho r ium i s r e p l a c e d with an equivalent weight of u r a n i u m 
N o r m a l e n r i c h m e n t u r a n i u m i s u s e d in s p e c i m e n s for p r e - i r r a d i a t i o n t e s t s 
and c e r t a i n low l eve l f i s s ion p roduc t diffusion t e s t s . The u s e of fully en r i ched 
u r a n i u m in capsu le i r r a d i a t i o n s g rea t ly a c c e l e r a t e s i r r a d i a t i o n damage t e s t s 
such that an t ic ipa ted bu rnups in Pebb le Bed R e a c t o r s can be r e a d i l y ach ieved 
in lower flxix r e s e a r c h r e a c t o r s . 

Table 2-1 h a s been p r e p a r e d to s u m m a r i z e the v a r i o u s types of fuel 
e l emen t spec imens eva lua ted dur ing P h a s e I I . The m a n u f a c t u r e r and 
pe r t i nen t c h a r a c t e r i s t i c s of the fuel e l e m e n t s a r e l i s t e d . E a c h type of 
s p e c i m e n h a s been a s s i g n e d a type n u m b e r . The l e t t e r s F A and F I r e f e r 
to the method of fueling the graphi te ( i . e . admix tu r e and in f i l t r a t ion) . In 
the c a s e of unfueled s p e c i m e n s , the des ignat ion FX is u s e d . N u m b e r s a r e 
a s s i g n e d s e r i a l l y within each group , and have no spec ia l s ign i f icance . 
Occas iona l ly , when i t i s d e s i r e d to identify a p a r t i c u l a r s p h e r e within a 
group, an addi t ional ident i f icat ion n u m b e r in p a r e n t h e s e s wil l be added to 
the type n u m b e r . Throughout th i s r e p o r t , s p e c i m e n s a r e r e f e r r e d to only 
by type n u m b e r . Consequent ly , the s p e c i m e n s have been l i s t e d n u m e r i c a l l y 
in Table 2-1 to p e r m i t r ap id ident i f ica t ion. 
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I N F I L T R A T E D U N F U E L E D 

N u m b e r 

M f g r . 

F I - 1 

Syl . 

F U E L 
L o a d e d As 
F i n a l F o r m 
P a r t i c l e S ize , M. 

MATRIX 
R e i m p r e g . 
Net D e n s i t y 
Shel l Th i ck . 
Bake T e m p , °F 

COATING 
M a t e r i a l 
T h i c k n e s s 

UNH 
UO2 

1 

no 
1.65 

0 
1470 

F X - 3 

R a y . 

F X - 5 

A M P 

AMP 
BMI 
C a r b o 
GLC 
3M 
NC 
Ray 
Syl 

P y r o - G 
. 0 6 0 " 

P y r o - C 
. 0 0 0 5 " 

Manuf a c tu r e r s 

A m e r i c a n Meta l P r o d u c t s 
Ba t t e l l e M e m o r i a l Ins t i tu te 
C a r b o r u n d u m 
G r e a t L a k e s C a r b o n 
M i n n e s o t a Mining and Manufac tu r ing 
Nat iona l C a r b o n 
Ray theon 
S y l v a n i a - C o r n i n g N u c l e a r 

ADMIXTURED 

N u m b e r 

M f g r . 

F A - 1 

NC 

F A - 2 F A - 8 

BMI C a r b o 

F A - 1 0 

GLC 

F A - 1 6 

3M 

F A - 1 9 

NC 

F A - 2 0 

NC 

F A - 2 1 

Ray 

F A - 2 2 

NC<1) 

F U E L 
L o a d e d As UO2 UO2 
F i n a l F o r m UO2 UO2 
P a r t i c l e Size.jj. 100 /150 67 

MATRIX 
R e i m p r e g . no 
Net Dens i ty 1.62 
Shel l Th ick 0 
Bake T e m p , ' F 2560 

COATING 
L o c a t i o n 
M a t e r i a l 
T h i c k n e s s 

F A - 2 3 

3M 

UO7 

F A - 2 4 

Carbo^^^ 

UC2 UO2 UO2 UO2 UO2 UO2 UO2 UO2 UC2 
UC2 UO2 UC UC2 UC2 UC2 UO2 UC UC2 
100/200 350/420 100/200 100/150 100/150 100/150 100/150 100/200 100 /150 

no 
1.49 

0 
2000 

no 
1.63 

0 
3600 

Surf . 
S iC-S i 
. 0 3 0 " 

yes 
1.80 

0 
2000 

yea 
1.75 
. 0 6 0 " 
3600 

Surf. 
S iC-Si 
. 0 0 3 " 

no 
1.65 

0 
4800 

no 
1.65 

0 
4800 

Surf. 
P y r o -
.002 ' 

-C 

no 
1.65 

0 
4800 

Surf. 
P y r o -
. 0 5 0 " 

G 

no 
1.57 

0 
2300 

P a r t . 
AI2O3 
SOji 

yes 
1.75 
. 1 2 5 " 
3600 

Surf. 
S iC-Si 
, 0 0 3 " 

no 
1.55 

0 
2000 

P a r t . 
P y r o -
40n 

C 

o 

a 
f 
W 

z 
H 
H 

Note (1): Fue l p a r t i c l e s coa t ed by B a t t e l l e M e m o r i a l Ins t i tu te 





3,0 Surface Coated Fue l E l e m e n t s 

One of the e a r l i e s t a p p r o a c h e s to f i ss ion p roduc t r e t en t ion was 
the appl ica t ion of a c e r a m i c coat ing to the outs ide su r face of the s p h e r i c a l 
P B R fuel e l e m e n t . A v a r i e t y of su r face coat ings had been inves t iga ted in 
the p r o g r a m (3) and work dur ing P h a s e II c e n t e r e d on two of the m o s t 
p r o m i s i n g types —— s i l i con ized s i l icon ca rb ide (Si-SiC) and pyro ly t i ca l ly 
depos i t ed c a r b o n . The u s e of su r face coa t ings p r e s e n t s c e r t a i n p r o b l e m 
a r e a s . The a l lowable impac t load on the fuel e l emen t i s s ignif icant ly 
r educed due to the thin, h a r d and l e s s r e s i l i e n t na tu re of the coat ing 
c o m p a r e d with the g raph i t e m a t r i x . However , by p r o p e r choice of g raph i te 
m a t e r i a l and coat ing t h i c k n e s s , fuel e l emen t s mee t ing the 2 . 0 f t - l b . 
r e q u i r e m e n t can be m a d e . Coat ings m u s t have adequate a d h e r e n c e to the 
graphi te body and sufficient a b r a s i o n r e s i s t a n c e to wi ths tand the fuel flow 
p a t t e r n through P B R c o r e s . Coating m a t e r i a l s which will self weld and 
cause the packed bed to f r eeze up m u s t be avoided . A l so , if the coat ing 
m a t e r i a l r e a c t s with u r a n i u m , an unfueled graphi te shel l m u s t be p laced 
be tween the fueled g raph i t e c o r e and the coa t ing . These f a c t o r s , toge the r 
with the abi l i ty of the coat ing to r e t a i n f i ss ion p r o d u c t s , have fo rmed the 
b a s i s for the evaluat ion p r o g r a m . 

3 . 1 Si l icon Carb ide Surface Coat ings 

The i n t e r e s t in s i l icon ca rb ide coat ings for Pebb le Bed R e a c t o r fuel 
e l emen t s s t e m s f rom t h e i r exce l len t potent ia l a s a b a r r i e r to f i ss ion p roduc t 
leakage at high t e m p e r a t u r e s . Actual ly , th is p r o p e r t y i s due to the p r e s e n c e 
of a cont inuous phase of s i l icon throughout the s i l icon ca rb ide g r a i n s in the 
coa t ing . This miater ia l i s r e f e r r e d to a s s i l i con ized s i l icon c a r b i d e (S i -S iC) . 
Tes t r e s u l t s dur ing p r ev ious p e r i o d s had ind ica ted good f i ss ion p roduc t r e ­
tent ion by this m a t e r i a l (_2). However , due to the potent ia l r e a c t i o n be tween 
free s i l icon and the fuel p a r t i c l e s caus ing the su r face coat ing to become con­
t amina t ed with fuel, it has been n e c e s s a r y to include an unfueled g raph i te 
she l l be tween the fueled g raph i te c o r e and the Si~SiC coa t ing . I r r a d i a t i o n of 
this type of s p e c i m e n in Capsule S P - 3 (3) caused the coat ing adjacent to 
inc ip ient flaws in the unfueled shel l to fail under the effects of an i n t e r n a l 
t e m p e r a t u r e g r a d i e n t . Another p r o b l e m a r e a i s the potent ia l se l f -welding 
be tween adjacent fuel e l e m e n t s at t e m p e r a t u r e s approach ing the mel t ing point 
of the f ree p h a s e s i l icon in the coa t ing . Work dur ing P h a s e II cons i s t ed 
p r i m a r i l y of evaluat ing i m p r o v e d s p e c i m e n s with r e s p e c t to these p r o b l e m 
a r e a s . These s p e c i m e n s include the a d m i x t u r e / s h e l l e d types F A - 1 6 and 



F A - 2 3 and the a d m i x t u r e type F A - 8 . These s p e c i m e n s a r e d e s c r i b e d in 
Table 2 - 1 . F i g u r e 3-1 shows an Si-SiC coat ing s i m i l a r to the coat ing on an 
F A - 2 3 s p e c i m e n and F i g . 3-2 shows an Si-SiC coat ing on an F A - 8 s p e c i m e n . 
In both coa t ings , the cont inuous f ree s i l i con p h a s e and the exce l l en t bonding 
to the graphi te m a t r i x can be s e e n . 

3 . 1 . 1 P h y s i c a l Eva lua t ion 

A tota l of 15 fueled g raph i te s p h e r e s coa ted with Si-SiC w e r e r e c e i v e d 
for evaluat ion dur ing P h a s e 11. The examina t ion of one s p h e r e af ter high 
leve l i r r a d i a t i o n in Stat ic Capsu le S P - 4 i s d e s c r i b e d in th i s s ec t ion while 
f i ss ion p roduc t r e t en t ion t e s t s a r e d e s c r i b e d in the following sec t ion 3 . 1 . 2 . 
P r e - i r r a d i a t i o n t e s t s p e r f o r m e d dur ing P h a s e II a r e s u m m a r i z e d be low. 

A b r a s i o n T e s t s . A b r a s i o n t e s t s w e r e run on 5 s p e c i m e n s . This t e s t 
cons i s t s of tumbling the s p h e r e s for a 20 m i n . p e r i o d ins ide a ro ta t ing d r u m 
•which a l s o conta ins some dumntiy g raph i t e s p h e r e s to enhance the tumbl ing 
ac t ion . The a b r a s i o n t e s t r e s u l t s a r e s u m m a r i z e d in Table 3 - 1 , The 
s p e c i m e n s w^ith the th i ckes t coa t ings suffered no no t iceab le damage except 
for Sonne weight l o s s . The th inner coa t ings developed p in hole l e a k s . These 
w e r e m o s t l ike ly thin spots in the coat ing which w e r e damaged by the 
tumbl ing ac t ion . 

TABLE 3-1 

A b r a s i o n T e s t s on Si-SiC Coated S p h e r e s 
T ime In 

Specimien 
No. 

FA-16(S12) 

FA-16(S14) 
FA-23(E8-1) 
FA-23(E8-2) 
FA-23(E8-6) 

Coating 
Thickness, in. 

,004 

,004 
,010 
,010 
,0075 

Hot Oil Hot 0 
Test Min. 
Several 10 
small leaks 

10 
No leaks 5 

5 
5 

C o m p r e s s i o n T e s t s , Gomipression t e s t s w e r e run on two of the s p h e r e s 
which had been subjec ted to the a b r a s i o n t e s t . Spec imen FA- l6 (S12) b r o k e 
a t an 825 load af ter a deflect ion of 0 . 0 6 8 " while F A - 2 3 ( E 8 - 2 | b r o k e a t 1445 l b s . 
and 0 . 0 6 0 " def lec t ion . Both of these va lues a r e wel l above the r e q u i r e d 
500 l b . c o m p r e s s i v e load . 



•^.f-^ ^ •• -4^ 

Fig . 3 - 1 . Si-SiC coating s imi la r to coating on an 
FA-23 spec imen (lOOX) 

. " . ' ' ' • ' - . • - ' ' - . • . • • 

Fig , 3-2, Si~SiC coating on an 
FA-8 specimen (lOOX) 
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I inpact T e s t s . Impac t t e s t s w e r e run on two m o r e of the s p h e r e s 
which had been sub jec ted to the a b r a s i o n t e s t . The coa t ing on FA- l6 (S14) 
developed a pinhole (as ind ica ted by a hot oil t e s t ) a f te r an impac t load 
of 0 .6 f t - l b . Visual damage to the coat ing did not a p p e a r unt i l af ter a 
1,3 f t - l b . i m p a c t . The c o r r e s p o n d i n g i m p a c t loads for FA-23CE8-1) w e r e 
0 , 5 ft. l b , to p roduce a leak and 0 ,7 ft. lbs to p roduce v i sua l d a m a g e . These 
va lues a r e somewha t below those p r ev ious ly r e p o r t e d for th is type of s p e c i m e 
a s being in the r ange of 1,25 to 3 .0 f t - l b s . Apparen t ly , the tumbl ing t e s t s 
on t he se s p e c i m e n s weakened the c o a t i n g s , 

1500 1 1/2" d i a m e t e r unfueled g raph i t e s p h e r e s coa ted with Si-SiC w e r e 
p u r c h a s e d and u s e d under Con t r ac t ATf 30-11-2207 to s tudy p r e s s u r e d rop 
and t h e r m a l expans ion c h a r a c t e r i s t i c s of packed ba l l beds (12). The 
accep tance t e s t s for the p r o c u r e m e n t of the 1500 s p h e r e s inc luded a 2 f t - l b . 
i m p a c t load and a 500 lb c o m p r e s s i v e load appl ied to each s p h e r e with no 
evidence of coat ing fa i lure a s ind ica ted by the hot oil l eakage t e s t . All of 
the 1500 s p h e r e s p a s s e d t h e s e t e s t s . However , when the s p h e r e s w e r e 
subsequent ly u s e d in an oxidizing a t m o s p h e r e a t ISOO^F, c o r r o s i v e a t t ack 
to the under ly ing g raph i t e was noted in many of the s p h e r e s . F r o m the 
n a t u r e of the d a m a g e , i t was concluded that the Si-SiC coat ing had been 
b r t d s e d dur ing the i m p a c t t e s t s such that the g raph i te could be a t t acked 
by the highly oxidizing a t m o s p h e r e through the weakened spo t s in the coa t ing . 

Self Welding. In view of the p r e s e n c e of f ree phase s i l icon, having a 
2600®F mel t ing poin t , in the Si-SiC coat ing , t h e r e i s some c o n c e r n about 
adjacent fuel e l e m e n t s being fused toge the r which would h inder c o r e 
unloading . T e s t s w e r e run on unfueled s p h e r i c a l s p e c i m e n s having coat ings 
s i m i l a r to the F A - 1 6 and F A - 2 3 t y p e s . In one t e s t , two s p h e r e s w e r e 
subjec ted to a 50 l b , c o m p r e s s i v e load for 66 h o u r s '«^ile a t 2 5 0 0 ° F , A 
whi t ish film which a p p e a r e d on the su r face of the s p e c i m e n due to a r e ac t i on 
with con taminan t s in the furnace m a y have accen tua ted the welding that was 
o b s e r v e d at the po in ts of con tac t . The t e s t was r e p e a t e d with s i m i l a r 
s p e c i m e n s a t 23O0®F and no evidence of self welding was found. Thus , 
i t a p p e a r s that the p e r m i s s a b l e su r face t e m p e r a t u r e for th i s type of spec imen 
will be below 2 5 0 0 " F . 

Coating P e r m e a b i l i t y . A tota l of 11 s p e c i m e n s of the F A - 1 6 and F A - 2 3 
types w e r e i m m e r s e d in s i l icone oil a t 375®F. One s p e c i m e n emi t t ed a s ingle 
v e r y fine bubble s t r e a m while a l l o the r s p e c i m e n s showed no evidence of 
p inholes o r c r a c k s . 



U r a n i u m Con tamina t ion . The F A - 8 s p e c i m e n c o n s i s t s of an Si -SiC 
coat ing p l aced d i r e c t l y on a fueled g raph i te s p h e r e . A de ta i l ed a lpha a s s a y 
of th i s type s p e c i m e n showed a r a t h e r un i fo rm u r a n i u m con tamina t ion ove r 
the e n t i r e su r face which to ta l l ed 0 . 3 % of the u r a n i u m ins ide the s p h e r e . 
Both the F A - 1 6 and F A - 2 3 specinnens have unfueled g raph i t e s h e l l s be tween 
the fueled c o r e and the Si -SiC coa t ing . A s u m m a r y of the a lpha a s s a y t e s t s 
on t he se specimiens i s given in Table 3 - 2 . T h r e e a r e a s each equal to 1/7 of 
the to ta l su r face a r e a was m e a s u r e d on each s p h e r e . The va lues r e p o r t e d 
in Table 3-2 r e p r e s e n t the equivalent whole ba l l con tamina t ion . As can be 
noted , the u r a n i u m contamina t ion i s s l ight ly h ighe r in the F A - 1 6 s p e c i m e n 
which could be due to somewha t g r e a t e r u r a n i u m m i g r a t i o n th rough i t s 
th inner unfueled shel l dur ing manufac tu r ing . 

TABLE 3-2 

Surface Uran ium Contamina t ion of Si-SiC Coated Spec imens 

Sphe re N o . P o s i t i o n 1 P o s i t i o n 2 P o s i t i o n 3 
FA-23(E8-7) nil 47o~^l¥^ Y. 3 x i F ^ 
F A - 2 3 ( E 8 - 1 2 | 2 . 3 x l 0 - = 7 2 . 3 x 1 0 - " ^ 3 . 1 . x 10--7 
F A - 2 3 ( E 8 - 1 ) 1 . 6 x 1 0 - 7 nil 2 . 3 x 1 0 - 7 
FA-23(SPE-.2) 1 . 1 x 1 0 - ^ 1.9 x l O ' ^ 3 .0 x l O - ^ 
FA-16CE16-4) 8 . 4 x 1 0 - 6 4 . 4 x 1 0 - 6 7 , 0 x 1 0 - 6 

In te rna l P r e s s u r e . As f i ss ion p roduc t g a s e s a c c u m u l a t e ins ide a 
coa ted g raph i te s p h e r e unde r i r r a d i a t i o n , t h e r e i s a pos s ib i l i t y that gas 
p r e s s u r e could c a u s e the coat ing to r u p t u r e . It h a s b e e n ca l cu la t ed that 
a p r e s s u r e of about 300 p s i could ex i s t i n s ide such a coa ted s p h e r e . A 
spec ia l t e s t a p p a r a t u s was c o n s t r u c t e d which c o n s i s t e d of a tube fitting 
gaske ted to a coa ted s p h e r e having a l / l 6 " d i a m e t e r hole in the coa t ing . 
This assemibly was mounted in b e a k e r of 375°F s i l icone o i l . An F A - 8 specime 
was t e s t e d at 300 p s i of a r g o n . The coat ing did not c r a c k off, indica t ing 
tha t i t was s e c u r e l y bonded to the g r aph i t e , and no pinhole l e a k s developed 
in the coa t ing . 

Rad iograph ic Inspec t ion . Some difficulty had been encoun te r ed with 
e a r l i e r v e r s i o n s of the F A - 1 6 and F A - 2 3 types in that inc ip ient flaws w e r e 
de t ec t ed in the g raph i te m a t r i x which l ed to c r a c k i n g of the Si -SiC coat ing 
dur ing capsu le i r r a d i a t i o n C_2|. Spec imen F A - 2 3 ( E 8 - 7 | which w a s be ing 
c o n s i d e r e d for i r r a d i a t i o n in Capsule S P - 5 was subjec ted to a de ta i led 
r ad iog raph ic i n spec t ion . Six r a d i o g r a p h s w e r e t aken with the s p e c i m e n 
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being ro t a t ed GO" be tween shots in o r d e r to obta in comple te c o v e r a g e of 
the unfueled s h e l l . No evidence of c r a c k s o r flaws could be no ted . This 
fac tor toge the r with the d i r e c t visucil examina t ion of s e v e r a l sec t ioned 
s p e c i m e n s 'which r e v e a l e d no flaws ind ica ted that th i s type of s p e c i m e n was 
f ree f rom i n t e r n a l c r a c k s . 

Radia t ion E f f e c t s . An F A - 8 s p e c i m e n had been unde r i r r a d i a t i o n in 
Stat ic Capsule S P - 4 to a s s e s s the l o n g - t e r m i r r a d i a t i o n effects on an Si-SiC 
coa ted s p e c i m e n , p a r t i c u l a r l y the ques t ion of whe the r r ad ia t ion induced 
g raph i t e sh r inkage wil l weaken the specinnen. Th i s i r r a d i a t i o n s t a r t e d in 
August 1959 and t e r m i n a t e d in M a r c h I 9 6 0 . The des ign and ope ra t ing condi ­
t ions for Capsu le S P - 4 a r e d e s c r i b e d in Sect ion 8 . 1 . P o s t - i r r a d i a t i o n e x a m ­
inat ion of the i r r a d i a t e d s p e c i m e n was conducted dur ing P h a s e I I . A s u m m a r 
of the i r r a d i a t i o n condi t ions , weight changes^ and d imens iona l changes a r e 
given in Table 3-=. 3 , 

TABLE 3-3 

S u m m a r y of I r r a d i a t i o n R e s u l t s for 
Si-SiC Coated Spec imen F A - 8 in Capsule S P - 4 

Heat G e n e r a t i o n Rate 2 . 2 KW 

M e a s u r e d Graph i t e Block T e m p . 140§°F 

Ca lcu la ted Surface T e m p , i 7 5 0 ' F 

Ca lcu la ted C e n t e r T e m p . 1850°F 

Burnup 7400 KWH 

Weight, p r e - i r r a d i a t i o n and change 
dur ing i r r a d i a t i o n 

D i a m e t e r , p r e - i r r a d i a t i o n and 
change dur ing i r r a d i a t i o n 

56 .2085 g m s , + 0.14% 

' . 5 0 0 9 " + 0 .43% 
i „ 5 6 8 3 " , - §.16% 
1.4908", + 0 .65% 



Machined f lats could not be u s e d for d imens iona l m e a s u r e m e n t s on 
th i s coa ted s p e c i m e n a s w a s done for uncoa ted s p e c i m e n s . Ins tead , 
g r e a s e . p e n c i l m a r k s w e r e m a d e a t the po in t s of m e a s u r e m e n t . However , 
i t was noted that r e p e a t e d m e a s u r e m e n t s a t the s a m e d i a m e t e r showed tha t 
d imens iona l changes •were v e r y sens i t ive to m i c r o m e t e r pos i t i on ! Thus , 
l i t t l e s igni f icance c a n be p l a c e d on the d imens iona l changes r e p o r t e d in 
Table 3 - 3 . The gain in weight of the s p e c i m e n dur ing i r r a d i a t i o n i s naost 
l ike ly a s s o c i a t e d with the c r a c k which w a s subsequent ly found in the Si-SiC 
coa t ing . The Si-SiC coat ing •was appl ied to the g raph i te s p h e r e a t 3600®F 
in an i n e r t a t m o s p h e r e •which effectively o u t g a s s e s 'the g raph i te m a t r i x 
be fo re i t i s coa t ed . T h u s , •when the coat ing c r a c k e d , i t was p r o b a b l e that 
capsu le gas (hel ium) o r a t m o s p h e r i c a i r (af ter capsu le opening but be fo re 
weighing) co'uld be r e a d s o r b e d on the g raph i t e m a t r i x , caus ing a •weight ga in . 

Visua l exannination of the F A - 8 s p e c i m e n showed i t to be c r a c k - f r e e 
and other 'wise sound . Ho^wever, upon i m m e r s i n g the s p h e r e in 3 7 5 " F s i l icon 
oi l , a l ine of bubble s t r e a m s c l e a r l y showed a s ingle su r f ace c r a c k about 
1/4 inch long . Subsequent m a c r o s c o p i c exannination conf i rmed the p r e s e n c e 
of the c r a c k . F i g u r e 3-3 i s a 34x •view of th i s c r a c k . In v iew of the 
i m p o r t a n c e of tr-ying to d e t e r m i n e the c a u s e of t h i s c r a c k , a sched-uled i m p a c t 
t e s t on the s p e c i m e n was o m i t t e d . The F A - 8 s p e c i m e n was mounted in p l a s t i c 
so tha t i t could be sec t ioned and po l i shed to fu r the r s tudy the c r a c k . 
Exanninat ion of the po l i shed s ec t i on ac tua l ly r e v e a l e d t h r e e c r a c k s th rough 
the coa t ing . Two of the c r a c k s w e r e quite l a r g e ajid obviously have been 
r e v e a l e d in the hot oil t e s t . It •was l ike ly tha t the cut t ing and pol i sh ing 
ope ra t i on c a u s e d t h e s e c r a c k s . The t h i r d c r a c k i s shown in F i g . 3 - 4 . 
T h e r e i s not conc lus ive e^vidence that th i s i s ac tua l ly the c r a c k pre^viously 
o b s e r v e d in the hot oil t e s t s ince in mount ing the s p h e r e in p l a s t i c , the 
o r i en t a t i on of the c r a c k m a y have been l o s t . However i t does not have the 
l a r g e , jagged a p p e a r a n c e of the o the r two c r a c k s and i s t h e r e f o r e be l i eved 
to be the c r a c k of i n t e r e s t . As can be noted in F i g . 3 -4 , the c r a c k a p p e a r s 
to be along the SiC g r a i n b o u n d a r i e s . The c r a c k was p robab ly c a u s e d by a 
s t r e s s in the coat ing which e i t he r r e s u l t e d f rom the i n t e r n a l t e m p e r a t u r e 
g r ad i en t in the s p e c i m e n o r f rom an in i t i a l coat ing flaw i n fabr ica t ion -which 
did not l e ak in the p r e - i r r a d i a t i o n hot oil t e s t but which p r o p a g a t e d unde r the 
ope ra t i ng cond i t i ons . No e-vidence of coat ing s e p a r a t i o n f rom the g raph i te 
m a t r i x can be noted in F i g . 3 - 4 . Th i s i s s ignif icant b e c a u s e i t was thought 
tha t r ad i a t i on induced sh r inkage of the g raph i t e m a t r i x might have p r o d u c e d 
s o m e coat ing s e p a r a t i o n . Excep t for the c r a c k , t h e r e i s no o the r -visible 
ev idence of a r ad i a t i on induced change to the Si -SiC m a t e r i a l . 



Crack 

y. - ' -J 

• i \ 

F i g . 3 - 3 , Ex te rna l view C34x) of c r ack in Si-SiC coating 
of specimen F A - 8 (E6) after i r r ad ia t ion 
in Capsule S P - 4 . 

I. 3-4. Crack in Si-SiC coating of specimen F A - 8 (£6) 
after i r r ad ia t ion in Capsule S P - 4 . View at lOOx. 



3 , 1 . 2 F i s s ion P r o d u c t Reten t ion 

Coated s p e c i m e n s of the F A - 1 6 and the F A - 2 3 types w e r e t e s t e d 
for f i s s ion p roduc t r e t en t ion dur ing P h a s e II by t h r e e different t e s t s -
neu t ron ac t iva t ion , furnace c a p s u l e , and sweep c a p s u l e . 

F u r n a c e capsu le S P F - 2 conta ined s p e c i m e n FA~16(S15), fueled with 
normaii e n r i c h m e n t u ran iuna . A to ta l of 13 off-gas s a m p l e s f rom th i s 
e x p e r i m e n t w e r e ana lyzed for long- l ived noble f i ss ion p roduc t g a s e s c o v e r ­
ing an ope ra t ing t e m p e r a t u r e r ange of 200°F to 1900'*F. Ini t ia l ope ra t ion 
of th i s capsu le was in a t h e r m a l flux of 1.7 x lO^^ . The f i ss ion p roduc t 
r e t en t ion was so good for th i s s p e c i m e n tha t the capsu le was u l t i m a t e l y 
moved into a flux of 3 x 10^^ to achieve m a x i m u m sens i t i v i t y . A s u m m a r y 
of the da ta obta ined i s given in Table 3 - 4 . 

TABLE 3-4 

S u m m a r y of F i s s i o n P r o d u c t R e l e a s e Data 
F o r Si-SiC Coated F A - 1 6 Spec imen in F u r n a c e Capsule S P F - 2 

R / B , (Rate of R e l e a s e / R a t e of P roduc t ion ) 
Xe 133 Xe 135 Kr 85m Kr 87 Kr 88 

Sample 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

Temp, 
op 

200 
1000 
1000 
1000 
1000 
1500 
1500 
1500 
1500 
1900 
1900 
1900 
1900 

Flux 
n/cm^-sec 

1.7xl0l0 
II 

3xl0ll 
t! 

H 

3x10^2 
II 

!l 

II 

II 

II 

II 

II 

4 No de tec tab le r e l e a s e ) -

6 .1x10-6 6 .1x10-7 S.lxlO-"? -^1.3x10-"^ 3.0xl0" '7 
2 . 8 x 1 0 - 6 2.0x10-"^ 8.1x10- '? " 2 . 7 x l 0 " 7 
2 . 1 x l 0 " 6 1.6x10-7 3 .1x10-7 " 1.7x10-7 
1 .7x10-6 1.1x10-7 3 .1x10-7 " 1 .7x10-7 
2 .6x10-6 3 .8x10-7 6 .7x10-7 " 1.5x10-7 
4 . 5 x 1 0 - 6 4 , 2 x 1 0 - 7 4 . 1 x 1 0 - 7 " 1.2x10-7 
8 ,2x10-6 2 .0x10-7 7 .0x10-7 " 3 .0x10-7 
4 . 3 x 1 0 - 6 2 .5x10-7 4 . 7 x 1 0 - 7 " 1 .0x10-7 

As can be noted in Table 3-4 , the r e l e a s e r a t e s for t h e s e long- l ived 
f i s s ion g a s e s a r e e x t r e m e l y low. No signif icant effect of t e m p e r a t u r e on 
l eakage r a t e can be no ted . An a lpha a s s a y of FA-16(S15) ind ica ted a 
su r face u r a n i u m contamina t ion of about 5x10-7 of the tota l u r a n i u m in the 
s p h e r e . A neu t ron ac t iva t ion t e s t of FA- l6 (S15) a t 1650*F showed that 
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l e s s than 5 x 1 0 - ^ ( l imi t of sens i t iv i ty) of the X e l 3 3 in the s p e c i m e n was 
r e l e a s e d in a 3 h r . p e r i o d . T h e s e f ac to r s toge the r with the lack of 
t e m p e r a t u r e dependence ind ica te s that the o b s e r v e d " l e a k a g e " r a t e s a r e 
m o s t p robab ly due to f iss ioning of the s l ight u r a n i u m contamina t ion on the 
su r face of the s p e c i m e n . 

In p r e p a r a t i o n for i r r a d i a t i o n in Sweep Capsu le S P - 5 , s p e c i m e n 
FA-23(E8-7 ) was subjec ted to a neu t ron ac t iva t ion t e s t . This s p e c i m e n 
w a s ac t iva ted in an i n t e g r a t e d t h e r m a l neu t ron fliix of 3 .6x10^^ nvt a t 
ambien t t e m p e r a t u r e and then hea t ed a t 2000°F for 4 h o u r s . Dur ing th i s 
heat ing p e r i o d , the Xe 133 r e l e a s e was below the de tec t ion l i m i t of 
2 .2x10*7 of the X e l 3 3 p r e s e n t ins ide the s p e c i m e n . Consequent ly , th is 
s p e c i m e n was s e l ec t ed for one of the two sweep c o m p a r t m e n t s in Capsule 
S P - 5 . An addi t ional s p e c i m e n , FA-23(E8~12) , was p l aced in the s ta t ic 
c o m p a r t m e n t . 

The des ign and opera t ing condi t ions for Capsijile S P - 5 a r e d e s c r i b e d 
in Sect ion 8 . 2 . Br ie f ly , the FA-23 (E8-7 ) s p e c i m e n o p e r a t e d a t 1.6 KW 
hea t gene ra t ion and 1300°F su r face t e m p e r a t u r e . The leakage da ta for 
long l ived xenon and k ryp ton i so topes fronn th i s spec i inen a r e given in 
Table 3 - 5 . 

TABLE 3-5 

Long-L ived Xe and Kr R e l e a s e F r o m Si-SlC Coated 
Spec imen FA-23(E8-7 ) in Capsu le S P - 5 

Sample Days of R / B , (Rate of R e l e a s e / R a t e of P roduc t i on ) 
N o . 
1 
2 
3 
4 
5 
6 
7 

I r r a d i a t i o n 
11 
12 

16-I7(a) 
21 
21 
21 
32 

Kr 85m 
N i l 
N i l 
1.9x10-9 
(b) 
4 . 9 x 1 0 - 4 
2 . 8 x 1 0 - 3 
2 . 8 x 1 0 - 4 

Kr 87 
N i l 
N i l 
N i l 
(b) 
2.0x10-
1.2x10-
1.3x10-

-4 
-3 
-4 

Kr 88 
N i l 
N i l 
1.5x10-9 
(b) 
1,7x10-4 
6 .6x10 -4 
2 . 0 x 1 0 - 4 

Xe 133 
N i l 
N i l 
5 .7x10-9 
7 . 9 x 1 0 - 3 
3 .0x10-3 
6 . 3 x 1 0 - 3 
5 .2x10-4 

Xe 135 
N i l 
N i l 
1.5x10-9 
Cb) 
1.1x10-4 
9 . 3 x 1 0 - 4 
1 .0x10-4 

(a) Sample co l lec ted over 22 h r p e r i o d ( r a t h e r than 2 h r pe r iod ) 
b e c a u s e of low r e l e a s e r a t e . 

(b) These s p e c i e s decayed out dur ing long cooling p e r i o d n e c e s s i t a t e d 
by high ac t iv i ty in th i s s a m p l e . 



E x t r e m e l y low^ f i ss ion p roduc t r e l e a s e was noted dur ing the f i r s t 
17 days of i r r a d i a t i o n . Sample N o . 4 isras t aken j u s t a f te r Capsu le S P - 5 
w^as b rought up to pow^er for the t h i r d c y c l e . J u s t p r i o r to s t a r t u p , gas 
flow through the c o m p a r t m e n t conta ining the F A - 2 3 ( E 8 - 7 ) s p e c i m e n showed 
no ev idence of high f i s s ion p roduc t l e a k a g e . It i s t h e r e f o r e a s s u m e d that 
wha teve r the type of, coat ing fa i lu re which c a u s e d the l a r g e i n c r e a s e in 
leaikage f ac to r s for Sample N o . 4 , i t was a s s o c i a t e d w^ith the i n c r e a s e in 
i n t e r n a l t e m p e r a t u r e g rad i en t a s the s p e c i m e n c a m e up to p o w e r . The 
exac t n a t u r e of the coat ing fa i lu re will not be known unt i l Caps tde S P - 5 
i s opened in the Hot Cel l for examina t i on . 

No fu r the r gas s a m p l e s w e r e t aken for the p u r p o s e of m e a s u r i n g long 
l ived f i s s ion p r o d u c t r e l e a s e . The he l ium in le t and out le t va lves for the 
FA-23(E8^7) s p e c i m e n w e r e shut off. Dur ing the day of i r r a d i a t i o n when 
the l a r g e i n c r e a s e i n f i s s ion ac t iv i ty was f i r s t not iced , a non-vo la t i l e 
f i ss ion p roduc t t r a p w a s put o n - s t r e a m for a 2 h r p e r i o d . The p r o c e d u r e s 
u s e d w e r e s i m i l a r to those u s e d for the non-vo la t i l e s t r a p e x p e r i m e n t w^ith 
the F A - 2 2 s p e c i m e n d e s c r i b e d in Sec t ion 4 . 4 , 3 except tha t the he l ium t r a n s i t 
t i m e through the t r a p w a s 125 s e c . 

Due to the long de lay t i m e be tween sampl ing and the r a d i o c h e m i c a l 
a n a l y s i s , no iodine ac t iv i ty w a s found. I so topes which w e r e de t ec t ed include 
S r 89, Ba 140, Ce 141 , ajid Cs 137. P l o t s of i so tope concen t r a t i on a s a 
function of t r a v e l t i m e through the t r a p aga in showed exce l l en t a g r e e m e n t 
with the t h e o r e t i c a l p r e d i c t i o n b a s e d on ha l f - l i ve s of the vo la t i l e p r e c u r s o r s . 
The l eakage f ac to r s shown in Table 3-6 w e r e ca l cu l a t ed f rom these da t a , 

TABLE 3-6 

S u m m a r y of S h o r t - L i v e d Volat i le F i s s i o n P r o d u c t R e l e a s e 
Data F r o m Spec imen FA-23(E8-7) in Capsu le S P - 5 . 

NOTE: Sample Taken During 2 1 s t . Day Of I r r a d i a t i o n 

T r a p 
Spec ie s 
Cs 137 
S r 89 
Ba 140 
Ce 141 

Spec ies 
Xe 137 
Kr 89 
Xe 140 
Xe 141 

l ^ r e c u r s o r 
Half Live 
3 .9 m i n 
3 .2 m i n 
16 s e c . 
1.7 s e c . 

R / B 
4 ,0x10=4 
7 . 2 x 1 0 - 4 
3 .4x10-5 
4 . 6 x 1 0 - 6 
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The l eakage f ac to r s in Table 3-6 a r e in r a t h e r good a g r e e m e n t ^s^ith 
the long- l ived f i s s ion p roduc t l eakage f ac to r s on the 21s t day shown in 
Table 3 - 5 . A t r e n d to s m a l l e r l eakage f ac to r s with s h o r t e r half life can 
be. noted in Table 3 - 6 , Th i s i nd ica t e s some de lay in the e s c a p e of t h e s e 
f i ss ion p roduc t s -which c a u s e s a g r e a t e r f rac t ion of the s h o r t l ived f i s s ion 
p roduc t s to decay within the s p h e r e thus p reven t ing fu r ther e s c a p e of t h e i r 
non-vola t i le d a u g h t e r s . If i t i s a s s u m e d that t h e r e i s a fault in only tlie 
Si-SiC coat ing in th i s s p e c i m e n , then the 1 /8" luafueled g raph i t e she l l on 
th i s s p e c i m e n could be the p r i m a r y diffusion b a r r i e r which i s r e t a r d i n g 
the e scape of the s h o r t e r l ived vola t i le f i ss ion p r o d u c t s . 
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3 , 2 P y r o l y t i c Ca rbon Surface Coat ings 

This t-ype of coat ing conta ins no m e t a l o r m e t a l c a rb ide phase and 
c o n s i s t s so le ly of c a rbon depos i ted on the fuel e l e m e n t su r face by the 
p y r o l y s i s of a h y d r o c a r b o n g a s . The t-ype of c a r b o n s t r u c t u r e which i s 
f o r m e d h a s an e x t r e m e l y low p e r m e a b i l i t y . The bulk dens i ty of the coat ing 
can be m a d e to c lo se ly app roach t h e o r e t i c a l ca rbon dens i ty , depending 
upon the t e m p e r a t u r e of depos i t ion . The m a i n advantage of th i s t-ype of 
coat ing i s tha t the coat ing i t se l f will not d ic ta te the t e m p e r a t u r e l imi t of 
the whole fuel e l emen t but i n s t ead the l imi t will be se t by the p r o p e r t i e s 
of the f i s s i le m a t e r i a l and the g raph i t e m a t r i x . 

T h r e e types of pyrol-ytic c a rbon coat ings w e r e eva lua ted dur ing P h a s e I I . 
T h e s e t-ypes v a r i e d p r i m a r i l y in t h i c k n e s s and, to s o m e extent , in depos i t ion 
t e m p e r a t u r e . The th i ckes t coat ing was on the F A - 2 1 (fueled) and F X - 3 
(unfueled) types which had s i m i l a r coa t ings depos i t ed in the r ange of 3300 
to 3400 ' 'F . The F A - 2 1 s p e c i m e n s w e r e m a d e by deposi t ing the coat ing on 
F A - 1 9 s p e c i m e n s . Spec imens of the second type (FA-20) inc luded some 
having 2 to 5 mi l thick coa t ings depos i t ed at 3000°F and o t h e r s with t h i cke r 
coa t ings , r ang ing up to 12 m i l s , depos i t ed a t 3 2 0 0 * ^ . The F A - 2 0 s p e c i m e n s 
w e r e m a d e by coat ing F A - 1 9 s p e c i m e n s . Spec imens of the t h i r d t-ype a r e 
r e p r e s e n t e d by the des igna t ion F X - 5 . This type h a s a thin 0 . 5 mi l coat ing 
depos i t ed a t about 3 0 0 0 ° F . T e s t r e s u l t s obtained on t h e s e t h r e e types of 
coa t ings a r e d e s c r i b e d be low. 

3 , 2 , 1 P h y s i c a l Eva lua t ion 

P h o t o m i c r o g r a p h s of the t h r e e types of pyro ly t ic ca rbon sur face 
coa t ings a r e shown in F i g s . 3 -5 , 3-6 , and 3 - 7 . The F A - 2 0 coat ing shown 
in F i g . 3-5 i s 5 m i l s t h i ck . The typica l conica l growth p a t t e r n s of 
py ro ly t i ca l ly depos i ted ca rbon can be c l e a r l y s een in th is p i c tu r e which 
was taken unde r p o l a r i z e d l igh t . Good bonding of the coat ing to the g raph i te 
body was ach ieved . However , a c r a c k running p a r a l l e l to the graphi te 
su r face can be no ted . This type of c r ack ing h a s been noted in a n u m b e r 
of o the r s a m p l e s of pyro ly t i c ca rbon coat ing and i s due to s t r e s s e s dur ing 
fabr ica t ion a r i s i n g f rom a difference in t h e r m a l expans ion coefficient 
of the pyro ly t i c c a r b o n coat ing and the g raph i te s p h e r e . The F A - 2 1 coat ing 
shown in F i g , 3-6 i s 50 m i l s th ick and has p u r p o s e l y been p r e p a r e d to 
be somewha t t h i cke r than the F A - 2 0 coa t ing . Again, the conica l growth 
p a t t e r n s and the p r e s e n c e of c r a c k s p a r a l l e l to the b a s e p lane can be no ted . 
The F X - 5 coat ing shown in F i g . 3-7 a v e r a g e s only 1/2 mi l th ick . As noted 
below, th is coat ing was quite po rous but m o r e r e s i s t a n t to i m p a c t loads than 
the F A - 2 0 and F A - 2 1 t y p e s . 



F i g . 3 -5 , Pyroly t ic carbon coating 
on specimen type FA-20 . 
View at 250x, 

• j ' j 

•'f. 
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Fig . 3-6t Pyrolyt ic carbon coating 
©n specimen type FA-21. 
View at lOOx. 



Fig« 3-7» Pyroly t ic carbon coating on 
spec imen t-ype F X - 5 . View at 250x. 
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A b r a s i o n T e s t s . A b r a s i o n t e s t s w e r e run on 4 F A - 2 0 s p e c i m e n s and 
2 F X - 5 s p e c i m e n s . The s p h e r e s w e r e tumbled for 60 minu te s ins ide a 
ro ta t ing d r u m which cdso conta ined some d u m m y graph i te s p h e r e s . The 
a b r a s i o n t e s t r e s t d t s a r e s u m m a r i z e d in Table 3 - 7 . As can be noted, t h e r e 
w a s m o r e tendency for coa t ings to flake off the s p h e r e s with the t h i cke r coa t ings . 
Even though p a r t s of the coat ing flaked off s p e c i m e n 342E, which had the 
th i ckes t coat ing , i t s t i l l did not l e a k . Some l eaks a p p e a r e d in the th inner 
c o a t i n g s . These o b s e r v a t i o n s imp ly that the method of fa i lu re in t he se 
types of coat ings i s by chipping off of s u c c e s s i v e l a y e r s and that the 
i n n e r m o s t l a y e r i s m o s t s e c u r e l y bonded to the g raph i t e m a t r i x . 

TABLE 3-7 

A b r a s i o n T e s t s On P y r o l y t i c Ca rbon Coated S p h e r e s 

Spec imen 
N o . 

FA-20(342E) 

FA-20(427N) 
FA-20(431N) 
FA.=20(435N) 

FX-5(X3) 
FX-5(U1) 

Coating 
Th i cknes s , m i l s 

8 .5 

2 . 7 
2 . 3 
4 . 1 

0 , 5 
0 . 5 

T i m e in 
Hot Oil , 

M i n 
8 

10 
10 
10 

5 
5 

Hot Oil 
T e s t 

No l eaks 

P r o f u s e l e aks 
P r o f u s e l e aks 
S e v e r a l s m a l l 
l e a k s . 

Visua l 
Inspec t ion 
Coating flaked 
and c r a c k e d . 
Coat ing flaked 
Coating flaked 
No damage 

Seve ra l leaksCa)No damage 
S e v e r a l leaksC^)No damage 

(a) These s p e c i m e n s showed gene ra l p o r o s i t y p r i o r to the a b r a s i o n 
t e s t s . 

Impac t T e s t s . A s u m m a r y of i m p a c t t e s t s on pyro ly t i c c a rbon coa ted 
s p h e r e s i s given in Table 3 - 8 . With the F A - 2 0 s p e c i m e n s , v i sua l damage 
to the coat ing ( i . e . chipping) and the a p p e a r a n c e of a l eak usua l ly o c c u r r e d 
a t the samie i m p a c t l oad . In one c a s e (399N), the l eak a p p e a r e d a t a h igher 
impac t load than reqxiired to flake off a po r t i on of the coa t ing . The point of 
i m p a c t fa i lure on FA-21(N1) was "spongy" af ter the t e s t which ind ica ted that 
th i s coat ing cons i s t ed of n u m e r o u s poo r ly bonded l a y e r s . The th in coa t ings 
on the FX--5 type s p e c i m e n s did not b r e a k away f rom the g raph i t e m a t r i x 
up to point w h e r e the s p h e r e b r o k e . In m o s t c a s e s i t was not pos s ib l e to 
de tec t whe ther p inholes developed before the s p h e r e b r o k e due to the po rous 
n a t u r e of th i s coa t ing . All of t h e s e r e s u l t s gene ra l l y conf i rm the o b s e r v a t i o n s 
noted in the a b r a s i o n t e s t s . 
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Impac t 

Spec imen 
N o . 

FA-20(433N) 
FA-20(399N) 
FA-20(326E) 

FX-3(44) 
FA-21(N1) 

FX-5(U1) 
FX-5(U2) 
FX-5(X3) 
FX-5(S) 

T e s t s 

Th ickness , 
3 . 4 
4 . 2 
9 . 3 

50 
50 

0 . 5 
0 . 5 
0 . 5 
0 . 5 

TABLE 3 - 8 

on P y r o l y t i c C a r b o n Coated S p h e r e s 

, m i l s 
Coating 
Hot Oil ' 

1,7 
2 . 2 
1.1 

2 . 5 
1.0 

0 . 4 
(a) 
fa) 
Ca) 

Impact 
F a i l u r e 
r e s t 

Load , Ft-

Visua l 
1.7 
2 . 0 
1.1 

2 . 5 
1.0 

none 
none 
8 .5 
7 . 5 

-Lbs 
G: 
F; 

raphi te 
a i lure 

— 

— 

8 .0 
7 . 0 

(a) Leakage was too g r e a t to define coat ing f a i l u r e . 

C o m p r e s s i o n T e s t s . Goi:npression t e s t s w e r e r u n on two pyro ly t i c 
c a r b o n coa ted s p h e r e s . Spec imen FA-20(435N) b roke a t a load of 2830 l b s . 
and a def lect ion of 0 .182 i n . Spec imen FA-20(342E) b r o k e a t 3275 lbs and a 
def lect ion of 0 ,200 i n . It was not p o s s i b l e to d e t e r m i n e whe the r the coat ing 
fai led p r i o r to the load a t which the s p h e r e fa i led . 

Coat ing P e r m e a b i l i t y . All s p e c i m e n s of the F A - 2 0 t-ype w e r e found 
to p a s s the hot oil l eakage t e s t in the a s - r e c e i v e d condi t ion . In g e n e r a l , 
m o s t of the t h i cke r coa ted F A - 2 1 s p e c i m e n s success fu l ly p a s s e d the hot 
oil t e s t s , a l though one s p e c i m e n was found to have a s ingle pinhole type 
l e a k . Another F A - 2 1 s p e c i m e n which had a n u m b e r of c a r b o n growths 
about 1/8 inch long p r o t r u d i n g f rom i t s su r face p a s s e d the hot oil t e s t . 
However , when the c a r b o n growths w e r e r e m o v e d by pol i sh ing , p inhole 
l e a k s w e r e o b s e r v e d -where m o s t of the growths h a s b e e n . The thin 
coa t ings on the F X - 5 s p e c i m e n s w e r e a l l found to be p o r o u s by the hot 
oil l eakage t e s t . 

Uran ium Contamina t ion . Since the pyro ly t i c c a rbon i s depos i t ed 
d i r e c t l y on the fueled g raph i t e s u r f a c e , i t -was of i n t e r e s t to kno-w -whether 
u r a n i u m would m i g r a t e through the coat ing o r o the rwi se con tamina te the 



coat ing s u r f a c e . A n u m b e r of F A - 2 0 and F A - 2 1 s p e c i m e n s w e r e a s s a y e d 
for su r face u r a n i u m contamina t ion by a lpha count ing . The r e s u l t s a r e 
tabula ted in Table 3 - 9 . Occas iona l ly , s e v e r a l spots on the s p h e r e have 
been found to have a somewha t h ighe r u r a n i u m contamina t ion but on the 
whole , i t can be s e e n tha t t h e r e i s no s e r i o u s u r a n i u m con tamina t ion of 
th is type of coa t ing , 

TABLE 3-9 

Sur face Uran ium Gontanaination Of PyG Coated Spec imens 

Equiva len t F r a c t i o n of Tota l U in Sphe re 
Sphere No , P o s i t i o n 1 P o s i t i o n 2 P o s i t i o n 3 

FA-20(399N) 
FA-20(427N) 
FA-20(431N) 
F A - 2 0(4 3 3N) 
FA-20(435N) 
FA-20(429N) 5 ,9x10-7 7 .8x10-7 1.7x10" 

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

.1x10-

.7x10-
,9x10-
,8x10-
,4x10-
,9x10-
,1x10-
,7x10-
.8x10" 
,6x10" 
,6x10 ' 
,9x10-^ 
,9x10" 

6 

-6 
-7 
-7 
-6 
• / 

-7 
-7 
-7 
-7 
-7 
. / 
-7 

FA-20(338E) 7 .1x10-^ 5 .7x10-7 7 .1x10-7 
FA-20(345E) 5 .7x10-7 6 .3x10-7 2 . 3 x 1 0 - 6 
FA-20(325E) 4 . 8 x 1 0 - 7 2 . 1 x 1 0 - ^ 3 .2x10-7 
FA-20(329E) 1.6x10-7 8 .8x10"^ 3 .2x10-6 
FA-20(344E) 1.6x10-7 4 . 4 x 1 0 - 7 nil 
FA-21(N1) 5 .9x10-7 7 .8x10-7 1.9x10-7 
FA-21(N2) 1.9x10-^ 5 .9x10-7 nil 

Radia t ion E f f e c t s . An F A - 2 0 s p e c i m e n had b e e n subjec ted to high 
burnup in Stat ic Capsule S P - 4 with the p r i m a r y object ive of de t e rmin ing 
the effect of i r r a d i a t i o n on the pyro ly t i c c a rbon m a t e r i a l and a l so to s ee 
whether r ad i a t i on induced changes to the fueled graphi te s p h e r e would 
weaken the coat ing in any way . This i r r a d i a t i o n s t a r t e d in August , 1959 
and was comple ted dur ing P h a s e I I . The des ign and ope ra t ing condi t ions 
for Capsu le S P - 4 a r e d e s c r i b e d in Sect ion 8 . 1 . The Hot Cel l examina t ion 
of the i r r a d i a t e d s p e c i m e n was a l so comple t ed in P h a s e I I , A s u m m a r y 
of the i r r a d i a t i o n condi t ions , weight changes , and d imens iona l changes a r e 
given in Table 3 -10 . 



TABLE 3-10 

S u m m a r y Of I r r a d i a t i o n R e s u l t s F o r P y r o l y t i c C a r b o n 
Coated Spec imen FA-20(336E) In Capsu le S P - 4 . 

Hea t G e n e r a t i o n Rate 2 . 0 KW 
M e a s u r e d Graph i t e Block T e m p . 1250°F 
Ca lcu la ted Surface T e m p . 1550 ' 'F 
Ca lcu la ted C e n t e r T e m p . 1750 ' 'F 
Burnup 6700 KWH 
Weight, p r e - i r r a d i a t i o n and 52.2367 g m s , + 0 .19% 

change dur ing i r r a d i a t i o n 
D i a m e t e r , p ' r e - i r r a d i a t i o n and change 
dur ing i r r a d i a t i o n : 

P o s i t i o n 1 1 .4904", - 0 . 1 7 % 
P o s i t i o n 2 1 .4948" , - 0 . 4 2 % 
P o s i t i o n s 1 .4976", - 0 , 3 1 % 
P o s i t i o n 4 1 ,4978" , - 0 . 2 8 % 
P o s i t i o n s 1 ,5028", - 0 . 9 3 % 

Visua l examina t ion of the s p e c i m e n upon i t s r e m o v a l f rom the 
capsu le r e v e a l e d a band of 5 p a r a l l e l h a i r l i n e c r a c k s a l l spaced within a 
1/4 inch -wide band running comple t e ly a r o u n d the s p h e r e . T h e s e c r a c k s 
can be s e e n in F i g . 3 - 8 . As expec ted , t h e r e was profuse l eakage f rom the 
c r a c k s when the s p e c i m e n -was sub jec ted to the hot oil t e s t . T h e r e a p p e a r e d 
to be some s l ight l eakage in a r e a s r e m o v e d f rom the c r a c k r e g i o n . However , 
due to the p ro fuse bubbling f rom the c r a c k r eg ion , the p r e s e n c e of o the r 
p inholes could not be defini tely c o n f i r m e d . The weight gain l i s t e d in 
Table 3-10 was s i m i l a r to tha t o b s e r v e d for the Si -SiC coa ted s p e c i m e n 
a l s o in Capsu le S P - 4 and i t p robab ly a s s o c i a t e d with the r e a d m i s s i o n of 
a t m o s p h e r i c a i r th rough the c r a c k s which developed in the coa t ing . In 
-view of the i m p o r t a n c e of tr-ying to d e t e r m i n e the cause of the c r a c k s in the 
coa t ing , the schedxiled i m p a c t t e s t on th i s s p e c i m e n was o m i t t e d . The 
s p e c i m e n w a s mounted in p l a s t i c so tha t i t could be sec t ioned and po l i shed 
to fu r the r study the se c r a c k s . F i g u r e 3-9 i s sec t ion th rough the coat ing 
of the i r r a d i a t i o n s p e c i m e n F A - 2 0 ( 3 3 6 E | . One of the five c r a c k s in the 
coat ing can be s een in th i s v i e w . The coat ing a p p e a r s to have been pul led 
a p a r t . A su r f ace c r a c k in the g raph i t e benea th the coat ing can a l so be 
s e e n . C r a c k s of th i s t-ype have not p r e v i o u s l y been noted in the su r f ace 
of -imcoated graphi te and i t i s pos s ib l e that s t r a i n s in the coat ing ac tua l ly 
c a u s e d th is c r a c k in the g r a p h i t e . Due to the o r d e r l y n a t u r e of the coat ing 
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c r a c k s , the m o s t l ike ly cause i s a r ad ia t ion induced different ia l d imens iona l 
change in the graphi te -which caused a t ens i l e s t r e s s in the coat ing in the 
reg ion of the c r a c k s . Although t h e r e m a y have been some r ad i a t i on 
damage to the coat ing i tself , it i s be l ieved that if th i s w e r e the dominant 
fac to r , the c r a c k p a t t e r n in the coat ing would have been m o r e r andom 
than the o r d e r l y c r a c k s ac tua l ly o b s e r v e d . 

Another F A - 2 0 s p e c i m e n had been under low level i r r a d i a t i o n in 
F u r n a c e Capsule S P F - 1 . Leakage fac to r s ( r a t e of r e l e a s e / r a t e of 
product ion) for the long l ived noble f i ss ion p roduc t g a s e s (Kr 85m, Kr 87, 
Kr 88, Xe 133 and Xe 135) a t t e m p e r a t u r e s of 150^F to 1900 ' 'F w e r e found 
to range f rom about 10" to 5 x 10"^ (4), E x p e r i m e n t s at four t e m p e r a t u r e s 
w e r e conducted in the following o r d e r : 1500°F , lOOO'F, 1900°F, and 1 5 0 ° F . 
The r e l e a s e r a t e was somewhat h igher than aj i t icipated, p a r t i c u l a r l y dur ing 
the final r u n a t 1 5 0 ° F , Consequent ly , i t was decided to open Capsu le S P F - 1 
in o r d e r to examine the s p e c i m e n . The p o s t - i r r a d i a t i o n of FA-20(310N) 
was conducted dur ing P h a s e I I . Upon r e m o v a l of the s p e c i m e n from the 
capsu l e , a l a r g e n u m b e r of p i t s w e r e r ead i l y v i s ib le in the su r face of the 
s p e c i m e n a s shown in F i g , 3 -10 . The p i t s a r e seen to be l a r g e l y concen t r a t ed 
in one reg ion of the s p e c i m e n . They had the a p p e a r a n c e of c o r r o s i o n p i t s in 
m e t a l . Many of the p i t s a p p e a r e d to be unde rcu t , tha t i s , the under ly ing g raph i te 
had been r e m o v e d to a g r e a t e r extent than the pyro ly t ic c a r b o n sur face coa t ing . 
F r o m these o b s e r v a t i o n s , i t was concluded that the sweep heliunn s t r e a m 
for t r a n s p o r t i n g f i s s ion p r o d u c t s from the s p e c i m e n to the t r app ing s y s t e m 
m u s t have become con tamina ted with oxygen or m o i s t u r e . Although the 
gas s t r e a m wa,s not ana lyzed for con t aminan t s , some difficulty had been 
expe r i enced dur ing the shakedown runs on Capsule S P F - 1 with cold t r a p 
plugging due to e x c e s s i v e m o i s t u r e be l ieved to come from the p a r t i c u l a r 
he l ium tank in u s e a t the t i m e . It i s p robab le that the r a t e of a t tack did 
not b e c o m e e x c e s s i v e unti l the 1900' 'F run , caus ing the s ignif icant r e l e a s e 
r a t e s dur ing the subsequent ISO^F r u n . 

3 . 2 . 2 F i s s i o n P r o d u c t Reten t ion 

A s u m m a r y of the neu t ron ac t iva t ion t e s t s on pyro ly t ic c a r b o n 
coa ted s p e c i m e n s i s given in Table 3 - 1 1 . All of t he se s p e c i m e n s showed 
good f iss ion p roduc t r e t en t ion s ince m o s t of the Xe 133 r e l e a s e was below 
the l im i t of sens i t iv i ty of the t e s t a p p a r a t u s . Only at 2300®F on one of 
the s p e c i m e n s was t h e r e a de tec tab le amount of Xe 133 r e l e a s e . These 
r e s u l t s indica te the pyro ly t i ca l ly depos i ted ca rbon has an e x t r e m e l y low 
p e r m e a b i l i t y to f iss ion p roduc t g a s e s , many o r d e r s of magni tude below 
n o r m a l g r a p h i t e . 

29 



F i g . 3-10« Cor ros ion pi ts in surface of pyrolyt ic 
carbon coated specimen FA-20 (31 ON) 
after exposure in Furnace Capsule SPF-1 , 
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TABLE 3-11 

Neu t ron Act ivat ion T e s t s on Pyrol-ytic Ca rbon Coated Spec imens 

Spec imen 
N o . 

FA-20(429N) 

FA-20(338E) 
FA-21fN2) 

Coat ing 

4 . 9 

9 ,5 
50 

T e s t 
T e m p " F 

1700 
2200 
1900 
1650 
2300 

T ime 
Min . 

70 
100 
180 

7 5 
8 0 

F r a c t i o n a l 
R e l e a s e of Xe 133 

- < 4 x 10-5 
<r4 X 10-5 
« i 9 . 3 x 10-7 
< : 4 x 10-5 

4 x 10-5 

F i s s i o n p roduc t r e t en t ion e x p e r i m e n t s on s p e c i m e n FA-20(310N) in 
F u r n a c e Capsu le S P F - 1 w e r e comple t ed in P h a s e I and c o r r e l a t e d with 
neu t ron ac t iva t ion da ta on th i s s a m e s p e c i m e n (4) . Dur ing P h a s e II, da ta 
at 1000 ' 'F , i g O O T and 150®F w e r e ob ta ined . All da ta i s s u m m a r i z e d in 
Table 3 -12 , 

TABLE 3-12 

S u m m a r y of 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 Spec imen FA-20(3iOM) 
in F u r n a c e Capsu le S P F - 1 

Spec imen R / B , ( R e l e a s e R a t e / P r o d u c t i o n Ra te ) 
_Tem£_j___ 

150"F 
100§°F 
IBOOT 
1900"*F 

Kr 85m 

.00038 

.0043 
= 016 
.026 

Kr 87 

.00016 

.0023 

. 0 1 3 
,0107 

Kr 88 

(a) 
.0038 
.016 
.0224 

Xe 133 

.0046 

.0057 

.041 

.§67 

Xe 135 

.0015 

.0039 

.009 

.019 

(a) Not d e t e c t a b l e . 

Dur ing the final r u n a t 150°F , the r e l e a s e r a t e s w e r e h ighe r than 
an t i c ipa t ed . Consequent ly , Capsu le S P F - 1 was opened in the Hot Cel l 
in o r d e r to examine the s p e c i m e n . As d e s c r i b e d in Sect ion 3 . 2 . 1, a 
n-amber of p i t s w e r e found in the coat ing which w e r e r e s p o n s i b l e for 
the high r e l e a s e at 1 5 § ° F , 





4 . 0 Alumina Coated F u e l P a r t i c l e s 

Another me thod of r e t a in ing f i ss ion p r o d u c t s in a u r a n i u m - g r a p h i t e 
fuel e l emen t i s to p lace a coat ing on e a c h individual fuel p a r t i c l e of an 
admix tu r e t3rpe e l e m e n t . T h e r e a r e s e v e r a l advantages of coa t ings on 
fuel p a r t i c l e s . F i s s i o n p r o d u c t s a r e r e t a i n e d a t t h e i r s o u r c e . The 
coat ing m a t e r i a l i s not subjected to such e x t e r n a l loads a s i m p a c t , 
c o m p r e s s i o n , o r a b r a s i o n , no r such i n t e r n a l loads a s t h e r m a l s t r e s s 
which a r e n o r m a l l y appl ied to a P E R fuel e l e m e n t . The f r a c t u r e of a 
P B R fuel e l emen t will not expose uncoa ted fuel p a r t i c l e s , thus f i s s ion 
p roduc t r e t en t ion wil l be m a i n t a i n e d . T h e r e should be a m i n o r benef ic ia l 
effect on manufac tu r ing c o s t s s ince the g raph i t e f ab r i ca to r will not have 
to handle exposed fuel . T h e r e m a y well be an advantage in r e p r o c e s s i n g 
in that the graphi te m a t r i x can be r e m o v e d and d i sposed of with l i t t le 
r e g a r d for the conta ined -uranium and f i ss ion p r o d u c t s ins ide the p a r t i c l e 
c o a t i n g s . 

Development work on a s i n t e r e d a lumina coat ing for UO2 p a r t i c l e s 
began dur ing P h a s e I a t the Ba t t e l l e M e m o r i a l I n s t i t u t e , This p r o c e s s con­
s i s t e d of p r e p a r i n g fuel p a r t i c l e s f rom a s i n t e r e d g rade u r a n i a powder , dus t ­
ing the ftiel p a r t i c l e s with a s i n t e r ab l e g rade a lumina powder while in a 
pe l le t iz ing d r u m , i s o s t a t i c a l l y p r e s s i n g the coa ted p a r t i c l e s and then s i n t e r ­
ing t h e m . A typica l coa ted p a r t i c l e p roduced by th is p r o c e s s can be s e e n in 
F i g . 4 - 1 2 . The m a i n p r o b l e m s with th i s type of coa ted p a r t i c l e w e r e the 
lower s i n t e r i ng sh r inkage of UO2 c o m p a r e d with the a lumina coa t ing , and 
r ep roduc ib i l i t y , p a r t i c u l a r l y when th inner coa t ings ( i . e . in the range of 
coat ing th i ckness equal to the fuel p a r t i c l e r ad iu s ) a r e employed . A 
number of v a r i a t i o n s in the fuel p a r t i c l e w e r e t r i e d . These inc luded the u s e 
of UO3, m i x t u r e s of UO3 and U02t and the addi t ion of a lumina monohydra te 
to the s t a r t i n g UO2 p o w d e r . The b e s t solut ion to the di f ferent ia l sh r inkage 
p r o b l e m was found to be the addi t ion of 65 w / o UO3 to the UO2. However , i t 
was found that r ep roduc ib ly good coat ings could only be m a d e with e x c e s s i v e 
coat ing t h i c k n e s s e s ( i . e . coat ing th i ckness equal to the fuel p a r t i c l e d i a m e t e r ) . 
Consequent ly , th i s work on s i n t e r e d a lumina was abandoned dur ing P h a s e II in 
favor of ano the r p r o c e s s p r o p o s e d by B a t t e l l e . 

This new p r o c e s s , known a s vapor depos i ted a lumina , was f i r s t a t t r a c t i v e 
b e c a u s e e x t r e m e l y thin coa t ings ( i . e . 10 m i c r o n s and l e s s ) could be p roduced 
and the m a t e r i a l a p p e a r e d dense and i m p e r m e a b l e . Subsequent deve lopment 
work and i r r a d i a t i o n t e s t r e s t i l t s obta ined dur ing P h a s e II showed that th i s was 
indeed a m o s t p r o m i s i n g type of coa t ing . The work on a lumina coa ted UO2 
d e s c r i b e d in the following sec t ions a l l r e l a t e s to vapor depos i ted a l u m i n a . 
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4 . 1 Coated P a r t i c l e F a b r i c a t i o n 

The p r o c e s s for appl-ying vapo r depos i t ed a lumina coa t ings on UO2 
p a r t i c l e s w a s p e r f o r m e d a t Ba t t e l l e i n a f luidized b e d . The a p p a r a t u s u s e d 
for a l l work r e p o r t e d h e r e i n was a 1" d i a m e t e r ex t e rna l l y hea t ed qua r t z 
tube having a conica l bo t tom to suppor t the bed of UO2 p a r t i c l e s . The 
p a r t i c l e s w e r e f luidized by a hydrogen s t r e a m containing a luminum ch lo r ide 
v a p o r . An addi t ional s t r e a m of hydrogen i s i n t roduced into the lower p a r t 
of the bed through a w a t e r v a p o r i z e r . About 50% of the a lumina fo rmed by 
hyd ro ly s i s a t app rox ima te ly 1800®F i s depos i ted on the s u r f a c e s of the UO2 
p a r t i c l e s . The r e m a i n d e r of the a lumina p a s s e s out of the r e a c t i o n v e s s e l 
a s fines along with the b y - p r o d u c t H C l . M e a s u r e m e n t of HCl p roduc t ion 
i s u s e d to follow the a l u m i n a p roduc t ion r a t e . The convenient ba tch s i ze 
for the e x p e r i m e n t a l apparat-us i s 100 g m s of UO_. High- f i red UO2 s p h e r i c a l 
shot was u s e d for p r a c t i c a l l y a l l of the r u n s . 

Uran ium contamina t ion of the coat ing by UO2 dust ing dur ing the in i t ia l 
s t a g e s of f abr ica t ion i s m i n i m i z e d by stopping the p r o c e s s a f t e r s e v e r a l 
m i c r o n s of a lumina have been deposited^ r in s ing both the p a r t i c l e s and the 
r e a c t i o n v e s s e l , and r e s t a r t i n g the p r o c e s s . When l a r g e coat ing t h i c k n e s s e s 
a r e d e s i r e d , v o l u m e t r i c expans ion of the coa ted p a r t i c l e bed l i m i t s the r-un, 
making i t n e c e s s a r y to spl i t the ba tch in half and continue coat ing each half 
in s e p a r a t e r u n s . 

The l a r g e n u m b e r of p a r t i c l e co l l i s ions dur ing the f luidized coat ing 
p r o c e s s , each tending to form a new growth s i t e , i s be l i eved to be a ma jo r 
fac tor in forming the dense coa t ing . No s in t e r ing s tep i s r e q u i r e d a f te r the 
f luidization p r o c e s s . The deposi t ion temipera ture i s p e r h a p s the m o s t i m p o r t 
ant p r o c e s s v a r i a b l e . In the 1800®F to 2000 ' 'F r a n g e , a dense i m p e r m e a b l e 
a l p h a - p h a s e a lumina i s fo rmed while at a lower t e m p e r a t u r e s a p o r o u s coa t ­
ing i s f o r m e d . A fur ther de sc r ip t i on of the manufac tur ing p r o c e s s i s given 
in r e f e r e n c e (10) . 

A s u m m a r y of a l l a lumina coa ted UO2 p a r t i c l e s m a d e to date i s given 
in Table 4 - 1 . Ba t ches which have been u s e d to fuel g raph i te s p h e r e s a r e 
a l so ind ica ted . 
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TABLE 4 -1 

Alumina Coated P a r t i c l e s and F u e l e d 
Graph i t e S p h e r e s Made During P h a s e II 

Batch 
No. 
IB 
2A 
3C 
4E 
5D 
6F 
6H 
6J 
7H 
7J 
8G 
9 
9A 
lie 

UO2 
Size,/x. 
105/149 
105/149 
105/149 
105/149 
250/420 
105/149 
105/149 
105/149 
105/149 
105/149 
297/350 
105/149 
105/149 
105/149 

Uranium 
Enrich. 
Nat. 
Nat. 
Nat. 
Enr. 
Dep. 
Enr. 
Enr. 
Enr. 
(a) 
fa) 
Nat. 
Nat. 
Nat. 
Enr. 

Coating 
Thick,y6t-
20 
38 
50 
55 
40 
42 
48 
66 
40 
44 
150 
14 
26 
59 

Deposit. 
Temp., "F 

1830 
1830 
2010 
1830 
2010 
1830 
1830 
1830 
1830 
1830 

1380(b), 1830 
1830 
1830 

1380(b), 1830 

No . of 
Spheres 

3 
2 
0 
3 
0 
0 
5 
0 
0 
0 
0 
0 
0 
0 

(a) P a r t i c l e compos i t ion was T h 0 2 and UO2 in 11:1 r a t i o . 
(b) 20 m i c r o n s of p o r o u s AI2O3 was depos i t ed a t th i s t e m p e r a t u r e . 

Ba tches IB and 2A. These w e r e the f i r s t ba t ches of a lumina coa ted 
UO2 made for the P B R Fue l E l e m e n t Development P r o g r a m . Ba tch IB 
was p r e p a r e d in 3 s t ages and was subjec ted to a n i t r i c ac id l each af ter the 
f i r s t s tage (9 m i c r o n s ) to r e m o v e u r a n i u m con tamina t ion . Ba tch 2A was 
p r e p a r e d by making two addi t ional runs on ba tch I B . P a r t i c l e s from Batch 
IB a r e s e e n in F i g , 4 - 1 and p a r t i c l e s f rom ba tch 2A a r e s een in F i g , 4 - 2 
All r uns w e r e done at 1830®F. No evidence of l amina t ions be tween the 
s u c c e s s i v e runs can be no ted . The dense contiifuous a p p e a r a n c e of the p a r t i c l e 
on a l l coa t ings was m o s t encou rag ing . 

Ba tches 3C and 5D. Two v a r i a b l e s w e r e s tudied in t he se b a t c h e s . 
A h ighe r depos i t ion t e m p e r a t u r e (2010®F) was-.used for ba tch 3C and both 
the 2010°F deposi t ion t e m p e r a t u r e and l a r g e r p a r t i c l e s w e r e u s e d in ba tch 
5D. A g r e a t e r amount of inc luded p o r o s i t y was noted in ba tch 3C a s seen 
in F i g . 4 - 3 , The p o r o s i t y does not a p p e a r to be i n t e r connec t ed in the 
r ad i a l d i r ec t i on but does a p p e a r to be o r i en t ed p a r a l l e l to the coat ing s u r f a c e s . 
The UO2 u s e d in ba tch 5 D was somewha t i r r e g u l a r in shape a s s e e n in 
F i g . 4 - 4 , More evidence of inc luded p o r o s i t y can be no ted . In spi te of 
the angula r n a t u r e of the UO^P a l l s u r f a c e s a r e un i formly coa t ed . 



Fig . 4 - 1 . Al O coating < . from 
batch No. IB ^ lOOx 

F i g . 4 - 2 . A l - 0 _ coating on UO , from 
batch No. 2A lOOx 
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Fig , 4 - 4 . Al^Oj Coating on UO^ from batch No. 5D 
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Batch 4 E . The ba tch of e n r i c h e d UO2 shot was coa ted for high l eve l 
i r r a d i a t i o n t e s t i n g . P a r t i c l e s f rom th i s ba t ch w e r e eventua l ly i n c o r p o r a t e d 
into the F A - 2 2 s p e c i m e n s -which w e r e i r r a d i a t e d in Capsu le S P - 5 , F i g u r e 
4 - 5 shows a 500X view of a p a r t i c l e f rom th i s ba tch t oge the r wi th a 50OOX 
p i c t u r e which was t aken in o r d e r to s tudy the s t r u c t u r e of the coat ing in 
m o r e d e t a i l . The d a r k band in the coat ing i s now be l i eved to be a p o r o u s 
a lumina r eg ion which -was i nadve r t en t l y depos i t ed d-uring the fabr ica t ion of 
th is b a t c h . In the 5OO0X -view, the dense and cont inuous band of i m p e r m e a b l e 
a lumina can be noted be tween the UO2 and the p o r o u s a l u m i n a . G r a i n 
bounda r i e s can be c l e a r l y noted in the UO2, The a b s e n c e of such bounda r i e s 
in the a lumina p h a s e i s the m a j o r r e a s o n why th i s t-ype of coat ing h a s shown 
s-uch good f i s s ion p roduc t r e t e n t i o n . 

Ba t ches 6 F , 6H, and 6 J . T h e s e b a t c h e s conta ining e n r i c h e d urani-um 
w e r e m a d e in o r d e r tha t addi t ional fueled g raph i te s p h e r e s could be p r e p a r e d 
for i r r a d i a t i o n in the i n -p i l e loop ( see Sect ion 9 . 0 ) . A s ingle ba tch of 
e n r i c h e d UO2 p a r t i c l e s w a s f i r s t coa ted with 23 m i c r o n s of a lumina in 
3 s t e p s . The ba tch w a s then spl i t with ba t ch 6 F be ing p r o d u c e d in. 3 m o r e 
rums on one half and ba tch 6H being p r o d u c e d in 2 m o r e r u n s on the o the r 
half. Ba tch 6 J , which a p p r o a c h e s the m a x i m u m t h i c k n e s s to d i a m e t e r 
r a t i o c o n s i d e r e d for u s e in the P B R , w a s p r e p a r e d by mak ing two addi t ional 
m n s on a po r t ion of ba t ch 6 F . F i g . 4 - 6 i s a p h o t o m i c r o g r a p h of p a r t i c l e s 
f rom ba tch 6 F w h e r e the good bonding be tween s u c c e s s i v e coat ing r u n s i s 
a p p a r e n t by the l ack of any v i s ib l e i n t e r f a c e s within, the coa t ing . 

Ba tches 7H and 7 J . Thor i a -mran ia p a r t i c l e s w e r e u s e d in b a t c h e s 
7H and 7 J to d e t e r m i n e whe the r t h e r e woiild be any unan t ic ipa ted effects due 
to the p r e s e n c e of t h o r i a . The nomina l 11:1 T h / P a t o m r a t i o u s e d in t h e s e 
p a r t i c l e s r e s u l t e d f rom a des ign s tudy of a 125 eMW P e b b l e Bed R e a c t o r 
S team P o w e r P l a n t U ) . A s ingle ba tch of T h 0 2 / U 0 2 p a r t i c l e s was first 
coa ted wi-th 24 m i c r o n s of a lumina in 5 s t e p s . After sp l i t t ing th i s ba t ch , 
3 m o r e r u n s w e r e m a d e on each half to prod-uce b a t c h e s 7H and 7 J , A 
p h o t o m i c r o g r a p h of a t-ypical ba tch of coa ted p a r t i c l e s f rom ba tch 7H i s 
s een in F i g . 4 - 7 . Although the T h 0 2 / U 0 2 p a r t i c l e s a r e somewha t 
i r reg-ular , a l l p a r t i c l e s a r e s een to be adequa te ly coa ted with no ev idence of 
gaps be tween s u c c e s s i v e coat ing l a y e r s . 

Ba tch 8G. This ba t ch w a s p r e p a r e d with two spec ia l f e a tu r e s in mind: 
| 1 | a l a r g e UO2 p a r t i c l e was u s e d (297/350 m i c r o n ) so that a th ick coat ing 
could be appl ied and not exceed l imi ta t io i i s on c a r b o n m o d e r a t o r d i s p l a c e m e n t 
-when d i s p e r s e d in a g raph i t e s p h e r e , and (2) a p o r o u s i nne r l a y e r of a lumina 
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w a s u s e d which would have the advantage of p rov id ing a r e s e r v o i r for 
f i s s ion g a s e s and a cush ion to p r e v e n t t h e r m a l cyc le f r a c t u r e of the o u t e r m o s t 
i m p e r m e a b l e a lumina coa t ing . A thin 2 m i c r o n coat ing was f i r s t depos i t ed 
a t 1830®F so tha t any u r a n i u m con tamina t ion a r i s i n g f rom dust ing of the 
b a r e UO2 p a r t i c l e s dur ing the e a r l y s t a g e s of f luidizat ion could be l e ached 
away . Next , a 20 miicron l a y e r of p o r o u s AI2O3 was depos i t ed a t ISSO^F. 
Addit ional i m p e r m e a b l e a lumina was depos i t ed a t ISSO^F unt i l a to ta l 
alunnina th i ckness of 150 m i c r o n s was r e a c h e d . 5 g m . s a m p l e s w e r e 
r e m o v e d from the ba tch a t coat ing t h i cknes s of 30, 50, 77, 106, 122 and 
150 m i c r o n s in o r d e r to eva lua te the effect of coat ing t h i cknes s of t h e r m a l 
cycle r u p t u r e . F i g . 4 - 8 shows a p a r t i c l e f rom ba tch 8A which has been 
coa ted with only the th in i m p e r m e a b l e l a y e r and the p o r o u s l a y e r of 
a l u m i n a . F i g , 4 -9 shows s e v e r a l p a r t i c l e s f rom the final ba t ch , 8G. The 
d a r k band n e a r the UO2 p a r t i c l e i s the po rous a l u m i n a . Some evidence of 
annu la r p o r o s i t y in the UO2 p a r t i c l e s can be no ted . Occas iona l g rowths 
of a lumina can be s een to p r o t r u d e f rom the ou te r su r f ace of the coa t ing . 
In s e v e r a l ins t smces , a dust p a r t i c l e inc lus ion can be noted a t the b a s e 
of a lumina g r o w t h s . S i m i l a r g rowths have been noted in py ro ly t i ca l ly 
depos i ted ca rbon coat ings which w e r e a l s o be l i eved to a r i s e fromi soot 
p a r t i c l e s . 

Ba tches 9 and 9A. These ba t ches w e r e p r e p a r e d in o r d e r to exp lo re 
the effect of f a s t e r depos i t ion r a t e on coat ing i n t e g r i t y . All p r e v i o u s b a t c h e s 
w e r e p r e p a r e d a t a depos i t ion r a t e of about 6 g m s / h r which would not c ause 
e x c e s s i v e plugging of the exhaus t s y s t e m by AL^O-^ f i nes . This r a t e was 
i n c r e a s e d to 12, 24, and 48 g m s / h r a s a r e s u l t of i m p r o v e m e n t s in opera t ing 
p r o c e d u r e and equipoient d e s i g n . No diffic\ilties w e r e e x p e r i e n c e d a t 12 g m s / h r 
(Batch 9 ) . At 24 g m s / h r (Batch 9A), a plug fo rmed a t the top of the r e a c t i o n 
v e s s e l a f te r s e v e r a l h o u r s of o p e r a t i o n . F u r t h e r plugging was o b s e r v e d a t 
48 g m s / h r . 

Ba tch l i e . This ba tch was p r e p a r e d with fully e n r i c h e d UO2 and was 
in tended to be a dupl ica te of ba tch SG, containing a p o r o u s i nne r l a y e r of 
AI2O3. A supply of i r r e g u l a r l y shaped en r i ched UO2 was u s e d b e c a u s e of 
the extended d e l i v e r y t i m e for l a r g e s p h e r i c a l sho t . After 59 m i c r o n s 
had been depos i ted , i t was noted that po r t i ons of the coa t ings on many of the 
p a r t i c l e s had chipped off. Effor ts w e r e m a d e to weed out the faulty p a r t i c l e s 
by leaching and t h e r m a l cycl ing but th i s did not h e l p . Th i s type of difficulty 
i s be l ieved due to the combina t ion of the po rous i nne r l a y e r on i r r e g u l a r l y 
shaped p a r t i c l e s . F u r t h e r coat ing of th i s ba tch was abandoned . 
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Fig, 4-8, Batch 8A showing thin impermeab le layer of 
AITOO and porous l ayer of AI2O3 on UO2 
par t i c le (500X). 
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F i g . 4-9* Batch 8G showing AI2O3 coating with porous 
inner layer on UO2 (SOX). 



4 . 2 P r e - I r r a d i a t i o n Tes t ing of Coated P a r t i c l e s 

A n u m b e r of s t a n d a r d s c r e e n i n g t e s t s a r e u s e d for a lumina coated 
fuel p a r t i c l e s . In g e n e r a l , each ba tch of p a r t i c l e s which has been 
f ab r i ca t ed i s subjec ted to the following t e s t s : 

1. Alpha A s s a y : Uran ium contamina t ion on the su r face of the p a r t i c l e s 
i s de tec ted by p lac ing a thin l a y e r of the coa ted p a r t i c l e s in a 2'TL 
p ropor t i ona l gas flow coun te r and m e a s u r i n g the a lpha e m i s s i o n r a t e , 

2 . Coating In tegr i ty : Coated p a r t i c l e s a r e exposed to a i r at 1200°F . 
Any faults in the coat ing cause the under ly ing UO2 to be oxidized to U30g 
which fur ther r u p t u r e s the coat ing due to expans ion of the fuel p a r t i c l e . Thus , 
weight gain af ter th i s t e s t i s a m e a s u r e of l ack of coat ing i n t e g r i t y . An en t i r e 
ba tch of p a r t i c l e s can be subjec ted to th is t e s t so that exposed u r a n i u m can 
be subsequent ly r e m o v e d from faulty p a r t i c l e s by l each ing . 

3 . T h e r m a l Cycl ing: P a r t i c l e s a r e t h e r m a l cyc led be tween room 
t e m p e r a t u r e and ZSOO^F in an i n e r t a t m o s p h e r e to d e t e r m i n e whe the r the 
s l ight ly h ighe r expans ion coefficient of UO2 a s c o m p a r e d with the a lumina 
coat ing will cause the coat ing to fail when thp p a r t i c l e i s hea ted above i t s 
fabr ica t ion t e m p e r a t u r e , 

4 . Meta l lograph ic Examina t ion : Routine me ta l l og raphy i s done up 
to 500X. On occas ion , e l e c t r o n m i c r o s c o p y i s u s e d for m o r e de ta i led s tudy. 

Table 4 -2 i s a s u m m a r y of p r e - i r r a d i a t i o n t e s t r e s u l t s on AI2O3 
coa ted p a r t i c l e s . The m o s t s t r ik ing r e s u l t s a r e from the coat ing in t eg r i ty 
t e s t s whe re un i formly good coat ings w e r e found for e v e r y b a t c h . Even in 
the l a t e r ba t ches whe re the e n t i r e ba tch was subjec ted to the hot a i r oxidation 
t e s t , ex t r e ine ly sma l l weight changes w e r e found. In e a r l i e r work with 
o ther types of p a r t i c l e coa t ings , weight gains a s high a s 10% to 50% w e r e 
often found in s i m i l a r t e s t s . The weight l o s s r e p o r t e d for some ba t ches i s 
due to fu r ther devola t i l iza t ion of a d s o r b e d a i r and m o i s t u r e . 

Since the t h e r m a l expans ion coefficient of UO2 (10xlO-6/®C) i s s l ight ly 
h igher than for AI2O3 ( 8 . Sx lO-^ /^C) , i t was of i n t e r e s t to l e a r n whether 
hea t ing the coa ted p a r t i c l e s above t h e i r fabr ica t ion t e m p e r a t u r e would 
r u p t u r e the AI2O3 c o a t i n g s . A top t e m p e r a t u r e of 2500®F was s e l ec t ed 
for the t h e r m a l cycle t e s t s b e c a u s e th i s a p p e a r e d to be the upper l imi t due 
to r eac t i on be tween AI2O3 and g r a p h i t e . The f i r s t t h e r m a l cycle t e s t was 
run on ba tch 2A and was done in a i r . The a lpha count was found to i n c r e a s e 
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TABLE 4-2 

Pre - I r rad ia t ion Tests on Alumina Coated Fuel Par t ic les 

I. 

2. 

3. 

4. 

S. 

b. 

Batch No. 

UO^ Size, jA 

Coating ThickneasiiJ. 

UO, Constant, w/o 

As Fabricated . . 
(a) Alpha assay '*•' 

(b) Exposed u'^* 

Coating Integrity *°' 
(a) Sample Wt, gms 

(bj Weight Change, g: 

IB 

105/149 

20 

71.0 

7 , 3 t l . 3 

1.5x10'^ 

19.66 

ms -.0027 

2A 

105/149 

38 

48.9 

i.4ti;o 
4 .5x10" ' 

5.0 

nil 

3C 

105/149 

50 

32.6 

o.sto.a 
4 .0x10" ' 

as. 1 
+.10 

4E 

105/149 

55 

36.0 

20.7^2.5 

3.0x10"^ 

61.6122 

-0.0343 

5D 

250/420 

40 

66.1 
0 

Q.zto.S 

4.5x10"'^ 

2.81 

- .001 

6F 

105/149 

42 

27.3 

0.4^1.2 

4.5x10' '^ 

109 

+.0004 

6H 

105/149 

48 

26.6 

0 . 4 t l . 2 

4.5x10"'^ 

125 

- .0410 

7H 

105/149 

40 

35. 4 ^ 

2 . 0 t 0 . 4 

9 .0x10" ' 

89 

- .0005 

(c| Alpha Assay w 76. l i s . 2 o.ato.s 

7. Thermal Cycle 
(a) Weight Change, % 

(b) Alpha Aaaay*'^ 

-0.25 .0.02 

2.oii.o 
10.0 

5.9^2.0 

7J 

34.5 M 

8G 9A 

105/149 297/350 105/149 105/149 

(f) 

2x10" 

150 

42. S 

14 26 

0. s t l .O l .o io .6 

3.5x10 -6 

132 162 

nil •••,0005 

0.6to.7 46.0.* 3.1 l .ato.8 

0.4^0.® 3.4^1.2 193-6.0 32.6^2.6 

{a) Reported as cpm/gm of sample 
!b) Reported as fraction of total uranium in sample 
(c) Sample heated in 1200°F air for S hours 
|d) Sample heated 3 t imes to 2500°F in inert a tmosphere 
(e) ThO, + UO, content 
(f) Consists o r20 microns of porous A 1 , 0 , and 130 microns of impermeable A l . O , 



to 4 4 , 2 + 2 , 0 cpm from the a s - f a b r i c a t e d value of 1.4+_ 1.0 c p m , 
Meta l lograph ic examina t ion r e v e a l e d that some of the coa t ings w e r e 
c r a c k e d . In o r d e r to d e t e r m i n e whe the r oxygen diffusion into the p a r t i c l e s 
at Z500°F might have been the c a u s e , the t h e r m a l cycle t e s t was r e p e a t e d 
in a reduc ing a t m o s p h e r e of N2 + 1 0 v / o M^ us ing m a t e r i a l f rom both 
b a t c h e s 2A and 3C. Meta l lograph ic examina t ion of both b a t c h e s r e v e a l e d 
no c r a c k s in the coat ings of e i t he r b a t c h . An a lpha a s s a y of the batch 3C 
m a t e r i a l showed an i n c r e a s e in exposed u r a n i u m of only a fac tor of 2 . 
Alpha a s s a y s of b a t c h e s 7H, 7 J , and 8G af ter t h e r m a l cycl ing a l so showed 
no signif icant change . Thus , when the AI2O3 coat ing th i ckness i s at l e a s t 
30% of the UO2 d i a m e t e r , no damage o c c u r s to the coat ing when the p a r t i c l e s 
a r e hea t ed up to 500°F above the i r fabr ica t ion t e m p e r a t u r e . However , 
s ignif icant coat ing fa i lure was found when a t h i c k n e s s - t o - d i a m e t e r r a t i o of 
10% was u s e d (batch 5D) in a s i m i l a r t h e r m a l cycle t e s t a s ev idenced by 
weight gain in a subsequent hot a i r t e s t . 

T h 0 2 / U 0 2 p a r t i c l e s w e r e u s e d to p r e p a r e ba t ches 7H and 7J and, 
a s expected , no d i f ferences w e r e found c o m p a r e d with an a l l - U 0 2 fuel 
p a r t i c l e . 

In the p r e p a r a t i o n of ba tch 8G, a n u m b e r of s m a l l e r b a t c h e s having 
i n t e r m e d i a t e coat ing t h i c k n e s s e s w e r e wi thdrawn for examina t ion . The 
r e s u l t s of t e s t s on t he se i n t e r m e d i a t e b a t c h e s a r e shown in Table 4 - 3 , 

TABLE 4^ 3 

Eva lua t ion of Ba tches 8A through 8G '^^J5jh-_Ig£g£pQrate a. 

Batch 
No, 
8A 
8B 
8C 
8D 
8E 
8 F 
8G 

Coating 
Thick, JM.-

2 2 ( a r 
30 
50 
77 

106 
122 
150 

Weight 
Gain, %^^> 

2 . 8 
0 . 5 
0 . 0 3 
0 .003 
0 .04 
0 .04 
0 .0003 

Alpha 
A s - F a b . 
53 .0 + 3 . 3 

1 . 4 + 0 .7 
0 . 4 + 0 , 5 
0 ,2 + 0 . 4 
0 . 8 + 0 .6 
0 . 4 + 0 . 5 
1.0 + 0 .6 

Count Ra te , c p m / g m sample 
Hot A i r W 

106 + 5 
5 1 . 8 + 3 .3 
10 .8 + 1.6 

5 .0 + 1,2 
0 ,6 + 0 .7 

T h e r m a l C 

9 0 . 6 + 4 . 3 

6 .4 + 1.4 

3 . 4 + 1.2 

(a) Includes 2 miicron flash coat ( i m p e r m e a b l e AI2O3) and 20 m i c r o n 
coat of p o r o u s AI2O3. 

(b) After exposu re to 1200°F a i r for 5 h r s . 
( c | After nine cyc les be tween 550°F and 2500°F in a reducing 

a t m o s p h e r e . 
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A re l a t ive ly high weight gain can be noted in ba tch 8A which conta ins 
a 2 m i c r o n i m p e r m e a b l e a lumina l aye r which p robab ly was c r a c k e d , and 
a 20 m i c r o n po rous l a y e r . However , i m p r o v e m e n t can be s een in subsequent 
coating t h i c k n e s s e s . The alpha a s s a y of the a s - f a b r i c a t e d ba t ches showed 
uni formly good quali ty once the f i r s t i m p e r m e a b l e l a y e r had been p laced 
over the po rous m a t e r i a l (ba tches 8B through 8G). The hot a i r t e s t showed 
uni formly good qual i ty f rom ba tches 8C through 8G by the weight gain miethod. 
However , the somewhat m o r e sens i t ive a lpha a s s a y technique showed a 
d e c r e a s i n g contamina t ion with i n c r e a s i n g coat ing th ickness indicat ing that 
some sur face u r an ium was c o v e r e d by s u c c e s s i v e coat ing l a y e r s . In the 
t h e r m a l cycle t e s t , t h e r e was some evidence of fa i lure in ba tch 8C, but 
ba tches 8E and 8G showed no signif icant effect . In g e n e r a l , the ba t ches 
with the th ickes t coat ings p a s s e d al l t e s t s w e l l . 

Ba tches 9 and 9A w e r e p r e p a r e d in the c o u r s e of s tud ies to i n c r e a s e 
the AI2O3 deposi t ion r a t e . The th i cke r coat ing on ba tch 9A r e s u l t e d in 
lower u r a n i u m contamina t ion af ter the coat ing in t eg r i t y t e s t . It i s be l ieved 
that the damage in t h e r m a l cycle tes t ing was due to the lower coat ing 
t h i cknes s - t o -UO2 d i a m e t e r r a t io r a t h e r than effects of the i n c r e a s e d 
AI2O3 deposi t ion r a t e u s e d in making these b a t c h e s . 
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4 . 3 Graph i t e M a t r i x F u e l e d With Alumina Coated P a r t i c l e s 

T h e r e a r e a n u m b e r of condi t ions i m p o s e d upon a l u m i n a coa ted 
p a r t i c l e s when they a r e c o n s i d e r e d for u s e in a g raph i te m a t r i x . The 
vo lume occupied by the coa ted p a r t i c l e s shoxild be low enough so that the 
s t r eng th of the g raph i t e m a t r i x i s not i m p a i r e d . The s i ze of the coa ted 
fuel p a r t i c l e should be s m a l l enough so that un i form m i x t u r e s of coa ted 
p a r t i c l e s i n g raph i t e c a n be a c h i e v e d . The coa t ings should be s t rong 
enough to p r e v e n t t h e i r damage dur ing the mixing and molding s t e p s . 
The t e m p e r a t u r e to which the fueled body i s subjec ted dur ing manufac tu re 
and ope ra t ion should be low enough to p r e v e n t r e a c t i o n be tween the 
AI2O3 and the g r a p h i t e . The coa ted p a r t i c l e s should be s e c u r e l y a t t ached 
to o r b u r i e d within the g raph i t e m a t r i x to p r e v e n t t h e i r l o s s dur ing u s e . 

As noted in Table 4 - 1 , 13 g raph i te s p h e r e s fueled with AI2O3 coa ted 
UO2 have b e e n m a d e to d a t e . The p r i m a r y function of t h e s e s p h e r e s w a s to 
p rov ide s p e c i m e n s for i r r a d i a t i o n t e s t i n g , however some in format ion 
r e l a t i ng to the condi t ions c i t ed above w a s ob ta ined . 

4 , 3 , 1 Sphere Manufacture 

Most of the s p h e r i c a l fuel e l e m e n t s p e c i m e n s m a d e to date have been 
molded in d i e s which l eave a r a t h e r p r o m i n e n t molding f lash a round the 
equa tor of the s p h e r e . Since c lose t o l e r a n c e s w e r e r e q u i r e d for s p e c i m e n s 
u s e d in high flux capsu le i r r a d i a t i o n s , the s t a n d a r d p r a c t i c e for s p e c i m e n s 
fueled with uncoa ted fuel p a r t i c l e s was to g r ind off the molding f l a sh . In 
view of the poten t ia l damage to AI2O3 p a r t i c l e coa t ings j spec ia l a lpha a s s a y s 
w e r e m a d e on t h r e e FA-2Z s p e c i m e n s w h e r e the molding f lash w a s r e m o v e d 
by g r ind ing . The r e s u l t s of th i s t e s t a r e shown in Table 4 - 4 w e r e pos i t ions 
E a r e on the equa to r i a l molding f lash and pos i t ions N and S a r e a t opposi te 
ends of the d i a m e t e r peirpendicular to the p lane of the molding f l a sh . The 
molding flash was r e m o v e d by hand f i l ing. As can be noted, a l a r g e i n c r e a s e 
in u r a n i u m con tamina t ion w a s found for s p e c i m e n s 436N (fueled with ba t ch IB 
m a t e r i a l l and 448N (fueled with ba tch 2A m a t e r i a l ) indica t ing s ignif icant 
danaage to the AI2O3 c o a t i n g s . No signif icant damage to the p a r t i c l e s in 
s p e c i m e n 39-9N (fueled with ba tch IB m a t e r i a l ) was no ted . However , a 
subsequent r a d i o g r a p h of an equa to r i a l s l i ce f rom these s p e c i m e n s (see 
F i g . 4 -10) showed an unexpla ined def ic iency of fuel p a r t i c l e s a t the su r face 
of s p e c i m e n 39-9N. It w a s concluded that s ince the molding f lash coxdd not 
be safely r e m o v e d , an a l lowance would be m a d e in the des ign of the g raph i t e 
b locks which hold the F A - 2 2 s p e c i m e n in p lace dur ing capst i le i r r a d i a t i o n 
and no su r f ace mach in ing would be done on FA-2Z s p e c i m e n s . F u t u r e des igns 
of mo lds for P E R wil l m i n i m i z e o r e l imina te the molding f lash so that l o s s 
of fuel m a t e r i a l by a b r a s i o n o r i m p a c t wil l be avoided . 
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TABLE 4 - 4 

Alpha A s s a y s of F A - 2 2 Spec imens Where 
Molding F l a s h Has Been R e m o v e d 

Spec imen 
N o . 

FA-22(436N) 

FA-22(448N) 

FA-22(39-9N) 

Molding F l a s h 
Remova l 
~ Before 

t i 

t ! 

After 
!! 
t l 

Before 
It 

It 

After 
II 

II 

Before 
II 

II 

After 
t! 

II 

Pos i t i on 
N 
S 
E 
E 
E 
N 
N 
S 
E 
E 
E 
N 
N 
S 
E 
E 
E 
E 

Net Alpha Count 
R a t e , cpm (a) 
1 2 . 6 + 7 . 0 

2 , 8 + 5 .6 
1.4 + 5 .6 
6 3 6 + 31 
3 1 8 + 22 

2 2 . 4 + 8 .4 
8 . 4 + 6 . 3 

n i l 
16 .8 + 6 . 3 

224 + 19 
274 + 21 
5 .6 + 6 . 3 

1 6 . 8 + 6 . 3 
4 . 2 + 5 .6 
7 . 0 + 6 , 3 
2 . 8 + 6 . 3 
Z .8 + 6 . 3 

1 4 . 0 + 7 . 7 

(a) N o r m a l i z e d to Whole Sphere Su r f ace , 

Uniform d i s p e r s i o n s of AI2O3 coa ted UO2 p a r t i c l e s in g raph i t e have 
been obtained, a s s een in r a d i o g r a p h s of s l i c e s from s p e c i m e n s FA-22f436N| 
and FA-22(448N) shown in F i g . 4 - 1 0 , The a p p a r e n t high p a r t i c l e dens i ty 
in 448N i s due to the t h i cke r AI2O3 coa t ings on t he se p a r t i c l e s . It i s 
concluded that t h e r e i s no p r o b l e m with achieving uni form p a r t i c l e 
d i s p e r s i o n s up to the 250 m i c r o n s i z e . 

S e v e r a l t e s t s have been m a d e to d e t e r m i n e the extent of p a r t i c l e 
coat ing damage dur ing the naixing and molding s t eps of s p h e r e f ab r i ca t ion . 
T e s t s u s e d to date have inc luded a lpha a s s a y s of the g raph i t e m i x , of the 
su r face of the comple ted s p h e r e , and of an unfueled g raph i te s p h e r e . Th i s 
l a s t s t ep was to d e t e r m i n e whe the r eqtdpment con tamina t ion was a pos s ib l e 
s o u r c e of u r a n i u m contanainat ion. Since i t i s not pos s ib l e to m e a s u r e u r a n i u m 
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F i g . 4 -10 , Radiographs of s l i ces cut from graphi te 
sphe re s fueled with AI2O3 coated U02« 
#1 is from FA-Z2(39-9N), #2 is from 
FA«22f448N), #3 is from FA-22(436N). 
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contamination throughout the ent i re graphite mat r ix without destroying 
the finished sphere , a neutron activation tes t is considered the final tes t 
in determining whether coating fracture during manufacturing has been 
significant. A summary of alpha a s says relat ing to par t ic le damage a r e 
given in Table 4 - 5 . 

TABLE 4-5 

Effect of Manufacturing P r o c e s s e s on Damage To Fuel P a r t i c l e Coatings 

Net Alpha Count Uranium Frac t ion of Xe 133 
Rate , cpmCa) Contamination(^) Released (c) 

1.5 X 10-5 
4 . 5 X 10"^ 
3.0 X 10-5 
4 . 5 X 10-"^ 

4 .0 X 10-7 
1.3X 10-6 
9.2 X 10-7 
8.4 X 10-7 

3 .3 X 10-4(2400*F, 210 min) 
1.3 X 10-6(1500°F, 144 min) 

1.0 X 10-4(2300«F, 140 min) 
7 .5 X 1O-6(1500' 'F, 270 min) 
7.7 X 10-6(1950"^ , 240 min) 
6 .3 X 10-7 (ZOOO'F, 240 min) 

A, Pa r t i c l e s Only 
1. Batch IB 7 . 3 + 1 . 3 
2 . Batch 2A 1 . 4 + 1 . 0 
3 . Batch 4E 2 0 . 7 + 2 . 5 
4 . Batch 6H ^-'^ t l - ^ 

B , Sphere Surface 
1. FA-22(437N)-(1B) 1 . 4 + 5 . 6 
2 . FA-22(449N)-(2A) 4 .7 + 5 . 8 
3 . FA-22(471E)-(4E) 16.3"~+6.1 
4 . FA-22(548E)-(6H) 1 4 . 7 + 5 , 9 

C. Graphi te -Par t i c le Mix 
(Using batch 6H) 1 1 4 + 2 0 — 

D. Unfueled Sphere 
(Made after Sphere 548E) 7.7 + 2.1 — — 

(a) All values normal ized to equivalent surface of 1 1/2" sphere except 
for par t ic les which a r e repor ted as cpm/gm sample , 

(b) Reported as rat io of uranium on surface to contained uranium in sample . 
(c) See Neutron Activation Test r esu l t s in Section 4 . 3 . 4 . 

Uranium contamination on the surfaces of the spheres is seen to be 
about equal to or l e s s than the contamination on the p a r t i c l e s . This implies 
that there was no major damage to the par t i c les even though the sphere 
a s say only re la tes to the sphere surface and not to the contamination of the 
in ter ior port ions of the graphite ma t r i x . Comparison of the neutron 
activation data for batch 2A par t i c les before and after incorporat ion into 
a sphere showed only a slight inc rease in Xe 133 r e l e a s e . The as say of the 
graphite-coated par t ic le mixture did indicate that some slight damage occur red 
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dur ing the miixing p r o c e s s . The a lpha a s s a y of the unfueled s p h e r e showed 
tha t con tamina t ion f rom equ ipment can be an addi t ional s o u r c e of u r a n i u m 
con tamina t ion . Thus , i t can be concluded tha t t h e r e i s no g r o s s damage to 
AI2O3 coa ted UO2 when i n c o r p o r a t e d into g raph i te s p h e r e s but that s l ight 
con tamina t ion can c o m e from t h r e e s o u r c e s : the coa ted p a r t i c l e s a s m a d e , 
coa ted p a r t i c l e damage dur ing ba l l f abr ica t ion , and f rom p r o c e s s equ ipment . 

F i g u r e 4 -11 shows the su r f ace of an F A - 2 2 s p e c i m e n which was m a d e 
for capsu le i r r a d i a t i o n . The a p p e a r a n c e of roany fuel p a r t i c l e s r igh t at the 
su r face can be no ted . F u t u r e fuel e l emen t des igns wil l i n c o r p o r a t e f ea tu re s 
to p r e v e n t l o s s of t h e s e p a r t i c l e s f rom the s u r f a c e . T h e s e f ea tu re s will 
include sur face coa t ings of e i t he r pyro ly t i c c a r b o n o r s i l icon c a r b i d e , 
c a rbonaceous l a y e r s added to the p a r t i c l e s before mixing to p e r m i t b e t t e r 
bonding to the g raph i t e reiatrix, o r an unfueled she l l of g raph i t e on the fueled 
s p h e r e . 

The p r e s e n c e of a lumina in a g raphi te m a t r i x i m p o s e s a t e m p e r a t u r e 
l im i t a t i on in o r d e r to avoid r e a c t i o n be tween the a lumina and the g r a p h i t e . 
T h e r e a r e ind ica t ions in the l i t e r a t u r e (11) that th is t e m p e r a t u r e miay be a s 
high a s 3 6 0 0 ° F . However , to avoid any poss ib i l i t y of damage to the p a r t i c l e s 
dur ing the manufac tu r ing p r o c e s s , the s h o r t t ime graph i te bake cycle was 
l im i t ed to a m a x i m u m t e m p e r a t u r e of 2 5 0 0 ° F . A s e r i e s of long t ime 
c a r b u r i z a t i o n t e s t s w a s p e r f o r m e d us ing s e v e r a l types of a lumina and 
g r a p h i t e . These r e s u l t s a r e r e p o r t e d in the following sec t ion 4 . 3 . 2 , 

4 . 3 . 2 C a r b u r i z a t i o n Studies 

Two s e r i e s of t e s t s have been r u n to s tudy the r e a c t i o n be tween AI2O3 
and g r a p h i t e . The f i r s t s e r i e s involved s i n t e r e d AI2O3 coa ted UO2 in g raph i te 
s a m p l e s p r e p a r e d by B a t t e l l e . T h r e e types of g raph i te w e r e u sed : (1) AGOT 
graphi te flour with B a r r e t t p i tch b i n d e r , (2) AGOT graph i t e flour with BVI6OO 
r e s i n b inde r , and (3) Texas 55 coke flour with B a r r e t t p i tch b i n d e r . Samples 
with r e s i n b i n d e r and with coke flour showed s e v e r e r e a c t i o n be tween the 
AI2O3 and the g raph i te a t 2 5 0 0 ° F . The s a m p l e with graphi te flour and pi tch 
b inde r showed no r e a c t i o n af ter l6Q.hrs a t 25O0''F a s s een in F i g . 4 - 1 2 . 
However , when th i s l a t t e r m a t e r i a l was he ld a t 3000®F for only a 6 h r . 
p e r i o d , a s e v e r e r e a c t i o n was noted, a s seen in F i g . 4 - 1 3 . 

The second s e r i e s of t e s t s involved vapor depos i t ed a l u m i n a . Spec imens 
w e r e hea t ed for p e r i o d s of I 68 , 500 and 1000 h r s . at ZSOO'F b a s e d on r e s u l t s 
f rom the s i n t e r e d a lumina c a r b u r i z a t i o n t e s t . The s a m p l e s u s e d in the second 
s e r i e s a r e d e s c r i b e d in Table 4 - 6 . 
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Fig . 4-11 Externa l view of an FA-22 specimen showing 
AI2O3 coated UO2 pa r t i c l e s at the sur face . 
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TABLE 4 - 6 

S a m p l e s U s e d in Second C a r b u r i z a t i o n T e s t 

Sample 
Type N o . 

1 
zCa) 
3Ca) 

P a r t i c l e 
Ba tch No . 

I B 
IB 
2A 

Graph i t e 
F i l l e r 
AGOT 
2301 
2301 

P i t c h 
B inde r 

Coal T a r 
Coal T a r 

M a x . Bake 
T e m p . , " F 

1700 
2300 
2300 

(a) P i e c e s f rom a n F A - 2 2 fuel e l e m e n t . 

In adl t h r e e hea t ing r u n s , a depos i t f o r m e d on the in s ide wa l l s of the 
furnace t u b e . The depos i t s c o n s i s t e d of a lumina , s i l i con c a r b i d e , a luminum 
n i t r i d e , a n d / o r i r o n s i l i c ide in addi t ion to an unident i f ied p h a s e . It i s 
be l i eved that the s i l i con and the a lumina c a m e frona the Mull i te insu la t ion 
tube , the i r o n f rom the g r a p h i t e , and n i t r ogen f rom the furnace a t m o s p h e r e . 
The unidentif ied p h a s e was found on both the furnace wa l l s and the s p e c i m e n 
s u r f a c e s . 

Typica l r e s u l t s of th i s t e s t a r e shown i n F i g u r e s 4 - 1 4 th rough 4 - 2 3 . 
Table 4 -7 l i s t s the s a m p l e n u m b e r and hea t ing t i m e for each of t h e s e 
f i g u r e s . 

L i s t Of F i g u r e s Showing 

F i g u r e 
N o . 

4-14 
4 -15 
4 -16 
4-17 
4 -18 
4-19 
4 -20 
4 -21 
4 -22 
4 - 2 3 

Sample 
Type N o . 
Type 1 

II 

Type 2 
II 

II 

II 

Type 3 
II 

II 

SI 

TABLE 4 -7 

R e s u l t s Of Graphi te-

Heat ing T i m e 
a t 250@'F 

none 
168 h r s . 
none 
168 h r s . 
500 h r s . 
500 h r s . 
none 
500 h r s . 
1000 h r s . 
1000 h r s . 

-Alumina Reac t ion T e s t 

Loca t ion of P a r t i c l e 
in 1 Oie Sample 

su r face 

c e n t e r 
c e n t e r 
su r face 

c e n t e r 
c e n t e r 
su r face 



Fig . 4-14. Graphite-AI2O3 Specimen Type 1, as 
fabricated (SOX). 

mM m 

Fig , 4 - 1 5 . Graphite-AI2O3 Specimen Type 1, after 
168 h r s at 2500*F (250X), 
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Fig , 4-16 Graphite-AI2O3 Specimen Type 2, a s 
fabricated (SOX). 

F ig , 4-17» Graphite-AI2O3 Specimen Type 2, after 
168 h r s at ZSOO^F. View at center of 
specimen (250X). 



Fig . 4-18 Graphite-AI2O3 Specimen Type 2, after 
500 h r s at ZBOO^F. View at center 
of specimen (250X). 
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Fig . 4-19, Graphi te -Al203 Specimen Type 2, after 
500 h r s at 2500°F. View near surface 
of specimen (250X). 
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Fig . 4-21 Graphite-Al2O3 Specimen Type 3, after 
500 h r s at 2500°F, View at center of 
specimen (250X), 
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F i g , 4 - 2 3 G r a p h i t e - A I 2 O 3 S p e c i m e n Type 3 , a f t e r 1000 h r s 
a t 2 5 0 0 ° F . View n e a r s u r f a c e of s p e c i m e n (250X). 
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No effect can be noted on the p a r t i c l e coa t ings in the a s - f a b r i c a t e d 
condi t ion excep t tha t s o m e of the coa t ings in the Type 1 s a m p l e a r e 
c r a c k e d which undoubtedly inf luenced s o m e of the r e s u l t s obta ined for th i s 
t y p e . After l 6 8 h r s , s e v e r a l p a r t i c l e s in Type 1 w e r e a t t a cked ( see F i g u r e 
4 -15 ) ; and l l ie re was e s s e n t i a l l y no a t t ack to Type 2 ( s ee F i g u r e 4-17) and 
Type 3 . After 500 h r s the coa t ings in Type 1 w e r e comple t e ly de s t royed ; 
s o m e thinning of the coa t ings in Type 2 w a s noted ( see F i g u r e 4 -18 ) ; and 
s o m e a t t ack w a s beginning to occu r to the Type 3 coa t ings ( see F i g u r e 
4 - 2 1 ) , F i g u r e 4 -19 i s a v iew of the 500 h r . t e s t on Type 2 except the 
p a r t i c l e shown w a s n e a r the edge of the s a m p l e r a t h e r than a t the c e n t e r 
of the s a m p l e a s i n F i g u r e 4 - 1 8 . The coa t ing i s comple t e ly gone i n F i g u r e 
4 -19 which ind ica t e s a much g r e a t e r r e a c t i o n on p a r t i c l e coa t ings n e a r the 
s a m p l e s u r f a c e . The b r i g h t r eg ions in the r e m a i n i n g fuel p a r t i c l e in 
F i g u r e 4 -19 a r e unident i f ied m e t a l l i c appea r ing p h a s e s , pos s ib ly containing 
a luminum, which w e r e a l s o noted in the Type 1 ftiel p a r t i c l e . After 1000 h r s , 
the p a r t i c l e s in Type 1 w e r e a l m o s t comple t e ly conve r t ed to a m e t a l l i c p h a s e ; 
and the coa t ings in Type 2 w e r e alnaost e n t i r e l y d e s t r o y e d , with g r e a t e r 
a t t ack be ing noted a t the edge of the s a m p l e . Coat ings n e a r the c e n t e r of 
Type 3 s a m p l e s w e r e g e n e r a l l y in t ac t a l though t h e r e w a s s o m e d e t e r i o r a t i o n 
of the a l u m i n a ( see F i g u r e 4 - 2 2 ) . N e a r the su r f ace of the s a m p l e , comple te 
cqat ing a t t ack w a s aga in noted ( see F i g u r e 4 - 2 3 ) . It i s pos s ib l e that the 
s p u r i o u s depos i t s noted i n the furnace tube w e r e r e s p o n s i b l e for 
a c c e l e r a t i n g the a t t ack on p a r t i c l e coa t ings n e a r the s u r f a c e s of the 
g raph i te s a m p l e s . 

In t he se t e s t a with vapor depos i t ed AI2O3 the r e s i n h inde r m a t e r i a l 
(Type 1) aga in showed the g r e a t e s t d e g r e e of a t t a c k . However , the in i t i a l 
c r a c k i n g s in the coa t ings of Type 1 and the thin coa t ings of both types 1 and 
2 could have b e e n f ac to r s in the m o r e r ap id d e t e r i o r a t i o n of t h e s e coa t ings 
by e a r l y e x p o s u r e of the UO2 p a r t i c l e s . Since t h e r e was some evidence of 
a t t ack even in the t h i ckes t a lumina coat ing in g raph i t e having a coal t a r 
p i tch b i n d e r , the m a x i m u m safe t e m p e r a t u r e m u s t be below 2500®F. 

4 . 3 . 3 Eva lua t ion of F u e l e d S p h e r e s 

Due to the ^mal l n u m b e r of g raph i te s p h e r e s fueled with AI2O3 coa ted 
UO2 (Type FA-22) wMch w e r e p r o c u r e d p r i m a r i l y for i r r a d i a t i o n t e s t i ng , 
t h e r e h a s only been a l i m i t e d amount of t e s t da ta on t he se s p h e r e s , exc lus ive 
of the da ta on f i s s ion p roduc t retention, which i s d e s c r i b e d in Sect ion 4 . 4 , 

A comple te s u m m a r y of a l l a lpha a s s a y s p e r f o r m e d on the s u r f a c e s 
of F A - 2 2 s p e c i m e n s i s given in Table 4 - 8 . E a c h da ta point r e p r e s e n t s 
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TABLE 4 - 8 

Specimen 
N o . 

FA-E2C436NI 

FA-22(437N) 

FA-22C448N) 

FA-22(449N| 

FA-22f39-9N) 

FA-22C470E) 

FA-22(47 IE) 

FA-22C472E) 

FA-22(546E) 

FA-22f547E) 

FA-22|548E| 

FA-22(549E) 

FA-22(550E) 

Fueled with AI2O3 

Coated Part ic le 
Batch No. 

IB 

I B 

2A 

2A 

I B 

4E 

4E 

4E 

6H 

6H 

6H 

6H 

6H 

Coated UO2. 

Net ot Count 
Kate2_c£m___ 
12.6+ 7.0 
2 .8+ 5.6 
1,4+ 5.6 
2 .8+ 5.6 

n i l 
1.4+ 5.6 
8 .4+ 6.3 

n i l 
16.8+ 6,3 
2.8 + 5,6 
7 .0+ 6.3 
4.2 + 5.6 

16.8+ 6.3 
4 . 2 + 5.6 
7 .0+ 6.3 

16.8+ 6.3 
28.0+ 7.7 

221 + 18.2 
23,8+ 7.0 
12,6+ 5.6 
12.6+ 5.6 
44 .8+ 9.8 
18.2+ 7.0 
16.8+ 7.0 
49 .0+ 9.1 
11.2 + 5.6 
39.2+ 7,0 
70.0+ 10.5 

1.12+ 13 
64.4+ 9.8 
70 .0+ 10.5 
30.8+ 17,7 

22 .4+ 7.0 
7.0 + 4.9 
5 .6+ 4.9 

2 3 . 8 + 7 . 0 

14.7 + 5.9 
33.6 + 8.4 
25.2 + 7.0 
75 .6+ 10.5 

199+17 

12.6+ 5,6 
22.4+ 7.0 
12.6+ 5.6 
14,0 + 6.3 

I .-; . , 

Equivalent Surface 
Uranium, mg . 

0.017 
0.0037 
0.0019 
0.0037 

n i l 
0.0019 
0.011 

n i l 
0.022 
0.0037 
0.0092 
0.0055 
0.022 
0.0055 
0.0092 
0.0046 
0.0076 
0.060 
0.0065 
0.0034 
0.0034 
0.012 
0,0050 
0.0046 
0.013 
0,0030 
0.011 
0.019 
0.0115 
0.030 
0.017 
0.019 
0.0084 
0.0186 
0.0061 
0.0019 
0.0015 
0.0065 

0.0040 
0.0091 
0,0068 
O.OZl 
0.054 
0.0227 
0.0034 
0.0061 
0.0034 
0.0038 



a different po r t i on of the s p h e r e su r f ace and the va lue showTi h a s been 
n o r m a l i z e d to the whole s u r f a c e . Since each s p e c i m e n i s fueled with 
4 . 7 5 g m s of u r a n i u m , the f rac t ion of exposed u r a n i u m on. the su r face of 
these s p e c i m e n s r a n g e s f rom 3 x 1 0 " ' to 1.3 x 10" a s p r e d i c t e d by t h e s e 
a lpha a s s a y s . A r a t h e r un i form p a t t e r n of u r a n i u m contamina t ion can be 
s een ove r the s u r f a c e s of the s p e c i m e n s . The loca l ly high r ead ing obta ined 
in a few c a s e s w a s p robab ly due to a co l lec t ion of s l ight ly damaged p a r t i c l e s 
r igh t a t the s u r f a c e . 

S e v e r a l i m p a c t and c o m p r e s s i o n t e s t s have been r u n on F A - 2 2 s p e c i m e n s . 
The graphi te u s e d in the F A - 2 2 s p e c i m e n s i s s i m i l a r to that u s e d in the 
F A - 1 s p e c i m e n s , A fully g raph i t i zed f i l ler m a t e r i a l i s u s e d in both s p e c i m e n s 
but the p i tch b inde r i s not g raph i t i zed due to the low bake t e m p e r a t u r e in o r d e r 
to avoid g raph i te r e a c t i o n s with the AI2O3 or the UO2. The bake t e m p e r a t u r e s 
w e r e 2 5 6 0 T for the F A - 1 type and ZSOO^F for the F A - 2 2 t y p e . Impac t and 
c o m p r e s s i o n da ta for t h e s e two types a r e s u m m a r i z e d in Table 4 - 9 . 

TABLE 4 -9 

Impac t and C o m p r e s s i o n T e s t s on F A - 2 2 and F A - 1 Spec imens 

Spec imen 
™ T 2 E e _ 
F A - 2 2 

F A - 1 

_____Com£ression 
Load, lbs , 

4465 
4435 

2410 
2865 

Fai lure 
Reflection, in 

0.079 
0,078 

0.0433 
0.0508 

Impact Fai lure 
Load, ft-lbs 

7 . 0 

11.5 
11.5 

7 . 3 

Both of t h e s e s p e c i m e n types in Table 4 -9 a r e fueled with s a m e 
volume f rac t ion of UO2 but the F A - 2 2 type ,has the added vo lume f rac t ion 
of the AI2O3 c o a t i n g s . F r o m the t e s t da ta , the p r e s e n c e of the AI2O2 
i s s een to have no d e l e t e r i o u s effect on the s t r eng th of the g raph i te s p h e r e . 
The s ignif icant ly h ighe r c o m p r e s s i v e s t r eng th of the F A - 2 2 s p e c i m e n s was 
thought to be a s s o c i a t e d with i t s s l ight ly lower bake t e m p e r a t u r e . However , 
the r u p t u r e modulus (load to deflect ion ra t io ) i s the s a m e for both types of 
m a t e r i a l . 
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In o r d e r to d e t e r m i n e the extent of damage to the AI2O3 coa t ings 
when the g raph i te s p h e r e s w e r e b r o k e n , po r t i ons of s e v e r a l of the 
s p e c i m e n s w e r e a lpha a s s a y e d on t h e i r f r a c t u r e d s u r f a c e s . In addi t ion, 
one s p e c i m e n was sub jec ted to r e p e a t e d low leve l i m p a c t loads on one s p o t . 
The r e s u l t s a r e s u m m a r i z e d in Table 4 - 1 0 . The s p e c i m e n fueled with the 
m a s s i v e s i n t e r e d AI2O3 coa t ings showed no s ignif icant i n c r e a s e in u r a n i u m 
con tamina t ion -while t h e r e w a s ev idence of s o m e damage to the th inner vapor-
depos i t ed AI2O3 c o a t i n g s . 

TABLE 4-10 

Alpha A s s a y s of F r a c t u r e d F A - 2 2 S p e c i m e n s 

Sphere AI2O3 Coat ing Net Alpha Count Ra te 
Condj-tion Thickness,yfj . on F r a c t u r e d Sur face , cpmta) 
1. After C o m p r e s s i v e 250 

F a i l u r e 

2 . 100 i m p a c t s 48 C l̂ 
of 3 i n - l b s , 

3 . After Impac t 48 ^^^ 
F a i l u r e 

4 . 2 
1 .4 
8 . 4 

11 .2 
166 
202 
4 1 1 
4 8 8 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

3 . 5 
2 . 8 
4 . 9 
2 . 8 
6 
18 
25 
27 

(before) 
(af ter) 

(a) N o r m a l i z e d to su r face a r e a of 1 1/2" s p h e r e . 
(b) On e n r i c h e d UO^ p a r t i c l e s . 



4 .4 Fiss ion Product Retention 

Al 0_ coated UO^ part icles have been subjected to all three of the 
s tandaraf iss ion product retention t e s t s , namely neutron activation, fur­
nace capsule irradiat ion, amd sweep capsule i rradiat ion. Test specimens 
have included both coated part icles and 1-1/2" graphite spheres fueled 
with coated par t ic les . 

4 . 4 . 1 Neutron Activation Tests 

Table 4-11 summarizes the resul ts of neutron activation tes ts on 
Al O coated UO . Although the specimens have some variation in coating, 
very low amounts of Xe 133 were released during the test per iods . A com­
parison of these re lease fractions with surface uranium contamination 
estimated from alpha assays in Table 4-5 indicates the Xe 133 was most 
likely released from this external contaxaination and that no conclusion 
can be drawn about fission product diffusion through the coatings because 
these amounts a re about equal or less than the exposed uranium content. 

4.4.2 Furnace Capsule Tests 

Furnace Capsule SPF-3 contained specimen FA-22C449N) f-si-eled with 
Al O coated UO from batch 2A» One of the objectives of this experiment 
was to determine whether there was any significant increase in fission 
product leakage through the A1_0- coatings as the specimen temperature 
was raised to 1900®Fs the matximum capability of this type of capsule. 

The leaikage factors obtained from this specimen during the course 
of the experiment a re listed in Table 4-12, The capsule was operated 
during March I960 at 1000 °F and 150O®F using the gas t ra in which is 
normally used for Sweep Capsule experiments . However, with the startup 
of Sweep Capsule SP-5» operation of Furnace Capsule SPF-3 was s u s ­
pended until August -while a separate gas t ra in was constructed. Data was 
taken over the range of 280 ®F to 1900 "F , with repeat samples being taken 
at several t empera tu res . These repeat samples , taken within a 2-week 
period, showed excellent reproducibility. However, it is not known why 
the ear l iest samples taken at 1000"F and 150©"F (Samples 1 and 2) a re 
approximately one order of magnitude lower than the later samples . 
Shortly after the 1900"F sample (No. 13), a failure in the inner container 
caused a loss of vaccum in the outer jacket. This caused a drop in speci -
naen temperature to about 1000 "F at the same heat input. With maximum 
heat input, a specimen temperature of 1800"F was achieved for the last 
two samples . 
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TABLE 4-11 

Neutron Activation Tests on Al O Coated UO 

Speci cimen 

I . Batch IB 

2. FA-22C437N) fueled 
with Batch IB 

3. Batch 2A 

4. FA-22C449N) fueled 
with Batch 2A 

5. FA-22C471E) fueled 
with Batch 4E 

Test 
Temp, °F 

1850 
2250 
2400 

1650 
1800 
2200 
2350 

1500 
1500 
2000 

1500 
1900 
1900 
1900 

(a) 
Ca) 

1950 

Time, 
Min. 

100 
75 

135 

80 
50 
60 
30 

144 
60 
50 

270 
60 
60 

135 

240 

Fract ional Release 
of Xe 133 

< 1 . 7 
1.7 
1.6 

10 
10 
10 

< 8 . 1 X 10 
1.6 X 10' 

10' 
10 

4 . 9 
2 . 6 

1.3 X 
< 3 . 7 X 
< 3 . 7 X 10 

10 
10 

7 .5 
< 9 . 4 

10 
10 

< 9 . 4 x 10 
< 9 . 4 x 10 

7 .7 X 10 

- 4 
4 

- 4 

• 6 
•5 
-5 

_4 

- 6 
- 5 
- 5 

- 6 
- 6 
- 6 
- 6 

- 6 

6. FA-22C548E) fueled 
with Batch 6H 

2000 240 6 .3 X 10" 



TABLE 4-12 

Summary of F iss ion Product Release Data from. Specimen. FA-22 {449N) 

In Furnace Capsule S P F - 3 

Sample Temp. R / B (Release Rate /Product ion Rate) 
No. Date °¥ Kr 85 Kr 87 Kr 88 Xe 133 Xe 135 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

3/17 

3/18 

8/3 

8/8 

8/12 

8/18 

8/26 

8/31 

9/14 

9/23 

9/27 

9/30 

10/6 

10/12 

10/27 

10/28 

1000 

1500 

290 

280 

460 

560 

1020 

1120 

1100 

1480 

1510 

1500 

1895 

1035 

1800 

1790 

5.6C-7)^" 

2.0C-6) 

l.lC-61 

<8.0f-7) 

3.6C-6) 

1.91-6) 

6.2C-6) 

5.2C-6I 

2.31-6) 

1.6(-5) 

1.4C-5) 

I,4(-5| 

4.6C-6) 

1.7(-7) 

5.2C-5) 

1.8C-5) 

'^ 4.2C-7) 

l.OC-6) 

<2.0C-7| 

<2,0(-7| 

8.2C-7) 

1.3C-6) 

1.7C.6I 

1.7C-6) 

4.7C~7) 

3.5C-6) 

3.4C-6) 

2.9C~6) 

9.2C-7) 

<2.0C-7) 

1.6C-5) 

3.6C-6I 

2.6C-7) 

3.2C-7) 

2.0C-7) 

<2.0C-7) 

1.8C.6) 

6.8C-7I 

2,lC-6) 

2.2C-6) 

9.2C-7) 

6.8C-6) 

5.3(-6) 

6.2C-6) 

1.7f.6) 

<2.0(-7) 

2.2C-5) 

l.lC-5) 

1.21-6) 

5.8{-6) 

7.8C-6) 

<4.8C-6) 

2.0C~5) 

6.4C-6I 

I.8C-5) 

1.4C-5) 

4.2f-6) 

3.7C-5) 

3.8C»5) 

3.7C-5) 

9.0(-6) 

1.4C~6) 

2.8C-4) 

9.5C-5) 

I.7(-7) 

1.7C-6) 

3.81-7) 

1.9C-7) 

1.5(-6) 

1.9C-6) 

4.5C»6) 

3.6C-6) 

l.lC-6) 

6.2C-6) 

9.5C-6I 

l.OC-5) 

2.7C-6) 

2.6(-7| 

5.6C-.5I 

1. lC-51 

(a) Numbers in paren theses denote power of 10. 
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The l eakage f a c t o r s for 2 of the 5 f i s s ion p r o d u c t s m e a s u r e d in th i s 
e x p e r i m e n t (Kr 87 , Xe 133) a r e p lo t t ed in F i g u r e 4 - 2 4 a s a function of 
s p e c i m e n t e m p e r a t u r e . The l eakage f a c t o r s for the o t h e r t h r e e f i s s ion 
p r o d u c t s (Kr 85m, Kr 88 , Xe 135) follow the s a m e t r e n d with t e m p e r a t u r e 
and have b e e n o m i t t e d fronti F i g u r e 4 - 2 4 for c l a r i t y . A l s o , da ta f rom 
s a m p l e s 1,2, 13, and 14 have been o m i t t e d . As can be noted , i n c r e a s i n g 
the s p e c i m e n t e m p e r a t u r e f rom about 300"F up to about 110O''F c a u s e s 
e s s e n t i a l l y no i n c r e a s e i n f i s s ion p r o d u c t l e a k a g e . An i n c r e a s e i n 
s p e c i m e n t e m p e r a t u r e f rom l lOO^F to about 18O0"F then c a u s e s about 
a 1 o r d e r of magni tude i n c r e a s e in l e a k a g e . It i s m o s t p r o b a b l e tha t 
the g r e a t e s t con t r ibu t ion to the f i s s ion p roduc t r e l e a s e f rom th i s s p e c i m e n i s 
due to exposed u r a n i u m con tamina t ion and tha t i n c r e a s i n g the s p e c i m e n 
t e m p e r a t u r e h a s m e r e l y affected the f i s s ion p r o d u c t s e scap ing f rom th i s 
exposed u r a n i u m th rough the g raph i t e m a t r i x . Although the to ta l i r r a d i a t i o n 
t ime for th i s s p e c i m e n was of the o r d e r of 100 d a y s , radiatiojn d a m a g e effects 
a r e be l i eved to be ins igni f icant due to the u s e of n o r m a l e n r i c h m e n t u r a n i u m 
and a t h e r m a l flux of only 3 x 10-^* n v . 
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4 . 4 . 3 Sweep Capsu le T e s t s 

Spec imen FA-22(471E) fueled with AI2O3 coa ted UO2 f rom batch 
4E w a s encapsu l a t ed in the sweep c o m p a r t m e n t of Sweep Capsu l e S P - 5 
in o r d e r to deternnine the effect of i r r a d i a t i o n on f i s s ion p r o d u c t r e t en t ion 
by the AI2O3 c o a t i n g s . An addi t ional F A - 2 2 s p e c i m e n was inc luded in the 
s t a t i c c o m p a r t m e n t of Capsu le S P - 5 . The des ign and ope ra t i ng condi t ions 
of Capsti le S P - 5 a r e d e s c r i b e d in Sect ion 8 . 2 . Br ie f ly , s p e c i m e n FA-22(471E) 
o p e r a t e d a t nonrainal condi t ions of 1.5 KW, a su r face t e m p e r a t u r e of 1350*^ 
and a c e n t r a l t e m p e r a t u r e of i S S O T . Capsu le S P - 5 was unde r i r r a d i a t i o n 
from Apr i l to Oc tobe r , I960 , the end of P h a s e I I . The e s t i m a t e d b u r n u p 
in s p e c i m e n FA-22(47 I E ) b a s e d on the t h e r m a l da ta i s 6 a / o UZ35. 

Dur ing the c o u r s e of the i r r a d i a t i o n , 22 s a m p l e s of the off-gas s t r e a m 
w e r e ana lyzed for long- l ived gaseous f i s s ion p r o d u c t s and 2 s a m p l e s w e r e 
t aken us ing a spec ia l non -vo la t i l e s t r a p to m e a s u r e the l eakage f ac to r s for 
s h o r t - l i v e d gaseous f i s s ion p r o d u c t s and o the r i so topes such a s iodine and 
c e s i u m . 

The l eakage f ac to r s for the long- l ived f i s s ion p roduc t g a s e s a r e 
l i s t e d in Table 4 - 1 3 . Th i s da ta i s p lo t ted in F i g . 4 -25 which a l s o inc ludes 
a plot of the t e m p e r a t u r e h i s t o r y for th i s s p e c i m e n . No da ta was taken 
dur ing the p e r i o d be tween s a m p l e s 9 and 10 while c e r t a i n r e v i s i o n s w e r e 
made to the gas t r a i n . Although t h e r e was no he l ium flow o v e r the s p e c i m e n 
dur ing th i s p e r i o d , i t r e m a i n e d unde r full power i r r a d i a t i o n . S a m p l e s 11 
and 12 w e r e t aken on the s a m e day to check r ep roduc ib i l i t y of the s ampl ing 
and a n a l y s i s p r o c e d u r e . Good a g r e e m e n t was found be tween t h e s e two 
s a m p l e s . Although t h e r e w e r e s e v e r a l p e r t u r b a t i o n s in the t r e n d s of the 
l eakage f a c t o r s , some of which appea r to be a s s o c i a t e d with s p e c i m e n 
t e m p e r a t u r e v a r i a t i o n s , s o m e spec ia l t e s t s w e r e m a d e to d e t e r m i n e 
whe the r the 2 o r d e r of magni tude dip in s ample 15 ( i . e . a t 111 days) 
was in any way a t t r i bu tab le to the sampl ing p r o c e d u r e . The s a m p l e t r a p 
u s e d for #15 was u s e d aga in for s ample #16 but with the addi t ion of a 
backup t r a p . F o r s a m p l e #16, l e s s than 1% of the to ta l ac t iv i ty was found 
in the backup t r a p indica t ing that the f i r s t s ampl ing t r a p w a s in good 
condi t ion . Thus , i t was concluded that the c h a r c o a l m a y have been 
con tamina ted with a i r o r m o i s t u r e when s a m p l e 15 was taken r e s u l t i n g 
in l i t t l e o r no f i ss ion p roduc t a d s o r p t i o n . It was e s t i m a t e d tha t if the 
ac t iv i ty p r e s e n t in s a m p l e 15 was p r e s e n t only in the gas s p a c e s in the 
c h a r c o a l bed , the ca l cu l a t ed leakage f ac to r s would have been of the s a m e 
o r d e r a s those r e p o r t e d for s a m p l e 16 , 
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TABLE 4 - 1 3 

S u m m a r y of L o n g - L i v e d Gaseous F i s s i o n P r o d u c t 
R e l e a s e f rom Spec imen FA-22(471E) in Capsu le S P - 5 

Sample 
N o . 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Days of 
Irradiation 

5 
9 

19 
23 
24 
27 
28 
32 
38 
72 
83 
83 
91 

102 
111 
122 
132 
134 
137 
143 
148 
149 

R / B (Rate of R e l e a s e / R a t e of P roduc t i on ) 
Kr 85m 
1 
5 
4 
7 
2 
7 
3 
1 
7, 
4 
5. 
2. 
6. 
1. 
1. 
4, 
2. 
4. 
2, 
4. 
3. 
3, 

.6( 

.9( 

.7( 

.3C 

.6C 

.Of 

. i f 

.8f 

.6C 
Of 
9f 
I f 
I f 
2f 
2f 
7C 
5f 
8f 
5f 
6f 
Of 
7f 

-8|Cc) 
-8) 
-7) 
-6) 
-8) 
-91 
-9) 
-81 
-9) 
-61 
-6) 
-61 
-6) 
-5) 
-7) 
-4) 
-4) 
-4) 
-4) 
-4) 
-5) 
-5) 

Kr 87 
Ca) 

1.8f-8) 
1.8f-7) 

fb) 
Ca) 
fa) 
fa) 
fa) 
fa) 

1.6f.7| 
1.3f-7) 
2.0f-7| 
2.9f~7) 
l . l f - 6 ) 
3.7(^8) 

fa| 
7.6(-6) 
3.3f-5) 
1.9f"5) 
2.7(^5) 
5.9C-6) 
6.3(^6) 

Kr 88 
2.2f-9) 
2.7f-8) 
2.9C-7) 

fb) 
1.6(-8) 
7.1f-9| 
4.7f-9) 
7.7f-9) 
1.9f-9) 

fa) 
fa) 

6.2f~7) 
l.Of-6) 
3.2C-6) 

(a) 
(a) 

4.8f.5) 
1.4f^-4| 
7.4C-5I 
l . l ( -4 ) 
1.2f-5) 
1.6f-5) 

Xe 133 Xe 135 
l,8C-7) 1.9f~8) 
1.0(^7) 4.0f-8) 
1.9f-6) 4.9f-7) 
5.8f-6) 2.1f-6) 
1.3f-7| 8.2f-9) 
4.8f-8) 4.2C-9) 
4.0f-8) 1.6(^9) 
9.1f-7) 1.2f-8) 
5.0f-8) 4.0(-9) 
2.8f-4) 7.8f-7) 
8.0f-4) 7.9f-7) 
Z. l f -4) 5.3f-7) 
1.2f-3| 1.5f-6) 
l . l f - 3 ) 4.2C-6I 
2.6f-5| 2.Qf-7| 
4.1f-3) 1.4f-4| 
4.7f"3) 1.4f-4) 
8.1(-3) 2.4(-4) 
1.7f-2| 1.9f-4) 
9.7f-3) 2.3f-4) 
6.9(-4) 2,2f^5) 
1.5(-4) 1.8f-5) 

fa) Below sens i t iv i ty 
fb) Decayed out p r i o r to a n a l y s i s 
fc) N u m b e r s in p a r e n t h e s e s denote power of 10 
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PERFORMANCE OF SPECIMEN FA-22 {471E) 
IN SWEEP CAPSULE SP-5 

FIG 4 - 2 5 



The two non-vola t i l e t r a p s a m p l e s w e r e t aken a t a p p r o x i m a t e l y 
1 a / o and 5 a / o b u r n u p . These t r a p s a r e loca ted in the BRR.pool n e a r 
Capsu le S P - 5 so that the t r a n s i t t i m e f rom the capsu le to the t r a p i s only 
2 s e c . A d e s c r i p t i o n of the non-vo la t i l e s t r a p i s given in Sect ion 8 . 2 . In 
n o r m a l capsu le ope ra t ion , the he l ium s t r e a m b y p a s s e s the non-vo la t i l e s 
t r a p . When a s ample i s t aken , the he l ium s t r e a m i s d ive r t ed th rough the 
t r a p for a 48 h r p e r i o d with a r e s i d e n c e t i m e of 90 s e c . Dur ing th i s t i m e 
i so topes which a r e non-vola t i l e a t the pool w a t e r t e m p e r a t u r e a r e depos i t ed 
in the t r a p . Spec ies of i n t e r e s t include s t r o n t i u m , b a r i u m , and c e r i u m whi.ch 
a r e daughter p r o d u c t s of c e r t a i n s h o r t l ived gaseous p r o d u c t s , and iod ine , 
t e l l u r i u m , and c e s i u m -which could t h e m s e l v e s diffuse out of the fuel e l e m e n t . 

Since the t r a p c o n s i s t s of a n u m b e r of s t a i n l e s s s t ee l m e s h pads in 
s e r i e s , the p a t t e r n of f i ss ion p roduc t depos i t ion a s a function of r e s i d e n c e 
t i m e ( i . e . t r a p length) can be m e a s u r e d . Conventional r a d i o c h e m i c a l 
t echniques a r e u s e d to s e p a r a t e , identify, and a s s a y the indivitiual i s o t o p e s . 
A check of the t r a p wa l l s showed tha t m o r e than 98% of the Sr 89, Ba 140 
and Ce 141 ac t iv i ty w a s in the s t a i n l e s s s t ee l m e s h pads so that wal l effects 
^were neg lec ted in r e p o r t i n g the d a t a . 

Typica l r e s u l t s obta ined f rom th i s type of e x p e r i m e n t a r e shown 
in F i g . 4 -26 (Sr 89, Ba 140, Ce 141) and F i g . 4 -27 (I 131 , I 133) which 
a r e the da ta f rom non-vo la t i l e s t r a p s ample # 1 . If i t i s a s s u m e d that 
non-vo la t i l e daughte r p r o d u c t s depos i t on the s t a i n l e s s s t ee l m e s h 
i m m e d i a t e l y upon the decay of i t s vola t i le p a r e n t i so tope , then the 
concen t ra t ion of the non-vo la t i l e daughte r p roduc t th rough the t r a p should 
be a function of the half - l i fe of the gaseous p r e c u r s o r . These p r e d i c t e d 
depos i t ion c u r v e s a r e a l so shown in F i g u r e 4 - 2 6 . As can be noted, t h e r e 
i s exce l len t a g r e e m e n t be tween the t h e o r e t i c a l c u r v e s and the ac tua l da ta 
p o i n t s . E s s e n t i a l l y a l l of the Ba 140 and Ce 141 was depos i ted in the 
t r a p . Only about 30% of the Sr 89 was depos i ted in the t r a p with the 
r e m a i n d e r p a s s i n g out of the t r a p a s undecayed Kr 8 9 . T h e r e i s p r a c t i c a l l y 
no decay of the I 131 and I 133 dur ing t h e i r p a s s a g e th rough the t r a p . The 
a s s u m p t i o n of a cons tan t r e m o v a l efficiency p e r inch of t r a p would expla in 
the exponent ia l n a t u r e of the iodine c u r v e s s een in F i g u r e 4 - 2 7 . E s s e n t i a l l y 
a l l of the iod ines a r e r e m o v e d by the t r a p . 

Somewhat s i m i l a r r e s u l t s w e r e obta ined for non-vo la t i l e s t r a p 
s a m p l e # 2 . Dur ing a po r t i on of the sampl ing p e r i o d for T r a p #2 , the flow 
r a t e was inadve r t en t ly l o w e r e d ( i . e . gas t r a n s i t t i m e i n c r e a s e d ) so tha t 
the da ta for S r 89, Ba 140, ajid Ce 141 wotild consequent ly be expec ted to 
fall on c u r v e d l i ne s r a t h e r than s t r a igh t l i ne s a s in F i g , 4 - 2 6 . Th i s was 
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found to be the c a s e . However , the ac t iv i ty d i s t r i bu t i ons for I 131 and 
I 133 w e r e both fo\md to be m a x i m u m a t the t r a p in le t and out le t and 
m i n i m u m in the c e n t e r of the t r a p . The c a u s e for th i s type of d i s t r i bu t ion 
i s not known. 

The l eakage f ac to r s for t h e s e v a r i o u s i so topes a r e b a s e d on the non-
vo la t i l e s t r a p da ta and a r e s u m m a r i z e d in Table 4 - 1 4 and a l s o s u p e r i m p o s e d 
on F i g . 4 - 2 5 . In addi t ion to the i so topes p lo t t ed in F i g s . 4 -26 and 4 - 2 7 , 
Cs 137, Te 132, and Y 91 w e r e a l s o found. The Gs 137 was de t ec t ed in 
T r a p #1 in such a s m a l l amount tha t l eakage f ac to r s could not be c a l c u l a t e d . 
However , the Cs 137 ac t iv i ty w a s sufficiently high in T r a p #2 tha t i t s 
d i s t r i bu t ion plot was fo-und to co inc ide -with the p r e d i c t e d d i s t r i bu t ion 
b a s e d on Xe 137 diffusion f rom the s p e c i m e n . Th is i m p l i e s tha t c e s i u m 
i so topes which have a boi l ing point of 1240°F p r o b a b l y did not diffuse f rom 
the fuel e l e m e n t ajid tha t the Cs 137 found in the t r a p c a m e f rom Xe 137 
•which diffused f rom the fuel e l e m e n t and decayed in the t r a p . The s l ight 
t r a c e s of Te 132 found in each t r a p ind ica te that t h e r e m a y have been s o m e 
diffusion of t e l l u r i u m which i s mo l t en a t the s p e c i m e n ope ra t i ng t e m p e r a t u r e . 

T r a p p 

Isotope 
S r 89 
Y 91 
Ba 140 
Ce 141 
Gs 137 
I 131 
I 133 
Te 132 

S u m m a r y 

TABLE 4 - 1 4 

of Non-Vola t i l e 
F A -

ed Spec ies 

Half-Life 
54d 
64 .4h 
12 .8d 
32d 
2 5 . 6y 
8 .05d 
2 0 . 8 d 
7 7 h 

-22(47IE) in 
T r a p Da ta for S p e c i m e n 
Capsu le SP--5 

P r i n c i p a l G a s e o u s P r e c u r s o r 

Isotope 
Kr 89 
Kr 91 
Xe 140 
Xe 141 
Xe 137 

Half -Life 
3 . 2 m 
9 . 8 s 
16s 
1.7s 
3 . 9 m 

L e a k a g e F a c t o r s Ca| 
T r a p #1 T r a p #2 
3 ,0x10-7 8 .9x10-6 

Ce) 
1.0x10""^ 
l.SxlO-"^ 

Cb) 
1.2xl0"8(c) 
1 .4x l0 -8 (c ) 

Cb) 

4 . 0 x 1 0 - 6 
9.2x10-"^ 
1 .4x10-6 
7 . 1 x 1 0 - 6 

fd) 
Cd) 
Cb| 

(a) R e l e a s e r a t e / p r o d u c t i o n r a t e ; T r a p #1 a t 1 a / o b u r n u p . 
T r a p #2 a t 5 a / o b u r n u p . 

(b) Act iv i ty l eve l only high enough to p e r m i t qua l i t a t ive ident i f ica t ion , 
(c) Leakage fac tor for the t r a p p e d iodine i s o t o p e . 
(d) Due to p e c u l i a r d i s t r i bu t ion -within the t r a p , the r e l e a s e r a t e for 

th i s i so tope could not be c a l c u l a t e d . 
(e) C h e m i c a l a n a l y s i s for Y was not p e r f o r m e d for T r a p # 1 . 



4 . 4 . 4 Ana lys i s of the Data 

The t e r m R / B ( i . e . the r a t i o of r e l e a s e r a t e to the p roduc t ion r a t e ) 
i s u s e d b e c a u s e i t i s a convenient -way of e x p r e s s i n g the f i s s ion p roduc t 
l eakage d a t a . The e x p e r i m e n t a l l y d e t e r m i n e d r e l e a s e r a t e s a r e s imply 
divided by an equ i l ib r ium produc t ion r a t e which i s b a s e d on the e s t i m a t e d 
flux, u r a n i u m loading in the s p e c i m e n , and the f i s s ion y i e ld . A l so , the 
R / B t e r m can be u s e d d i r e c t l y to conapute the r educ t ion in equ i l ib r ium 
p r i m a r y loop acti-vity when c o m p a r i n g coa ted fuel e l e m e n t p e r f o r m a n c e 
-with tha t for uncoa ted fuel . However , if f i s s ion p r o d u c t s a r e r e l e a s e d by 
a diffusion m e c h a n i s m , the ac tua l i so tope concentra-tion ( r a t h e r than 
p roduc t ion r a t e ) a t the t i m e of sampl ing d e t e r m i n e s the r e l e a s e r a t e . 
F o r t u n a t e l y , m o s t of the i so topes of i n t e r e s t r e a c h a n equ i l ib r ium 
concen t r a t i on l eve l within 24 h o u r s af ter s t a r t u p which i s the m i n i m u m 
t i m e p e r i o d be fo re s a m p l e s a r e t a k e n . The one except ion i s Xe 133 which 
r e q u i r e s n e a r l y 30 days to r e a c h equ i l ib r ium c o n c e n t r a t i o n . 

A m a t h e m a t i c a l mode l h a s been dev i sed by S . D . Beck of BMI to 
a p p r o x i m a t e f i s s ion p r o d u c t diffusion f rom a coa t ed fuel p a r t i c l e . Th i s 
mode l i s b a s e d on the a s s u m p t i o n tha t equ i l ib r ium condi t ions have been 
ach ieved , that f i s s ion p r o d u c t s a r e g e n e r a t e d un i fo rmly in fuel p a r t i c l e s 
only, and tha t the diffusjon coeff ic ients a r e equal for both the fuel p a r t i c l e 
m a t e r i a l and the coat ing m a t e r i a l . The r e l a t ionsh ip i s : 

3 fa/bV 
•S ^~f^ ^ir)h a^^ 

^I^^D ^^^ ̂  ^ Y^"™ ^̂ "''7 ^ ^ 

w h e r e : 
R = r a t e of r e l e a s e , a t o m s / s e c 
B = r a t e of p roduc t ion , a t o m s / s e c 
a = ou te r r a d i u s of coat ing , c m 
b = i n n e r r a d i u s of coat ing , c m 
\ ~ d ecay cons tan t , s e c " ^ 
D = diffusion coefficient , c m ^ / s e c 

Th is r e l a t i onsh ip h a s bcien u s e d to c o n s t r u c t a g raph of R / B a s a 
function of half life -with D a s a p a r a m e t e r for u s e in analyzing the da ta 



f rom the FA-22(471E) in Capsu le S P - 5 a s shown in F i g u r e 4 - 2 8 . 
Although the a s s u m p t i o n s u s e d to d e r i v e th i s r e l a t i o n s h i p a r e o v e r 
s impl i f ied , the diffusion mode l does sho'W the v e r y s t r ong effect of i so tope 
decay cons tan t on f i s s ion p roduc t l e a k a g e . When a vo la t i l e i so tope i s 
diffusing th rough the coat ing and i t decays into a non-vo la t i l e i s o t o p e , 
i t i s a s s u m e d tha t no fu r the r diffusion, o c c u r s . T h u s , v e r y low l eakage 
r a t e s would be expec ted for s h o r t - l i v e d i s o t o p e s . 

The l eakage da ta a t 1 a / o and 5 a / o bu rnup a r e p lo t t ed on F i g u r e 4 - 2 8 . 
At 1 a / o bu rnup , the l eakage f ac to r s for a l l i so topes a r e a p p r o x i m a t e l y 
equal in the r ange of 1§~ to 10" and t h e r e i s no t endency for the da ta to 
fall a long l i ne s of cons tan t diffusion coef f ic ien t s . Th i s i n d i c a t e s tha t the 
" l e a k a g e " f rom the s p e c i m e n m o s t p robab ly a r i s e s f rom u r a n i u m 
contamina t ion e x t e r n a l to the fuel p a r t i c l e c o a t i n g s . T h e r e -was no 
signif icant l eakage th rough the c o a t i n g s . The l eakage f a c t o r s a r e of the 
s a m e o r d e r a s found in the low leve l i r r a d i a t i o n t e s t of ano the r F A - 2 2 
s p e c i m e n in Capsu le S P F - 3 ( s ee F i g u r e 4 - 2 4 ) . However , a t 5 a / o , the 
l eakage f ac to r s for the l o n g e r - l i v e d i so topes do tend to a p p r o x i m a t e the 
l ines of cons tan t diffusion coefficient implying a m e a s u r a b l e diffusion 
through the c o a t i n g s . The l eakage f ac to r s for the s h o r t - l i v e d i so topes 
a t 5 a / o burnup show only a s l ight half - l i fe dependency and a r e about an 
o r d e r of magni tude h i g h e r than the c o r r e s p o n d i n g 1 a / o d a t a . TMs could 
m e a n tha t a p o r t i o n of the coa t ings have c r a c k e d , exposing b a r e fuel . 

As can be noted in F i g u r e 4 - 2 5 , c e r t a i n of the p e r t u r b a t i o n s in the R / B 
c u r v e can be a s s o c i a t e d with t e m p e r a t u r e v a r i a t i o n s in the s p e c i m e n , m o s t 
no t iceably the 1 to 2 o r d e r of magni tude d e c r e a s e of l eakage fac tor for the 
l a s t two s a m p l e s c o r r e s p o n d i n g to a t e m p e r a t u r e d r o p of about 1150®F to 
950®F. This i nd ica t e s a s t rong t e m p e r a t u r e dependency for the highly 
i r r a d i a t e d coa t ings in d i s t inc t ion to the s m a l l t e m p e r a t u r e dependency a t 
low bu rnups noted in Capsu le SPF- -3 . The p e r t u r b a t i o n s dur ing the e a r l y 
p a r t of the i r r a d i a t i o n do not e n t i r e l y c o r r e s p o n d to t e m p e r a t u r e changes 
and i t i s not c l e a r whe the r o the r f ac to r s in the t e s t p r o c e d u r e -were 
r e s p o n s i b l e for t h e s e v a r i a t i o n s . 

B a s e d on th i s da ta , i t i s deduced tha t up to about 1.5 a / o the l eakage 
was due to u r a n i u m contamina t ion , tha t s o m e w h e r e be tween 1.5 a / o and 
3 a / o r ad i a t i on d a m a g e to the coa ted p a r t i c l e s began, to be s igni f icant , 
and tha t at the end of the i r r a d i a t i o n the p e r m e a b i l i t y of a m a j o r i t y of the 
p a r t i c l e coa t ings had i n c r e a s e d ajid, in addi t ion s o m e of the coa t ings had 
c r a c k e d . It i s expec ted tha t hot ce l l examina t ion of th i s s p e c i m e n wil l 
fu r the r c la r i fy th i s po in t . 



DECAY CONSTANT \ 

COMPARISON OF DATA FOR SPECIMEN FA-22(47!E) 
IN SWEEP CAPSULE SP-5 

WITH THEORETICAL PREDICTIONS 

FIG. 4 -28 



It wi l l be d e s i r a b l e to extend the useful life of AI2O3 coa ted VO^ 
p a r t i c l e s a s a " c l e a n " fuel e l e m e n t s y s t e m beyond the 1.5 a / o b u r n u p l eve l 
found in the capsu l e S P - 5 i r r a d i a t i o n . T h e r e a r e s e v e r a l p o s s i b i l i t i e s which 
w a r r a n t fu r the r i nves t i ga t ion . T h e s e inc lude the u s e of a p o r o u s i nne r l a y e r 
(such a s the ba t ch 8G m a t e r i a l ) to m i n i m i z e fission gas p r e s s u r e bui ldup 
aoad a fundamental s tudy of n e u t r o n d a m a g e to the m o l e c u l a r l y depos i t ed 
AI2O3 m a t e r i a l to d e t e r m i n e whe the r o t h e r p r o c e s s condi t ions o r the u s e of 
coat ing addi t ives wil l m i n i m i s e r ad i a t i on induced p o r o s i t y . 





5 .0 P y r o l y t i c Carbon Coated F u e l P a r t i c l e s 

I n t e r e s t in py ro ly t i c c a r b o n coa ted fuel p a r t i c l e s s t e m s f rom p r e v i o u s 
e x p e r i e n c e with pyro ly t i c c a r b o n coa t ings on the su r f ace of fuel e l e m e n t s . 
Advantages of py ro ly t i c c a r b o n a s a p a r t i c l e coat ing m a t e r i a l a r e tha t i t 
r e m o v e s the t e m p e r a t u r e l im i t a t i on inaposed by the c h e m i c a l r e a c t i o n be tween 
m e t a l oxide p a r t i c l e s coa t ings and the g raph i te m a t r i x and tha t the pyrol-ytic 
c a r b o n coat ing m a t e r i a l does not effect ively d i sp l ace m o d e r a t i n g m a t e r i a l 
when d i s p e r s e d in g r a p h i t e . 

Dur ing P h a s e II , an e x p l o r a t o r y p r o g r a m on pyro ly t i c c a r b o n coa ted 
UG2 p a r t i c l e s w a s conducted a t the Ba t t e l l e M e m o r i a l I n s t i t u t e . A l s o , 
s e v e r a l t-ypes of t h e s e p a r t i c l e s w e r e p r o c u r e d frona c o m m e r c i a l s o u r c e s 
for eva lua t ion . 

5 . 1 F a b r i c a t i o n 

P y r o l y t i c c a r b o n i s f o r m e d by the p y r o l y s i s of a h y d r o c a r b o n gas -which 
c a u s e s a l a y e r of c a r b o n to b-uild up on the su r f ace to be c o a t e d . A fluid bed 
p r o c e s s was u s e d a t Ba t t e l l e to coat UC2 p a r t i c l e s . The b a s i c a p p a r a t u s 
c o n s i s t e d of a 1" d i a m e t e r by 2 4 " long r e a c t i o n tube , l oca t ed i n s ide an 
e l e c t r i c a l r e s i s t a n c e f u r n a c e . A he l i um s t r e a m containing e i t h e r ace ty l ene 
o r me thane w a s u s e d to fluidizse the b e d . An e n l a r g e d d i s e n t r a i n m e n t sec t ion 
w a s loca ted above the r e a c t i o n t u b e . F o r the 1800®F r u n s , a q u a r t z r e a c t i o n 
tube was u s e d and a t he rmocoup le wel l was l oca t ed i n s ide Hie r e a c t i o n t u b e . 
F o r the 2 4 0 0 ° F r u n s , a Mull i te r e a c t i o n tube w a s u s e d with an e x t e r n a l 
t h e r m o c o u p l e . 

A s i i m m a r y of the p r o c e s s condi t ions for the p a r t i c l e s f ab r i ca t ed a t 
Ba t t e l l e i s given in Table 5 - 1 . UC2 p a r t i c l e s for b a t c h e s P y C - 1 and P y C - 2 
w e r e obta ined f rom the C a r b o r u n d u m C o . and w e r e c r u s h e d and s i e v e d 
f rom UG2 p e l l e t s . The s p h e r i c a l UC2 shot u s e d in b a t c h e s P y C - 5 and 
P y C - 6 w a s obta ined f rom -the Minneso ta Mining & Mfg. C o . 
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TABLE 5»1 

Pyrol-ytic Carbon Coated Fuel Par t ic les P repa red At Battelle 

Batch 
N o . 

P y C - 1 

P y C - 2 
P y C - 5 
P y C - 6 

UC2 
Shape 
I r r e g . 

I r r e g . 
S p h e r . 
S p h e r . 

Size,ix^ 
177/250 

177/250 
150/250 
150/250 

G a s 

CH4 
C2H2 
C2H2 
C2H2 
C2H2 
C2H2 

T e m p , " F 
2060 
1870 
1990 
1860 
2450 
2450 

Coat ing 
Th ickness 

7 
21 
12Ca) 
17 

160 
80 

¥^ w / o U 

7 0 . 6 
8 4 . 4 
2 2 . 9 
5 3 . 8 

(a) Final coating thickness was 40 &t̂ . 

Photomicrographs of par t ic les from batches PyC-1 and PyC-2 a r e 
shown in F igs . 5-1 and 5-2. As seen in both figures, all particles^have 
been rather uniformly coated with a continuous carbon phase in spite of the 
i r regular shapes of the UC2- One part icle from batch PyC-1 in F ig . 5-1 
has a crack at one end through -the inner two coating layers but the outer 
layer i s continuous over the crack. The interface between the second and 
third coating layers can be readily detected which indicates that successive 
layers of pyrolytic carbon are not as well bonded as in the case of AI2O3. 

The thickness of pyrolytic carbon, applied in a single run at about 
IfOO^F (Batches PyC-1 and P y C - 2 | was limited by carbon soot formation 
which tended to plug the discharge lines from the reaction vesse l . Several 
attempts were made to eliminate this problem by introducing CO2 to react 
with the excess carbon but no significant effect was found. 

Batch P-yC-5 was prepared -with the objectives of determining whether 
the higher deposition temperature would resolve both the soot problem and 
the thercaal cycle fracture problem, and also to utilize spherically-shaped 
UC2 par t i c les . The UC2 shot used in. batches PyC-5 and PyC-6 was p ro ­
cured from the Minnesota Mining and Manufacturing Co. 

When batch PyC-5 was fabricated, the coating process was found to 
proceed at a very rapid r a t e . The entire 160 micron, coating was deposited 
in only two hours . The absence of soot formation at the higher deposition 
temperature permitted this thick coating to be deposited in one s tep. A 
photomicrograph of part ic les from batch PyC-5 is sho-wn in Figure 5-3 . 
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F i g . 5 - 1 . Batch P y C - 1 showing pyrolyt ical ly deposi ted 
carbon coatings on UC2 pa r t i c l e s (lOOX) 
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F i g . 5-2 . Batch PyC-2 showing pyrol-ytically deposited 
carbon coatings on UC^ pa r t i c l e s (lOOX) 



The s p h e r i c a l UC2 p a r t i c l e s a r e s een to be un i fo rmly c o a t e d . However , 
an i n c r e a s i n g amoimt of ann-ular p o r o s i t y can be noted with i n c r e a s i n g 
r a d i u s produc ing an " o n i o n - s k i n " effect . The individual l a y e r s of pyrol-ytic 
c a rbon a p p e a r to be con t inuous . The l a y e r fo rma t ion i s be l i eved to be due 
to e i t he r r e c y c l e of p a r t i c l e s be tween hot and cold zones in the r e a c t i o n 
v e s s e l o r the d i f fe rences in t h e r m a l con t r ac t ion r a t e s in the norirnal and 
tangent ia l d i r ec t i ons in the pyrol-ytic c a r b o n . 

The next r u n was m a d e -with the s a m e m a t e r i a l s a t the s a m e condi t ions 
but the run was s topped when only half of the p r e v i o u s coat ing t h i cknes s 
( i . e . 80 i n i c r o n s ) w a s depos i t ed . A p h o t o m i c r o g r a p h of p a r t i c l e s f rom 
batch P y C - 6 i s s e e n in F i g u r e 5 - 4 . As can be noted t h e r e i s no g r o s s 
p o r o s i t y in the coa t ings on th i s b a t c h . The coa t ings a r e somewha t s i m i l a r 
to the i n n e r half of the coa t ings on ba tch P y C - 5 in F i g u r e 5 - 3 , The d a r k 
band be tween -the coat ing and UC2 p a r t i c l e s i s a void r eg ion f o r m e d by the 
g r e a t e r con t r ac t ion of the UC2 p a r t i c l e in cooling do-wn f rom the depos i t ion 
t e m p e r a t u r e . In g e n e r a l , the unifornnly dense and i m p e r m e a b l e a p p e a r a n c e 
of t h e s e coa t ings was m o s t encou rag ing . 

Two addi t ional types of pyrol-ytic c a r b o n coa ted UG2 w e r e obta ined 
f rom c o m m e r c i a l s o u r c e s dur ing P h a s e I I . Ba tch P y C - 7 m a d e by Minneso ta 
Mining & Mfg. Go . i s shown in F i g . 5-5 and Ba tch P y C - 8 m a d e by High 
Teoapera tu re M a t e r i a l s , I n c . i s shown in F i g . 5 - 6 . Both of t h e s e b a t c h e s 
u t i l i zed 177/250 m i c r o n s p h e r i c a l UC2 shot suppl ied by the Minneso ta Mining 
8c Mfg. Co , and w e r e coa ted with 80 m i c r o n s of pyrol-ytic c a r b o n . Ba tch 
P y C - 7 was t r e a t e d a t a maiximum t e m p e r a t u r e of 3600 ' ' F . Some evidence of 
a l a y e r s t r u c t u r e in the coat ing can be no ted . The c h a r a c t e r i s t i c conica l 
s t r u c t u r e of high t e i » p e r a t u r e pyro ly t i c g raph i te can be s een in F i g . 5 - 6 . 
The coat ing for th i s ba tch was depos i ted a t SfiOO^F. Eva lua t ion of t h e s e 
two b a t c h e s wil l be p e r f o r m e d in P h a s e III . 

S e v e r a l advantages a r e p r e s e n t l y be l i eved to be s ignif icant for t h e s e 
h ighe r t e m p e r a t u r e pyrol-ytic c a rbon c o a t i n g s . F i r s t , a h i g h e r ope ra t ing 
t e m p e r a t u r e cetn be u s e d b e c a u s e the h igher expans ion coefficient of the 
UC2 wil l not r u p t u r e the coat ing when hea t ed up to i t s depos i t ion t e m p e r a t u r e . 
Coating dens i t i e s c lose ly approach ing t h e o r e t i c a l c a r b o n dens i ty a r e ach ieved 
a t deposi t ion t e m p e r a t u r e s of 36O0'*F and h i g h e r . A l so , high t enape ra tu re 
pyro ly t i c g raph i te i s known to have g r e a t e r s t r eng th which could m e a n l e s s 
damage dur ing fuel e l e m e n t f ab r i ca t ion . 
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F i g . 5 - 3 . Batch P y C - 5 showing pyrolyt ica l ly deposi ted 
carbon coatings on UC2 (8OX) 
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F i g , S-4. Batch FyC-6 showing pyre iy t ica l ly 
deposi ted carbon, coat ings on UC2 (lOOX) 
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Fig . 5 -5 . Pyrolyt ic Graphite coated UC2 pa r t i c l e s 
by Minnesota Mining & Mfg. Co. (250X). 
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F i g . 5-6. UC2 par t ic le coated with Pyrographi te 
by High Tempera tu re Mate r ia l s I n c . , 
after the rmal cycling to 3600°F. 
(ZSOX, polar ized l ight) . 



5 .2 P r e - I r r a d i a t i o n Tes t ing of P y r o l y t i c C a r b o n Coated P a r t i c l e s 

The s t a n d a r d s c r e e n i n g t e s t s p e r f o r m e d on py ro ly t i c c a r b o n coa ted 
p a r t i c l e s a r e gene ra l l y s i m i l a r to those u s e d on a l u m i n a coa ted p a r t i c l e s 
excep t tha t a n i t r i c ac id l e a c h i s u s e d for the coat ing i n t e g r i t y t e s t r a t h e r 
than the hot a i r oxidat ion t e s t . T e s t r e s u l t s on pyro ly t i c c a r b o n coa ted 
UG2 p a r t i c l e s a r e s u m m a r i z e d in Table 5 - 2 , 

Uni formly good qual i ty was found for the coa t ings in a l l b a t c h e s b a s e d 
on the r e s u l t s of the n i t r i c ac id l each t e s t . The u r a n i u m con tamina t ion -was 
found to be low on a l l b a t c h e s except p-yG-2. In th i s c a s e , i t i s be l i eved tha t 
d i r e c t a lpha r e c o i l f rom the UG2 p a r t i c l e s th rough the th in coa t ings w a s 
r e s p o n s i b l e for the h i g h e r a lpha coun t . 

The t h e r o i a l cyc le t e s t t e m p e r a t u r e of 3600"F was s e l e c t e d b e c a u s e of 
the i n t e r e s t in us ing the pyrol-ytic p a r t i c l e coat ing to p r e v e n t c h e m i c a l 
r e a c t i o n be tween s i l i con and u r a n i u m in an Si-SiC coa ted s p e c i m e n . At 
th i s t e m p e r a t u r e , v e r y s e v e r e damage to the coa t ings i n b a t c h e s P y C - 1 
and P y C - 2 w a s found by the adpha a s s a y s a f te r t h e r m a l cyc l i ng . F i g . 5-7 
i s a p h o t o m i c r o g r a p h of ba t ch P y C - 1 a f t e r the t h e r m a l cyc le t e s t w h e r e 
m a n y of the coat ing c r a c k s can be s e e n a t the s h a r p e r c o r n e r s of the UC2 
p a r t i c l e s . Much l e s s e-vidence of thernaa l cyc le c r a c k i n g was noted in the 
2450°F coa t ings on b a t c h e s P y C - 5 and P y C - 6 . A l e a c h t e s t on ba tch 
P y C - 5 a f te r thernaa l cycl ing ind ica ted tha t 0 ,6% of the p a r t i c l e s h a d c r a c k e d , 
on the a s s u m p t i o n tha t a l l u r a n i u m viras l e a c h e d f rom c r a c k e d p a r t i c l e s . 
The b e s t r e s u l t s w e r e obta ined on the 3600 ' 'F coa t ings of b a t c h e s P y C - 7 
and P y C - 8 . The p h o t o m i c r o g r a p h of a p a r t i c l e f rom ba tch P y C - 8 shown 
in F i g . 5-6 w a s t aken a f te r the t h e r m a l cyc le t e s t p e r f o r m e d by the vendor 
and no v i s ib l e e-vidence of c r a c k i n g can be no ted . 

S e v e r a l 1 1/2" g raph i t e s p h e r e s (Type FA-24) w e r e fueled with 
pyrol-ytic c a r b o n coa ted UC2 f rom ba t ch P y C - 1 . An a lpha a s s a y of the 
s u r f a c e s of t he se s p h e r e s showed a r a t h e r un i fo rm su r f ace con tamina t ion 
of about 2 X 10~3% of the to ta l u r a n i u m in each s p h e r e . 

5 . 3 F i s s i o n P r o d u c t Re ten t ion 

The only f i s s ion p r o d u c t r e t en t i on t e s t on pyro ly t i c c a r b o n coa ted 
UG2 p a r t i c l e s w a s the n e u t r o n ac t iva t ion t e s t on t h r e e b a t c h e s of p a r t i c l e s 
and a fueled g raph i t e s p h e r e . T h e s e r e s u l t s a r e s u m m a r i z e d i n Table 5 - 3 . 



TABLE 5-2 

P r e - I r r a d i a t i o n T e s t s On P y r o l y t i c C a r b o n Coa ted 
UG2 P a r t i c l e s 

A - B a t c h N o . Ca) P y C - 1 P y C - 2 P y C - 5 P y C - 6 

B . A s - F a b r i c a t e d 
1 . U r a n i u m Contamina t ion 

a . Alpha A s s a v Ct») 0 . 7 + 1 . 1 244+7 1 .9+1 .3 1 .9+1 .3 
b . Exposed U tcJ 1 .3x10-6 4x10-4 9x10-6 5x10-6 

2 . Coat ing In tegr i ty (d) 
a . Leach T i m e , h r s . 8 8 8 8 
b . U r a n i u m Removed , % 0 .004 0 .004 O.OOI 0 .010 

C . After T h e r m a l Cycle Ce) 
1. U r a n i u m Contamina t ion 

a . Alpha A s s a y C )̂ 2610+31 3680+30 2 1 . 4 + 3 . 7 6 5 . 6 + 5 . 2 
b . Exposed uC^^ 5x10-3 6x10-3 1x10-^ 1 .6x10-4 

(a) See Table 5-1 for d e s c r i p t i o n of p a r t i c l e s 
(b) Repo r t ed a s c p m / g m s a m p l e 
(c) R e p o r t e d a s f rac t ion of to ta l u r a n i u m in s a m p l e 
(d) Leach in hot n i t r i c ac id 
(e) Hea ted to 3600°F in a r g o n a t m o s p h e r e . 
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(b) View at 250x. 

F ig . 5 -7 . P a r t i c l e s from batch P y C - 1 
after t he rma l cycling to SSOOT 
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TABLE 

Neutron Activation Tests on Pyre 

Specimen 
1, Batch PyC-1 

2. FA-24 Specimen 
fuel with PyC-1 

3. Batch PyC-5 

4. Batch PyC-6 

Test 
Temp, ' F 

1600 
2000 
2400 

1000 
1700 
2100 
2500 
2700 

1500 
2000 
2500 

600/2500 
2500 

1500 
2000 
2500 

600/2500(13) 
2500 

5-3 

ilytic Carbon Coated Par t ic les 

Time 
Min. 
160 

93 
65 

30 
25 
60 
30 
10 

60 
60 
65 

210 

55 
58 
55 

240 

Fractional Release 
of Xel33 

<: 4.5x10-6 
<::4.5x10-6 

4.7x10-4 

1.7x10-3 
3.4x10-4 
6.8x10-4 
1.5x10-3 
4.9x10-4 

(a) 
(a) 
(a) 

•^6 .5x10-6 
2.5x10-5 

(a) 
(a) 

^ 5 . 2 x 1 0 - 5 
<C1. 0x10-4 
>»4. 2x10-4 (c) 

(a) Activity level below sensitivity and included in subsequent reading, 
(b) Temperature cycled 6 t imes . 
(c) This Xel33 re lease occured during the last hour of heating. 

The resul ts on batch PyC-1 before incorporation in graphite show 
that up to 2000''F ( i . e . the coating deposition temperature) , this pyrolytic 
carbon coating showed good fission product retention. At 2400°F, the 
increased Xel33 leakage has shown that some of the coatings have cracked 
which confirms the previous thermal cycle r e su l t s . Definite evidence of 
damage to the part icles during fabrication of the fueled sphere is also seen. 
The Xel33 release from the fueled sphere is greater than the 2x10-5 
surface contamination indicating uranium contamination due to part icle 
damage extended throughout the whole graphite matr ix . Many of the coatings 
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on the i r regular fuel par t ic les were evidently cracked during the admixture 
p roces s . 

In spite of the annular porosity in Batch PyC-5 , the coatings exhibited 
good fission product retention. Thermal cycling to ZSOOT did not appear 
to damage the coatings. Batch PyC-6 showed good fission retention up to 
i ts coating deposition temperature of Z500*F. After thermal cycling, the 
re lease remained low during the first three hours at 2500' 'F, During the 
fourth hour, s r i se in Xel33 re lease was noted. A subsequent microscopic 
examination revealed a crusty, glazed white deposit on somie of the part ic les 
Peeling of the coating was noted on some of the par t ic les . It i s believed that 
a reaction between the coating and the Alundum crucible used to hold the 
part icles caused this type of damage to the coatings. 

These neutron activation resul ts a re comiparable to the ear l ier resul ts 
obtained on AI2O3 coated UO2 and show that pyrolytic carbon has good 
possibilities as a fission product b a r r i e r . The effects of radiation damage 
to this mater ia l remains to be assessed . 





6.0. Other M a t e r i a l s Developmient 

Dur ing the c o u r s e of the P B R F u e l E l e m e n t Developnaent P r o g r a m , 
a n u m b e r of deve lopment p r o g r a m s w e r e s p o n s o r e d on m i s c e l l a n e o u s 
m a t e r i a l s of i n t e r e s t to the P e b b l e Bed R e a c t o r . T h e s e p r o g r a m s in ­
c luded the inf i l t ra t ion of g raph i t e with t h o r i u m n i t r a t e , coa t ings for f i ss ion 
p roduc t r e t en t ion loca ted benea th the su r face of a g raph i te s p h e r e , and 
the u s e of n a t u r a l g raph i t e f i l le r to i n c r e a s e the dens i ty of a g raph i te 
s p h e r e . 

6 .1 Thor ium N i t r a t e Inf i l t ra t ion of Graph i t e 

One method of fueling a g raph i te body i s to in f i l t r a te the p o r e s of 
the g raph i te body with fue l -bea r ing solut ion, dehydra te the body, and 
bake i t to conve r t the fuel to a s tab le sol id fo rm, depos i ted in the p o r e s 
of the g r a p h i t e . This inf i l t ra t ion p r o c e d u r e h a s been of i n t e r e s t to the 
P B R Fue l E l e m e n t Development Programi b e c a u s e of i t s po ten t ia l a s an 
economic me thod of fueling l a r g e ba t ches of s p h e r e s , p a r t i c u l a r l y when 
par t iadly decon tamina ted fuel i s u s e d . A n u m b e r of s p h e r e s fueled with 
app rox ima te ly 5 .4 gms of fully e n r i c h e d UO2 (Specimen type F I - 1 ) had 
p r e v i o u s l y been p r e p a r e d for evalua t ion a s c o r e fuel e l e m e n t s , a s 
d e s c r i b e d in Appendix B of ref . (2) . 

In o r d e r to fully u t i l ize the inf i l t ra t ion p r o c e s s in a P e b b l e Bed 
R e a c t o r , the p r o c e s s should a l so be su i tab le for p r e p a r i n g b lanke t 
e l e m e n t s loaded with T h 0 2 . However , the ava i lab le p o r e vo lume of a 
g raphi te s p h e r e l i m i t s the amount of fuel which can be added to the s p h e r e 
by the in f i l t ra t ion p r o c e s s . P r e v i o u s s tud ies of a b lanke ted P B R c o r e (1) 
showed that 30 to 45 g m s . of T h 0 2 p e r 1-1/2 inch d i a m e t e r g raph i t e 
s p h e r e would be r e q u i r e d in b lanket e l e m e n t s . Consequent ly , the Spee r 
Ca rbon C o . under took a s tudy (7 )̂ to e s t ab l i sh p r o c e s s condi t ions for 
g raphi te s p h e r e s loaded with T h 0 2 by inf i l t ra t ion with t ho r ium n i t r a t e 
and a l s o to d e t e r m i n e the amount of T h 0 2 which can be added to g raph i t e 
a s a function of g raphi te dens i ty . 

6 . 1 . 1 The Inf i l t ra t ion P r o c e s s 

Six s e t s of 1-1/2 inch graphi te s p h e r e s having nomina l dens i t i e s of 
1 .25, 1 .35, 1 .45, 1 .55, 1.65 and 1.75 g / c c w e r e mach ined f rom ex t ruded 
b locks of M o d e r a t o r G r a d e B graphi te (Speer Carbon C o . ) for u s e in the 
p r o g r a m . A s u m m a r y of the m e r c u r y p o r o s i m e t r y da ta on t he se s p h e r e s 
i s given in Table 6 - 1 . 
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Nominal 
Dens i ty , 

1.25 
1.35 
1,45 
1.55 
U 6 5 
1.75 

g / 

TABLE 6-• 1 

DENSITIES AND POROSITIES OF GRAPHITE SPHERES 

c c 
Avg. Apparen t 

Dens i ty , g / c c 
1.240 
1.339 
1.421 
1.579 
1.666 
1.732 

Tota l 
0 .364 
0 .305 
0 .263 
0 ,192 
0 .159 
0 .136 

Avg. P o r e V o l u m e s , 
D>100!i 

0 .009 
0 .007 
0 .015 
0 .014 
0 .013 
0 .009 

100n,<D>. 06|Ji 
0 .305 
0 .250 
0 .200 
0 .118 
0 .110 
0 .074 

c c / g 
IK.06|JL 

0.050 
0 .048 
0 ,048 
0 ,060 
0 .036 
0 ,052 

After experimenting with several variables, the following standard 
procedure was adopted for loading the spheres . 

1. 3 to 4 spheres of a particular group were outgassed for 15 h r s , 
to a pressure of 5-15 microns of mercury . 

2. A water solution containing 76 w/® Th(NO ) . .4 H O was 
prepared. This solution was nearly saturated at the infiltra­
tion temperature of 25°C. 

3. The outgassed spheres were then flooded under vacuum for 
30 minutes with the thorium nitrate solution. 

4. Atmospheric pressure was applied to flooded spheres for an 
additional 15 min. 

5. The spheres were removed from the solution, wiped clean of 
solution, and stored at ambient temperature for 16 hours . 

6. The spheres were placed in a Vycor tube and heated in a flow­
ing argon s t ream in accordance with the following schedule: 

a. Temperature raised to 160°C in 30 min, and held for 
3 hours to remove water . 

b . Temperature rasied to 700 °C in 1 hour and held for 3 hours 
to decompose thorium nitrate to thorium oxide, 

7. Where additional ThO loading was required, the above procedure 
was repeated. 
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A n u m b e r of va r i a t i ons in th i s p r o c e s s w e r e t r i e d . When a 100°C 
solut ion containing 85 w / o Th(N03)4 , 4 H 2 0 was t r i e d , a sl ight i n c r e a s e 
in T h 0 2 loading p e r inf i l t ra t ion was found but was not felt sufficient to 
w a r r a n t the compl ica t ions of providing hea ted produc t ion a p p a r a t u s . 
When the vacuum p r e t r e a t m e n t -was omi t ted , t h e r e 'was a significant 
d e c r e a s e in T h 0 2 loading . When longer inf i l t ra t ion t i m e s w e r e used , 
t h e r e was no i n c r e a s e in T h 0 2 loading. Other v a r i a b l e s which w e r e not 
found to i n c r e a s e the T h 0 2 loading w e r e the use of 10 psig p r e s s u r e 
dur ing inf i l t ra t ion , a s lower heat ing r a t e to 700 °C, and the use of 12 psig 
p r e s s u r e dur ing f i r ing . Sho r t e r heat ing t i m e s at the final t e m p e r a t u r e 
and a h igher final t e m p e r a t u r e (950 "C) w e r e a l so inves t iga t ed . It was 
found that the s t anda rd hea t ing cycle produced comple te den i t r a t ion 
al though s o m e fur ther s l ight weight l o s s e s o c c u r r e d at the h igher t e m ­
p e r a t u r e due to m e c h a n i c a l l o s s e s of T h 0 2 and g raph i t e in the fur ther 
handl ing, 

6 . 1 . 2 Resu l t s of Inf i l t ra t ion T e s t s 

The p r i m a r y e x p e r i m e n t a l t a s k was to d e t e r m i n e the l imi t s of T h 0 2 
loading in g raph i te s p h e r e s of va r ious d e n s i t i e s . Ini t ia l e x p e r i m e n t s 
showed that the use of succes ive inf i l t ra t ions was the b e s t method of 
r a i s ing the T h 0 2 loading. It was found that af ter eight in f i l t r a t ions , the 
s p h e r e s s t i l l did not appea r to be n e a r t h e i r s a t u r a t i o n po in t s . However , 
a s y s t e m a t i c s e r i e s of runs w e r e made using jus t eight inf i l t ra t ions at 
each of the s ix graphi te d e n s i t i e s . The r e s u l t s of t he se runs a r e s u m ­
m a r i z e d in F i g u r e 6-1 whe re the cumula t ive T h 0 2 loading i s plot ted v s . 
the n u m b e r of inf i l t ra t ions for each of the s ix dens i ty g r o u p s . Each da ta 
point is the a v e r a g e of t h r e e s p h e r e s . This da ta i s a l so shown in F i g u r e 
6-2 w h e r e the a tom dens i ty of t h o r i u m is plotted v s . the a tom dens i ty of 
ca rbon . As can be noted in F i g u r e 6 - 1 , loadings of 30 g m s . of T h 0 2 can 
be achieved only in the lower dens i ty g raph i t e and that a minimum'Of 5 i n ­
f i l t ra t ions would be r e q u i r e d . 

The un i formi ty of the ThO^ d i s p e r s i o n in the g raph i te s p h e r e s was 
checked by sec t ioning s e v e r a l s p h e r e s and analyzing s e g m e n t s f rom the 
cen te r reg ion and the edge r eg ion . This was done on a number of s p h e r e s 
which had been inf i l t ra ted f rom 1 to 8 t i m e s . The ThO^ d i s t r ibu t ion was 
quite un i fo rm. Loadings in the ou te r reg ion w e r e 4% to 6% higher than 
the loadings in the cen te r reg ion , the h igher va lues being a s s o c i a t e d with 
the g r e a t e r n u m b e r of in f i l t r a t ions . 

F r o m th is work it is concluded that g raph i te bodies can be loaded with 
T h 0 2 by the t h o r i u m n i t r a t e inf i l t ra t ion p r o c e s s but that r e l a t ive ly l a rge 
loadings wil l r e q u i r e use of lower dens i ty g raph i te and m a n y inf i l t ra t ion 
s t e p s . 



3 4 5 
NUMBER OF INFILTRATIONS 

THORIUM OXIDE LOADING vs INFILTRATION FREQUENCY 

FIG. 6-1 

NOMINAL GRAPHITE 
DENSITY" (g/ec) 

1.25 

L35 

,45 

1.55 

1.65 
1.75 
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THORIUM AND CARBON DENSITIES 
IN INFILTRATED GRAPHITE SPHERES 

FIG. 6-2 
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6.Z Subsurface Coat ings 

The two p r i m a r y me thods of f i ss ion p roduc t r e t en t ion which w e r e 
exp lored in the P B R Fue l E l e m e n t Development P r o g r a m w e r e coa t ings 
on the su r face of the s p h e r i c a l fuel e l emen t and coa t ings on individual 
fuel p a r t i c l e s . Another method^ conceived by R. F . Benena t i of 
Sander son & P o r t e r (8) s was to loca te the coat ing benea th the g raph i te 
s u r f a c e . The coat ing would s u r r o u n d a pe l l e t of e i t he r f i s s i le m a t e r i a l 
o r f i s s i le m a t e r i a l d i s p e r s e d in g r a p h i t e . An unfueled g raph i te she l l 
would in t u r n s u r r o u n d the coa t ing . The p r i m a r y advantage of loca t ing 
the coat ing beneath the graphi te su r face i s to p r o t e c t i t frona the ex t e rna l 
loads i m p o s e d on P B R fuel e lements^ such a s impac t o r c o m p r e s s i v e loads 
which n o r m a l l y would f r ac tu r e m o s t types of coat ing loca ted d i r e c t l y on 
the fuel e l emen t s u r f a c e . Another advantage of a subsu r face coat ing i s that , 
through sui table choice of m a t e r i a l s , a coat ing ope ra t ing in the p l a s t i c o r 
mol ten range would tend to sea l p o r e s and f i s s u r e s in the lower t e m p e r a t u r e 
zone of the unfueled graphi te s h e l l . 

The exp lo ra to ry p r o g r a m on subsur face coa t ings was p e r f o r m e d 
at the Bat te l le M e m o r i a l Ins t i tu te and cons i s t ed of ( a | compat ib i l i ty s tudies 
in which the compat ib i l i ty of v a r i o u s potent ia l coat ing m a t e r i a l s with 
graphi te in a s imple shape w e r e inves t iga ted ; and (b) fabr ica t ion s tud ies 
with fueled graphi te s p h e r e s . 

6 . 2 . 1 M a t e r i a l s 

Two v a r i e t i e s of the subsu r face coa t ings w e r e s tud ied . In one , 
m a t e r i a l s having mel t ing points in the range of peak P B R opera t ing t e m ­
p e r a t u r e s w e r e u s e d . In the o the r , m a t e r i a l s with a h ighe r mel t ing point 
were u sed so that the coat ing could be " s e t " in a baking furnace p r i o r to 
u s e . The pe r t i nen t p r o p e r t i e s of m a t e r i a l s t e s t e d a r e given in Table 6 - 2 . 

M a t e r i a l s 

M a t e r i a l 

C u 
4 g l a s s e s 
Si 
N i 

C r 
Z r 
T i 
MoSi2 

TABLE 6-• 2 

Used In Subsurface 

Melt ing Po in t , 

1980 
1800 - 2500 

2600 
2640 
2940 
3090 
3270 
3690 

" F 

Coating Studies 

Absorp t ion C r o s s -
Sect ion, b a r n s 

3 . 6 
(See Table 6-3) 

0 . 1 3 
4 . 5 
2 . 9 
0 .18 
5 . 6 
2 . 7 
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A n u m b e r of spec i a l g l a s s e s w e r e p r e p a r e d to have softening points 
in the range of 1800®F to 2500®F. The compos i t ion of t h e s e g l a s s e s a r e 
shown in Table 6 - 3 . 

In se lec t ing t he se m a t e r i a l s the g l a s s e s w e r e inc luded for the r e a s o n 
that they r e p r e s e n t a c e r a m i c that can be t a i l o r e d in me l t i ng point and we t ­
tabi l i ty by adjust ing compos i t i on . MoSi2f which was known to be c o m ­
pat ib le with g raph i t e , was inc luded to p rov ide a c o m m o n m a t e r i a l in the 
compat ib i l i ty and fabr ica t ion s t u d i e s . Copper , n ickel and s i l i con w e r e 
se l ec ted a s m e t a l s for pos s ib l e subsu r f ace appl ica t ion b e c a u s e of t h e i r 
r ange of me l t ing t e m p e r a t u r e s , t h e i r r e a c t i o n s with graphi te^ and c o m ­
pat ib i l i ty c h a r a c t e r i s t i c s with g r a p h i t e . T i , C r and Z r w e r e inc luded a s 
high mel t ing m a t e r i a l s which r ead i l y fo rmed m e t a l c a r b i d e s . 

Compoi 

M a t e r i a l 

C a S i 0 3 
AI2O3 
SiOz 
BaO 
M0O3 
KNO3 
MnO 
T i 0 2 
CaFz 
G"^, b a r n s 

6 . 2 . 2 C< 

TABLE 6-3 

s i t ion of G l a s s e s 

G l a s s #1 

2 7 . 4 
8 . 6 

2 1 . 2 
4 2 . 8 

_ 

-
_ 
_ 
_ 

0 .65 

ompat ibi l i ty Ti s s t 

Used in Surface Coating 

G l a s s #Z 

l . f .2 
6 . 0 

14 .8 
60 .0 

_ 

_ 
-
_ 
_ 

0 .98 

s 

G l a s s #3 

1.9.2 
6 . 0 

1 4 . 8 
5 5 . 0 

5 . 0 
-
_ 
_ 
_ 

0 .78 

Studies 

G l a s s #4 

35 .6 
18 .0 

_ 
_ 
-

19 .6 
9 . 0 
4 . 4 

13 .4 
3 . 3 

M a t e r i a l s ' compat ib i l i ty was s tudied us ing g raph i te c r u c i b l e s fil led 
with coat ing m a t e r i a l s of i n t e r e s t . Also , a n u m b e r of g r a p h i t e - m e t a l 
diffusion couples w e r e t e s t e d . 

The c ruc ib l e s tudies w e r e p r i m a r i l y to t e s t wet tabi l i ty of po ten t ia l 
coat ing m a t e r i a l s . The m a t e r i a l s w e r e p laced in s m a l l g raph i t e c r u c i b l e s 
and he ld at con t ro l l ed t e m p e r a t u r e s for sho r t p e r i o d s of t ime af ter which 
they w e r e cooled, sec t ioned and examined m e t a l l o g r a p h i c a l l y . The t e m ­
p e r a t u r e s u sed w e r e 1 8 0 0 ' F , 2200'*F and 2600^F and the t ime a t t e m p e r a ­
t u r e was 5 m i n . 



The r e s u l t s of t he se t e s t s a r e s u m m a r i z e d in Table 6 - 4 . It can be 
seen by examina t ion of th i s table that at I S O O T t h e r e was no p e n e t r a t i o n 
of the g raph i te by any of the m a t e r i a l s t e s t e d . T h e r e was some wet t ing 
of the su r face by copper a s well a s s i l icon , a s d e t e r m i n e d by m e t a l l o -
graphic examina t ion of the in te r face be tween the c ruc ib l e and the m e l t . 
At 2200°F , t h e r e was definite wett ing of the graphi te by coppe r , s i l icon 
and #3 g l a s s and t h e r e m a y have been some p e n e t r a t i o n by the m e t a l s but 
not by the g l a s s . At 2600°F the copper , s i l i con , n ickel and #1 and #3 
g l a s s e s al l wet the s u r f a c e . The coppe r , n ickel and #1 g l a s s a l l showed 
sl ight p e n e t r a t i o n while the s i l icon showed a g r e a t e r pene t r a t i on p robab ly 
in the formi of s i l icon c a r b i d e . The #2 g l a s s showed some a d h e r e n c e to the 
graphi te su r face with s l ight p e n e t r a t i o n . The #4 g l a s s ne i t he r wet no r 
p e n e t r a t e d the g r aph i t e , however t h e r e was some sl ight e r o s i o n of the 
c r u c i b l e . The #1 g las s p e n e t r a t e d s l ight ly but s e r i o u s l y e roded the c r u ­
c i b l e . The molybdenum dis i l ic ide showed se lec t ive adhes ion to the g r a p h i t e . 

The diffusion couples w e r e p r e p a r e d by c o m p r e s s i n g thin l a y e r s of 
potent ia l coat ing m a t e r i a l s be tween 1/4 inch thick p l a t e s of g raph i te and 
heat ing in a rgon at 2600°F for 8 h o u r s . This t e s t was thought to be m o r e 
s i m i l a r to ac tua l condi t ions that would ex i s t in a subsu r face e l e m e n t . The 
miater ia ls t e s t e d w e r e Cu, Ni , Z r , Si, MoSiz and #3 g l a s s . The r e s u l t s a r e 
shown in F i g u r e s 6-3 through 6 - 8 . 

The F i g u r e 6 - 3 , the copper i s s een to be d i s t r i bu t ed a s s p h e r i c a l p a r t i c l e s 
with no pene t r a t i on of the g r a p h i t e . In F i g u r e 6-4 , the nickel i s s een to be 
well a d h e r e d to the graphi te and to p e n e t r a t e in to the g raph i te p o r e s . The 
da rk flakes in the nickel a r e ca rbon which d i s so lved in the n ickel and 
p r e c i p i t a t e d on cool ing . In F i g u r e 6 - 5 , the zirconiumi was found a s loose 
f lakes of Z r C with no evident pene t r a t i on of the Z r into the g r a p h i t e . In 
F i g u r e 6-6 , the s i l icon was conver t ed to smiall p a r t i c l e s of SiC with pene t r a t i on 
of the g r a p h i t e . In F i g u r e 6 -7 , the molybdenum dis i l ic ide i s s een to have 
s e p a r a t e d from the graphi te except for a thin adhe ren t l a y e r . In F i g u r e 
6 -8 , the #3 g l a s s i s s een to bond well to the graphi te and r e m a i n a s a 
continuous l a y e r . An unidentif ied me ta l phase can be noted at the g r a p h i t e -
g las s i n t e r f a c e . 

6 . 2 , 3 Sphere F a b r i c a t i o n 

A numiber of 1-1/2 inch d i a m e t e r s p h e r e s were fab r i ca ted with v a r i o u s 
types of subsur face coa t ings su r round ing fueled graphi te c o r e s . The f i r s t 
group of s p h e r e s was made by cold p r e s s i n g . The fueled c o r e was f i r s t 
molded, then the coat ing m a t e r i a l was miolded onto the fueled c o r e , and 
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TABLE 6-4 

Compatibility Tes t s Of Sub-Surface Coating Mater ia l s 
In Graphite Crucibles 

Type of Wet Graphite at Degree of Penet ra t ion 
Metzil Crucible Interface into Graphite Crucible 

Heated at 1800 F for 5 minutes 

Observations 

Copper Y e s 

Silicon 
No. 1 glass 
No. 2 glass 
No. 3 glass 
No. 4 glass 
Nickel 
MoSi2 

Slight 
None 
None 
None 
None 
None 
None 

Slight 

None 
None 
None 
None 
None 
None 
Slight 

Some pa r t i c l e s adhered 
to wal l . 

Some par t i c les adhered 
to crucible wal l . 

Heated at 2200 F for 5 minutes 

Copper Yes Slight 

Silicon 
No. 1 glass 
No. 2 glass 
No. 3 glass 
No. 4 glass 
Nickel 
MoSi2 

Copper 
Silicon 
No. 1 glass 
No. 2 glass 
No. 3 glass 
No« 4 glass 
Nickel 
MoSi2 

Yes 
None 
None 
Slightly 
None 
None 
None 

B 

Yes 
Slightly 
Yes 
None 
Yes 
None 
Yes 
None 

Very slight 
None 
None 
None 
None 
None 
Slight 

[eated at 2600 F for 5 minutes 

1/8 
Slight 

in . or g rea te r 
Slight 
Slight 
None 
None 
Slight 
None 

P a r t i c l e s adhered to 
crucible wal l . 

Some adherence 
Slight eros ion of crucible 

Adhered to graphite 

Crucible badly eroded 
Adhered to graphite 

Slight adherence 

100 a 





. .s : fu . , r i - j • -

F I G . 6 -3 C O P P E R - G R A P H I T E . C O P P E R A P P E A R S 
AS S P H E R I C A L P A R T I C L E S . (50X| 

•n, 

«*•» »*< 

' . f̂: 

.'̂ /f̂ ^ 
• * • * * , - - , 

•̂ 5?>̂ ^̂  

. 

. 

! ^ ' . - ! • , ' " • • ^ % 

•' U4- --• ^-•:* 

M:^^! 
F I G . 6 - 4 . N I C K E L - G R A P H I T E . DARK F L A K E S IN 

N I C K E L A R E G R A P H I T E . (SOX) 

101 



^m fC'C i'^:^ •^^^m&--.'''r^^':-'-l:^^ 

.•.:.t 

-- . •^£.-j.A>.-.' . • • 'Y^& 't^j. 

'^4 3. 

Ji^?,*; -X--'- H^.^••^^|•' 

F I G . 6 - 5 Z I R C O N I U M - G R A P H I T E . S M A L L F L A K E S IN 
ZIRCONIUM P H A S E A R E P R O B A B L Y Z r C . (SOX) 

^iL'-^-S^ ^-iW^-'y-•••••• •''• .'-.^f-'' 

:i*^_ '̂f••-• sf^.p * .1* •> •• n*: 

^ .v,"-r 

F I G . 6 -6 SILICON G R A P H I T E . S M A L L G R E Y P A R T I C L E S 
A R E S iC . (50X) 



, .. 1. 3 vrs .•• ••-.WiBf./j. 

l lK^S^ 

'̂ ^̂ ^̂ p 
^^^^^^^^^^^^^^ 

^ | ^ ^ > . 

^^^ 
£iUij%^s^^i^!£A >' 

^^^^l' 
^ 

^m 

F I G . 6 -7 MOLYBDElfUM D I S I U C I D E - G R A P H I T E . G A P A T 
I N T E R F A C E S IS F I U ^ D WITH MOUNTING RESIN. C50X| 

F I G . 6 - 8 N o . 3 GL^ASS-GRAPHITE, M E T A L L I C - L I K E P H A S E 
A T T H E I N T E R F A C E IS U N I D E N T I F I E D . (SOX) 

103 



finally the ou te r g raphi te she l l was molded on . The s p h e r e s w e r e f i r s t 
c u r e d at 350°F to se t the b inde r and then given a slow bake t r e a t m e n t at 
200°F for 8 d a y s . Degass ing of al l t h r e e r eg ions o c c u r r e d at the s a m e 
t i m e . 

The f i r s t group of s p h e r e s conta ined coat ings of coppe r , n ickel and 
#3 g las s ( low-mel t ing m a t e r i a l s ) and t i t an ium, c h r o m i u m and molybdenum 
dis i l ic ide (h igh-mel t ing m a t e r i a l s ) . These m a t e r i a l s were gene ra l l y appl ied 
to the fuel c o r e s in a powder forrri mixed with ca rbonaceous b i n d e r . All of 
the s p h e r e s looked s a t i s f ac to ry af ter the 3 5 0 ' ' F c u r e . Af ter the B-day bakeout 
however , m o s t of the s p h e r e s had s e v e r e l y c r a c k e d ou te r she l l s and some 
of the metal coa t ings had c r a c k e d a s we l l . A high deg ree of m e t a l (or m e t a l 
ca rb ide ) pene t r a t i on into the fueled shel l was noted in m o s t c a s e s . The 
g l a s s e s did not p e n e t r a t e but t h e r e was evidence of chemiical r e a c t i o n with 
the g r a p h i t e . T h e r e was only s l ight pene t r a t i on with copper but th is 
m a t e r i a l tended to ba l l up and l eave gaps n e a r the top of the s p h e r e due to 
g rav i ta t iona l e f fec ts . 

Seve ra l a t t empt s w e r e m a d e to sea l two thin copper h e m i s p h e r e s 
a round a fueled g raph i te c o r e , but outgass ing and chemica l r e a c t i o n s p r e ­
ven ted the making of a s a t i s f ac to ry b r a z e d jo in t . 

In o r d e r to determiine whether the high t e m p e r a t u r e coa t ings could be 
made to fuse into a leakt ight coat ing, the defect ive graphi te she l l s w e r e 
comple te ly remioved from the C r , Ti , and MoSi2 s p e c i m e n s of the f i r s t 
g roup . New graphi te she l l s w e r e c o l d - p r e s s e d onto the c lad fueled c o r e s 
and they w e r e al l hea t ed at 4660°F in o r d e r to m e l t the m e t a l c o a t i n g s . 
During this p r o c e s s , mol ten chronnium r a n out a c r a c k which developed in 
the graphi te s h e l l . The t i tan ium l a y e r failed to p e n e t r a t e the g raph i te shel l 
p robab ly due to a t i t an ium ca rb ide l a y e r which had fo rmed dur ing the 8-day 
bakeout at ISOO^F. The MoSi2 coat ing , which had s e v e r a l c r a c k s p r i o r to 
the appl ica t ion of the new graphi te she l l , was fused t o g e t h e r . After m a n ­
ual ly r emoving the she l l , a hot oil t e s t of the coa ted fueled c o r e p iece showed 
only one pinhole leak in the coa t ing . 

The next va r i ab l e inves t iga ted was hot p r e s s i n g . It was hoped the 
appl ica t ion of p r e s s u r e while the coat ing l a y e r was in i t s mo l t en s ta te would 
minimiize coat ing pene t r a t i on and p roduce a dense t ight coa t ing . A second 
group of s p h e r e s was p r e p a r e d us ing th i s h o t - p r e s s i n g t echn ique . The 
s p h e r e s , cons i s t ing of a fueled c o r e , a coat ing and an unfueled graphi te she l l , 
w e r e in i t ia l ly fo rmed by cold p r e s s i n g . The s p h e r e s w e r e baked at 1500°F 
to r e m o v e vo la t i l es in the b inde r and then w e r e h o t - p r e s s e d in a g raph i te 
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die unde r 10, 000 p s i p r e s s u r e . Sphe re s containing Ni , Si, Cu and No . 3 
g l a s s w e r e h o t - p r e s s e d a t the me l t ing point of the coat ing mia te r ia l . Sphe re s 
containing MoSi2, C r and Ti w e r e h o t - p r e s s e d at only 2000'*F b e c a u s e of 
l imi t a t ions of the h o t - p r e s s i n g equ ipment . This l a t t e r group of s p h e r e s was 
subsequent ly h e a t - t r e a t e d to the mel t ing point of the s ea l m a t e r i a l in a c a r ­
bon r e s i s t o r f u r n a c e . 

Visual inspec t ion of sec t ioned s p h e r e s ind ica ted that each coat ing 
nnater ia l fo rmed a cont inuous l a y e r except coppe r , which a p p e a r e d to bead 
and b e c o m e d i scon t inuous . Crack ing was o b s e r v e d in the she l l s of s p h e r e s 
containing C r , MoSi2 and Ti c o a t i n g s . These s p h e r e s w e r e not unde r 
p r e s s u r e when the coat ing m e l t e d and the coat ing a p p e a r e d to flow into the 
c r a c k s . No c r a c k s a p p e a r e d in the s p e c i m e n s that w e r e unde r p r e s s u r e 
dur ing the p e r i o d when the coat ing was m o l t e n . Radiography ind ica ted that 
the coat ing m a t e r i a l s p e n e t r a t e d into the p o r e s of the unfueled graphi te 
s h e l l . 

In o r d e r to a s s e s s the coat ing i n t eg r i t y of t he se s p e c i m e n s without 
des t roy ing t hem, the s p h e r e s w e r e subjec ted to the hot oil l eakage t e s t by 
i m m e r s i n g them in s i l icone oil at 400 " F . Bubbling by gas en t r apped dur ing 
fabr ica t ion was then o b s e r v e d . Sphe re s without a coat ing which w e r e s u b ­
j ec ted to s i m i l a r fabr ica t ing condi t ions exhibi ted bubbling for 20 to 40 
m i n u t e s . In the coa ted e lennents , gas r e l e a s e would be expec ted to come 
from only the unfueled g raph i te shel l outs ide the coa t ing . T h e r e f o r e , if a 
good sea l w e r e obta ined, the bubbling should c e a s e in a much s h o r t e r t i m e . 
Resu l t s of the hot oil t e s t ing of the second group of s p h e r e s i s given in 
Table 6 - 5 . 

As noted in Table 6 - 5 , the b e s t r e s u l t s w e r e obtained with the high 
temipera ture coa t ings ( i . e . MoSi2» Cr and Ti) even though t h e r e w e r e c r a c k s 
in the ou te r she l l s of t he se S p e c i m e n s . The e x p l o r a t o r y p r o g r a m was con­
cluded with the hot oil t e s t ing of these hot p r e s s e d s p h e r e s . 



TABLE 6-5 

Leakage TestOn Hot-Pressed Spheres With Subsurface Coatings 

Coating Type Hot P r e s s Further Heat Time Required 
Temp, °F Treatment, °F for Bubbling 

to Stop, Min. (1) 

#3 glass 
Copper 
Copper 
Nickel 
Silicon 
Silicon 
Chromiumi 
Chromium 
Chromium 
Titanium 
MoSi2 

2500 
2100 
2500 
2550 
2540 
2540 
2000 
2000 
2180 
2000 
2000 

-
-
-
-
-
-

3272 
3272 
3272 
3272 
3600 

7 
> 7 
> 7 

6 
> 7 

6 
6 
2 

> 7 
4 
2 

(1) Testing time was 7 minutes in silicone oil (400' 'F| , 

6 .2 .4 Conclusions 

This exploratory program on subsurface coatings has shown that 
several types of subsurface coatings are possible. The use of mater ia ls 
such as nickel or #3 glass which melt in the range of PBR operating tem­
peratures should cause these mater ia ls to penetrate into the pores of the 
outermost unfueled graphite shell and also into cracks which m.ay be 
present in the unfueled shell . Both of these phenomena have been observed 
in the uniform heating of fuel element specimens in out-of-pile furnaces. 
The extent of penetration must of course be limited by the amount of coat­
ing material initially added so that a continuous coating will remain around 
the fueled core piece. 

It was found that the best specimens could be made when p res su re 
was applied to the sphere while the coating was in a molten phase during 
fabrication. Limiitations to the experimental equipment prevented the use 
of hot-pressing with the high-temperature coating mater ia ls ( i . e . Cr, Ti, 
and MoSiz) but in spite of shell cracking these latter mater ials appeared to 
form the best seals based on the limited evaluation work. It is probable 
that hot-pressing would have prevented shell cracking in these latter spec­
imens . 
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6. 3 N a t u r a l G r a p h i t e 

An inhe ren t c h a r a c t e r i s t i c of the P e b b l e Bed R e a c t o r concept i s the 
fixed 39% voidage in the ba l l bed r e g i o n . One me thod of i n c r e a s i n g the 
amount of ca rbon m o d e r a t o r in a Pebb le Bed c o r e to account for th i s 
high voidage i s t o r e p l a c e some of the s p h e r e s wi th sol id g raph i t e p o s t s . 
T h i s i n c r e a s e s the amount of c a rbon in the c o r e but at t he s a m e t i m e 
d e c r e a s e s the amount of hea t t r a n s f e r surfa^je i n the c o r e . Another 
me thod of i n c r e a s i n g the amount of ca rbon m o d e r a t o r i s t o i n c r e a s e the 
g raph i t e dens i ty of the fueled s p h e r e s . F o r e x a m p l e , in the r e f e r e n c e 
des ign for the 125 c M W - P B R (2̂ )» a g raph i t e dens i ty of 1.68 g / c c was 
used and i t w a s found n e c e s s a r y to r e p l a c e 25% of the c o r e voltune with 
sol id g raph i t e pos t s to ach ieve the optimumi condi t ions for tha t p l an t . 
The s a m e effective c a r b o n loading could have been achieved if 2 . 1 g / c c 
g raph i t e s p h e r e s w e r e used with no fixed g raph i t e p o s t s , thus i n c r e a s i n g 
the t h e r m a l capac i ty by about 33% for the s a m e to t a l c o r e s i z e . 

The g e n e r a l method of achieving high dens i ty g raph i t e i s by s u c c e s s i v e 
ca rbonaceous r e i m p r e g n a t i o n s and r e g r a p h i t i z a t i o n s of the g raph i t e body. 
Dens i t i e s up to about 1. 9 g / c c have been achieved by th i s t e chn ique . 
Another me thod i s the u s e of su i tab le s t a r t i n g m a t e r i a l s which can be 
molded and baked to d i r e c t l y fo rm a high dens i ty g raph i t e body in only one 
s t e p . One such m a t e r i a l i s n a t u r a l g raph i t e powde r . 

An e x p l o r a t o r y p r o g r a m on the fabr ica t ion of g raph i t e bodies us ing 
n a t u r a l g raph i t e a s the filler m a t e r i a l was conducted at the Ba t t e l l e M e m o r ­
i a l I n s t i t u t e . Dens i t i e s in e x c e s s of 2 . 0 g / c c had been ach ieved us ing 
n a t u r a l g raph i t e powder with no b i n d e r . However , t h e s e bodies had l i t t le 
s t r e n g t h . One of the m a j o r objec t ives of th i s p r o g r a m was to d e t e r m i n e 
whe the r su i tab le s t r e n g t h c h a r a c t e r i s t i c s could be achieved by the addi t ion 
of a b inde r without a s e r i o u s d e c r e a s e in dens i ty . 

6 . 3 . 1 P e l l e t F a b r i c a t i o n 

T h r e e types of pur i f ied n a t u r a l g raph i t e powder w e r e obtained f rom 
the C h a r l e s P e t t i n o s G r a p h i t e C o r p , as d e s c r i b e d in Tab le 6-6« 



TABLE 6-6 

Natural Graphite Materials 

Grade No. Impurities Par t ic le Size 
138 Mexican, amorphous 0.9% 99%, -325 mesh 

6387 Madagascar, crystalline 0 .1% 100%, -200 mesh, avg. 
(B-^-l ppm| part icle size, '^10.6^^^^ 

6405 Madagascar, crystall ine 0 .1% 0.03%, +100 mesh 
2.03%, -100, +200 mes 
17.98%, -200, +325 me 
79.96%, -325 mesh. 

A ser ies of 1/2" x 1/2" cylindrical pellets were prepared using the 
three types of natural graphite shown in Table h~G. Four types of binder 
were used, including two types of phenolic res in , a coal ta r pitch, and 
furfural alcohol. Binder content ranged from 0 to 40 gi:ns per 100 gms of 
natural graphite. After mixing, the pellets were cold pressed , cured at 
400®F, prebaked in vacuum at ISOOT, and finally baked at 2500®F in argon. 
Density measurements were taken at each stage of fabrication and crushing 
strengths of the finished pellets were measured . A summary of the resul ts 
i s given in Table 6-7. 

Several t rends can be noted in Table 6-7. Lower densities resul t 
with a high binder content. Lowest densities resulted with coal tar pitch 
binder. The strengths of the res in bound pellets were generally higher 
than for the pitch botmd pel le ts . For comparison purposes, two 1/2" x 
1/2" cylinders were machined from AGOT graphite of 1.70 g/cc density. 
The compressive strengths for these pieces were found to be 3, 139 psi 
and 3, 445 ps i . 

The highest densities were achieved with the 6405 and 6387 graphities 
with the lower BV1600 binder contents. Consequently an additional ser ies 
of pellets was prepared to explore this range in somewhat more detail . 
The use of thernaax carbon black was also investigated using the same 
fabrication and test procedures used for the pellets in Table 6-7 , The 
resul ts a re shown in Table 6-8 . 
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TABLE 6-7 

Dens i ty and S t rength of N a t u r a l Graph i t e P e l l e t s (1st S e r i e s ) 

G m s . b inde r 
Graph i t e p e r 100 g m s 
Compos i t ion ^^i of f i l le r 

6387-
6387-
6387-
6387-
6387. 
6387-
6387-
6387-
6387. 
6387-

6405-
6405-
6405-
6405-
6505-
6405-
6405-

-none 
-BV1600 
•BV1600 
•BV1600 
•pitch 
•pitch 
•pitch 
•79L 
.79L 
• F A 

•none 
• BV1600 
.BV1600 
•BVi600 
•pitch 
•pitch 
•pitch 

138-none 
138-BV1600 
138-BV1600 
138-BV1600 
138-pi tch 
138~pitch 
138-pi tch 
138-79L 
138-79L 
138-FA 

none 
20 
35 
50 
30 
35 
40 
20 
30 
40 

none 
20 
35 
50 
30 
35 
40 

none 
20 
35 
50 
30 
35 
40 
20 
30 
40 

G r e e n 
D e n s i t y , 
g / c c W 

2 . 1 4 
2 .00 
1.66 
1.74 
1.87 
1.86 
1.81 
1.91 
1.78 
1.72 

2 .03(c ) 
2 .02 
1.93 
1.89 
1.90 
1.89 
1.86 

1.71(c) 
1.86 
1.81 
1.79 
1.85 
1.81 
1.81 
1.79 
1.73 
1.65 

Baked 
D e n s i t y , 
g / c c Cc) 

I . 9 5 W 
1.92 
1.55 
1.77 
1.60 
1.49 
1.45 
1.85 
1.67 
1.68 

2 .06 
2 .02 
1.93 
1.88 
1.60 
1.63 
1.57 

1,72 
1.79 
1.77 
1.74 
1.52 
1.56 
1.58 
1.62 
1.62 
1.55 

C o m p r e s s i v e 
S t reng th 
p s i ic) 

1 , 000(d) 
5 .000 
4 , 7 0 0 
5 ,200 
3 ,900 
3,200 
2 ,700 
3,800 
2 ,500 
2 ,600 

1,900 
2 ,900 
3,400 
3,400 
Z ,400 
3 ,300 
3,000 

2 ,400 
4 ,800 
5 ,200 
5 ,300 
3,500 
4 , 9 0 0 
5 ,100 
1,600 
2 ,100 

600 

fa) The f i r s t p a r t de s igna t e s the type of n a t u r a l g raph i te d e s c r i b e d 
in Table 6 - 6 . The second p a r t de s igna t e s the b inde r m a t e r i a l 
a s fol lows: BVI6OO: Bakel i te phenol ic r e s i n ; 79L: phenol ic 
r e s i n suppl ied by Old I r o n s i d e s Co; p i tch : B a r r e t t No . 2 . 
med ium h a r d p i tch ; FA: furfural a l coho l . 

(b) Ave rage of 3 s a m p l e s . 
(c) Ave rage of 2 s a m p l e s . 
(d) One s a m p l e t e s t e d . 
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TABLE 6-8 

Density and Strength of Natural Graphite Pellets (2nd Series) 

Gms . binder 
Graphite . 
Compositions 

6387-none 
6387-BV1600 
6387-BV1600 
6387-BV1600 

6405-none 
6405-BV1600 
6405-BV1600 
6405-BV1600 

6405-BV1600-10T 
6405-BV1600-20T 
6405-pitch-lOT 
6405-pitch-20T 

per 100 
of filler 

0 
5 

10 
15 

0 
5 

10 
15 

20 
35 
40 
35 

(a) Designations are same as used in Table 6-7 except that lOT 
and 20T designate 10% and 20% therjnax carbon Mack added to 
filler. 

(b) Average of 3 samples . 
(c) Average of 2 samples 
(d) One specimen tested. 

As can be noted in Table 6-8, there has been some decrease in 
strength below the values shown in Table 6-7 for the higher binder contents. 
Maximum strengths in the lower binder content range appear to be at 
10 parts binder with the 6387 graphite and 5 parts binder with the 6405 
graphite. Additions of the thermax carbon black had little effect on the 
strength but did decrease the final density. 

6 .3 .2 Sphere Fabnication 

The final step in the exploratory program was the fabrication, ^ d 
testing of spheres to determine whether they would meet PBR requirements . 
Madagascar Grade 6405 natural graphite filler was used in one set of spheres . 
For comparison, another set of spheres was prepared using a high density 

Green 
density, 
g / cc^*^ 

2. 14 
2.01 
2.00 
1.99 

2.03<^^ 
2. 12 
2.09 
2.04 

1.89 
1.79 
1.82 
1.84 

Baked 
density 
g/cc 

1.95 
1.96 
1.95 
1.88 

2.06 
2.06 
2.01 
2.02 

1.86 
1.70 
1.51 
1.56 

Compressive 
s t r eMth , 

ps i 

1,000^*^^ 
1,800 
4,800 
3,300 

1,900 
3, 100 
2,700 
3,500 

2,200 
2,700 
2,500 
2,200 
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synthe t ic g raph i te powder (National Carbon G r a d e 195) wMch had approxi ­
m a t e l y the s a m e p a r t i c l e s ize d i s t r ibu t ion as the 6405 m a t e r i a l . BV1600 
r e s i n was used as the b inder m a t e r i a l in both c a s e s . The s p h e r e s w e r e 
molded in a hea ted (300°F) s t e e l die at 20, 000 p s i . P r e s s u r e and hea t 
w e r e ma in ta ined on the s p e c i m e n s for a pe r iod of 10 m i n u t e s to c u r e and 
pa r t i a l l y se t the r e s i n b i n d e r . The s p h e r e s w e r e then p a r t i a l l y baked at 
1500°F in v a c u u m . The final bake t r e a t m e n t was at 2500°F in an a rgon 
a t m o s p h e r e . 

The t e s t p r o g r a m cons i s t ed of impac t t e s t s , c o m p r e s s i o n t e s t s and 
dens i ty m e a s u r e m e n t s . The r e s u l t s a r e s u m m a r i z e d in Table 6 -9 . 

TABLE 6-9 

Mechan ica l S t rength of N a t u r a l and Synthet ic G r a p h i t e Sphe re s 

F i l l e r 

N a t u r a l (6405) 
II 

II 

n 

Synthet ic (195) 
II 

Binder 
Content 
pph of 
filler 

5 
10 
15 
20 

20 
4 0 

Green, 
Dens i ty 

/ la-) g / c c ' 

2 . 1 1 
2 .08 
2 .09 
2 .07 

1.91^^^ 
1.84 

Baked 
Dens i ty 
g/cc^^^ 

2 . 0 4 
1.99 
2 .00 
1.99 

1.75^*^^ 
1.68 

Load at F a i l u r e 
C o m p r e s s i v e 

l b s . ^ > 

570 
4 3 0 
4 3 0 
4 1 0 

580 
670 

'n:?^> 
1.0 
1.0 
1.2 
1.5 

1.9 
3 . 0 

(a) Ave rage of five s p e c i m e n s 
(b) A v e r a g e of two s p e c i m e n s 
(c) One s p e c i m e n t e s t e d 

As noted in Table 6 -9 , d e n s i t i e s of about 2. 0 g / c c w e r e obtained with 
the n a t u r a l g raph i t e f i l ler while the synthe t ic g raph i t e f i l ler defini tely 
p roduced lower d e n s i t i e s . The c o m p r e h e n s i v e s t r e n g t h s of 410 to 570 l b s . 
for the n a t u r a l g raph i t e s p h e r e s a r e c lose to the d e s i r e d 500 l b s . while the 
impac t s t r eng ths of 1,0 to 1.5 f t - lbs a r e below the d e s i r e d 2 . 0 f t - l b s . 
Although the synthe t ic g raph i t e s p h e r e s l i s t ed in Table 6-9 b a r e l y m e t the 
s t r eng th r equ i rem.en t s , it should be r e c a l l e d that c o m m e r c i a l l y p r e p a r e d 
synthe t ic g raph i t e s p h e r e s such as the F A - 1 and F A - 2 2 types cons i s t en t ly 
showed c o m p r e s s i v e s t r e n g t h s over 2000 l b s . and impac t s t r e n g t h s ove r 
7 f t - l b s . Th i s d i s c r e p a n c y with c o m m e r c i a l s p e c i m e n s tends to cloud the 
p r e s e n t r e s u l t s obtained with n a t u r a l g r a p h i t e . 



Although t h e r e w e r e a l imi t ed n u m b e r of s p e c i m e n s used to obtain 
the da t a in Table 6 -9 , t h e r e i s some evidence tha t h ighe r s t r e n g t h s but 
loiwer dens i t i e s a r e obtained with h ighe r b inde r content . Dur ing the 
c o u r s e of t e s t i n g , it was noted that the n a t u r a l g raph i t e s p e c i m e n s began 
to flake a s impac t loading was i n c r e a s e d . Th i s was not o b s e r v e d on the 
synthe t ic g raph i t e s p e c i m e n s . A typ ica l mode of fa i lu re for the n a t u r a l 
g raph i t e s p h e r e s "was the s e p a r a t i o n of s p h e r i c a l she l l s e g m e n t s f rom the 
ou te r su r face of the s p h e r e s indicat ing poor r a d i a l bonding. 

6. 3 , 3 Conclus ions 

This e x p l o r a t o r y p r o g r a m has shown tha t c r y s t a l l i n e n a t u r a l g r a p h i t e , 
when used a s the f i l ler component^ can p roduce bulk g raph i t e dens i t i e s in 
e x c e s s of 2 . 0 g m / c c . The c o a r s e - g r a i n e d c r y s t a l l i n e g raph i t e i s s l ight ly 
s u p e r i o r to the fine-grained c rys t a l l i ne g raph i t e and both c r y s t a l l i n e g r a d e s 
a r e s u p e r i o r to the amorphous n a t u r a l g r a p h i t e . It i s n e c e s s a r y to use 
the r e s i n type b i n d e r s r a t h e r than, convent ional p i tch b i n d e r s in o r d e r to 
achieve the high d e n s i t i e s . 

However^ r a t h e r poor s t r e n g t h s w e r e found for the n a t u r a l g raph i t e 
s p h e r e s even though the c o m p r e s s i v e s t r eng ths of n a t u r a l g raph i t e pe l l e t s 
c o m p a r e d favorably with synthe t ic g raph i t e p e l l e t s . The mode of fa i lu re 
of the n a t u r a l g raph i t e s p h e r e s ind ica ted tha t poor r a d i a l bonding caused 
the s p h e r e f a i l u r e . In o r d e r to u t i l ize the h ighe r dens i t i e s obtainable with 
n a t u r a l g r aph i t e , it wi l l be n e c e s s a r y to find m e t h o d s of improv ing the 
s t r eng th of t h e s e s p h e r e s and p reven t ing spal l ing o r flaking of the s p h e r e 
s u r f a c e . 



7 . 0 G r a p h i t e - U 0 2 I r r a d i a t i o n (Capsu le S P - 4 ) 

In s e l ec t ing the f i s s i l e m a t e r i a l compound in a u r a n i u m - g r a p h i t e 
fuel e l emen t , the oxide fo rm h a s a n u m b e r of advan tages o v e r the c a r b i d e 
f o r m , such a s e a s e in handl ing dur ing fabr ica t ion and e a s e of r e p r o c e s s i n g . 
The g r e a t e s t l im i t a t i on on UO2 i s i t s r e a c t i o n with the g raph i t e m a t r i x a t 
high t e m p e r a t u r e s . Ev idence of r e a c t i o n a t t e m p e r a t u r e s a s low a s 2 4 0 0 " F 
have been r e p o r t e d (9), however dur ing the s h o r t baking t ime a t ZS^O^F 
dur ing fab r i ca t ion s t ab i l i ty i s e x c e l l e n t . By d i s p e r s i n g f i s s i l e m a t e r i a l 
throughout the g raph i t e m o d e r a t o r , the Pebb le Bed R e a c t o r offers the 
b e s t oppor tuni ty of p roduc ing high coolant out le t t e m p e r a t u r e s (1200 to 
1400' 'F) while keeping peak fuel t e m p e r a t u r e s below 2 1 0 0 ' ' F . T h u s , 
UO2 can be c o n s i d e r e d for P B R a p p l i c a t i o n s . 

A capsu le i r r a d i a t i o n e x p e r i m e n t was p e r f o r m e d in an a t t e m p t to 
d e t e r m i n e whether r ad i a t i on would affect the r e a c t i o n be tween UO2 
and graph i te a t t e m p e r a t u r e s approach ing 2100®F. Another object ive 
of th i s e x p e r i m e n t was to a s s e s s the effect of high t e m p e r a t u r e i r r a d i a t i o n 
on the s t r eng th and d imens iona l changes of fueled g r a p h i t e . F o u r types of 
uncoa ted g raph i t e s p h e r e s each fueled with a different type of UO2 w e r e 
t e s t e d . The s p e c i m e n des igna t ions and the UO2 p a r t i c l e s i z e s w e r e : 
F I - 1 (lyxIJ02), F A - 2 ( 6 7 ^ 0 2 ) , F A - 1 ( 1 0 ^ and F A - 1 0 ( 4 0 ^ . A fu r the r 
d e s c r i p t i o n of t h e s e types i s inc luded in Table 2-1 and ref . ( 3 | . The 
s p e c i m e n s w e r e i r r a d i a t e d in Stat ic Capsu le S P - 4 . The des ign and 
ope ra t ion of th i s capsu le i s d e s c r i b e d in Sect ion 8 - 1 . The e x p o s u r e 
condi t ions for the s p e c i m e n s a r e s u m m a r i z e d in Tab le 7 - 1 , w h e r e the 
burnup h a s been ca l cu la t ed f rom the t h e r m a l da ta and the i r r a d i a t i o n 
t i m e . 

During the c o u r s e of the S P - 4 i r r a d i a t i o n s , t h e r e w e r e the u sua l 
v a r i a t i o n s in the s p e c i m e n opera t ing condi t ions due to shif ts in flux 
p a t t e r n s , s c r a m , e t c . The va lues l i s t e d in Table 7-1 a r e typ ica l a v e r a g e 
va lues for the i r r a d i a t i o n p e r i o d . The maximuna and m i n i m u m r e c o r d e d 
t e m p e r a t u r e s in the c e n t e r of the F A - 1 s p e c i m e n w e r e 207O®F and 1510®F 
r e s p e c t i v e l y . The f luctuat ions in the t e m p e r a t u r e d i f ference be tween 
the m e a s u r e d c e n t r a l t e m p e r a t u r e and the m e a s u r e d block t e m p e r a t u r e 
of the F A - 1 spec in ien was too g r e a t to p e r m i t a s t a t e m e n t tha t th i s 
t e m p e r a t u r e dif ference i n c r e a s e d with i r r a d i a t i o n b e c a u s e of d e t e r i o r a t i o n 
of t h e r m a l conduct ivi ty of the g r a p h i t e . 



TABLE 7-1 

Exposure Conditions For UO2 Fueled Specimens 
In Capsule SP-4 

Specimen 

FI-1(E8) 
FA-2 (E8) 
FA-1CE8E) 
FA-10E5) 

fa) 

(b) 

Measured Graphite 
Block Temp, °F 

1400 
1400 
1300 
1300 

Ht, Gen. Calculated Central Burnup, ^^) 
Rate, KW Surface Temp, "F Temp, °F KWH/Ball 

2 .3 1750 18^0 7700 
2.2 1750 1900 7400 
1.9 1600 1750Ca) 6400 
1.7 1600 1700 5700 

Measured tempera ture . One thermocouple was imbedded in the center 
of this specimen. All other central temperatures were calculated. 
For PBR specimens, 1 KWH is equivalent to 7.2 MWD/metric ton 
of U, 4 .4 X 10^5 f issions/cc of specimen, or .0011% of the U235 
atoms fissions. 

In parallel with the irradiat ion of Capsule SP-4, four specimens 
identical with those in the capsule were heated in an out-of-pile furnace, 
duplicating the t ime- temperature pattern of the i r radia ted specimens. 
This step was taken in order to distinguish between radiation and 
temperature effects. 

Special flats, approximately 1/2 inch in diameter, were machined 
and polished on all specimens so that "before and after" photomicrographs 
could be taken of specific fuel par t i c les . These pictures a re all shown 
in Figures 7-l(a-d) through 7-4fa-d). The a and b photos were taken 
before and after the out-of-pile heating test while the c and d photos 
were taken before and after the irradiat ion t e s t s . Scribe marks were 
made in the graphite around selected fuel part icles to permit their 
identification after testing. 

Figures 7 - l a through 7-Id a re of the infiltrated specimen. The fuel 
par t ic les , believed to be of the order of lyM,in size, are indistinguishable 
in all of the views. One grey par t ic le , approximately 10^in size can be 
noted in Figure 7 - l c but appears to be missing after irradiation (Figure 
7-Id) . Figures 7-2a through 7-2d are of the FA-2 specimens. No 
clearly discernable fuel par t ic les can be detected in the out-of-pile 
specimen, however, a fuel part icle is clearly noted in the i r radiated 
specimen. The part icle size appears unaffected by irradiation and the 



OUT-OF-PILE HEATING TEST OF INFILTRATED GRAPHITE 
SPECIMEN TYPE FI-1 

BEFORE HEATING. 

FIG. 7-
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I N - P I L E T E S T O F I N F I L T R A T E D G R A P H I T E 
S P E C I M E N T Y P E F I - 1 

F I G . 7 - l c . BEFt„_-.- ...... . . X) 

F I G . 7 - l d . A F T E R IRRADIATION. C250X) 
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OUT-OF-PILE HEATING TEST OF 67|JL UO2 IN GRAPHITE 
SPECIMEN TYPE FA-2 

FIG. 7-2b. AFTER HEATING. |250X) 



IN-PILE TEST OF 67f& UO2 IN GRAPHITE 
SPECIMEN TYPE F A - 2 

FIG. 7-2c . BEFORE IRRADIATION. C250X) 
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FIG. 7-2d, AFTER IRRADIATION^ {250X) 
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O U T - O F - P I L E HEATING T E S T O F 105/149!x UO2 IN G R A P H I T E 
S P E C I M E N T Y P E F A - 1 

F I G . 7 - 3 a B E F O R E H E A T I N G . f250X) 

^^ft,>i,.. .;;, 

- ' \ - , ; - • • ' ^ ~ 

F I G , 7 -3b A F T E R HEATING. (2SOX) 



IN-PILE TEST OF 105/149[J. UO2 IN GRAPHITE 
SPECIMEN TYPE FA-1 

\^4 

; t \ y '<iUi.-y'^c^ 
^ * . — - ."^^^ . 

FIG. 7-3c BEFORE IRRADIATION, P@©X) 

FIG. 7-3d AFTER IRRADIATION, flOOX). NOTE 
VOID SPACE AROUND PARTICLES. 



OUT-OF-PILE TEST OF 350/420|x UO2 IN GRAPHITE 
SPECIMEN TYPE FA-10 

FIG, 7-4a BEFORE HEATING. 

FIG. 7-.4b AFTER HEATING. flOOX) 



IN-PILE TEST OF 350/420|i UO2 IN GRAPHITE 
SPECIMEN TYPE FA-1§ 

FIG. 7-4c BEFORE IRRADIATION, 

FIG. 7-4d AFTER IRRADIATION. f250X) 



c h a r a c t e r i s t i c a p p e a r a n c e of u r a n i u m ca rb ide i s not ev iden t . 

Exce l l en t v iews of the fuel p a r t i c l e s in the F A - 1 s p e c i m e n s w e r e 
obta ined a s noted in F i g u r e s 7 -3a th rough 7 -3d . No change in p a r t i c l e 
d imens ion o r a p p e a r a n c e can be noted in the ou t -o f -p i l e t e s t . Although 
t h e r e i s no a p p a r e n t c a r b i d e fo rma t ion in the i n - p i l e t e s t t h e r e i s a 
no t iceable i n c r e a s e in the void r eg ion a roung the p a r t i c l e ( F i g . 7 -3d ) . 
The i n c r e a s e in r a d i u s of the g raph i t e void i s a p p r o x i m a t e l y ZQp^ Since 
f i ss ion f ragment r e c o i l r ange in g raph i t e i s a l s o about ZQu, th i s r e s u l t 
s t rong ly sugges t s that the loca l g raph i te r eg ion d i r e c t l y affected by 
f i ss ion f ragment r e c o i l h a s b e c o m e h a r d e n e d and b r i t t l e and m o s t 
p robab ly c a m e out dur ing pol i sh ing of the s p e c i m e n . D e t e r i o r a t i o n of 
the fuel p a r t i c l e i t se l f i s a l so noted, the d e c r e a s e in r a d i u s being about 
10 m i c r o n s . F i g u r e s 7 -4a th rough 7-4d a r e of the F A - 1 0 s p e c i m e n s . 
No affect on the UO2 p a r t i c l e s can be noted in the ou t -o f -p i l e t e s t . 
Although the o r ig ina l fuel p a r t i c l e in the i r r a d i a t i o n t e s t a p p e a r s badly 
f r agmen ted , no s ignif icant affect to the p a r t i c l e o r the g raph i t e m a t r i x 
can be noted in the p o s t - i r r a d i a t i o n v iew. 

Other m e a s u r e m e n t s m a d e on the i n -p i l e and ou t -o f -p i l e s p e c i m e n s 
w e r e m a c r o s c o p i c examsination, weight change , d imens iona l change , and 
i m p a c t s t r e n g t h . The weights and d imens ions of a l l s p e c i m e n s p r i o r to 
t e s t ing a r e given in Table 7 - 2 , 

These s p e c i m e n s had addi t ional f lats mach ined on t h e i r s u r f a c e s to 
p e r m i t a c c u r a t e m e a s u r e m e n t of t h e i r d i a m e t e r s . The d imens iona l 
s h r i n k a g e s noted in Table 7-2 a r e p r e d o m i n a n t l y due to i r r a d i a t i o n 
effects s ince ins igni f icant s h r i n k a g e s w e r e found for the ou t -o f -p i l e 
s p e c i m e n s except in the c a s e of the F I - 1 t y p e . The i r r a d i a t i o n - i n d u c e d 
s h r i n k a g e s do not flecrease with i n c r e a s i n g UO2 p a r t i c l e s i z e ( i . e . d e ­
c r e a s i n g r e c o i l f i ss ion f r agment e x p o s u r e to the m a t r i x ) a s might be 
expec ted which i m p l i e s that p r o p e r t i e s of the g raph i t e m a t r i x a n d / o r 
neu t ron damage a r e the s ignif icant f a c to r s r a t h e r than damage by f i s s ion 
f r agment r e c o i l . The F I - 1 s p e c i m e n has a fully g raph i t i zed m a t r i x 
(Type AGOT) . The low sh r inkage of the F A - 2 s p e c i m e n could be r e l a t e d 
to the low d e g r e e of g raph i t ina t ion and low dens i ty (1 .50 glcc\ of th is 
s p e c i m e n which was m a d e with a coke f i l ler and baked a t only 2000" 'F. 
Bothfthe F A - 1 s p e c i m e n and the F A - 1 0 s p e c i m e n have a g raph i t e f i l l e r 
but the p i tch b i n d e r s w e r e not graphi t ized^ aga in due to the r e l a t i v e l y 
low bake t e m p e r a t u r e . The F A - 1 0 s p e c i m e n was r e i m p r e g n a t e d s e v e r a l 
t i m e s to r a i s e i t s g raph i t e dens i ty to 1.80 g m / c c . The g raph i t e dens i ty 
for the F A - 1 s p e c i m e n was 1.62 g m / c c . It would a p p e a r that the high 



T A B L E 7 - 2 

WEIGHTS AND DIMENSIONS OF UNCOATED UOg F U E L SPECIMENS IN O U T - O F - P I L E AND I N - P I L E TESTS 

Weight Change D i m e n s i o n a l Change 

Spec imen Type 
and No . 

F I -1 (E8) 

FA-2(E8) 

F A - I ( E 8 2 ) 

FA-10(E5) 

FI»1(E2) 

FA-2(E7) 

FA-1(E76) 

FA-10{E6) 

P o l a r (a) 
T e s t 

I n - P i l e 

O u t - o f - P i l e 

In i t ia l , g m s , 

52 .3128 

45 .1378 

51 .8004 

56.0927 

52.621 

45.351 

51.892 

55.727 

Change , % 

- 0 . 4 0 

- 0 . 5 5 

- 0 . 1 1 

- 0 . 0 6 

-0 .77 

-2 ,55 

-0 .45 

-0.09 

In i t ia l , i n . 

1.477 

1.447 

1.478 

1.469 

1.487 

1.447 

1.476 

1.474 

E q u a t o r i a l (b) 
Change , % 

- 0 . 7 6 

- 0 . 0 3 

- 0 . 4 7 

- 0 . 6 9 

- 0 . 0 7 

0 .0 

0 .0 

0 .0 

Ini t ia l , in . 

1.476 

1.452 

1.490 

1.469 

1.479 

1.449 

1.476 

1.471 

Change , % 

- 0 . 6 7 

- 0 . 0 8 

- 0 . 5 2 

- 0 . 8 1 

- 0 . 1 0 

- 0 . 0 7 

0 .0 

0 .0 

(a) Molding or e x t r u s i o n ax i s 

(b) P e r p e n d i c u l a r to molding or e x t r u s i o n ax i s 



sh r inkage of the F A - 1 0 s p e c i m e n , in spi te of the m i n i m u m f iss ion 
f ragment exposu re due to i t s l a r g e AQOjuduel p a r t i c l e s , i s a s s o c i a t e d 
with i t s l a r g e n u m b e r of r e i m p r e g n a t i o n s . 

Ident ica l s p e c i m e n s f rom the s a m e p roduc t ion b a t c h e s a s the F A - 1 
and F I - 1 type had a l so been i r r a d i a t e d in a p r e v i o u s c a p s u l e , S P - 1 . Th i s 
i r r a d i a t i o n was d e s c r i b e d in ref (2) . The d imens iona l changes f rom 
Capsule S P - 1 a r e c o m p a r e d with those o b s e r v e d in Capsu le S P - 4 in Table 
7 - 3 . The in f i l t r a t ed s p e c i m e n (FI -1) showed a s m a l l e r sh r inkage at the 
longer e x p o s u r e which ind ica t e s tha t the lower t e m p e r a t u r e of the S P - 1 
i r r a d i a t i o n m a y have been the dominant f a c t o r . This effect i s not bo rne 
out in the c a s e of the a d m i x t u r e s p e c i m e n ( F A - 1 ) , al though the sh r inkage 
i n c r e a s e with the h ighe r t e m p e r a t u r e i r r a d i a t i o n i s only 50% of the 
e x p o s u r e i n c r e a s e . Due to the lower f i ss ion f r agmen t r e c o i l e x p o s u r e 
( i . e . l a r g e r fuel p a r t i c l e s i ze ) in the a d m i x t u r e s p e c i m e n , the effect of 
fas t neu t ron damage could be r e l a t i v e l y m o r e s ignif icant in the admix tu r e 
e l emen t than in the in f i l t r a t ed e l e m e n t . 

TABLE 7 -3 

C o m p a r i s o n of Dimens iona l Changes O b s e r v e d in Capsule S P - 1 and S P - 4 for 
F A - 1 and F I - 1 Spec imens 

Type F I - 1 Type F A - 1 
T e m p . E x p o s u r e Dimens iona l T e m p . E x p o s u r e Dimens iona l 

Capsu le '^F. KWH/Bal l Change , % ° F KWH/Bal l Change , % 

S P - 1 1350 1500 - 0 . 9 3 1350 1400 - 0 , 2 2 
S P - 4 1800 7700 - 0 . 7 1 1700 6400 - 0 . 5 0 

The weight l o s s da ta shown in Table 7-2 c l e a r l y ind ica te s that 
t e m p e r a t u r e effects a r e m o s t s ignif icant s ince the weight l o s s e s a r e 
a l l l a r g e r for the ou t -o f -p i l e s p e c i m e n s . It i s i n t e r e s t i n g to note that 
the r e l a t i ve o r d e r of weight l o s s e s a r e the s a m e for both the ©ut-of-pile 
and the in -p i l e spec imiens . The ma jo r fac tor in t h e s e weight l o s s e s i s 
p robab ly fur ther devola t i l i za t ion of a d s o r b e d g a s e s . 

Impac t t e s t s w e r e p e r f o r m e d on the se s p e c i m e n s by dropping a 
s t ee l weight onto the s p e c i m e n f rom s u c c e s s i v e l y i n c r e a s i n g he igh t s to 
the point of f a i l u r e . Since p r ev ious t e s t s (ref 2̂ ) had shown that P B R 
s p e c i m e n s ac tua l ly i n c r e a s e in c o m p r e s s i v e s t r eng th with i r r a d i a t i o n , 
th i s t e s t was not s e l ec t ed for the S P - 4 s p e c i m e n s . The i m p a c t t e s t 
r e s u l t s for the ou t -o f -p i l e and the in -p i l e s p e c i m e n s a r e summar iz .ed 
in Table 7 - 4 , 
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specimen 
Type 

FI-1 
!! 
II 

FA-1 
It 

It 

FA-2 
FA-10 

Fai lure , 
F t - l b s . 

12.5 
11.5 
13.6 
11,5 
11.5 
7 . 3 
7 . 5 

10.4 

No. 
Impacts 

12 
11 
11 
11 
11 

5 
15 
10 

Fai lure , 
F t - l b s . 

9 . 4 

6 .8 

6 .8 
10.6 

TABLE 7-4 

Impact Data on Uncoated Spheres 

After Out-of-Pile After SP-1 After SP-4 
As-Received Heating Irradiation Irradiation 

No. Fai lure , No. Fai lure , No. 
Impacts F t - l b s . Impacts F t - l b s . Impacts 

22 10.4 12 11.7 35 

16 8.4 10 9.4 28 

16 3 9 
23 12.5 37 

For purposes of comparison, the impact data on as- rece ived specimens, 
and the admiixtured and infiltrated specimens after irradiation in Capsule 
SP-1 are also included. 

Although there is random scatter in this impact data, all values are 
significantly above the design objective of 2.0 ft, lbs for PBR specimens 
except the FA-2 type. No significant effect of i rradiat ion on impact 
strength can be noted, although there is a slight drop in impact strength 
for several of the specimens. 

The Capstile SP-4 irradiation has demonstrated that more than one 
type of uranium-graphite mater ia l has adequate s tructural proper t ies to 
meet the reference design conditionB of a large Pebble Bed Reactor . 
Some further work will be required to establish the cause and nature of 
the weight losses observed, but nonetheless, our initial selection of graphite 
as a high temperature ceramic structural mater ia l for use in PBR fuel 
element appears fully justified. 
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8. 0 Capsule Design and P e r f o r m a n c e 

One incidentiaJ advantage of the PBR fuel e lement concept i s the ease 
of tes t ing full sca le fuel e lements under conditions c losely approaching 
those of a l a rge power r e a c t o r . By replacing the thor ium in the re fe rence 
fuel e lement with additional enr iched u ran ium, a re la t ive ly low powered 
r e s e a r c h r eac to r such as the 2 MW Bat te l le R e s e a r c h Reac tor can 
produce power densi t ies in t es t spec imens up to 75% of the de s i r ed 
maximum power densi ty . In additions f ission product leakage can be 
moni tored by adding hel ium inlet and outlet l ines to the capsu le . Two 
capsules were under i r r ad ia t ion in the BRR during Phase II: Capsule S P - 4 
which was a s ta t ic capsule , and capsule S F - 5 , which contained two sweep 
compar tmen t s in addition to a s ta t ic compar tmen t , 

8,1 Static Capsule S P - 4 

The p r i m a r y purpose of this i r r ad ia t ion was to invest igate the 
stabil i ty of UO2 fueled graphite under high t empe ra tu r e i r r ad i a t i on . 
Four 1 1 /2" 'd iameter uncoated graphite sphe res fueled with different 
types of UO2 were included. These spec imens and the exper imenta l 
r e su l t s on them a r e desc r ibed in Section 7 . 0 , Two additional coated 
spec imens were included. These were coated with Si-SiC and pyrolyt ic 
carbon and a r e desc r ibed in Sections 3« 1*1.and 3»2,1 r e spec t ive ly . 

The design fea tures of Capsule S P - 4 a r e shown in F i g . 8 - 1 . Since 
this exper iment was concerned solely with the effects of i r r a ^ a t i o n on 
physical p rope r t i e s of the specimens^ no hel ium l ines were included 
for detecting fission product l eakage . The capsule was designed without 
auxi l iary e lec t r i ca l h e a t e r s , depending solely on nuclear heat generat ion 
and t he rma l r e s i s t a n c e s in the capsule to achieve the des i r ed speciimen 
t e m p e r a t u r e . Each spec imen is mounted in a split graphite cy l inder . 
A 30 mil annulus is provided around each spec imen . This annulus i s 
filled with a free flowing graphi te powder which miniimizes the t h e r m a l 
r e s i s t ance of the gap while permi t t ing the spec imen to expand or cont rac t 
without r e s t r a i n t . An inconel inner capsule i s fitted over the six graphite 
cy l inde r s . F ins a r e provided on the outside of the inner capsu le . The 
number of fins and fin thickness were se lec ted to achieve a spec imen 
surface t e m p e r a t u r e of 1900®F which would r e su l t in specimen cen t ra l 
t e m p e r a t u r e s of 2000 to 2100®F. A s ta in less s teel outer capsule i s fitted 
over the f ins. Heat i s re jec ted from this outer capsule wall d i rec t ly to the 
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BRR pool water , A total of 13 thermocouples were installed in the capsule. 
Two thermocouples a re located in the graphite cylinder just outside the 
equator of each specimen. In addition, a hole was drilled to the center 
of the uppermiost specimen (Type FA-1) and a thermocouple installed 
therein. The specimen power level actually obtained can be calculated 
from the measured temperatures in the graphite cylinder, the pool 
water temperature , and the effective thermal conductivity of the capsule 
p a r t s . Using this power level, the specimen temperatures can then be 
calculated, again starting from the naeasured graphite cylinder temperature , 

Caps\ile SP-4 was inser ted into the BRR on August 25, 1959. Typical 
operating conditions a re summarizsed in Table 8 - 1 . 

Specimen 

FA-1(E82) 
FA-8(E6) 
FI-1(E8) 
FA-2{E8) 
FA-20C336E) 
FA-10fE5) 

Operating 

Measured Grj 
Block Temp 

1300 
1400 
1400 
1400 
1250 
1300 

TABLE 8-

Conditions for 

aphite 
,. »F 

1 

Capsule SP-4 

Ht. Gen. 
Rate, 

1.9 
2 , 2 
2 . 3 
2 , 2 
2 , 0 
1,7 

KW 
Calculated 

Surface Temp. 

1600 
1750 
1750 
1750 
1550 
1600 

Central 
Temp . , °F 

1750Ca) 
1850 
1850 
1900 
1750 
1700 

' ^ ' Measured tempera ture . One thermocouple is imbedded in the 
center of this specimen only. All other central tenaperatures^ 
a re calculated. 

As can be noted, the target temperature of 190O'*F surface temperature 
was not achieved. Several factors were investigated in an attempt to 
explain or improve the situation. Since no auxiliary electr ical heaters 
were included, the target temperature was to have been achieved by proper 
selection of the thickness and mater ia l of the various thermal b a r r i e r s 
with respect to the anticipated flux levels . One factor was uncovered 
when laboratory measurenients of the thermal conductivity of the Inconel-X 
used for the inner capsule showed that the l i tera ture value used in design 
was 20% low. An attempt was made to increase the neutron flux by rearranging 
fuel elements in the BRR core . However, there was no significant inc rease . 
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S e v e r a l p lans w e r e s tud ied to apply an e x t e r n a l t h e r m a l b a r r i e r to the 
capsu le to i n c r e a s e the t e m p e r a t u r e . However , the c lose t o l e r a n c e 
r e q u i r e d a t the c a p s u l e - b a r r i e r i n t e r f ace a p p e a r e d i m p r a c t i c a l to ach ieve 
with r e m o t e handl ing dev ices unde r 23 ft, of pool w a t e r . 

The i r r a d i a t i o n of Capsule S P - 4 was t e r m i n a t e d on M a r c h 7, I 9 6 0 . 
The accumula t ed full power ope ra t ing t i m e was 139 ,5 d a y s . Dur ing the 
c o u r s e of the i r r a d i a t i o n , 6 t h e r m o c o u p l e s fai led, 2 each for the F A - 1 0 
and FA-20 s p e c i m e n s , and 1 each for the F A - 2 and F I - 1 s p e c i m e n . 
However , t h e r e was sufficient ope ra t ing t ime with a l l t h e r m o c o u p l e s 
working so tha t t e m p e r a t u r e s w h e r e t h e r m o c o u p l e s had fai led could be 
e s t i m a t e d with confidence b a s e d on t he rmocoup le r e a d i n g s a t o the r l o c a t i o n s . 

The e s t i m a t e d i r r a d i a t i o n e x p o s u r e s for the s p e c i m e n s given in 
Sect ion 7 , 0 , 3 , 1 . 1 , and 3 . 2 , 1 w e r e b a s e d on the ca l cu la t ed power l eve l s 
l i s t e d in Table 8-1 and the equiva lent full power ope ra t ing t i m e of 139 .5 d a y s . 
Ana lys i s of the coba l t -n i cke l d o s i m e t e r w i r e s for s e v e r a l of the s p e c i m e n s 
gave somewha t l ower va lues A c o m p a r i s o n of t h e s e va lues i s given in 
Table 8 - 2 . 

TABLE 8-2 

C o m p a r i s o n Of E s t i m a t e d E x p o s u r e s To 
Spec imens In Capsu le S P - 4 By Two Methods 

E s t i m a t e d E x p o s u r e , K W H / s p h e r e 
Spec imen F r o m T h e r m a l Data F r o m D o s i m e t r y 

F A - 1 6400 3700 
FI--.1 7700 4400 
F A - 2 7400 4400 

B a s e d on p r e v i o u s e x p e r i e n c e , bu rnups ca l cu l a t ed f rom t h e r m a l 
da ta a r e u sua l l y within _+ 30% of the d o s i m e t r y d a t a . As noted in F i g . 8 - 1 , 
the d o s i m e t e r w i r e s a r e loca t ed on the outs ide wal l of Capsule S P - 4 , 
The u n p e r t u r b e d t h e r m a l neu t ron flux in the e x p e r i m e n t a l hole was about 
3 , 5 x l 0 l 3 and a p e r t u r b e d Hux a t the capsu le waill should have been about 
2 x l 0 l 3 . The flux leve l co r r e spond ing to the d o s i m e t r y da ta was only 
I x l 0 l 3 , Thus , i t i s felt tha t the d o s i m e t r y da ta i s p robab ly low but the 
s o u r c e of the d i s c r e p a n c y i s unexpla ined . 
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8.2 Sweep Capsule SP-5 

The pr imary purpose of this i rradiat ion was to investigate the fission 
product retention character is t ics of promising fuel element specimens 
under high level i r radiat ion. The two most promising specimens selected 
fro Capsule SP-5 were the Si~SiC coated specimen (FA-23) and a specimen 
fueled with vapor-deposited A1,0_ coated UO_ CFA-22|. 

The design features of Capsule SP-5 are shown in Figure 8-2, The 
general method of mounting each specimen in a graphite cylinder and using 
a doublycontained4:apsule with fins on the inner capsule is the same as for 
Capsule SP-4 described in the previous section. However, the outer cap­
sule of SP-5 is divided into two independent compartments . The upper com­
partment, called the sweep compartment, conatins two separate inner cap­
sules . Separate helium inlet and outlet lines a re brought to each inner cap­
sule . Gas flow, which is upwards through the graphite powder annulus su r ­
rounding each specimen, scavenges any fission products which leak from 
the specimens ajid ca r r i e s them to trapping apparatus outside the capsule. 
An FA-22 and, an FA-23 specimen are located in the two irmer capsules of 
the s'weep compartment. 

A separate static cojmpartment i s located below the sweep compart­
ment. No heliom lines a r e connected to the static compartment. An addi­
tional FA-22 specimen, an additional FA-23 specimen, and two FA-20 
specimens are included in the static compartment. A simple threaded con­
nection joins the sweep compartment and the static compartment so that if 
it becomLCS desirable to exaimine the sweep compartment specimens (i. e, if 
large increases in fission product re lease rates indicate failure of both 
specimens), the upper compartment can be disengaged and the lower com­
partment left in the reactor for further i rradiat ion. No thermocouples are 
included in the static compartment because of this disconnect feature. Tem­
peratures and power levels for these specimens are estimated from tempera­
ture data in the sweep compartment and the axial flux profile in the experi­
mental hole. 

Irradiation of Capsule SP-5 was star ted on April 6, I960 and continued 
through the end of Phase II (October 31, I960). Typical operating conditions 
during the irradiation are listed in Table 8-3, 
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TABLE 8-3 

Typical Operating Conditions For Specimens In Capsule SP-5 

Specimen 
No, 

Sweep: 
FA-22(47 IE) 
FA-23(E8-7) 

Static: 
FA-22(470E) 
FA-20f338E) 
FA-23(E8-12) 
FA-20(345E) 

Measured 
Block Temp, "F 

1090 
1010 

_ 
_ 
_ 
_ 

Ht. Gen. 
Rate, KW 

1.5 
1,6 

1.4 
1.3 
1.0 
0 . 8 

Calc. Surface 
Temp, "F 

1360 
1300 

1360 
1360 
1300 
1360 

Calc. Central 
Temp, "F 

1550 
1440 

1540 
1460 
1390 
1420 

A schematic diagram of the off-gas t ra in used to measure fission 
product leakage rates is shown in Figure 8-3 . Two independent gas t rains 
are included. Sweep helium flow is maintained continuously throughout 
the i r radiat ion. The flow is normally through a doubly-contained bypass 
line directly to the final activity removal t r a p s . Fiss ion product 
concentrations in this helium stream are measured by diverting a portion 
of the flow through the analytical t ra in for a period of about 2 hours . 

Special under water t raps for the non-volatile daughter products of 
the short-lived noble fission product gases were installed as shown in 
F ig , 8 - 3 . These t raps consists of a stainless steel container 2 1 / 2 " 
OD by 36" long filled with layers of stainless steel mesh. The sweep 
helium flow normally bypasses these t r aps . A sample is taken by 
actuating the underwater valves and diverting the full flow through the 
t r ap . Segments of the stainless steel mesh can be remioved from the t rap 
and radiochemically analysed for such isotopes as Sr 89, Ba 140, Ce 141, 
and I 131. 

Data obtained for the long-lived volatile fission product re lease and 
from the non-volatiles t rap is given in Section 3 .1 ,2 for the FA-23 
specimen and in Section 4 .4 for the FA-22 specimen. 
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9,0 In-Pile Loop 

The design, construction and operation of an in-pile loop to study 
the behaviour of fission products escaping frooi a PBR fuel element 
is being performed under a subcontract to the Nuclear Science and 
Engineering Corp. The purposes of this loop are to study the equilibrium 
activity levels in a recycle helium s t ream; methods of lowering gas s t ream 
activity level; the amount, location, and nature of deposited fission 
products; and methods of decontaminating eqtiipment surfaces . In addition 
to testing low-release PBR fuel elennent specinciens, an uncoated uranium-
graphite specimen will be tested to simulate problems of a "dir ty" p r imary 
loop. 

The in-pile portion of the loop will be inser ted in experimental hole 
W-11 of the Brookhaven Graphite Reactor with the blowers, heat exchangers, 
sampling stations, e tc , located on the adjacent floor space. Design 
character is t ics of the loop a re as follows: 

Circulating Fluid 
Operating P r e s s u r e 
Flow Rate 
Max. Helium Temp, 
Min. Helium Temp, 
Max. Specimen Temp. 
Max. Specimen Power 

Heliunm 
14 psia 
8 scfm 
1250''F 
250«F 
1800'F 
0,25 KW 

Two major var iables , the system p res su re and the specimen power, 
have been selected with a view to miininaizing the cost of the loop. The use 
of sub-atmospheric p re s su re eliminates the need for double containinent 
while the naodest power level in the specimen will provide measurable 
activity yet minimize the gas flow reqmrements and shielding cos t s . 

Figure 9-1 is a schematic diagram of the in-pile loop. Gas leaves 
the in-pile section at 1250''F and enters the shell side of a coiled tube 
heat exchanger where it is cooled to SSO'F. The exchanger is designed 
for easy replacennient of the tube coil so that deposition on the tube surface 
as a function of temperature can be studied. An intermediate Dowtherm 
loop, which t ransports heat from this exchanger to a water-cooled sink, 
has been included to permi t adequate control of the helium outlet 
t empera ture . The heliuna next passes through a rennovable 550 ' F test 
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section containing deposition coupons and a precooler to lower the 
temperature to 250®F which enables the use of an economical low 
temperature Mower, Before entering the blower, provision is made 
for in-line or bypass operation of an analytical t ra in which will gather 
data on fission product re lease rate and activity levels in the gas s t r eam. 

Two Dexter-Conde positive diaplacement blowers a re provided, 
although only one is required for nornaal operation. Each blower and i ts 
drive motor are mounted in a canned enclosure so that leaktightness will 
not depend on a rotating, seal* Flow variation is achieved by powering the 
drive motors from a variable frequency motor generator set . A bypass 
charcoal t rap is provided from the blower discharge back to the Mower 
inlet so that the effect of continuous gas decontamination can be studied. 
After leaving the blower, the helium tenaperature is ra ised to 1200®F 
by an electr ical resis tance heater and then enters the in-pile section. 

A drawing of the in-pile section is shown in Figure 9-2 . Inlet 
helium flows through the annulus of the co-axial pipe section, through 
the test specimen holder located at the innermost end of the center pipe, 
and returns through the center pipe. Separate offset inlet and outlet 
lines a re used through the fixed shield plug. The specimen holder and hot 
leg coupons a re replaceable through a flanged connection on the front end 
of the center pipe and a removable shield plug. A vacuum jacket contain­
ing two stainless steel foil radiation shields a re provided to prevent 
overheating of the reactor graphite. 

A mockup of the test specimen holder is shown in Figure 9-3 , 
Port ions of unfueled graphite spheres a re mounted in each half of a 
split graphite cylinder and all graphite surfaces are coated with 
siliconized silicon carbide. The fueled specimen is mounted between 
the unfueled graphite spheres to simulate a packed bed arrangement . Two 
thermocouples a re imbedded in the surface of the fueled specimen to 
permit accurate temperature measurement . 

Subasseinblies of the loop components were prepared and tested for 
leaktightness pr ior to shipment to BNL, The final assembly including 
the auxiliary water, a i r and Dowtherm systems was completed at BNL. 
A photograph of the assembled loop on the floor adjacent to hole W-11 
at the BNL Graphite Reactor is shown in Figure 9-4. The in-pile section 
is seen facing away from, the pile face in order that shakedown tests could 
be performed pr ior to i r radiat ion. During these out-of-pile t es t s , an 
unfueled graphite sphere containing a miniature 0.25 KW electr ical heating 
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e l emen t was u s e d in p lace of the fueled s p e c i m e n in o r d e r to s imu la t e 
n u c l e a r hea t i ng . 

During the c o u r s e of the shakedown t e s t s , s e v e r a l p r o b l e m s a r o s e . 
E x c e s s i v e float bounce in the p r i m a r y he l ium flowroieter was c o r r e c t e d by 
the addi t ion of a dantiping or i f ice a t the m e t e r ou t l e t . An accumula t ion of 
a g r e a s y subs tance in the b lower c a s i n g s , due e i t he r to e x c e s s i v e l u b r i ­
ca t ion o r faulty c lean ing , c a u s e d the graphi te vanes in the b lower to 
se ize and b r e a k dur ing the s t a r t u p of one of the b l o w e r s . After r ep lac ing 
the v a n e s and a thorough d e g r e a s i n g , the b lower p e r f o r m a n c e i m p r o v e d 
not iceably and smooth ope ra t ion was ach ieved over the r ange of 2 to 24 scfm 
at 14 p s i a d i s c h a r g e p r e s s u r e . One s e r i e s of t e s t s was run to m e a s u r e 
the t e m p e r a t u r e dif ference be tween the s p e c i m e n and the he l ium s t r e a m a s 
a function of he l ium flow r a t e . At 0 .2 KW input to the dumimy s p e c i m e n , 
t e m p e r a t u r e dif ference v a r i e d fromi 140°F a t 2 1 . 4 scfm to 325"'F a t 5 ,5 sc fm, 
A t e m p e r a t u r e difference of 550°F had been est imiated a t 8 scfm and 0 .25 KW 
us ing h e a t t r a n s f e r c o r r e l a t i o n s frona packed bed d a t a . The l ower t e m p e r ­
a t u r e d i f fe rences ac tua l ly obtained a r e a t t r i bu t ed to addi t ional conduct ion 
l o s s e s to the adjacent unhea ted suppor t s p h e r e s . It i s p lanned to achieve 
the des ign t e m p e r a t u r e dif ference by ope ra t ing the s p e c i m e n a t 0 , 4 KW 
( i . e . in the m a x i m u m t h e r m a l flux obta inable in Hole W-11) and us ing 
r e d u c e d he l ium flow r a t e s of 5 scfm or l o w e r . 

A s e r i o u s def ic iency in the t h e r m a l capac i ty of the s y s t e m was a l s o 
u n c o v e r e d dur ing the shakedown t e s t s . At low he l ium f lowra t e s , the 
hea t capac i ty of the c i r cu l a t i ng he l ium was insuff icient to ma in t a in gas 
t e m p e r a t u r e s throughout the hot leg piping and the i n -p i l e s ec t i on . 
This r e q u i r e d the addi t ion of aux i l i a ry h e a t e r s to maice up hea t l o s s e s 
from the s y s t e m . F lex ib le heat ing cable cons i s t ing of n i c h r o m e w i r e 
in su la t ed with f i b e r g l a s s , a s b e s t o s and s t a i n l e s s s t ee l b r a i d was wrapped 
on high t e m p e r a t u r e sec t ions of the ou t -of -p i le p ip ing . A 3 /4 i n . d i a m e t e r 
s t a i n l e s s s t ee l shea thed e l e c t r i c a l h e a t e r was i n s t a l l ed in the in -p i l e 
s ec t i on . With t h e s e modi f ica t ions , un i form pipe t e m p e r a t u r e s w e r e 
ach ieved in the ou t -o f -p i l e sec t ion and he l ium t e m p e r a t u r e s of 1100°F to 
1150°F w e r e ach ieved at the s p e c i m e n ho lder in the in -p i l e sec t ion which 
was s l ight ly below the des ign he l ium t e m p e r a t u r e of 1200®F, 

At the end of P h a s e II, the in -p i l e s ec t ion was d i s m a n t l e d for i n s e r t i o n 
into the r e a c t o r . Ini t ia l i n -p i l e ope ra t ion will be with an unfueled 
e l e c t r i c a l l y h e a t e d s p h e r e to p rov ide a final checkout p r i o r to ope ra t i on 
with a fueled s p e c i m e n . 



The f i r s t fuel e l e m e n t to be i r r a d i a t e d in the loop wil l be an FA-22CE| 
s p e c i m e n fueled with adumina coa ted UO2 f rom ba tch 6H fsee Table 2 - l | . 
This s p e c i m e n wil l be o t h e r w i s e s i m i l a r to the F A - 2 2 s p e c i m e n s being 
i r r a d i a t e d in Capsule S P - 5 except for the p r o v i s i o n of two the rmocoup le 
ho le s in the i n -p i l e loop s p e c i m e n . Dur ing fabr ica t ion of t h e s e s p e c i m e n s , 
s m a l l g raphi te p lugs w e r e molded into the s p h e r e . After baking , t h e r m o c o u 
ho les w e r e d r i l l e d in the plugs so that none of the a l u m i n a coa t ings on the 
fuel p a r t i c l e s would be dantiaged. The r e s u l t s of a neu t ron ac t iva t ion 
s c r een ing t e s t on th i s s p e c i m e n a r e given in Table 4 - 11 in Sect ion 4 , 4 . 
Data on f i s s ion p roduc t l eakage r a t e s and vola t i le f i ss ion p roduc t 
concen t ra t ion in the he l ium s t r e a m dur ing loop ope ra t ion wil l be ob ta ined . 
It i s p robab le that the low r e l e a s e r a t e s f rom the F A - 2 2 s p e c i m e n wil l m a k e 
i t difficult to obta in meaningful da ta on f i ss ion p roduc t depos i t ion . 

The second fuel e l emen t to be i r r a d i a t e d in the i n -p i l e loop wil l be an 
F A - l f E ) s p e c i m e n fueled with uncoa ted UO^ sho t . L eakage f ac to r s of the 
o r d e r of 10"^ a r e expec ted f rom th i s type of s p e c i m e n so i t should be 
poss ib l e to obtain da ta on the efficiency of the b y p a s s c l e a n - u p t r a p and 
f i s s ion p roduc t depos i t ion in addi t ion to m e a s u r i n g l eakage r a t e s and 
vola t i le f i ss ion p roduc t ac t iv i ty l e v e l s . 
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10. 0 F u r t h e r Development 

Based on the encourag ing r e s u l t s with coated fuel p a r t i c l e s , the 
r e f e r e n c e fuel e l emen t adopted for the P e b b l e Bed R e a c t o r i s a g r aph i t e 
s p h e r e fueled with a d i s p e r s i o n of coated fuel p a r t i c l e s . F u r t h e r deve lop­
m e n t of this fuel e l emen t could p roceed along two p a r a l l e l paths - coated 
p a r t i c l e deve lopment and g raph i t e s p h e r e deve lopment . 

Coated P a r t i c l e Deve lopment . T h e r e a r e n u m e r o u s a s p e c t s of p a r t i c l e 
coat ings which should be inves t iga ted i r r e s p e c t i v e of the type of coat ing 
o i a t e r i a l under cons ide ra t ion : 

1. A thorough evaluat ion of the fabr ica t ion p r o c e s s v a r i a b l e s should 
be m a d e . T h e s e v a r i a b l e s include the type and s i ze of equipment u sed , the 
d e g r e e of agi ta t ion, the depos i t ion t e m p e r a t u r e , and gas compos i t ion . The 
object ive h e r e i s to achieve the minimuna product ion cos t s ( i . e . m a x i m u m 
deposi t ion r a t e a n d / o r m a x i m u m p a r t i c l e throughput) while mee t ing 
speci f ica t ions on coating in t eg r i t y . 

2. A de ta i led inves t iga t ion of the c h a r a c t e r i s t i c s of m o l e c u l a r l y 
depos i ted coat ing m a t e r i a l should be m a d e . T h e s e c h a r a c t e r i s t i c s should 
include dens i ty , c r y s t a l s t r u c t u r e , po re s t r u c t u r e , s t r eng th , t h e r m a l con­
duct ivi ty , and expans ion coefficient and they should, of c o u r s e , be c o r r e ­
la ted with p e r f o r m a n c e t e s t s . The object ive h e r e i s t o d e t e r m i n e which of 
t he se p r o p e r t i e s a r e m o s t s ignif icant in p red ic t ing coating p e r f o r m a n c e . 

3 . Although the r e a c t o r d e s i g n e r wi l l impose c e r t a i n r e q u i r e m e n t s 
on p a r t i c l e d i a m e t e r and coating t h i c k n e s s , the l imi t a t ions imposed by the 
fabr ica t ion p r o c e s s should be exp lo red . 

4 . The locat ion and causes of uraj i ium contaminat ion of the coating 
m a t e r i a l should be b e t t e r unders tood so that it can be cont ro l led to a c c e p t ­
able l e v e l s . 

5. High- f i red shot has been used as the fuel p a r t i c l e in m o s t of the 
work to d a t e . The use of l e s s expens ive , pos s ib ly m o r e p o r o u s , and out-
of- round p a r t i c l e s should be exp lo red . 

6. F u r t h e r work should be done on the i nco rpo ra t i on of a po rous 
inner l a y e r in the coating which could act as a r e s e r v o i r for f i ss ion produc t 
g a s e s . 



7. The vapor depos i t ion p r o c e s s r e a d i l y p e r m i t s the i n c o r p o r a t i o n 
of eidditives to the coating m a t e r i a l . A wide r ange of v a r i a b l e s ( i . e . addit ive 
naa te r ia l and qusmtity) i s p o s s i b l e . The effect of addi t ives on b a s i c c h a r ­
a c t e r i s t i c s of the coating m a t e r i a l should be exp lored so that coating p e r ­
fo rmance can be improved w h e r e r e q u i r e d . 

8. The m i g r a t i o n r a t e s of u r a n i u m and t h o r i u m as a function of 
t e m p e r a t u r e s should be exp lo red . 

9. The effect of neu t ron and f iss ion f ragment e x p o s u r e as a function 
of t e m p e r a t u r e on p r o p e r t i e s of the coating should be unde r s tood . A wide 
v a r i e t y of coated p a r t i c l e types cam be economica l ly i r r a d i a t e d by using a 
s m a l l quant i ty of each p a r t i c l e tjrpe. Since r a t h e r p r o m i s i n g i r r a d i a t i o n 
da ta h a s a l r e a d y been obtained on Al™Oo coa t ings , th i s w o r k should be 
continued and an e a r l y i r r a d i a t i o n t e s t on pyro ly t ic ca rbon coat ings should 
be unde r t aken . 

Graph i t e Sphe re Deve lopment . Th i s a r e a involves the i nco rpo ra t i on 
of coated fuel p a r t i c l e s into a s p h e r i c a l g raph i t e m a t r i x and the evaluat ion 
of the fuel e l emen t as a whole . Specific a r e a s which r e q u i r e fur ther w o r k 
a r e as follows: 

1. S o u r c e s of u r a n i u m contaminat ion can a r i s e f rom d a m a g e to the 
p a r t i c l e coat ings dur ing the g raph i t e s p h e r e fabr ica t ion p r o c e d u r e ( i . e . m i x ­
ing, naolding, and baking) . P r o c e s s i n g condit ions should be se l ec ted to give 
the bes t g raph i t e c h a r a c t e r i s t i c s while mininnizing u r a n i u m contamina t ion . 

2 . The p r e s e n c e of coated fuel p a r t i c l e s at the su r face of a g raph i te 
s p h e r e could lead to the l o s s of fuel p a r t i c l e s f rom the e l emen t dur ing 
r e a c t o r opera t ion and d a m a g e to the p a r t i c l e coat ings by ex t e rna l fo rces 
act ing on the fuel e l e m e n t . An unfueled l a y e r such as a su r f ace coating 
o r an unfueled g raph i te she l l should be developed for th is type of fuel 
e l emen t . 

3 . Chemica l r e ac t i on between m e t a l oxide coat ings and the g raph i t e 
m a t r i x l im i t s the m a x i m u m opera t ing t e m p e r a t u r e for th i s type of fuel 
e l emen t . A b e t t e r unders tand ing should be obtained of the fac to rs which 
could a c c e l e r a t e the r e a c t i o n r a t e , such as chpice of raw n a a t e r i a l s , b a k e -
out cyc le , and g raph i te i m p u r i t y l e v e l s . 

4 . All high tenciperature g raph i t e r e a c t o r s can be subject to two types 
of c o r r o s i v e at tack: sudden oxidat ion by the a d m i s s i o n of a i r in the event 
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of a r u p t u r e in the p r i m a r y loop and the m a s s t r a n s f e r of ca rbon by r e a c t i o n 
with t r a c e i m p u r i t i e s of CO^ or H2O in the he l i um coolant . If gas blanket ing 
techniques to p r even t combust ion in the ca se of sudden oxidation a r e not 
f eas ib le , then a p ro t ec t i ve coat ing such as s i l i con ca rb ide o r pos s ib ly 
pyro ly t i c ca rbon wil l be r e q u i r e d . Excep t for the pos s ib l e effects of p in­
ho les or c r a c k s , a s i l i con ca rb ide coating would a l so p reven t ca rbon t r a n s ­
f e r . A b e t t e r unders tand ing of ca rbon t r a n s p o r t phenomenon i s needed with 
r e g a r d s the r e l a t i onsh ip of r e a c t i o n r a t e s to c i r cu i t t r a n s i t t i m e , the use 
of i n h i b i t o r s , and the use of a low specif ic su r face a r e a coating like p y r o ­
ly t ic ca rbon . 

5. The t h e r m a l c h a r a c t e r i s t i c s of g raph i t e s p h e r e s fueled with 
coated p a r t i c l e s should be s tudied- The g r e a t e s t unce r t a in ty in se t t ing 
the t h e r m a l s t r e s s l i m i t s on a s p h e r i c a l g r a p h i t e fuel e l emen t i s in the 
effect of i r r a d i a t i o n on thernnal conduct ivi ty . 

6. P r o m i s i n g v e r s i o n s of PBR fuel e l e m e n t s should be subjec ted to 
Sweep Capsu le i r r a d i a t i o n s cover ing a r ange of t e m p e r a t u r e s and burnups 
to p roduce a final ei^aluation of the effects of i r r a d i a t i o n on f i ss ion p roduc t 
r e t en t ion and i m p o r t a n t phys ica l c h a r a c t e r i s t i c s such as i m p a c t , c o m ­
p r e s s i o n , a b r a s i o n , e t c . 

7. Ba tches of fuel e l e m e n t s should be manufac tu red in quant i t ies of 
at l e a s t 1000 so that p r o p e r t i e s of m a s s produced s p h e r e s could be checked, 
inspec t ion p r o c e d u r e s developed, and product ion expe r i ence obtained which 
would form a b a s i s for r e a l i s t i c fuel cos t e s t i m a t e s . 
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