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FOREWORD 

This is P a r t 3, "Technology of Ceramic Components , " of the 10-part 

r epor t UCRL-7036. A l is t of all 10 p a r t s , including t i t les and major sub­

headings, appears on the following two pages . 
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A. J . Rothman 
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L i v e r m o r e , California 
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A core of ce ramic fueled tubes consti tutes the hea r t of the Tory II-C 

r eac to r . The scope of this repor t is the descr ipt ion of these fueled tubes , 

an outline of the technique used in thei r fabricat ion, and their operating r e ­

quirements and ability to meet these r e q u i r e m e n t s . 

a. Fabr ica t ion P rocedures 

1. Descr ipt ion of Tubes 

The tubes a r e hexagonal p r i sms 4 inches long and 0.297 in. a c r o s s 

f lats , having a cent ra l hole 0.227 in. in d i ame te r . (See F ig . 1. ). The tubes 

consist of a continuous BeO ma t r i x containing in solid solution a fine d i spe r ­

sion of urania (UOp), z i rconia (ZrO^)* and y t t r i a (Y^Oo). The Y^O, and 

ZrO^ a r e used to help stabil ize the tubes against phase t ransformat ion to 

U - O Q near 1200 "C and to reduce fuel loss in the high oxygen p r e s s u r e s en-
3 o 

countered in Tory II-C. 

The mean BeO grain s ize in the m a t r i x va r ies from about 5 to 20 m i ­

c rons , depending on the fuel loading and firing t e m p e r a t u r e . The fuel pa r t i ­

cles ZrOp-UO^-Y^O- (hereafter r e f e r r ed to as "Horse rad i sh" ) a r e typically 

0,5 to 1 mic ron in d i ame te r , although they a r e dis t r ibuted in size from well 

under 0,5 to occasionally 10 m i c r o n s . They a r e dis t r ibuted within grains as 

well as on gra in boundar ies . 

The fuel loadings a r e descr ibed as weight percent urania in the total 

BeO-UO - Z r O ^ - Y ^ O - m a t r i x . They vary from about 1 to 7%, excluding the 

unfueled e lements . (Details of fuel loading c l a s ses a r e given e lsewhere in 

other r epor t s . ) The weight ra t io of UO^/ZrO^/Y^O^ is fixed at 45.00% to 

19.38% to 35.62% for al l loading c l a s s e s . Alternat ively expressed , this is 

approximately 1 mole Y-,0_ to 1 mole Zi\^a to 1.057 moles UO-,, 

iSSfeCRET I ^ ^ T ^ C ^ E D DATA 

ha 



0.297 in, 
MOL-1830̂ 4-

F i g . 1. P lu to fuel e l e m e n t . 

DIMENSIONS 

All m u s t be 0.297 ± 0 .001 , a v e r ­
age of a l l m u s t l i e within 0.0005 
of 0 .297. 

Al l m u s t be 0.227 ± 0.002, a v e r ­
age of a l l m u s t l i e wi thin 0.0005 
of 0 .227. 

Mus t be 0.035 ± 0.003 for fueled 
t u b e s . 

Al l s u r f a c e s " D " m u s t l i e e n t i r e l y 
wi th in t h e s p a c e be tween two con 
c e n t r i c h e x a g o n a l bounda ry s u r ­
f ace s w h o s e d i m e n s i o n s " A " a r e 
0.2985 and 0 .2955, r e s p e c t i v e l y . 
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The phase observed in these fueled tubes by x - r a y diffraction is face 

centered cubic, with lat t ice p a r a m e t e r (room t empera tu re ) a„ = 5.31 - 5.32 A 

as p repared (after hydrogen firing). Samples of the hydrogen-f ired fuel mix­

tu re , both in the pure form and mixed intimately with BeO, were annealed at 

var ious t empe ra tu r e s up to 1400°C at 75 ps ia . Times of annealing were 10 

to 16 h o u r s . After the h i g h - p r e s s u r e oxygen anneals , the lat t ice constant 

dec reased to 5.27. A. No difference in la t t ice p a r a m e t e r was observed when 

BeO was presen t during the anneal . 

Typical densi t ies of the ce r amic elements a r e as follows: 

Wt % UO2 g / c m 
3 

0 2.95 (98%) 
2 3.06 
5 3.15 
8 3.33 

Other than for pure BeO, the densi t ies a r e 99- 100% of " theore t ica l " densi ty, 

calculated on the bas i s : 

D - 3.01 
theore t . W + O.Zll^^ + 0.570W + 0.479W^ ' 

where W, through W. a r e the weight f rac t ions , respect ive ly , of BeO, UO^, 

Y^O , and ZrO^. 

2. Fabr ica t ion Techniques 

High-purity raw ma te r i a l s a r e used throughout: s in terable BeO powder 

uranyl n i t ra te (U-235), y t t r ium n i t ra te , and zirconyl n i t r a t e . The n i t ra te so­

lutions a r e s lu r r i ed with the BeO powder, and the fuel is coprecipi ta ted by 

the addition of ammonium hydroxide (Fig. 2). This mixing technique is r e ­

fe r red to in this repor t as s lu r ry -p rec ip i t a t ion or "s lurpi ta t ion . " The t e r m 

"pre -coprec ip i ta t ion" re fe rs to coprecipi tat ion of the fuel components in the 

absence of BeO, followed by mixing the precipi ta te and fuel together in a 

liquid suspension. Slurpitation is now the s tandard technique used in produc­

tion. 

The mixture is f i l tered, dr ied , and calcined at 1000°F to render it uni­

form. It is then blended with half its weight of a binder mix ture containing 

polyvinyl alcohol, methyl cel lulose , and water , and finally extruded under 

about 8,000-10,000 psi p r e s s u r e through a d ie . The tubes a r e dr ied , the 

binders a r e burned out in a i r at 1500 °F, and finally the fuel elements a r e 
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Fig. 2. Schematic flow sheet for fuel element fabricat ion. 
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f i r e d in h y d r o g e n a t 3 0 9 0 ° F (1700°C) to dens i fy t h e m . The f i r i ng t e m p e r a t u r e 

m a y be r e d u c e d 100 or 200 °F b a s e d on s u b s e q u e n t e v a l u a t i o n . 

b . C h a r a c t e r i s t i c s of C e r a m i c E l e m e n t s 

F u e l e l e m e n t s for T o r y I I -C m u s t m e e t the fol lowing s p e c i a l r e q u i r e ­

m e n t s : 

1) Wi ths t and m e c h a n i c a l s t r e s s e s , inc lud ing t h o s e o r i g i n a t i n g f r o m 

t h e r m a l g r a d i e n t s . 

2) Wi ths t and t h e r m a l cyc l ing s t r e s s e s . 

3) R e t a i n fuel whi le in a h i g h - p r e s s u r e a i r s t r e a m . 

4) Wi ths t and r a d i a t i o n f ie lds . 

F u e l e l e m e n t s m u s t a l s o w i t h s t a n d a t t a c k of m o i s t a i r , a l though th i s 

f a c t o r is u n i m p o r t a n t in a t y p i c a l 5 - m i n u t e T o r y I I -C r u n . But for P lu to eng ines 

l ike T o r y I I - C the w a t e r a t t a c k p r o b l e m is m a r g i n a l for 10 -hour r u n s a t 

2500 "F wal l t e m p e r a t u r e , and h e n c e coa t i ngs d e s i g n e d to p r e v e n t w a t e r a t t a c k 

a r e be ing s t u d i e d . Such coa t i n gs wi l l not be a p a r t of T o r y I I - C , h o w e v e r . 

1. M e c h a n i c a l S t r e s s e s 

As in T o r y I I -A , m e c h a n i c a l s t r e s s e s p e r s e wi l l be s m a l l . H o w e v e r , 

t h o s e o r i g i n a t i n g f r o m t e m p e r a t u r e g r a d i e n t s ( t h e r m a l s t r e s s e s ) wi l l be a p ­

p r e c i a b l e . 

T h e r m a l s t r e s s . In p r a c t i c e , a t h e r m a l s t r e s s r e s i s t a n c e p a r a m e t e r 

( rk / ( l - v)Ea i s d e t e r m i n e d by m e a s u r i n g how m u c h p o w e r m u s t p a s s t h r o u g h 

the s a m p l e wal l to c a u s e c r a c k i n g in the s a m p l e . The r e s u l t s m a y be p lo t ted 

a s ffk/Ea (F ig . 3) for any a s s u m e d v ( P o i s s o n ' s ra , t io, h e r e 0.33) and the r e ­

su l t s c o m p a r e d with the T o r y I I -C d e m a n d . D e t a i l s of the a p p a r a t u s and a s ­

s u m p t i o n s m a d e in the c a l c u l a t i o n s a r e g iven by W e l l s and C l i n e . 

E a r l i e r da t a on BeO and BeO-UO-, w e r e conf l i c t ing . B lowpipe d a t a in -
2 

d i c a t e d t h a t only s l i gh t c r a c k i n g would o c c u r , whi le s t e a d y - s t a t e t h e r m a l 

s t r e s s t e s t s u s ing t h i c k - w a l l s p e c i m e n s in s t a t i c gas gave m o r e p e s s i m i s t i c 

r e s u l t s . T h e s e e a r l i e r s a m p l e s had BeO g r a i n s i z e s of abou t 20 to 50 m i c r o n s . 

W. M. Wel l s and C. F . C l i n e , " T h e r m a l S t r e s s T e s t s of BeO and B e O -
U O ^ , " U C R L - 6 8 5 2 (1962). 

^ J . W. Had ley , " T o r y I I -A - A N u c l e a r R a m j e t T e s t R e a c t o r , " U C R L - 5 4 8 4 
(1959). 
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Fig. 3. Thermal s t r e s s r e s i s t ance of Horse rad i sh (8% UO^) samples . 
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R e c e n t p r o c e s s i m p r o v e m e n t s u t i l i z ing H o r s e r a d i s h fuel added by 

s l u r r y - p r e c i p i t a t i o n have r e s u l t e d in f i ne r g r a i n e d fueled BeO wi th i m p r o v e d 

e l a s t i c s t r e n g t h a t low t e m p e r a t u r e s and p r o b a b l y m o r e c r e e p r e l a x a t i o n n e a r 

the h i g h e r t e m p e r a t u r e s of T o r y I I - C . As a r e s u l t the m a t e r i a l exh ib i t s 

b e t t e r t h e r m a l s t r e s s r e s i s t a n c e in the t e m p e r a t u r e r a n g e s tud ied (see F i g . 

3). The g r a i n s i z e m a y be kep t down to 8 m i c r o n s at and above 5% UO2' 3.1-

though i t i s l a r g e r for v e r y low fuel c o n c e n t r a t i o n s (near 1%). T h e r m a l 

s t r e s s t e s t s of the t h i c k - w a l l s p e c i m e n s in s t a t i c gas a r e not ye t c o m p l e t e , 

but they i n d i c a t e t ha t s t r e n g t h s of t u b e s wi th h igh fuel load ing a r e a d e q u a t e 

to m e e t T o r y I I -C d e m a n d s wi thout e x c e s s i v e c r a c k i n g (F ig . 3). 

A c t u a l l y , s o m e f a i l u r e s p lo t t ed w e r e not t y p i c a l in t ha t c r a c k s a p p a r ­

ent ly o c c u r r e d on coo l ing . If the s a m p l e u n d e r g o e s c r e e p d u r i n g the a p p l i ­

c a t i o n of t h e r m a l s t r e s s , t hen s u b s e q u e n t cool ing wil l c a u s e a s t r e s s r e v e r -

s a l w h o s e m a g n i t u d e is about double"" the o r i g i n a l t h e r m a l s t r e s s for s a m p l e 
-3 

g e o m e t r y l ike o u r s . In o u r e x p e r i m e n t a l a r r a n g e m e n t the h e a t f lows f r o m 

the i n s i d e of the s a m p l e o u t w a r d d u r i n g a p p l i c a t i o n of t h e s t r e s s . F r a c t u r e 

of the 1700 "C s i n t e r e d m a t e r i a l a t t e s t t e m p e r a t u r e s above 2400 °F o r i g i n a t e d 

in the b o r e , thus i nd ica t ing tha t f a i l u r e o c c u r r e d on c o o l i n g . 

Yet to be a s s e s s e d a r e the low fuel l o a d i n g s , which m a y show s o m e w h a t 

l o w e r t h e r m a l s t r e s s r e s i s t a n c e b e c a u s e of l a r g e r g r a i n s i z e . 

It should be noted p a r e n t h e t i c a l l y t ha t e v a l u a t i o n of the T o r y I I -A fuel 

e l e m e n t s to d a t e shows tha t c r a c k i n g of t u b e s in c e n t r a l a r e a s of the c o r e h a s 

not b e e n e x c e s s i v e . The l a r g e n u m b e r of t u b e s which c r a c k e d in coo led p e ­

r i p h e r a l a r e a s of h igh t e m p e r a t u r e g r a d i e n t in the r e a c t o r , did so b e c a u s e of 

h igh t e m p e r a t u r e g r a d i e n t s a c r o s s t h e i r d i a m e t e r s r a t h e r t h a n in t h e i r w a l l s . 

E v e n t h e s e did not s h a t t e r , but m a i n t a i n e d i n t e g r i t y . T h u s , c r a c k i n g of s o m e 

t u b e s would not a p p e a r to be d i s a s t e r o u s to the r e a c t o r . 

Modu lus of r u p t u r e . T y p i c a l v a l u e s of m o d u l u s of r u p t u r e of 4 - i n c h 

t u b e s m e a s u r e s on a 3 - inch , t h r e e - p o i n t s p a n a r e 3 0 , 0 0 0 - 4 0 , 0 0 0 p s i . Modu­

lus of r u p t u r e i s a funct ion of d e n s i t y and g r a i n s i z e , and t h e r e f o r e is inf lu­

enced by s i n t e r i n g t e m p e r a t u r e . F i g u r e 4 shows s o m e r e c e n t m e a s u r e m e n t s 

of s t r e n g t h vs s i n t e r i n g t e m p e r a t u r e for s l u r p i t a t e d t u b e s . M o r e d a t a a r e b e ­

ing ob ta ined to a u g m e n t t h e s e . O t h e r d a t a ob ta ined show s o m e w h a t h i g h e r 

s t r e n g t h s for a l l s i n t e r i n g t e m p e r a t u r e s , e s p e c i a l l y t h o s e be low 1600 ' 'C. 

Th i s doubl ing of s t r e s s is t r u e for the c o n f i g u r a t i o n u s e d in the t e s t r e f e r r e d 
t o . It is not i n t ended t h a t i t be app l i ed to the r e a c t o r s i t u a t i o n . 

•^S. T i m o s h e n k o and J . N . G o o d i e r , T h e o r y of E l a s t i c i t y ( M c G r a w - H i l l Book 
C o . , I n c . , New Y o r k , 1951), p . 4 1 3 . 
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F igure 5 i l lus t ra tes modulus of rupture as a function of tes t t e m p e r a ­

ture for severa l fuel loadings. These resu l t s a r e intended to show the r e l a ­

tive variat ion of s t rength with t empera tu re for tubes s intered at some a rb i ­

t r a r y t e m p e r a t u r e s , not necessa r i ly the opt imum. In fact, the sintering 

t empe ra tu r e s for the fueled tubes a r e definitely higher than optimum. Note 

that the s t rengths at f i rs t inc rease with tes t t e m p e r a t u r e , then fall . The 

values recorded at 2500 and 2700°F a r e cer tainly too high since c r eep was 

observed to occur in the t es t . 

Compress ive c r e e p . Compress ive c r e e p of BeO fueled with Horse rad i sh has 

been measu red in a i r and is l isted below. As indicated in UCRL-6826, c r eep 

ra te is inverse ly proport ional to the square of the gra in s i ze . Consequently, 

s ta tements about c r e e p mus t include charac te r i za t ion of the g ra in s i ze . Typi­

cal c reep values for fueled BeO tubes a r e given in Table I. 

Table I. Typical compress ive c r eep m e a s u r e m e n t s on fueled BeO tubes . 

Speci­
men 
number 

11-1 
11-3 
41-1 
41-2 

S t ress 
(psi) 

3000 
500 

3000 
500 

Temp 
(°F) 

2700 
3100 
2700 
3000 

Time 
(hours) 

5.00 
3.52 

10.2 
12.0 

Strain 
(%) 

0.10 
0.25 
6.82 

10.78 

Predic ted 
s t r a in 

(%) 

0.11 
0.26 
7.45 

14.10 

Density 
(g/cc) 

3.37 
3.35 
3.34 
3.33 

Grain 
s ize^ 

(microns) 

- 3 0 
- 3 0 

~5 
- 5 

These values l isted a r e found by the conventional ASTM intercept method. 

To s u m m a r i z e the effects of compress ive c reep : 

1) The effect of compress ive c r e e p in producing dis tor t ion of the 

fuel elements in a 10-hour Tory II-C miss ion may be neglected. Ext rapola­

tion would indicate 0,2% for the finest grained m a t e r i a l (assumed to be 5 |JL) 

at 2550 "F under a s t r e s s of 300 psi for 10 hours . 

2) Creep under other conditions may be es t imated using the Naba r ro -

Herr ing c reep re la t ionship with AH = 96 ki localor ies as follows: 

.̂  = K 4 e - ^ ^ / ^ T « 5 >< 10^ s ^-48 ,314/T 

d'̂  d 

where 

V = c reep r a t e , i n . / i n . - h r , 

s = applied s t r e s s , psi , 
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d = m e a n g r a i n d i a m e t e r a s d e t e r m i n e d by the i n t e r c e p t m e t h o d , 
m i c r o n s , 

T = a b s o l u t e t e m p e r a t u r e , "K. 

It m u s t be cau t ioned tha t the above c o n s t a n t K is s a t i s f a c t o r y only for the 

p a r t i c u l a r m a t e r i a l t e s t e d . E x t r a p o l a t i o n even to the s a m e m a t e r i a l , but 

wi th a d i f f e ren t t h e r m a l h i s t o r y , m u s t be done with c a u t i o n . Idea l ly one 

shou ld d e t e r m i n e t h e c o n s t a n t f r o m a t l e a s t one c r e e p t e s t on a l i ke m a t e r i a l . 

F u r t h e r m o r e , t he d e n s i t y effect is not known. The above equa t ion a p p l i e s to 

h i g h - d e n s i t y m a t e r i a l s (>98.5%). 

3) As is ev iden t f rom, a p r e v i o u s p a r t of th i s r e p o r t , g r a i n s i z e m a y 

be changed to v a r y c r e e p . Thus one m i g h t r e d u c e o r i n c r e a s e c r e e p by v a r y ­

ing the s i n t e r i n g t e m p e r a t u r e of the fuel e l e m e n t s . 

2. F u e l L o s s and S t r u c t u r a l S tab i l i ty 

F u e l l o s s and c y c l i n g . Of i n t e r e s t in a c o n s i d e r a t i o n of r e a c t o r p e r f o r m a n c e 

a r e the q u e s t i o n s of how m u c h fuel is v o l a t i l i z e d due to ox ida t ion , and w h e t h e r 

the fueled t u b e s r e t a i n i n t e g r i t y a f t e r ox ida t ion e x p o s u r e . T h e s e q u e s t i o n s 

a r e d e a l t wi th be low . 

F u e l l o s s was m e a s u r e d in s lowly flowing oxygen (75 p s i a ) a t 1650' 'C 
235 

(SOOO^F) for 10 h o u r s , u s ing g a m m a count ing of U . The a v e r a g e l o s s was 

2 . 5 % of the u r a n i u m for bo th 2 wt % UO^ and 8 wt % UO^ H o r s e r a d i s h - f u e l e d 

B e O . The r a n g e of v a l u e s for 33 s a m p l e s was 1 to 4 % . A few s a m p l e s w e r e 

t e s t e d a t 1500 °C in oxygen a t 75 p s i a , but a t th i s t e m p e r a t u r e the fuel l o s s i s 

about the s a m e (~0.5%) a s the p r o b a b l e e r r o r in ou r coun t i ng . A plo t of fuel 

l o s s vs t i m e is g i v e n in F i g . 6 for a t e m p e r a t u r e we l l in e x c e s s of T o r y I I - C ' s 

and for l o n g e r t i m e s . 

Af te r fuel l o s s t e s t i n g , t he e l e m e n t s w e r e m e a s u r e d for m o d u l u s of 

r u p t u r e . Only m i n o r l o s s e s in s t r e n g t h w e r e no t ed . See T a b l e II. 

T a b l e II . Modu lus of r u p t u r e ^ of fue led t u b e s b e f o r e and a f t e r t e s t i n g , 
g iven in t h o u s a n d s of p s i . ( P r e - c o p r e c i p i t a t e d t u b e s s i n t e r e d 1700 ° C / 4 h r 
in H2.) 

B e f o r e t e s t Af te r t h e r m a l cyc l ing Af te r fuel l o s s 
Tube M e a n Range M e a n R a n g e M e a n R a n g e 

8% UO2 28 2 7 - 3 0 24 2 3 - 2 6 24 17-29 

2% UO2 26 2 4 - 2 9 23 19-24 25 2 3 - 2 8 

T h r e e - p o i n t l o a d i n g , I j - i n . s p a n . 
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Thermal cycling to 1500 °C consisted of heating to t empe ra tu r e in 10 

minutes , holding for 10 minutes , and cooling to approximately 200 °C in 10 

minutes for a total of 10 cyc les , to s imulate r eac to r t e s t s . All exper iments 

were done in 75 psia oxygen. There was no evidence of s t ruc tu ra l degrada­

tion in any of the samples tes ted . Fuel losses were l ess than 0.5% uran ium. 

As in fuel loss tes t ing, only minor losses in s t rength were noted (see Table 

II). 

X - r ay diffraction studies made in 75 psia oxygen up to 1400°C show that 

the UOp-Y^O_-ZrO^ solid solution is stable under these condit ions. F u r t h e r , 

a negligible volume change resu l t s upon converting the compound from the 

oxygen-poor s ta te (as s intered in hydrogen) to the oxidized form. 

Similar ly , an x - r a y diffraction analysis of a tube which had been tes ted 

for fuel loss at 1650 °C for 10 hours in 75 psia oxygen revealed the same face-

centered s t ruc tu re with the same lat t ice constant . Microscopic examination 

of a thin section of the tube before and after test ing revealed no significant 

change in the m i c r o s t r u c t u r e . There was no indication that reac t ion had oc­

cur red between the fuel phase and the BeO. 

Thermal expansion resu l t s indicate that the Hor se rad i sh m a t e r i a l has 

a higher coefficient of the rmal expansion than BeO, although this does not 

seem to have any effect on the mechanical p r o p e r t i e s . The expansion coeffi­

cients a r e : 

U 0 2 - Y 2 0 . - Z r 0 2 (in a i r or 1 a tm O^): a^n iooo°C ~ ^^-^^ '̂̂ ~ i n . / i n . - "C 
B e O - a^ 1 n QQQop = 8 . 6 X 10 i n . / i n . - ° C 

In conclusion, fuel losses a r e negligible and fuel stability is good in the 

t empera tu re region of in te res t for Tory I I -C. Tubes of high fuel loading may 

swell slightly during oxidation, but not excessively in this t empera tu re region. 

(See "Swelling" below.) 

Swelling. Although no cracking or g ross loss in s t rength is observed when 

the fuel elements a r e oxidized, "swell ing" or volume expansion of tubes is 

observed in some c a s e s . This is determined by measur ing tubes at room 

t empera tu re both before and after t es t s in oxygen at high t e m p e r a t u r e . In 

ex t reme c a s e s , even bl is ter ing has been observed. The evidence is strong 

that the combination of fuel components and res idual sulfur in the BeO is r e ­

sponsible for the swelling. 
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The swelling phenomenon is re la ted to hydrogen sintering t empe ra tu r e 

(and perhaps sintering cycle) , fuel loading (% UO^), and oxidation tes t t em­

p e r a t u r e . It is apparently also re la ted to initial sulfur in the BeO. It may 

also be re la ted to the method of adding fuel to BeO and to freedom of c i rcu­

lation of hydrogen in the sintering operat ion. There is appreciable va r i a ­

bility in both the amount of swelling and in sulfur ana lyses . Consequently, 

we do not have complete definition of the problem for all conditions, but have 

determined the effect of each var iable in a l imited s e r i e s of t e s t s . 

In summary , these a r e the pert inent observat ions after oxidation t e s t ­

ing for 10 hours at 1500°C: 

1) At low fuel concentrat ion (2% UO^ in t e s t s ) , negligible swelling is 

observed for ma te r i a l s s in tered at or above 1650 °C. 

2) At in termedia te (5% UO^) and high (8% UO^) fuel concentra t ions , 

t es t s indicated appreciable swelling for low sintering t e m p e r a t u r e s (2-3% 

volume at 1600°C sinter ing t empera tu re ) , and very smal l swelling (< 1 % 

volume and < 1 mil a c r o s s flats) for a s inter ing t empe ra tu r e of 1650 to 1700*'C. 

3) Swelling of the 5 and 8% UO^ was found to be l a r g e r for seve ra l 

high-sulfur (1100 ppm S) BeO batches and less for low-sulfur (500 ppm S) 

ba tches . There is sti l l a question as to whether sulfur content alone is suffi­

cient to cause the swelling problem, since duplicate batches containing the 

same nominal sulfur content showed gross ly different r e s u l t s . 

4) Low sinter ing t empera tu re s (near 1600°C) a r e probably des i rab le 

on other grounds to maximize s t rength (see " T h e r m a l S t r e s s " ) . Reasonable 

compromises may be made between s t rength and swelling, and final s inter ing 

t empe ra tu r e s will be chosen to keep swelling acceptably low (< 1 % volume and 

< 1 mil a c r o s s f lats) . 

5) Note that at Tory II-C conditions, the swelling problem exis t s , but 

is not s eve re since t e m p e r a t u r e s a r e low compared to swelling tes t t e m p e r a ­

t u r e s , and since by far the majori ty of the fuel e lements contain < 3 % fuel 

(see Table III), while only a smal l portion (10%) of the r eac to r consist of fuel 

loadings of 4% or above. 
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Table III. Distr ibution of tubes according to fuel concentrat ion. 

Approximate fuel concen­
t ra t ion, a (% UO2) 

2 
3 
4 
5 

Percen t of tubes having 
concentrat ion < a 

40 
74 
91 
96 

3. I r radia t ion Damage Effects 

Ample evidence exists that neutron exposures equivalent to those r e ­

quired for a 10-hour Pluto miss ion have no significant effect on unfueled BeO 

at t empera tu res of in te res t . There is a question, however, about the behav­

ior of fueled BeO. 

A p rog ram of i r rad ia t ions is in p rog res s to a s s e s s the effect of r eac to r 

i r rad ia t ion on the p roper t i es of fuel e lements . Tests a r e made in static oxy­

gen or in an iner t gas , depending on the conditions des i r ed . The sample is 

fueled with oralloy and heated by its own fission energy. The i r rad ia t ions to 
235 

date have been on pre-coprec ip i ta ted tubes, containing 8 wt % U O^, and 

having densi t ies g rea t e r than 3. 3 g r a m s / c m . The i r rad ia t ions were made 

in the LPTR, at a dose ra te about 30% that of the maximum Tory II-C power 

level . The total dose ranged from 20 to 200% of the dose a Tory II-C fueled 

tube would receive in 10 hours at full power. 

The only proper ty which seems to be affected by radiat ion at exposures 

of Pluto level is the the rmal conductivity. The r o o m - t e m p e r a t u r e the rmal 

diffusivity is measu red before and after i r rad ia t ion . The data obtained to 

date a r e given in Table IV. F r o m these data, it appears that a r ea l , but 

smal l , effect on the the rmal diffusivity is produced by radiat ion at these t em­

p e r a t u r e s . It a lso appears that a sa tura t ion value is reached in about 2 hours 

of equivalent full-power Tory II-C operat ion. The exper iments will continue, 

with the intent of examining this effect at lower t e m p e r a t u r e s , sho r t e r t i m e s , 

and at flux densi t ies m o r e near ly comparable to those expected for the Tory 

II-C r eac to r . It is expected from pre l iminary evidence that the effect will be 

significantly g rea t e r at lower t e m p e r a t u r e . 

In addition to the thermal diffusivity m e a s u r e m e n t s , the tubes a r e ex­

amined for dimensional changes and changes in modulus of rup tu re . The ef­

fect of i r rad ia t ion on these p roper t i es is negligible. 
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Table IV. Relative r o o m - t e m p e r a t u r e t he rma l res is t iv i ty 
before and after i r rad ia t ion . 

Sample 

1 
2 
3 
4 
5 
6 

I r radia t ion 
t empera tu re 

("C ± 50) 

1450 
1450 
1400 
1400 
1400 
1400 

Integrated 
power density^ 

(MW-hr / f t3 | 

536 
493 

0 - control 
0 - control 

320 
51 

Time, t 
(hr) 

63.1 
58.0 
60.0 
60.0 
37.7 

6.0 

Atmosphere 

Oxygen 
Oxygen 
Oxygen 
Argon 
Neon 
Neon 

R / R Q ^ 

1,35 ± 0.1 
1.51 ± 0.1 
0.90 ± 0.1 
1.1 ± 0.1 
1.4 ± 0.2 
1.37 ± 0.1 

The peak integrated power density in Tory II-C for 10 hours in the tempera­
tu re range 1800 to 2500' 'F is 266 MW-hr/ f t^ . 

b.„ /^ Thermal res i s t iv i ty after i r rad ia t ion 
' R / R Q = 

Thermal res i s t iv i ty before i r rad ia t ion ° 

In conclusion, i r rad ia t ion d e c r e a s e s t he rma l conductivity measurab ly 

in the regions of in te res t , but not markedly at the maximum Tory II-C t em­

p e r a t u r e . At minimum Tory II-C t e m p e r a t u r e s , the conductivity loss is ex­

pected to be wor se . 

/ m r 
.^ 

£ C R E T 



LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
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