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C O R R I G E N D A 

P a g e 

B M I - 1598, P R O P E R T I E S O F F U E L S F O R H I G H - T E M P E R A T U R E 
R E A C T O R C O N C E P T S 

Ju ly 1, 1963 

P l e a s e a t t a c h to r e p o r t o r m a k e t h e fo l lowing c h a n g e s on the a p p r o p r i a t e p a g e s . 

F u e l C o m p a r i s o n T a b l e : S u b s t i t u t e t h e fo l lowing v a l u e s for t h e t h e r m a l c o n 
d u c t i v i t i e s for UO2 i n c a l / ( s e c ) ( c m ) ( C ) : 0. 026 a t 20 C, 0. 008 a t 600 C , 0. 005 a t 
1200 C. 

11 S e c t i o n C 6 : 

17 S e c t i o n C6: 

T e m p e r a t u r e , 
F 

1600 
1800 

R u p t u r e t i m e : for 1600 F si 

R e v i s e a s fo l lows ; 

S t r e s s for 
0 . 0 0 1 P e r 

C e n t p e r H r 

9 , 8 0 0 
7 , 8 0 0 

C r e e p R a t e 
0 . 0 1 P e r 

C e n t p e r H r 

1 4 , 9 0 0 
1 0 , 0 0 0 

l o u l d be 60 . 2 i n s 

Shown, p s i 
0. 1 P e r 

Cen t p e r H r 

2 2 , 0 0 0 
1 3 , 0 0 0 

t e a d of 60 2. 

R u p t u r e Da ta 
S t r e s s , 

p s i 

3 0 , 0 0 0 
2 0 , 0 0 0 
1 5 , 0 0 0 

R u p t u r e T i m e , 
h r 

3 8 . 7 
2 7 . 2 

1 6 9 . 7 

53 T a b l e G2: A d d t h e s u p e r s c r i p t (b) t o t h e 4 . 8 e n t r y , l a s t l ine i n f i r s t c o l u m n , a n d 
p l a c e t he fo l lowing footnote b e l o w the t a b l e : 

(b) R e a c t i o n b e t w e e n UC a n d t a n t a l u m c o n t a i n e r r e s u l t e d in t h e l a r g e d e n s i t y 
c h a n g e shown , a n d a l s o a f f e c t e d t h e f i s s i o n - g a s r e l e a s e . 

65 S e c t i o n B 6 a : V a p o r i z a t i o n e q u a t i o n for a b o v e 2000 K s h o u l d r e a d : 
3 . 7 1 9 5 x 1 0 ^ 3 . 5 6 1 2 x 1 0 ^ 2 . 6 1 7 8 x 1 0 ^ 

log P ( m m Hg) = 13. 298 - + + 
'j'2 'j'3 

77 F i g u r e D2b: C h a l k R i v e r c u r v e shou ld be l a b e l e d " U O 2 " ; t h e r m a l - c o n d u c t i v i t y 
un i t on o r d i n a t e shou ld r e a d : w / ( c m ) ( C ) . 

82 S e c t i o n F 2 e shou ld r e a d : S t a i n l e s s s t e e l No r e a c t i o n a t 2400 F . 

T u n g s t e n f a s t r e a c t i o n a t 2065 C. 

84 S e c t i o n G2b{3) s h o u l d h a v e a p p e n d e d a t t he end of t he s e n t e n c e : " . . . a t t e m p e r a 
t u r e s up to 3000 F . " 

84 S e c t i o n G 2 c : Next to l a s t l i ne on the p a g e i n s e r t " o b s e r v e d " b e t w e e n the w o r d s 
d i f f e r e n c e s a n d b e t w e e n a n d "(for i n - p i l e r e l e a s e ) " b e t w e e n t h e w o r d s nnodels 
and i s , 

109 S e c t i o n A 3 , s e c o n d l i ne c o r r e c t i o n : " c h a r a c t e r i s t i c s " i n s t e a d of " c h a r a c r e r i s t i c s " 

111 T a b l e C5 c o r r e c t i o n : " B e O " i n s t e a d of " B e o " . 



C O R R I G E N D A (Cont inued) 
P a g e 

117 S e c t i o n G5a : D e l e t e f r o m n e x t - t o - l a s t s e n t e n c e : . . . "and UO2 l o s e s i t s c r y s t a l -
Uni ty in t he r a n g e of 36 to 64 x 10^^ f i s s i o n f r a g m e n t s p e r c m ^ " . 

118 T a b l e G l : L a s t two e n t r i e s in c o l u m n h e a d e d " C o m m e n t s " s h o u l d r e a d , r e 
s p e c t i v e l y : B e ( O H ) 2 - U 0 2 a n d B e O - U 0 3 . 

121 & T a b l e s G 5 a , G 5 b , a n d G 5 c : Unit for c o l u m n h e a d e d " F i s s i o n B u r n u p " s h o u l d 
1 22 r e a d a / o U. 

127 R e f e r e n c e (2): F i r s t a u t h o r s h o u l d r e a d : S t u b b s , F . J . i n s t e a d of S t u b b s , T . J . 

128 T a b l e 1: F o o t n o t e (a) shou ld be c h a n g e d to r e a d " C a p s u l e p r o b a b l y l e a k e d " . 

162 T a b l e G l : Add s u p e r s c r i p t (f) t o C o r e - t o - C l a d d i n g Rat io^ ' c o l u m n h e a d i n g a n d 
a d d t h e fol lowing foo tnote : 

(f) R a t i o of c o r e d i m e n s i o n to t o t a l c l a d d i n g d i m e n s i o n for e a c h i n d i c a t e d 
d i m e n s i o n . 

194 F o u r t h l i n e : C h a n g e " T a b l e 2 c o n t a i n s " t o " T a b l e s 2A a n d 2B c o n t a i n " . 

195 T a b l e 2: Change t i t l e t o " T a b l e 2A" a n d d e l e t e " N o m i n a l " in I r r a d i a t i o n T e m p e r a 
t u r e c o l u m n h e a d i n g . Add to the bottonn of T a b l e 2A on p a g e 195 the fo l lowing 
f o o t n o t e s : 

(a) L i s t e d in o r d e r of p r e p a r a t i o n in the c a s e of m u l t i p l e c o a t i n g s . 
(b) R a t e of i s o t o p e r e l e a s e d i v i d e d by r a t e of g e n e r a t i o n . V a l u e s l i s t e d a r e the 

r e l e a s e r a t i o s a t t h e e n d of t he i n d i c a t e d t i m e . 

196 T a b l e 2 (Con t inued) : D e l e t e e n t i r e p a g e a n d r e p l a c e wi th T a b l e 2B . 

197 L i n e 4 , s i x t h p a r a g r a p h : R e p l a c e " t h e " w i th " s o m e " in t he p h r a s e " t h e p y r o l y t i c -
c a r b o n - c o a t e d p a r t i c l e s " . 

197 L a s t l i ne of s ix th p a r a g r a p h s h o u l d c a r r y a c i t a t i o n for r e f e r e n c e (8) . 

202 Add R e f e r e n c e (8): O a k R idge N a t i o n a l L a b o r a t o r y , " G a s - C o o l e d R e a c t o r 
P r o g r a m Q u a r t e r l y P r o g r e s s R e p o r t for P e r i o d E n d i n g D e c e m b e r 3 1 , 1 9 6 1 " , 
O R N L - 3 2 5 4 ( A p r i l 6, 1962) , pp 1 6 1 - 1 6 5 . 

203 V o l u m e C o n v e r s i o n s : ft^ shou ld be ft-'. 

204 Add the fo l lowing c o n v e r s i o n to l i s t of f i s s i o n u n i t s : 

F i s s i o n s p e r 
cna of a l l o y 

^ / o b u r n u p of u r a n i u n r 
a t o m s p r e s e n t 

Too 

/ o u r a n i u m i m 
the a l l o y 1 (dens i ty of) / ^ 6. 02 x 10^^ 

100 y^the a l l o y / / a t o m i c w e i g h t of] 
\ t h e u ran iunn 

p r e s e n t 

No te : B u r n u p i s by f i s s i o n . 

D e n s i t y , in g p e r c m , i s the g r o s s o r m a c r o dens i ty of t h e a l l o y a n d in 
c l u d e s p o r o s i t y . 



TABLE 2B. SUMMARY OF FISSION-GAS-RELEASE DATA FROM COATED-PARTICLE FUELS 

^ O 

> 2 
• H 

'3 

Lot 

HTM-1 

3M-SP-2 

NCC-AD 

3M-101-U 

Fuel 
Diameter 

200 

250 

300 

228 

Kind 

UC2 

UC2 

UC2 

UC2 

Coating 
Thickness, 

82 

82 

80 

0 

Kind 

Col-PyC 

Lam-PyC 

Duplex-PyC 

None 

Irradiation 

Temperature, 

C 

745-900 

620-990 

315-925 

500-820 

Accumulated 
Irradiation 
T ime , hr 

1390 

1510 

2110 

980 

Uranium 

Burn up, 

a /o 

12 .1 

14.9 

14,7 

4 . 3 

Kr88 

3 X 10-5 

2 X 10"^ 

4 X 10-6 

5 X 10-3 

R/B at 820 F ( * ) 

Xel35 

6 X 10-5 

2 X 1 0 ' * 

9 X 10"6 

1 X 10"2 

Xel33 

3 X 10-4 

5 X 10-4 

3 X 10-5 

7 X 10"2 

(a) Rate of release of isotope divided by rate of generation. 
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1 

PREFACE 

This compilat ion was p r e p a r e d espec ia l ly to aid design engineers in the select ion 
of potential fuels for advanced h igh - t empe ra tu r e r e a c t o r s . It was under taken at the r e 
quest of Oak Ridge National Labora to ry in support of the ORNL Gas-Cooled Reac tor 
P r o g r a m . The compilat ion p r e sen t s avai lable data on c r i t i ca l p r o p e r t i e s for al l fuels 
believed to be potential ly capable of operat ing at surface t e m p e r a t u r e s of at l eas t 650 C. 
Fue l s of recen t i n t e re s t with this capabil i ty a r e included even though sufficient data for 
the i r final evaluation a r e not yet avai lable . 

The compilat ion is broken down into sect ions devoted to pa r t i cu la r types of fuels. 
P r o p e r t y data for al l these m a t e r i a l s a r e a r r a n g e d in a s tandard ized format designed 
for rapid consultat ion. In addition to these data s h e e t s , a m a s t e r table that p e r m i t s 
compar i son of al l fuels covered in the compilat ion on the bas i s of four p r o p e r t i e s con
s idered e s sen t i a l in an init ial fuel evaluation is p resen ted . A l s o , a compilat ion of a p 
p rop r i a t e convers ion units has been included for the des ign eng inee r ' s convenience. 

ACKNOWLEDGMENT 

The Edi tor wishes to exp re s s his grat i tude to the Battel le pe r sonne l who a s s i s t e d 
in the p r epa ra t i on of the sourcebook. P a r t i c u l a r l y apprec ia ted were the efforts of the 
spec ia l i s t s who compiled the data shee ts : M. C. Brockway, M, F . Browning, R. J . 
Bur i an , W. Chubb, J , A. De M a s t r y , M. S. F a r k a s , M. Kangi lask i , D. L. Ke l l e r , 
D. E . K i z e r , J . B . Melehan, N. E . Mi l l e r , J . H, Oxley, R, L, R i t zman , F . A. 
Rough, E . O. Speidel , D, L . Stol tz , V. W, Storhok, A, B. T r i p l e r , and R. A. 
Wullaer t . Grateful acknowledgment is made to J . J , Bres l in for his a s s i s t ance in 
editing the mainuscript. Invaluable , a l s o , was the a s s i s t ance given by ORNL pe r sonne l , 
espec ia l ly by J . H. Coobs , G. S a m u e l s , J r , , and A, E . Goldman. 

GUIDE FOR THE USE OF THE DATA SHEETS 

The format used in data sheets of the var ious fuels contained in this sourcebook 
was a r r a n g e d so that the p r o p e r t i e s compiled for each fuel m a t e r i a l a r e consis tent and 
a r e p re sen ted in a s tandard code. In those ins tances where needed data a r e not yet 
avai lable for a specific p rope r ty , this lack of information is pointed out; however , 
where a pa r t i cu l a r p rope r ty designation is not applicable to the m a t e r i a l of i n t e r e s t , it 
is omit ted. Any given l e t t e r - n u m b e r combination identifies the same p r o p e r t y through
out the sourcebook. The code employed is l i s ted below: 

A. Composit ion L imi t s 

1. Chemical connposition 
2. Phase d i ag ram 
3. Effect of impur i t ies 



B . P h y s i c a l P r o p e r t i e s 

1. D e n s i t y ( r o o m t e m p e r a t u r e ) 
2 . D e n s i t y v e r s u s t e m p e r a t u r e 
3 . U r a n i u m o r p l u t o n i u m content ' ' 
4 . L i q u i d u s t e m p e r a t u r e 
5. S o l i d u s t e m p e r a t u r e 
6. V a p o r p r e s s u r e 
7. T h e r m a l e x p a n s i o n ( l i n e a r ) 
8 . R e c r y s t a l l i z a t i o n t e m p e r a t u r e r a n g e 

C . M e c h a n i c a l P r o p e r t i e s 

1. H a r d n e s s ( r o o m t e m p e r a t u r e ) 
2 . Hot h a r d n e s s 
3 . U l t i m a t e t e n s i l e s t r e n g t h 
4 . Y ie ld s t r e n g t h 
5. C o m p r e s s i v e s t r e n g t h 
6. C r e e p s t r e n g t h 
7. Y o u n g ' s m o d u l u s 
8 . S h e a r m o d u l u s 
9. B u l k miodu lus , B B = , w h e r e E 

3(1 - 20-) 

a n d cr 
10. P o i s s o n ' s r a t i o 
11 . E l o n g a t i o n 

D . T h e r m a l P r o p e r t i e s 

1. Spec i f i c h e a t 

2 . T h e r m a l c o n d u c t i v i t y 

E . E l e c t r i c a l P r o p e r t i e s 

1. E l e c t r i c a l r e s i s t i v i t y 

F . C h e m i c a l P r o p e r t i e s 

1. R e a c t i o n s w i t h c o o l a n t s 

a . S t e a m 
b . H e l i u m 
c . C a r b o n d i o x i d e 
d. N i t r o g e n 
e . H y d r o g e n 
f. L i q u i d m e t a l s ( l inai ted to s o d i u m , N a K , a n d l i t h i u m ) 
g . A i r 

2 . R e a c t i o n s w i t h c l a d d i n g s o r s t r u c t u r a l m a t e r i a l s 

Y o u n g ' s m o d u l u s 

P o i s s o n ' s r a t i o 

•Computed on the basis of the u^^S QJ pu239 to make application of the data to particular enrichments most convenient. 



3 and 4 

G. I r rad ia t ion P r o p e r t i e s 

1. Dimensional s tabi l i ty during i r rad ia t ion 
2. F i s s i o n - g a s - r e l e a s e data 
3. Swel l ing- tempera tu re data 
4. Unusual nuclear p rope r t i e s 
5. P r o p e r t y changes as a r e su l t of i r r ad ia t ion 

H. References 





5 and 6 

FUEL COMPARISON TABLE 

Fuel Material 

Contained Uranium or 

Plutonium 
w/o G per Cm3 

Melting Thermal Conductivity, 

Point cal/(sec)(cm)(C) 

; F A t 2 0 C At 600 C At 1200 C 

Fission-to-

Absorption 
Cross Section 

Ratio 

Nb-10 w / o U 
Nb-20 w / o U 

PuC 

PUO2 

(Th9U)B4 

(Th9U)C 

(Th9U)C2 

UC 
UN 
UO2 

UgSig 

20 w/o UO2-8O w/o AlgOg 
30 w/o UO2-'70 w/o AI2O3 
10 w/o UO2-90 w/o BeO 
80 w/oUOg-ZO w/o Be 
95 w/o UO2-5 w/o MgO 
2.57 w / o U 0 2 - ' 7 . 3 w/o 

ThO2-90 w/o BeO 
25 w/o UO2-35. 5 w/o 

T h 0 2 - 3 9 . 1 w/o BeO 
UO2-graphite 

UO2-graphite 

UC2-graphite 
UC2-graphite 

20 w/o U02-stainless steel 

40 w/o UO2-stainless steel 

50 w/o UO2•stainless steel 

Mo-80 volume per cent UC 

Mo-80 volume per cent UN 

Mo-80 volume per cent UO2 

Alloys 

10 U 
20 U 

0 .955(U) 
1.82(U) 

2400 
2300 

Compounds 

9 5 , 6 - 9 6 . 1 P u 13.0 to 13. 1 (Pu) 1650 

88.2 Pu l O . l ( P u ) 2280 

2 2 . 1 U 

19 U 

45 U 

10 U 

20 U 

17. 6 U 

35 .3 U 

44. l U 

7 6 , 1 6 U 
7 5 , 5 5 U 
70,48 U 

4350 
4175 

3000 
4130 

0.0936 
0.0774 

0.12 
0.22 

10 u 
10 u 

10 u 

95.2 U 

94 .4 U 
88.2 U 
86.2 U 

17. 6 U 
26. 5 U 

8 . 8 U 

7 0 . 6 U 
83.8 U 
2 . 2 4 U 

--
--
--

12. 9 (U) 

13. 5 (U) 
9. 67 (U) 

11.3 (U) 

Ceramic 

--
--

0.26 (U) 

--
--
--

--
--
--

2400 
2630 
2760 

1665 

--
--
--

4350 

4770 
5000 

3030 

Dispersions 

- 2 0 3 0 
~2030 
~2450 

--
--
--

- 3 7 0 0 
- 3 7 0 0 
- 4 4 4 0 

--
--
--

--
--
--

0.08 
0.032 
0 .11 
0.035 

--
--

0.25 

--
--
--

0.891 
0.0375 

0.0566 

0.055 

0.046 
~0 .03o 

--

--
--
--
--
--
--

--
--
--

0.055 

0.058 
0.022 

--

--
--
--
--
--
--

--
--
--

0.55 
0.44 

0.55 

0,53 

0.33 
0.45 
0.48 

0,53 
0 .54 

0.13 

0.22 

0.38 (U) 

1.21 (U) 

0 .19(U) 
0.40 (U) 

--

--

--
--

- — 

--

--
--

Metall ic Dispersions 

1.43 (U) 

3 .06 (U) 

3 .95(U) 

9 .44(U) 

9 ,79(U) 
7,32 (U) 

1400 to 
1460 

1400 to 
1460 

1400 to 

1460 

Cermets 

2625 

2625 

2625 

2550 to 
2650 

2550 to 
2650 

2550 to 

2650 

4760 

4760 
4760 

0,052 to 

0.073 

0.035 to 

0.051 
- 0 , 1 3 
- 0 , 1 4 

0.017 

0.022 

0.022 

0.039 

- 0 , 0 5 

- 0 , 0 5 

--

--

--
--

0.037 

0.028 

0.027 

0.036 
0.055 

0.045 

— -

--

--
--

0.067 

0.034 

0.032 

0.071 

--
--

0.54 

0.58 

0 .51 

0.53 

0.064 

0.13 

0.18 

0.47 

0.39 
0,44 





>r ^•• 

.'K--
ALLOYS 

§•••'••. ' ,»•;• ';;• 
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URANIUM ALLOYS - GENERAL 

M. S. F a r k a s 

The min imum surface t e m p e r a t u r e of 650 C (indicating a center t e m p e r a t u r e of 
over 700 C) specified by ORNL e l imina tes u r a n i u m , a lpha-phase u ran ium a l l oys , and 
mos t g a m m a - p h a s e u ran ium alloys from cons idera t ion in th is compilation. 

Expe r imen ta l data have shown that i r r ad ia t ion swelling occur s above about 500 C. 
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NIOBIUM-10 W/O URANIUM ALLOY 

Compiled by J . A, DeMas t ry 

A l , Chemical composition' ' 
Niobium-10 w/o u ran ium 

2. Phase diagram''^' 
The d i ag ram shown in F igure A2 is from Rogers and Browne , and r e p r e 
sents essen t ia l confirmation of work of e a r l i e r i nves t i ga to r s , although r e 
vis ions in ce r ta in boundar ies have been made . 

The complete solubili ty of gamma uran ium and niobium is ag reed on by all 
i nves t iga to r s , although the re is d i sag reemen t as to the extent of the 
gamma J -p lus -gamma2 region. Sawyer r e p o r t s the region as extending from 
about 11 to 78 a /o at 645 C, while Roger s and Browne r epo r t the monotectoid 
to occur at 16 ± 1 a /o niobium and 645 C, but give values of 73 and 70 a / o , 
r e spec t ive ly , for the n iob ium-r i ch l imi t of the g a m m a i - p l u s - g a m m a 2 region 
at this t enapera ture . Dwight r e p o r t s the monotectoid as occur r ing at 19 a /o 
niobium and 634 C, the l a t t e r tennperature being in ag reemen t with i ts d e t e r 
mination by Bauer , 

On the bas i s of a t e t ragona l s t r u c t u r e observed in quenched al loys containing 
14 to 20 a /o niobium and t h e r m a l a r r e s t s ranging in t e m p e r a t u r e from 675 
to 725 C for alloys containing 9. 6 to 17 a /o niobium, Dwight suggests an 
order ing of the gamma phase in the region of the monotectoid. While add i 
t ional investigation is r equ i r ed , the te t ragonal s t ruc tu re may be a sc r ibed to 
a t rans i t ion s t ruc tu re in the m e t a s t a b l e - g a m m a decomposi t ion. 

There is some question concerning the na ture of the a lpha- to -be ta t r a n s 
formation at the u r a n i u m - r i c h end of the sys t em. Although most inves t i 
ga to r s ag ree that the reac t ion occurs per i tec to ida l ly , alpha has a lso been 
desc r ibed as forming in a eutectoid reac t ion . A shift of l e s s than ±5 C in 
the a lpha- to -be ta t r ans i t ion t e m p e r a t u r e is ag reed to by al l i nves t iga to r s . 

Solubili t ies in the alpha and beta phase a r e r epor t ed to be ex t r eme ly linnited, 
Browne gives the max imum solubili ty in each phase as being between 1 and 
2 a /o niobium, 

3. Effect of impurities(3) 

Oxygen in excess of 1000 ppm re su l t s in inc reased tens i le and c r e e p s t rength 
and seve re l o s s e s in ducti l i ty. 

B l , Density (room temperature)^'*' 

9. 55 g per cm^ 

2, Density versus temperature 

No data available 

3, Uranium content 
0. 955 g per cm 
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4, Liquidus temperature'^' 

2 4 0 0 ± 5 0 C 

5. Solidus temperature'^' 

2 4 0 0 ± 5 0 C 

6. Vapor pressure 
No data available 

7. Thermal expansion (linear)^"*' 

T e m p e r a t u r e , F 

68-200 
200-400 
400-600 
600-800 
800-1000 
1000-1200 
1200-1400 
1400-1600 
1600-1800 
68-1800 

8. Recrystallization temperature range^*' 

1100 to 1200 C 

C I , Hardness (room temperature)' ' 

164 kg per mim^ 

2. Hot hardness^ 

T e m p e r a t u r e , C 

400 
500 
600 
700 
800 
900 
1000 
1100 

3, Ultimate tensile strength^^'^' 

T e m p e r a t u r e , F 

Coefficient, 10"^ per F 

4.1 
4,1 
4.3 
4.5 
4.8 
4.9 
5.0 
5,2 
5,2 
4.7 

H a r d n e s s , kg per mm^ 

143 
138 
119 
113 
108 
95 
75 
63 

Ultimate Tensi le St rength , p s i ' ^ ' 

68 
1600 
1800 
2000 
2200 

(a) Alloy contained 3100 ppm oxygen. 

72,900 
72,000 
52,000 
35,000 
24,000 
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4. Yield strength(^3) 

T e n n p e r a t u r e , F Y ie ld S t r e n g t h , p s i 

68 5 5 , 9 0 0 
1800 4 5 , 0 0 0 
2000 2 5 , 0 0 0 

5. Compressive strength 

No d a t a a v a i l a b l e 

6. Creep strength^^' 

S t r e s s for C r e e p R a t e S h o w n , p s i R u p t u r e D a t a 
T e m p e r a t u r e , 0. 001 P e r 0. 01 P e r 0. 1 P e r 

F C e n t p e r H r Cen t p e r H r C e n t p e r H r 

1600 17 ,000 2 5 , 0 0 0 3 7 , 0 0 0 

1800 8 , 8 0 0 12 ,000 15 ,000 

Note: Alloy contained 3100 ppm oxygen which accounts for unusual strength. 

7. Young's modulus 
No d a t a a v a i l a b l e 

8. Shear modulus 
No d a t a a v a i l a b l e 

9. Bulk modulus 

No d a t a a v a i l a b l e 

10. Poisson's ratio 
No d a t a a v a i l a b l e 

S t r e s s , 

P 

3 0 , 
2 5 , 

2 0 , 
14. 

s i 

,000 
,000 

000 
000 

R u p t u r e 
h r 

602 
381 

28 . 
54 

T i m e , 

9 

11, Elongation^^'^) 

T e m p e r a t u r e , E l o n g a t i o n in 1-In, G a g e L e n g t h 
F ( F l a t S p e c i m e n s ) , p e r c e n t 

68 3 
1600 1 
1800 4 
2000 9 
2200 10 

Note: Alloy contained 3100 ppm oxygen. 

D l . Specific heat 

No d a t a a v a i l a b l e 
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2. Thermal conductivity (3) 

T e mpe r a tur e , 
F 

The rma l Conductivity, 
Btu/(hr)(ft)(F) 

200 
400 
600 
800 

1000 
1200 
1400 
1600 
1800 

14. 0 
16. 0 
18.0 
19.9 
21 . 7 
23.6 
25 .4 
27. 1 
28, 7 

El . Electrical resistivity' ' 

T e m p e r a t u r e , 
F 

68 
200 
400 
600 
800 
1000 
1200 

Res i s t iv i ty , 
m i c r o h m - c m 

36 
39 
43 
47 
51 
54 
57 

F1. Reactions with coolants 

a. Steam(l) 
Minus 13. 3 mg per cm^ in 1000 hr at 750 F (399 C) 

b. Helium(4) 
No at tack after 100 hr at 1800 F (982 C) 

c. Carbon dioxide' ' 
Plus 0. 23 mg per cm^ in 50 h r at 600 F (982 C) 

d. Nitrogen 
No data available 

e. Hydrogen 
No data available 

f. Liquid meta l s (^) 
P lus 0. 15 mg per cm^ in sodium in 1500 hr at 1500 F (816 C) 
Plus 0. 14 mg per cm^ in NaK in 1000 hr at 1600 F (871 C) 

g. Air^^) 
.2 , Plus 2. 34 mg per cm'^ in 100 hr at 750 F (400 C) 
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2, Reactions with claddings or structural materials 

No data available 

G l . Dimensioiyil stabi l i ty during irradiation^ ' 

Minus 2. 1 per cent change in dens i ty , 5, 6 x 10^^ fission per cm^ , 1200 F 
Minus 2. 3 per cent change in dens i ty , 2. 8 x 10^0 fission per cm^ , 1900 F 

2, F ission-gas-release data 

No data available 

3. Swelling-temperature data 

No data available 

4, Unusual nuclear properties 

No data available 

5. Property changes as a result of irradiation 

No data available 

H. References 

(1) De M a s t r y , J . A. , Shober , F . R. , and Dickerson , R. F . , "Meta l lu r 
gical Studies of Niobium-Uranium Al loys" , BMI-1400 (December 7, 
1959). 

(2) Rough, F . A. , and B a u e r , A. A. , "Constitution of Uranium and Thor ium 
Al loys" , BMI-1300 (June 2 , 1958). 

(3) De M a s t r y , J . A. , Moak, D. P . , Eps t e in , S, G, , Baue r , A, A, , and 
Dickerson , R. F , , "Development of Niobium-Uranium Alloys for 
E l e v a t e d - T e m p e r a t u r e Fue l Appl ica t ions" , BMI-1536 (August 9, 1961). 

(4) De M a s t r y , J , A. , Unpublished Data. 
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NIOBIUM-20 W/O URANIUM ALLOY 

Compiled by J . A. DeMas t ry 
« 

A1. Chemical composition^ ' 

Niobium-20 w/o uran ium 

2. Phase diagram^'^' 
The d i ag ram shown in F igure B2 is from Rogers and Browne, and r e p r e 
sents essen t ia l confirnaation of work of e a r l i e r i nves t i ga to r s , although 
rev is ions in cer ta in boundar ies have been made . 

The complete solubili ty of gamma u ran ium and niobium is ag reed on by al l 
i nves t i ga to r s , although the re is d i sag reemen t as to the extent of the 
g a m m a 2 - p l u s - g a m m a ^ region. Sawyer r epo r t s the region as extending 
from about 11 to 78 a /o at 645 C, while Rogers and Browne repor t the 
monotectoid to occur at 16 ± 1 a /o niobium and 645 C, but give values of 
73 and 70 a / o , r e spec t ive ly , for the n iob ium-r ich l imit of the gamma j^-plus-
gamma2 region at this t e m p e r a t u r e , Dwight r e p o r t s the monotectoid as 
occurr ing at 19 a /o niobium and 634 C, the l a t t e r t e m p e r a t u r e being in 
ag reemen t with i ts deternaination by Bauer . 

On the bas i s of a te t ragonal s t ruc tu re observed in quenched alloys contain
ing 14 to 20 a /o niobium and thernaal a r r e s t s ranging in t e m p e r a t u r e f rom 
675 to 725 C for al loys containing 9. 6 to 17 a /o n iobium, Dwight suggests an 
order ing of the gamma phase in the region of the monotectoid. While add i 
t ional investigation is r e q u i r e d , the te t ragonal s t ruc tu re may be a sc r ibed to 
a t rans i t ion s t ruc tu re in the m e t a s t a b l e - g a m m a decomposi t ion. 

There is some quest ion concerning the na ture of the a lpha- to -be ta t r a n s 
formation at the u r a n i u m - r i c h end of the sys tem. Although mos t inves t i 
ga to r s ag ree that the reac t ion occurs per i t ec to ida l ly , alpha has a lso been 
desc r ibed as forming in a eutectoid reac t ion . A shift of l e s s than ±5 C in 
the a lpha- to-be ta t rans i t ion t e m p e r a t u r e is ag reed to by all inves t iga tors . 

Solubili t ies in the alpha and beta phase a r e r epor t ed to be extrenniely l i m 
ited. Browne gives the maximum solubility in each phase as being between 
1 and 2 a /o niobium. 

3, Effect of impurities'''' 
Oxygen in excess of 1000 ppnn r e s u l t s in inc reased tens i le and c r e e p s t rength 
and severe lo s ses in ductil i ty, 

B l , Density (room temperotore)**' 
9. 1 g per cm-^ 

2. Density versus temperature 
No data available 

3. Uranium content 
1. 82 g per cm 
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4, Liquidus temperature' ' 
2325 ± 50 C 

5, Solidus temperoture' ' 

2325 ± 50 C 

6, Vapor pressure 
No data available 

7, Thermal expansion'"*' 

T e m p e r a t u r e , F 

68-200 
200-400 
400-600 
600-800 
800-1000 

1000-1200 
1200-1400 
1400-1600 
1600-1800 

68-1800 

8, Recrystallization temperature range^^^ 
1100 to 1200 C 

C I , Hardness (room temperature)' ' 

213 kg pe r mm^ 

2. Hot hardness^ ' 

T e m p e r a t u r e , C 

400 
500 
600 
700 
800 
900 
1000 
1100 

3. Ultimate tensile strength'''^' 

T e m p e r a t u r e , F 

68 
1600 
1800 
2000 

Coefficient, 10"^ per F 

4 .2 
4 . 4 
4 .6 
4 .7 
5.0 
5. 1 
5 .3 
5 .5 
5 .7 
5.0 

Hardness, kg per m m ^ 

163 
155 
145 
143 
140 
133 
113 
92 

Ultimate Tensi le S t rength , ps i 

102,000 
68,000 
52,000 
38,000 
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4, Yield strength(l'3) 

T e m p e r a t u r e , F 

68 
1600 
1800 
2000 

Yield St rength , ps i 

9 3 , 0 0 0 

5 8 , 0 0 0 

4 3 , 0 0 0 

2 9 , 0 0 0 

5, Compressive strength 
No data avai lable 

6, Creep strength^ ' 

S t r e s s for C r e e p Rate Shown, ps i Rupture Data 
T e m p e r a t u r e , 

F 

1600 

1800 

0 
Ce 

,001 P e r 
nt per Hr 

17,000 

8,800 

0. 01 P e r 
Cent per Hr 

25,000 

11,500 

0,1 P e r 
Cent per Hr 

37,000 

15,000 

S t r e s s , 
p s i 

30,000 

20,000 
51,000 

Rupture T i m e , 
h r 

38 ,7 

27 .2 
169.7 

7, Young's modulus 
No data avai lable 

8, Shear modulus 

No data available 

9, Bulk modulus 
No data avai lable 

10, Poisson's ratio 

No data avai lable 

11. Elongation (1.3) 

T e m p e r a t u r e , 
F 

68 
1600 
1800 
2000 

Elongation in 1-In, Gage Length , 
per cent 

7 
10 
34 
74 

D1. Specific heat 
No data available 
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2, Thermal conductivity'" 

T e m p e r a t u r e , 
F 

T h e r m a l Conductivity, 
Btu/(hr)(ft)(F) 

200 
400 
600 
800 
1000 
1200 
1400 
1600 
1800 

10, 2 
11,8 
13.6 
15.5 
17,6 
19.8 
22, 2 
24,6 
27.2 

E l . Electrical resistivity^^) 

T e m p e r a t u r e , 
F 

Res i s t iv i ty , 
m i c r o h m - c m 

68 
200 
400 
600 
800 
1000 
1200 

54 
56 
59 
63 
66 
68 
71 

F 1 . Reactions with coolants 

a. Steam^ ' 
Minus 2. 45 mg per cm^ in 1000 hr at 750 F (400 C) 

b . Helium(^) 
No at tack after 100 h r at 1800 F (980 C) 

c. Carbon dioxide(^) 
P lus 0. 13 mg per cm^ in 50 hr at 600 F (315 C) 

d. Nitrogen 
No data available 

e. Hydrogen 
No data avai lable 

f. Liquid me ta l s 
Plus 0. 10 mg per cm^ in sodium in 1500 hr at 1500 F (815 C) 
Plus 0. 69 mg per cm^ in NaK in 1000 at 1600 F (870 C) 

g. Air(^) 
P lus 20. 0 mg per cm^ in 100 h r at 750 F (400 C) 
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2, Reactions with claddings or structural materials 

No data available 

G1, Dimensional stability during irradiation^ ' 

Minus 2 .5 per cent change in dens i ty , 5. 0 x 10^^ f issions per cm , 1200 F 
Minus 1. 7 per cent change in dens i ty , 2. 49 x 10^0 f iss ions per c m ^ , 1900 F 

2, Fission-gas-release data 

No data avai lable 

3, Swelling-temperature data 

No data avai lable 

4, Unusual nuclear properties 
No data avai lable 

5, Property changes as a result of irradiation 

No data avai lable 

H, References 

(1) DeMas t ry , J . A . , Shober , F . R. , and Dickerson , R. F , , "Meta l lu r 
gical Studies of Niobium-Uranium Al loys" , BMI-1400 (December 7, 
1959). 

(2) Rough, F . A, , and B a u e r , A. A. , "Consti tution of Uranium and Tho
r i u m Al loys" , BMI-1300 (Jvme 2 , 1958). 

(3) DeMas t ry , J . A. , Moak, D. P . , Eps t e in , S. G. , B a u e r , A. A. , and 
Dickerson , R. F . , "Development of Niobium-Uranium Alloys for 
E l e v a t e d - T e m p e r a t u r e Fuel Appl ica t ions" , BMI-1536 (August 9, 1961). 

(4) DeMas t ry , J . A. , Unpublished Data. 
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THORIUM-URANIUM ALLOYS - GENERAL 

M. S. F a r k a s 

The specification of a min imum s u r f a c e - t e m p e r a t u r e of 650 C e l iminates t h o r i u m -
uran ium alloys from considerat ion for ORNL h igh - t empera tu re r e a c t o r concepts . 

Lit t le information on i r r ad ia t ion swelling e x i s t s , but t he re a r e strong indications 
that the l imiting t e m p e r a t u r e for known alloys is below the 650 to 700 C min imum s e r v 
ice t e m p e r a t u r e l imita t ion. One study has shown that t ho r ium-11 w/o uran ium swells at 
650 C*. 

•Reactor Core Materials, 3 (1), 8 (February, 1960). 
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PLUTONIUM CARBIDE 

Compiled by V, W. Storholi 

A l , Chemical composition' ' 

P u C , 95. 22 w/o plutonium, 4, 78 w/o carbon 

2. Phase diagram^ ' 
See F igure A2 

3, Effect of impurities 

No data avai lable 

B l , Density (room temperature)' ' 
13.6 g p e r cm 

2, Density versus temperature 

No data available 

3, Plutonium content 
13. 0 to 13, I g p e r cm'^ 

4, Liquidus temperature^ ' 
-1800 C 

5, Solidus temperature^ ' 
1654 C 

6, Vapor pressure 

No data available 

7, Thermal expansion (linear)^"*' 
10 X 10~° per C from RT to 900 C (presumed from text of re ference) 

8, Recrystallization temperature range 

No data available 

C I , Hardness (room temperature)^^' 

Carbon, a /o DPH 

480 
700 
770 

2, Hot hardness 

No data available 

3, Ultimate tensile strength 

No data available 

4 4 . 
4 7 , 
50, 

4 
1 
4 
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4, Yield strength 
No data available 

5, Compressive strength 

No data available 

6, Young's modulus 

No data available 

7, Shear modulus 

No data available 

8, Bulk modulus 

No data available 

9, Poisson's ratio 

No data available 

10, Elongation 

No data available 

D1. Specific heat 

No data available 

2. Thermal conductivity 

No data available 

E l , Electrical resistivity^ ' 
266 m i c r o h m - c m 

F 1 , Reactions with coolants 

a. Steam(^) 
Probably very rapid at tack - effervesces in hot w a t e r , producing 
methane and hydrogen, 

b . Helium 
Apparently no react ion at room t e m p e r a t u r e , as helium is often employed 
as PuC glove-box a tmosphe re ; no h igh - t empera tu re data. 

c. Carbon dioxide 
No data available 

d. Nitrogen 
No data available 

e. Hydrogen 
No data available 

f. Liquid me ta l s 
NaK(4) 

Apparently conapatible to at l eas t 430 C 



P u C 

g. AirC^) 
Oxidizes slowly at 300 C 

2, Reactions with claddings or structural materials 

Graphite (S) 
Carbon content of PuC (4. 57 w/o) i n c r e a s e d to 6. 72 w/o when heated in 
graphite for 14 days at 1500 C, Product was mainly PU2C3. 

Molybdenum(8) 
No react ion at 1400 C 

Niobium (°) 
Reacts at 1400 C 

Stainless steelv^' 
PuC (44.4 a /o carbon) pene t ra ted 8. 54 mi l s in 3 days at 1000 C. 

Tantalum ("̂ J 
PuC (44.4 a /o carbon) pene t ra ted 1.67 mi l s in 3 days at 1000 C. 

Vanadium(8) 
Reacts at 1400 C 

Tungsten(^) 
No reac t ion at 1400 C 

Zirconium(°) 
Reacts at 1400 C 

G1, Dimensional stability during irradiation' ' 

Of four spec imens i r r ad i a t ed to a burnup of 3. 28 x 10^° f issions per cm^ 
at a maximum cent ra l t e m p e r a t u r e of 430 C, t h ree dec rea sed in density 
with the maximum dec rea se being 1, 44 pe r cent. One specimen cracked . 

2, Fission-gas-release data 

No data available 

3, Swelling-temperature data 
No data available 

4, Unusual nuclear properties 
No data available 

5, Property changes as a result of irradiation 
No data available 

H, References 

(1) Mulford, R. N. R. , E l l inger , F . H. , Hendrix , G, S. , and Albrecht , 
E. D. , "The Plu tonium-Carbon Sys tem" , Plutonium I960, Edited by 
Gr i son , E, , Lord , W- B. H. , and F o w l e r , R. D. , C leaver -Hume 
P r e s s Ltd. , London, pp 301-311. 
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(2) Coffinberry, A. S. , Schonfeld, F . W. , Waber , J . T. , Kelman, C, R. , 
and Tipton, C. R. , J r . , "Plutonium and Its Al loys" , Reactor Handbook, 
M a t e r i a l s , 2nd Edit ion, Edited by Tipton, C. R. , J r . , In te r sc ience 
P u b l i s h e r s , New York (I960) , pp 248-290. 

(3) "Reactor Development P r o g r a m P r o g r e s s Repor t , August, I960" , 
ANL-6215 (September 16, I960). 

(4) "Metal lurgy Division Annual Report for I960" , ANL-6330. 

(5) Unpublished LASL Data. 

(6) Drummong, J, L. , McDonald, B, J . , Dikenden, H. M. , and Welch, 
G. A. , "The P repa ra t i on and P r o p e r t i e s of Some Plutonium Compounds, 
P a r t VII Plutoniiim C a r b i d e s " , J . Chem. Soc. , pp 4785 (December , 
1957). 

(7) S t r a s s e r , A. , "Uranium Carbide As a F u e l , A Revision of Cur ren t 
Knowledge", Nuclear Eng. , _5 (51), 353-357 (August, I960). 

(8) Waldren, M. , Unpublished U. K. Data. 

(9) H i lbe r ry , N. , "Reactor Development P r o g r a m P r o g r e s s Repor t " , 
ANL-6355 (Apri l , 1961). 
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PLUTONIUM DIOXIDE 

Compiled by V. W. Storhok 

A l , Chemical composition^ ' 

Pu02^ 88, 19 w/o plutonium, 11. 81 w/o oxygen 

2, Phase diagram^ ' 
See F igure A2 

3, Effect of impurities 

No data available 

B l , Density (room temperature)^ ' 

11, 46 g pe r cm^ 

2, Density versus temperature 

No data available 

3, Plutonium content 
10. 1 g per cm-^ 

4, Liquidus temperature^ ' 

2280 db 30 C (pseudomelting t empera tu re ) 

5, Solidus temperature^ ' 

2280 ± 30 C (pseudomelting t empe ra tu r e ) 

6, Vapor pressure^ ' 

T e m p e r a t u r e , 
C 

1450 
1500 
1525 
1550 
1575 
1600 
1650 
1675 
1700 
1725 
1750 
1775 

Vapor P r e s s u r e , 
Oxygen 

5.0 x 10-10 
- -

8.9 X 10-10 
9.9 X 10-10 
2,0 X 10-9 
2. 1 X 10-9 

- -
2,8 X 10-9 
1,9 X 10-8 
1,6 X 10-8 
3 .8 X 10-8 

Argon 

2, 1 X 10-9 
- -

4. 4 x 10-9 
3, 1 X 10-9 

- -
5.3 X 10-9 
1.7 X 10-8 
1.1 X 10-8 
8.7 X 10-9 
1.3 X 10-8 
2.7 X 10-8 

_ -

a t m 

1. 
3. 

1. 
6. 

2. 

3 . 

A i r 

1 X 10-9 
1 X 10-9 

- -
- -
- -

3 X 10-8 
4 x 10-9 

- -
0 X 10-8 

- -
- -

8 X 10-8 

Conclusions: (1) PuO^ congruently vapor izes in oxygen. 
(2) Pu02 vapor izes as Pu02(g) + PuO(g) in neut 

g a s e s . 
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7. Thermal expansion (linear)'^) 

T e m p e r a t u r e , Coefficient, 
C 10-^ p e r C 

20-300 8.2 
20-600 9.9 
20-800 10,5 
20-1000 11.4 

8, Recrystallization temperature range 
No data available 

C I , Hardness (room temperature) 

No data available 

2, Hot hardness 

No data available 

3, Ultimate tensile strength 

No data available 

4, Yield strength 

No data available 

5, Compressive strength 

No data available 

6, Creep strength 
No data available 

7, Young's modulus 

No data available 

8, Shear modulus 

No data available 

9, Bulk modulus 

No data available 

10. Poisson's ratio 
No data available 

11. Elongation 
No data available 

D1. Specific heat 
No data available 

2. Thermal conductivity 
No data available 



Pu02 

E l , Electrical resistivity 

No data available 

F 1 , Reactions with coolants 

a. Steam 
No data available 

b . Helium (^) 
Slight reduct ion of PUO2 occurs to yield oxygen-to-plutonium rat io of 
about 1. 97. 

c. Carbon Dioxide' ' 
Apparently no se r ious reac t ion o c c u r s , as CO2 has been employed as a 
s in ter ing a tmosphere at t e m p e r a t u r e s up to 1650 C. 

d. Nitrogen 
No data available 

e. Hydrogen^") 
PUO2 begins to reduce to PU2O3 at about 1400 C. 

f. Liquid me ta l s 
NaK(8) 

Apparently compatible to at l eas t 680 C 

g. Air(6) 
Lower oxides to PUO2 QO ^^ t e m p e r a t u r e s as low^ as 200 C, 

2, Reactions with claddings or structural materials 

Iron and austeni t ic s ta in less steel^"; 
Slight reduct ion of PUO2 to PU2O3 occurs after 100 h r at 1400 C, 

Inconel(lO) 
No reac t ion up to 1370 C 

Chromium'10) 
No reac t ion up to 1370 C 

Molybdenum(lO) 
No reac t ion up to 1370 C 

Niobium (9) 
Slight reduct ion of P u 0 2 to PU2O3 curves after 100 h r at 1400 C. 

Titanium(lO) 
Reacts at 1370 C 

. • 
Tungsten(lO) 

Reacts at 1370 C 
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Vanadium! 10) 
No reac t ion at 1370 C 

Zircaloy-2(10) 
Reacts at 1370 C 

AI2O3 
Reacts at 1590 C 

MgOClO) 
No react ion at 1590 C 

ZrO2(10) 
Alloyed at 1590 C 

G l . Dimensional stability during irradiation 
See Table G l . 

2. Fission-gos-releose data 

See Table G l . 

3. Swelling-temperature data 
No d a t a a v a i l a b l e 

TABLE Gl. EFFECTS OF IRRADIATION(^) ON PuO2-40 w/o u22^O2-40 w/o v'^^^02^^ 

Maximum Average Heat Fission-Gas Length Central Void Formation 
Burnup(b), io20 Surface Flux, 10^ Release, Increase, Pet Cent of Per Cent of 
fissions per cm^ Temperature^ ' , C Btu/(hr)(ft ) per cent per cent Cross Section Postirradiation Length 

1.93(d) 

2.67(e) 
3.96(d) 

5.98(e) 
20.3(e) 
20.3(d) 

468 
532 
435 

621 

638 
680 

0.37 
0.55 
0,36 

0.54 

1.30 

1.27 

27 ,8 
52 .4 
71 .3 

49 .6 

28 .8 
4 8 . 1 

11.2 

4 . 2 
0 

4 . 0 

5.7 

9 .0 

No void 

4 to 5.4 
3 .0 

No void 

2 to 4 

9 .8 to 19 .5 

--
>43 

15 

— 
51 

75 

(a) Itradiauon properties of PUO2 should be reasonably similar. 
(b) Calculated assuming 9000 MWD/2000 lb of plutonium and uranium = 2.47 x 10̂ *̂  fissions per cm^ m the fuel 

material. 
(c) No central temperature given. 
(d) Swaged specimen. 
(e) Pelletized specimen. 

4. Unusual nuclear properties 
No data available 

5. Property changes as a result of irradiation 
No data avilable 
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(ThgU)B4 

THORIUM URANIUM BORIDE 

Compiled by J. A. DeMastry 

A l . Chemical composition 

(Th9U)B4 

2, Phase diagram 
No data available 

3, Effect of impurities 
No data available 

B l . Density (room temperature) 

No data available 

2, Density versus temperature 
No data available 

3, Uranium content 
No data available 

4. Liquidus temperature 

No data available 

5. Solidus temperature 
No data available 

6. Vapor pressure 
No data available 

7. Thermal expansion (linear) (1) 

T e m p e r a t u r e , F 

68-200 
68-400 
68-600 
68-800 
68-1000 
68-1200 
68-1400 
68-1600 
68-1800 

Coefficient, 10"^ pe r F 

3.5 
3.7 
3.8 
4 .0 
4, 1 
4, 2 
4 . 3 
4 . 3 
4 . 4 

8, Recrystallization temperature range 

No data available 

C I . Hardness (room temperature) (2) 

2700 Knoop (100-g load) 
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C2, Hot hardness 
No data avai lable 

3, Ultimate tensile strength 
No data available 

4. Yield strength 

No data available 

5, Compressive strength^ ' ' 

T e m p e r a t u r e , F Compress ive St rength , ps i 

68 
1200 
1800 

45,000 
48,000 
33,000 

6. Creep strength 
No data available 

7. Young's modulus 
No data available 

8, Shear modulus 
No data available 

9. Bulk modulus 
No data available 

10, Poisson's ratio 
No data available 

11, Elongation 
No data available 

D1, Specific heat 
No data available 

2, Thermal conductivity^ ' 

T e m p e r a t u r e , C 
T h e r m a l Conductivity, 

ca l / (sec)(cm)(C) 

200 
400 
600 
800 
900 

0,0652 
0.0731 
0.0810 
0.0891 
0.0932 

E l , Electrical resistivity 
No data available 
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F1 , Reactions with coolants 

a. Steam 
No data available 

b . Helium 
No data available 

c. Carbon Dioxide(^) 
Plus 0. 03 mg/ (cm2)(hr ) at 590 C 

d. Nitrogen 
No data available 

e. Hydrogen 
No data available 

f. Liquid me ta l s 
No data available 

g- Air(5) 

T e m p e r a t u r e , 
F 

Total Weight Gain in 24 H r , 
mg per cm^ 

1100 
1600 
1700 
2100 
2200 

0,42 
4.8 
6,8 
14.5 
24,6 

2. Reactions with claddings or structural materials 
No data available 

G l . Dimensional stability during irradiation 
No data available 

2, Fission-gas-release data 
No data available 

3, Swelling-temperature data 
No data available 

4, Unusual nuclear properties 
No data available 

5. Property changes was a result of irradiation 

No data available 
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(ThgU)C 

THORIUM URANIUM CARBIDE 

Compiled by J. A, DeMastry 

A l . Chemical composition 
(ThgU)C 

2. Phase diagram 

No data available 

3. Effect of impurities 
No data available 

B l . Density (room temperature) 
No data available 

2, Density versus temperature 

No data available 

3. Uranium content 
No data available 

4. Liquidus temperature 
No data available 

5. Solidus temperature 
No data available 

6. Vapor pressure 
No data available 

7. Thermal expansion (linear)^ ' 

T e m p e r a t u r e , F 

68-200 
68-400 
68-600 
68-800 
68-1000 
68-1200 
68-1400 
68-1600 
68-1800 

Coefficient, IQ-^ pe r F 

3 . 5 

3 . 6 

3 . 6 

3 . 8 

3 . 8 

3 . 9 

3 . 9 

4 . 1 

4 . 1 

8, Recrystallization temperature range 
No data available 

C I . Hardness (room temperature)' ' 
520 Knoop (100-g load) 
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C2. Hot hardness 
No data available 

3. Ultimate tensi le strength 

No data available 

4. Yield strength 
No data available 

5. Compressive strength^ ' ' 

T e m p e r a t u r e , F Compress ive Strength , ps i 

68 
1200 
1800 

23,000 
17,000 
67,000 

6. Creep strength 
No data available 

7. Young's modulus 
No data available 

8. Shear modulus 
No data available 

9. Bulk modulus 
No data available 

10. Poisson's ratio 
No data available 

11. Elongation 

No data available 

D1. Specific heat 
No data available 

2. Thermal conductivity ity(4) 

T e m p e r a t u r e , C 
The rma l Conductivity, 

ca l / (sec)(cm)(C) 

200 
400 
600 
800 
900 
1000 

0.0308 
0,0342 
0.0375 
0.0411 
0,0426 
0.0442 

E l . Electrical resistivity 

No data available 
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F1. Reactions with coolants 

a. Steamt' ' ) 
Catas t rophic 

b . Helixxm 
No data available 

c. Carbon dioxide 
No data available 

d. Nitrogen 
No data available 

e. Hydrogen 
No data available 

f. Liquid me ta l s ('^' 
Minus 4. 5 X l O ' ^ mg/(cm2)(day) at 1200 F in NaK. 

g. Air(2) 
Dry: plus 17 mg/ (cm2)(hr ) at 1300 F 
Wet: ca tas t rophic 

F2. Reactions with claddings or structural materials 
No data available 

G1. Dimensional stability during irradiation 
No data available 

2. Fission-gas-release data 
No data available 

3. Swelling-temperature data 
No data available 

4. Unusual nuclear properties 
No data available 

5. Property changes as a result of irradiation 
No data available 

H. References 

(1) Dayton, R. W. , and Tipton, C. R. , J r . , " P r o g r e s s Relating to 
Civilian Applications During J a n u a r y , 1962", BMI-1565 (February 1, 
1962). 
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Thorium and Thor ium-Uran ium Compounds as T h e r m a l Breede r 
F u e l s " , BMI-1568 (February 15, 1962). 
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THORIUM URANIUM DICARBIDE 

Compiled by J. A. DeMastry 

A1. Chemical composition 

(Th9U)C2 

2. Phase diagram 

No data available 

3. Effect of impurities 
No data available 

B1. Density (room temperature) 
No data available 

2. Density versus temperature 

No data available 

3. Uranium content 

No data available 

4. Liquidus temperature 
No data available 

5. Solidus temperature 

No data available 

6. Vapor pressure 

No data available 

7. Thermal expansion (linear)^ ' 

Tennpera ture , F Coefficient, 10~" p e r F 

68-200 
68-400 
68-600 
68-800 
68-1000 
68-1200 
68-1400 
68-1600 
68-1800 

4. 1 
4.2 
4.3 
4.4 
4.4 
4.6 
4.7 
4.8 
5.0 

8. Recrystallization temperature range 
No data available 

C I . Hardness (room temperature)^ ' 
460 Knoop (100-g load) 
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2. Hot hardness 

No data available 

3. Ultimate tensile strength 

No data available 

4. Yield strength 

No data available 

5. Compressive strength' '•'' 

T e m p e r a t u r e , F 

68 
1200 
1800 

Compress ive Strength, ps i 

59,000 
15,000 
23,000 

6. Creep strength 
No data available 

7. Young's modulus 
No data available 

8. Shear modulus 

No data available 

9. Bulk Modulus 

No data available 

10. Poisson's ratio 

No data available 

11. Elongation 

No data available 

D1. Specific heat 

No data available 

2. Thermal conductivity (4) 

T e m p e r a t u r e , C 

200 
400 
600 
800 
900 
950 

T h e r m a l Conductivity, 
ca l / (sec)(cm)(C) 

0 . 0 4 8 3 

0 . 0 5 2 8 

0 . 0 5 6 6 

0 . 0 6 0 7 

0 . 0 6 2 9 

0 . 0 6 3 7 

E l . Electrical resistivity 

No data available 
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F1. Reactions with 

a. Steam(^) 
Catas t rophic 

b . He lium 
No data available 

c. Carbon dioxide 
No data available 

d. Nitrogen 
No data available 

e. Hydrogen 
No data available 

f. Liquid m e t a l s ' ' 
Minus 1. 5 X 10"^ mg/(cm2)(day) in 1200 F NaK 

g. Air(2) 
Dry: plus 17 mg/ (cm^) (h r ) at 1300 F 
Wet: ca tas t rophic 

2. Reactions with claddings or structural materials 

No data available 

G1. Dimensional stability during irradiation 

No data available 

2. Fission-gas-release data 

No data available 

3. Swelling-temperature data 

No data available 

4. Unusual nuclear properties 
No data available 

5. Property changes as a result of irradiation 

No data available 
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uc 
U2C3 
UC2 

4 4 

URANIUM CARBIDES 

Compiled by W. Chubb 

A1. Chemical composition 
Uranium monocarb ide , UC, 4. 8 w/o carbon 
Uranium sesqu ica rb ide , U2C3, 7.0 w/o carbon 
Uranium d icarb ide , UC2* 9. 1 w/o carbon 

2. Phase diagram^ ' 
See Figure A2. 

3. Effect of impurities 

The melt ing point of UC is lowered by a l l known impur i t i e s except HfC, 
NbC, TaC, T h e , UN, and Z r C . See Reference (2) for additional detai ls 
of t e r n a r y consti tution. 

Most impur i t ies tend to i n c r e a s e the r o o m - t e m p e r a t u r e h a r d n e s s and 
s t rength of UC. 

B1. Density (room temperature) 
A s - c a s t u r an ium-ca rbon alloysv^); see F igure B l . 
U2C3: 12. 8 g per c m 3 . ('̂ ) 

2. Density versus temperature 

No data avai lable: see B-7 . 

3. Uranium content 

Compound 

UC 
U2C3 
UC, 

Fue l Densi ty , g p e r cm-

12.9 
11.9 
10.2 

4. Liquidus temperature 
See F igure A2. 

5. Solidus temperature 

See F igure A2. 

6. Vapor pressure^^'"' 

The vapor species over uran ium carb ides a r e not known p r e c i s e l y . A 
congruently vaporizing composit ion ex is t s at approximate ly UCj_ 07* 
Higher carbon alloys lose carbon preferent ia l ly by vapor izat ion. Assuming 
the vapor species over UC2 sa tura ted with carbon (actually about U C i . 86) 
to be uranium atoms and carbon atonns, the following express ions for the 
vapor p r e s s u r e of uraniuna have been obtained: 

F r o m 1930 to 2365 K^^): 

I n P u - ^ L L i i i - 0.111 / ' i n T + i O O O V 12.140. 
T / 
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( I ) 

AEA-43208 



10 

3 4 5 
Carbon, w/o 

20 30 V 40 50 
Carbon, a/o 

50 fyO 

c c c 

8 9 10 

70 

FIGURE Bl. DENSITY OF AS-CAST URANIUM-CARBON ALLOYS 
( 3 ) 

AEA-43199 (1̂  



47 

F r o m 2448 to 2731 K ( 6 ) : 

log P y ( a t m ) = - 3 0 , 6 0 0 / T + 6. 36. 

UC 
U2C3 
U C , 

7. Thermal expansion 

A s - C a s t A l loys 

Uraniv im - 4. 8 w / o c a r b o n 
Urani iom - 7 . 0 w / o c a r b o n 
U r a n i u m - 9 - 0 w / o c a r b o n 

Coef f ic ien t^^ ' f r o m 
20 to 1600 C , 10~^ p e r C 

1 1 . 
12. 
15. 

0 
0 
8 

(a) Calculated from dilation curves in Reference (1). 

8. Recrystallization temperature range^ ' ' 

G r a i n g r o w t h in UC i s v e r y s l ow a t 1100 C a n d r e l a t i v e l y r a p i d a t 1700 C. 

The d i f fus ion r a t e of u r a n i u m in U C i s l e s s t h a n 10"•'•^ c m p e r s e c a t 
1400 C. See a l s o C - 2 . 

C I . Hardness (room temperature) (4) 

M a t e r i a l 

T 
T y p i c a l R o o m -

e m p e r a t u r e H a r d 
n e s s , D P H , 
kg p e r m m ^ 

700 
750 

1100 
500 

U r a n i u m - 4. 8 w / o c a r b o n a l l o y , a s c a s t , UC 
U r a n i u m - 7 . 0 w / o c a r b o n a l l o y , a s c a s t , UC + UC2 
U r a n i u m - 7 . 0 w / o c a r b o n a l l o y , a n n e a l e d , U-,Co 
U r a n i u m - 9 - 0 w / o c a r b o n a l l o y , a s c a s t , UC2 

2. Hot hardness^'' 

The h a r d n e s s of t he u r a n i u m c a r b i d e s b e g i n s to d e c r e a s e r a p i d l y a t a b o u t 
1000 C a n d fa l l s b e l o w 100 kg p e r m m ^ for a l l c o m p o s i t i o n s b e t w e e n 5 
a n d 9 w / o c a r b o n a t a b o u t 1200 C. 

3. Ultimate tensile strength 
No d a t a a v a i l a b l e 

4. Yield strength(4) 
No d a t a a v a i l a b l e ; t r a n s v e r s e r u p t u r e s t r e n g t h s r a n g e f r o m 1 0 , 0 0 0 ± 
4 , 0 0 0 p s i for u r a n i u m - 4. 8 w / o c a r b o n a l l oy to 1 2 , 0 0 0 ± 4 , 0 0 0 p s i for 
u ran i imn - 7 . 0 w / o c a r b o n a l l o y . 

5. Compressive strength^*' 

M a t e r i a l 

U r a n i u m - 4. 8 w / o c a r b o n a l l o y , a s c a s t , UC 
U r a n i u m - 7 . 0 w / o c a r b o n a l l o y , a s c a s t . 

C o m p r e s s i v e R u p t u r e 
S t r e n g t h , p s i 

5 1 , 0 0 0 
6 6 , 0 0 0 

UC + UC-
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6. Creep strength^'' 

4 8 

Grain-growth , h o t - p r e s s i n g , and ho t -ha rdness studies show that recovery 
p r o c e s s e s a re active in u ran ium carb ides at t e m p e r a t u r e s near 1100 C. 

In the t e m p e r a t u r e range from 1500 to 1900 C, p las t ic s t r a in r a t e s in a r c -
cas t UC follow a re la t ion of the type: 

Strain Rate = kf(0) exp (-37, 500 /RT) , 

where k is a constant , f(a) is a functional re la t ion of s t r e s s , 

a is the s t r e s s (about 2000 psi) at 0.001 s t r a i n , R is the gas 
constant , and T is the absolute t e m p e r a t u r e . 

7. Young's modulus 

Mater ia l 

Uranium - 4. 8 w/o carbon alloy 
Uranium - 7 . 0 w/o carbon alloy 
Uranium - 5 . 0 w/o carbon alloy 
Uraniiun - 5 . 0 w/o carbon alloy 
Uranium - 5. 0 w/o carbon alloy 
Uranitim - 5. 0 w/o carbon alloy 
Uranium - 5, 0 w/o carbon alloy 

Young's 
T e m p e r a t u r e , 

C 

20 
20 
20 

500 
1000 
1500 
1700 

Modulus , 
10^ ps i 

29.5 
29.0 
29.6 
28.8 
27.2 
20.7 
14.8 

Reference 

(4) 
(4) 

(10) 
(10) 
(10) 
(10) 
(10) 

8. Shear modulus 
No data available 

9. Bulk modulus 

No data available 

10. Poisson's ratio 

No data available 

11. Elongation 
No data available 

D1. Specific heat (" ) 

The specific heat of a u r a n i u m - 4 . 8 w / o carbon alloy s in te red to a density 
of 10. 2 g pe r cm-^ (75 per cent of theore t ica l ) was found to be 0. 048 c a l / 
(g)(C) at 125 C and 0.053 cal/(g)(C) at 250 C. 

2. Thermal conductivity^ ' 

The t h e r m a l conductivity of UC (uran ium-4 . 8 w/o carbon alloy) is 
0. 055 cal / (sec)(cm)(C) from 200 to 1000 C. 
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E l . Electrical resistivity^''^'^' 2 

The res i s t iv i ty at room temperature^-^ ' of a s - c a s t u ran ium carbon alloys 
is shown in F igure E l . The res i s t iv i ty of a u ran ium-7 w/o carbon alloy 
t r ans fo rmed to U2C3 by heat t rea tment (4) is about 210 m i c r o h m - c m at 
room t e m p e r a t u r e . 

The res i s t iv i ty of t h ree different u ran ium carbon alloys as a function of 
t e m p e r a t u r e ! 1) is shown in F igure E2. 

F 1 . Reactions with coolants 

a. S team(12,13 ,14) 
Uranium carb ides r e a c t with s t e a m , w a t e r , and water vapor at room 
t e m p e r a t u r e and above to form hydrogen, h y d r o c a r b o n s , and hydrated 
uran ium oxides . The ra te is significant at room t e m p e r a t u r e and becomes 
ca tas t rophic at about 100 C. 

b . Heli\im 
Uranium carb ides a r e deca rbur i zed or oxidized depending upon the pa r t i a l 
p r e s s u r e of the oxygen imposed on the sys tem at t e m p e r a t u r e s of about 
1000 C or above as an impuri ty in hel ium. 

c. Carbon dioxide'^^) 
The r a t e of oxidation of u ran ium monocarbide i s v e r y rapid in carbon 
dioxide at 500 C and above. 

d. Nitrogen(^) 
Uraniiom monocarbide d issolves ni t rogen at high t e m p e r a t u r e s , forming 
the solid solution, U(C,N) , and the higher carb ides and n i t r ides found in 
'the t e r n a r y u ran ium-ca rbon-n i t rogen sys tem. 

e. Hydrogen^^"' 
Hydrogen r eac t s with uran ium dicarbide to produce uran ium monocarbide 
and methane at 7 00 C. 

f. Liquid metals(1"^'18) 
Uranium carbides a r e oxidized by the oxygen normal ly p r e s e n t as an 
impuri ty in sodiuna and NaK at t e m p e r a t u r e s of 6OO C and above. 

g. Air(19) 
Bulk uran ium carbide begins to oxidize in oxygen at about 300 C. An ini t ia l 
rapid reac t ion is followed by a s lower reac t ion . Apparently the f i rs t oxide 
to form is adherent and somewhat p ro tec t ive . 

2. Reactions with claddings or structural materials 

The reac t ions of uran ium carb ides with solids a r e c h a r a c t e r i z e d by a t e m 
p e r a t u r e range below which no percept ib le reac t ion occurs and above which 
reac t ion occurs at a ca tas t rophic r a t e . The approx imate location of this 
t e m p e r a t u r e range is indicated by the rennarks noted in Table F 2 . 
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TABLE F2 . COMPATIBILITY OF URANIUM CARBIDES WITH SOLIDS 

Solid 
Mate r ia l Remarks Reference 

Aluminum 
Beryl l ium 
Copper 
Graphite 
Inconel 
Inconel X 
Magnesium 
Molybdenum 
Nickel 
Nichrome V 
Niobium 
Niobium-40 a /o t i tanium 
Silicon 
Mild s tee l 
Type 304 s ta in less 
Type 304 s ta in less 

Tantalum 
Titanium 
Tungsten 
Zirconium 
Zi rca loy-2 

Slight react ion at 600 C and above (4,20) 
Reacts to form UBe2 3 at 700 C and above (21) 
No reac t ion at 1000 C (4) 
Slight reac t ion at I6OO C (8) 
Slight react ion at 800 C (4) 
F o r m e d liquid eutect ic at 820 C (22) 
No react ion at 600 C (4) 
Slight reac t ion at 1200 C (4,23) 
Rapid reac t ion at 1000 C (see Inconel X) (11) 
Melted at 1100 C (see Inconel X) (23) 
Slight react ion at 1100 C (24) 
F o r m e d a liquid phase at 1200 C (23) 
Reacts to form USi3 at 1000 C (11) 
Slight react ion at 1000 C (4) 
No react ion with s to ich iomet r ic UC to 870 C (25) 
Slight ca rbur iza t ion of s ta in less by U2C3 and (25) 

UC2 at 550 C 
Rapid react ion at 1800 C (26) 
SLLght react ion at 1100 C (27) 
Rapid react ion at 1800 C (26) 
Slight react ion at 800 C (4) 
Slight react ion at 820 C (22) 

G1. Dimensional stability during irradiation 

As shown in Table G2, the d imensional stabil i ty of uranivma carb ides at 
modera t e t e m p e r a t u r e s is excellent during i r r ad ia t ion . 

2. Fission-gas-release data' ' ' ' ^ ° ' 

At t e m p e r a t u r e s up to 800 C, the f ission gas r e l e a s e d by bulk uran ium 
carbide may be at t r ibuted ent i rely to f ission r e c o i l s . See Table G2. 

3. Swelling-temperature data 

The swelling t e m p e r a t u r e of uran ium carbides has not been located exact ly , 
but appears to be over 1000 C [See Reference (29), Table G2] . See a lso C6. 

4. Unusual nuclear properties 
No unusual nuclear p rope r t i e s of the u ran ium carbides have been observed . 

5. Property changes as a result of irradiation 

Inc reases in resistivityC^ >-̂ 0) and in lat t ice s t ra in(M have been observed 
in uraniiom monocarbide . An i n c r e a s e in res i s t iv i ty of 2. 5 p e r cent was 
observed at a flux of 6 x lO-l-' t h e r m a l nvt. An i n c r e a s e in res i s t iv i ty of 
over 150 pe r cent was observed at a burnup of 1. 3 x 10^° f issions per cm-^ 



TABLE G2. IRRADIATION DATA ON URANIUM CARBIDES 

Material 
Carbon Content 

(Balance Uranium), 
w/o 

5.2 

5.2 

5.3 

5 .1 

5.0 

5.2 

5.3 

5.0 

6.7 

4 .8 

Fabncauon 
Condition 

As cast 

As cast 

As cast 

As cast 

As cast 

As cast 

As cast 

Annealed 

Annealed 

As cast 

Central Core 

Temperature , 

C 

590-870 

370-590 

490-1000 

380-800 

580-640 

530-680 

430-560 

--

--

930-1300 

Average Heat-

Generauon Rate, 
103 Btu/(ft2)(hr) 

680 

850 

880 

940 

700 

--

670 

--

--

--

Surface 

Temperatures 

During 

Irradiauon, 

C 

340-480 

270-350 

330-580 

270-480 

330-410 

300-400 

240-310 

680-810 

600-740 

Over 1000 

Approximate 

Burnup, 

fissions per c m ^ 

5 X 10l9 

6 . 5 x 10l9 

2 X 1020 

3 X 1020 

4. 5 X 1020 

6.5 X 1020 

9 X 1020 

2 . 5 x 1020 

2 X 1020 

0.5 to 
2 X 1020 

Density 

Change, 

per cent 

0 .8 

2 . 5 

2 .0 

2 . 5 

1.8 

3 . 4 

4 . 4 

0 .6 

1.3 

Over 10 

Fission-Gas-

Release 

Fraction^ ̂ .' 

— 

4 X 10-4 

--

5 x 10-4 

— 

— 

--

3 X 10-3 

--

0 .05-0 .30 

Reference 

(17) 

(17) 

(17) 

(17) 

(28) 

(28) 

(28) 

(1) 

(1) 

(29.31) 

(a) Amount released/amount produced. 

c a a 
O"^ o 

IV O 
<J0 
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URANIUM MONONITRIDE 

Compiled by E. O. Speidel 

A1. Chemical composition 

UN, 5. 56 w/o ni t rogen, 94. 44 w/o uraniiom 

2. Phase diagram^ ' 

No d iagram has been cons t ruc ted for the u ran ium-n i t rogen sys t em. Three 
compounds, UN, U2N3, and U N 2 J a r e known to exis t . The sys tem is two-
phase between the mononi t r ide , UN, and the se squ in i t r ide , U2N3. The 
solubility of ni t rogen in uran ium is l imited. The solubility of uranium in 
the mononi t r ide , UN, is also l imi ted . 

The sesqu in i t r ide , U2N3, is stable only to 1300 C, where it decomposes to 
form UN plus ni trogen at low p r e s s u r e s . 

3. Effect of impurities^^ 

No data available; var ia t ions in the lat t ice constant of UN have been 
a t t r ibuted to the p re sence of carbon or oxygen ins tead of solubility of 
ni t rogen in UN. 

B l . Density (room temperature)^ ' 

14.32 g per cm-^ (X-ray) 

2. Density versus temperature 
No data available 

3. Uranium content 

13. 5 g per cm-^ 

4. Liquidus temperature 
No data avai lable; see B5. 

(3) 
5. Solidus temperature ' 

The observed melt ing t e m p e r a t u r e of five samples var ied from 2575 to 
2710 C under an a tmosphere of NH3 (UN probably decomposes since the 
decomposi t ion t e m p e r a t u r e is s t rongly p r e s s u r e dependent). 

6. Vapor pressure 
No data available 

7. Tliermal expansion (linear) 

T e m p e r a t u r e , C Coefficient, 10"" pe r C 

2 0 - 1 2 0 0 9 . 7 

2 0 - 1 6 0 0 1 0 . 1 

8. Recrystallization temperature range 

No data available; see Reference (6) for poss ible data. 
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C I . Hardness (room temperature)^''"' 

6 0 0 db 5 0 K H N 

2. Hot hardness^ ' 

T e m p e r a t u r e , C 

650 
760 
870 
980 
1090 

3. Ultimate tensile strength 
No data available 

4. Yield strength 

No data available 

5. Compressive strength 

No data available 

DPH 

280 
220 
160 
130 
120 

6. Creep strength 
No data available 

7. Young's modulus 

33 X 10" ps i [extrapolated to 100 pe r cent density from data in 
References (4) and (5)] 

8. Shear modulus 

16 X 10° [extrapolated to 100 pe r cent density from data in Reference (5)] 

9. Bulk modulus 
25 X 10^ 

10. Poisson's ratio 

0. 28 [extrapolated to 100 pe r cent density from data in Reference (5)] 

D1. Specific heat 
No data available 

2. Thermal conductivity' ' 

T e m p e r a t u r e , C 

25 
200 
300 
400 
500 
600 
700 
800 

Therma l Conductivityt^), 
ca l / (sec)(cm)(C) 

0.032(l>) 
0.037 
0.040 
0.042 
0.044 
0.046 
0.048 
0 . 0 4 9 

(a) Measured on a 97 per cent dense specimen, (b) Extrapolated. 



59 UN 

El. Electrical resistivity (9) 

Resis t ivi ty '^^ , 
T e m p e r a t u r e , C m i c r o h m - c m 

25 I 6 l ( ^ ) 
200 176 
300 184 
400 190 
500 196 
600 201 
700 205 
800 208 

(a) Measured on a 97 per cent dense specimen. 
(b) Extrapolated. 

F1. Reactions with coolants 

a. Steam 
No data available 

b . Helium 
No data available 

c . Carbon dioxide 
No data available 

d. Nitrogen 
Will probably form higher n i t r ides up to 1300 C; see A2 above. 

e . Hydrogen^ ' ' 
No react ion up to 800 C 

f. Liquid me ta l s 
No data available 

g. Air(lO) 
Catas t rophic above 150 C 

2. Reactions with claddings or structural materials 
No engineering data avai lable 

G1. Dimensional stability during irradiation^ ' 

Est imated 
T e m p e r a t u r e , F Density 

Es t imated Burnup, Surface Center Line D e c r e a s e , 
f issions per cm^ Star t End Star t End p e r cent 

1 . 2 x l 0 2 l ( ^ ) 1070 400 2600 900 3. 5(^) 

(a) Estimated from reactor data. 
(b) Based on dimensional measurements of cladding. 
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2. Fission-gos-release data 
No data available 

3. Swelling-temperature data 

No data available 

4. Unusual nuclear properties 

N^'^(n,p)C^'^ react ion 

5. Property changes as a result of irradiation^ ' 

Effects of neutron radiat ion on c ry s t a l s t r u c t u r e : 

— = 1.67 - 1.67 exp (-7 x 10"^^ n ) , 
a 

Aa where is f ract ional i nc r ea se in un i t -ce l l s i z e , and n is a 
neutron dose in n per cm2. Specimens used were i r r a d i a t e d 
in the BEPO reac to r in a flux of about 10^^ n / (cm2)(sec) at 
ambient t e m p e r a t u r e . 
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URANIUM OXIDES 

Compiled by J. B. Melehan, F . A. Rough, and M. Kangilaski 

A1. Chemical composition 

a. Stoichiometr ic U02^ 88. 15 w/o u r a n i u m , 11. 85 w/o oxygen 

b . U ^ O Q , 86.86 w/o urani \ im, 13. 14 w/o oxygen 

c. UoO^, 86. 44 w/o uranivim, 13. 56 w/o oxygen 

d. U30g, 84.80 w/o u r an ium, 15. 20 w/o oxygen 

e. UO3, 83. 22 w/o u ran ium, 16. 78 w/o oxygen 

2. Phase diagram^ ' 

See F igure A2 

3. Effect of impurities 

The pr inc ipa l impuri ty of i n t e r e s t is oxygen. The addition of excess oxygen 
resu l t s in dec reased lat t ice p a r a m e t e r s of UO2 (a = 5.4691 ± 0.005 A) until 
the U4O9 (a = 5.4411 A) composit ion is a t ta ined. The cubic f luoride-type 
UOo is modified gradually in the U O T - U ^ O Q phase region and is finally con
ve r t ed to the cubic U^On s t r u c t u r e . The UoOy s t ruc tu re is t e t ragonal with 
a = 5. 447 ± 0. 003 A, c = 5. 400 ± 0 . 002 A, and is only stable below 200 C 
and at composit ions less than UO2. 33- U3O3 is or thorhombic with the 
lat t ice constants a = 6.91 ± 0 . 0 1 A, b = 1 1 . 9 6 ± 0 . 0 3 A , and c = 4. 15 ± 
0.01 A. The UO3 exis ts in two modif ica t ions , alpha UO3 with a hexagonal 
s t ruc tu re (a = 3. 971 ± 0. 004 A and c = 4. I68 ± 0. 008 A) and beta UO3 with 
an or thorhombic s t ruc tu re (a = 13.01 A, b = 10.92 A, c = 9-51 A). There 
has been no sys temat ic study of the effect of t e r n a r y , m e t a l l i c , or non-
meta l l i c additions on the composit ion l imi t s . 

B1. Density (room temperature)^ ' 

a. Theore t ica l density of s to ich iomet r ic UOo (based on X - r a y diffraction 
analysis) is 10. 95 to 10. 97 g pe r cm-^. 

b . Change of density with oxygen content is shown in F igure B l . ' ' 

2. Density versus temperature 
See B7. 

3. Uranium content 
9. 67 g per cm^ 
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4. Liquidus temperature^ ' 

a. In hel ium a tmosphere using a tungsten crucible : 2800 C ± 20 C 

b. In vacuum: 2405 C ± 20 C 

c. In hydrogen, a rgon , or hel ium: 2760 ± 30 C 

5. Solidus temperature 

Same as liquidus t e m p e r a t u r e 

6. Vapor pressure^^^'^^' 

a. Vaporizat ion of s to ich iometr ic UO2 

F r o m 1600-2000 K: 

log P/ _ 33,115 _ 4 Q26 log T + 25.686. 
^ ^(mmHg) T 

Above 2000 K: 

,0 -,00 3 . 7 1 9 5 x 1 0 4 3 . 5 6 1 2 x 1 0 ^ 2.6178 x l 0 9 
log P(mmHg)= 13.298 • 

b . Vapor p r e s s u r e of UO3 from thermodynamic data for c rys ta l l ine UO2 
and gaseous UO3. 

Below 2000 K: 

l°g P(atm) = '-^ + 4 . 7 3 + 1 / 2 log P Q ^ , where 

P O T = pa r t i a l p r e s s u r e of oxygen over U 0 3 . 

7. Thermal expansion ( l i n e a r ) ' ' ' ^ ' "*' 

a. Di la tometr ic l inear t h e r m a l expansion to the melt ing point of UO2 (93 pe r cent 
of theore t i ca l densi ty): 1 = 1Q (1 + 6. 0 x 10-6 T + 2. 0 x 10-9 T^ + 1. 7 x 
10-12 T 3 ) ^ where T = t e m p e r a t u r e , K. 

b . X - r a y diffraction m e a s u r e m e n t s of UO2 cel l s ize give expansion coefficients 
of 9. 9 x 10-6 to 10. 8 x 10-6 per C. 

8. Recrystallization temperature range 

No data available 

9. Grain growth^^*^ 
See F igure B9. 
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FIGURE B9 VARIATION OF GRAIN SIZE WITH ANNEALING TIME AND TEMPERATURE 

D is the new diameter and Dg is the old diameter. 
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C I . Hardness (room temperature)^ ' ' ' 

a. The load and c rys t a l d i rect ion has cons iderab le effect on the m i c r o h a r d n e s s . 
See F igu re s C l a ( l ^ ) . 

b . Effect of oxygen/uranium ra t io on ha rdness of s ing le -phase UO^ , is shown 
in F igure C lb . (U 

2. Hot hardness 

No data available 

3. Ultimate tensile strength<17.19,20) 

a. Modulus of rupture is shown in Table C3. 

b . F r a c t u r e s t rength ranges from 2300 to 5400 ps i (determined indirect ly from 
compress ive s t rength perpendicu la r to the axis of spec imen) . 

5. Compressive strength^ ' 

See Table C5. 

TABLE C5. COMPRESSIVE STRENGTH OF FUSED 
UO2 AT ROOM TEMPERATURE(l'i^) 

Grain Size , 

0 - 5 

10-15 

15-20 

/̂  

Length /Diamete r 
Ratio 

2:1 

2:1 

2:1 

Av< srage Compress ive 
St rength , ps i 

140,000 

70,000 

60,000 

6. Creep strength^^^ 

Three-poin t loading t e s t data a r e p resen ted in F igures C6a, C6b, and C6c. 

7. Young's modulus(21.22) 

a. See Table C7. 

b . Effect of nonstoichiometry on Young's modulus 
96 pe r cent dense UO2. K,: E = 18 x 10° ps i 
After hydrogen reduct ion at 1200 C: E = 27 x I06. 

8. Shear modulus^^'' 

See Table C7. 
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TABLE C3. BEND STRENGTH AND BULK DENSITY OF DIFFERENT UO2 CERAMICS^^) 

Starting UO2 Powder 

Sintering Conditions^^^ 
Strength Data 

Average Standard Bulk 

Atmosphere 
Temperature, T i m e , Number of Modulus of Deviation, Density, 

hr Specimens Rupture, psi psi g per cm-J 

At Room Temperature 

Fused, 0 to 5^^^^ 

Fused, 5 to 10/i 
Fused, 10 to 15 ft 
Fused, 15 to 20/i 
Fused, 0 to 5/i 
Steam oxidized^'^) 

Hydtogenated steam oxidizedC'^) 

Peroxide precipitatedC'-) 
Ammonia precipitated(<^) 

Steam oxidized + 0.75 w/o T1O2 
Hydrogenated steam oxiaized + 0. 50 

w/o T1O2 

Peroxide precipitated + 0.25 w/o T1O2 

Peroxide precipitated + 0.2 w/o alumi
num stearate 

Ammonia precipitated + 0.2 w/o 
aluminum stearate 

Fused, 0 to bfi 

Fused, 5 to 10^ 
Fused, 10 to 15fi 
Fused, 15 to 20/i 

Fused, 0 to 5/i 

Steam oxidized 
Hydrogenated steam oxidized 

Peroxide precipitated 

Ammonia precipitated 
Steam oxidized + 0. 75 w/o T1O2 

Hydrogenated steam oxidized + 0. 50 w/o 

T1O2 

Peroxide precipitated + 0.25 w/o T1O2 
Peroxide precipitated + 0.2 w/o a lumi

num stearate 
Ammonia precipitated + 0.2 w/o 

aluminum stearate 

Argon 
Argon 
Argon 
Argon 
Helium 
Helium 
Helium 
Helium 
Helium 

Helium 

Helium 

Helium 

Helium 

2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 

1900-2000 
1900 

1800 

1600 

2000 

1/2 
1/2 
1/2 
1/2 
1/2 

1 
1 

1 

1 

1 

1 

1 

12 

7 

6 

7 

11.990 
9,480 

10,270 
8,610 

12,920 
7,340 

9,580 

12,400 

11,100 

12,700 

14,500 

10,400 

2,370 
1,180 
1,040 
1,380 
1,261 

560 

637 
1,610 

1,230 

2,180 

3,180 

2,800 

10.10 

9.68 
9 .14 

8.48 
9.89 
8.34 

8.82 
10.04 

9 .84 

9.66 

10,10 

10.39 

12,700 1,730 10.37 

Helium 

Argon 

Argon 
Argon 
Argon 

Helium 

Helium 

Helium 
Helium 

Helium 

Helium 

Helium 

Helium 

Helium 

Helium 

2000 

At 1000 C 

2000 

2000 

2000 
2000 
2000 

2000 

2000 

2000 
1900-2000 

1900 

1800 

1600 

2000 

2000 

1 

1/2 
1/2 

1/2 
1/2 

1/2 

1 
1 

1 
1 
1 

1 

1 

1 

1 

11 

3 
4 

6 
4 

9 
7 

8 

7 
12 

7 

8 

6 

15 

16 

10,870 

17,980 

15.790 
12,590 
8,280 

14,900 

7,700 

10,800 
21,700 

9,380 

15.600 

19,500 

13,600 

11,800 

9,380 

1.164 

900 

1,050 
3,170 
1,080 

2,020 

897 
1,210 
3,770 
1,440 

846 

1.480 

3,060 

1,820 

1,770 

10.26 

10.02 

9.56 
9.17 
8.48 

9.89 

8.34 

8.81 
10.05 

9.85 

9.62 

10.13 

10.39 

10.36 

10.30 

(a) Forming. Preformed in a steel mold and then hydrostatically repressed at 45, 000 psi, no binder used. 
Sintering Tungsten setter plates, inductively heated, graphite susceptor furnace. 

Finishing Specimens ground and lapped to 1/8 x 1/4 x 1-1/4 in. 

(b) Norton Company e lec tnc -a rc fused UO2. 

(r) Prepared by ORNL. 
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T A B L E C7 . E L A S T I C P R O P E R T I E S O F UO2 A T ROOM T E M P E R A T U R E ^ ^ ^ ) 

Type of UO2 

Bulk Y o u n g ' s M o d u l u s (a-). 
D e n s i t y , 10° p s i 

% T D E L E F W E p L 

S h e a r M o d u l u s ( b ) , 
10^ p s i 

P o i s s o n ' s 
R a t i o 

ML MFW 

Bulk M o d u -
lus (d) , 106 p s i 

K i K F W 

MCW c o l d - p r e s s e d UO2 
s i n t e r e d a t 1750 C in 
h y d r o g e n ( o x y g e n / 
u r a n i u m r a t i o = 2. 02) 

94.6 28.0 2 8 . 1 28.0 10. 8 0.302 0.306 2 3 . 5 2 4 . 1 

N H 3 - p r e c i p i t a t e c o l d -
p r e s s e d UO2 s i n t e r e d 
a t 1750 C in h y d r o g e n 

93 .0 26 .4 25.2 26.7 10. 2 0 . 2 9 1 2 1 . 1 

(a) EL = Young's modulus calculated from the longitudinal resonant frequency. 
EpW = Young's modulus calculated from the flatwise flexural vibration. 
EpL = Young's modulus calculated from the edgewise flexural vibration. 

(b) Shear modulus calculated from the torsional resonant frequency. 

( c ) . = ^ - l . 

(d) K = 
3(1-2^) 



' - UO 

9. Bulk inodulus<21) 

See Table C7. 

10. Poisson's ratio(21) 

See Table C7. 

D l . Specific heat(3.23) 

a. Heat capaci ty at constant p r e s s u r e : 

Cp = 18. 45 + 2. 431 X 10-3 T - 2272 x 10^ T-2 cal/{g mole)(C). 

b . Table of specific heats calculated from above express ion : 

T e m p e r a t u r e , C Specific Heat , cal /(g)(C) 

100 0 . 0 6 3 

200 0 . 0 6 7 
500 0.074 

1000 0.078 
1500 0.082 

2. Thermal conductivity^ ^'24-34) 

a. See F igu re s D2a and D2b and Tables D2a and D2b. 

b . An empi r i ca l equation for t h e r m a l conductivity of 100 pe r cent dense UO^ 
from 800 to 2100 C is as follows: 

K = 1 w/ (cm)(C) , 
17.3 + 0.016 T ^ '^ " 

where T = T e m p e r a t u r e , K. 

E l . Electrical resistivity'"' 

a. Typical values of e l ec t r i ca l conductivity a r e shown in F igure E l a . 

b . Effect of nonstoichiometry on e l ec t r i c a l conductivity i s shown in F igure E l b . 
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All values have been adjusted linearly 
with density to 100 per cent theoretical. 
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T A B L E D2a . T H E R M A L CONDUCTIVITY F O R S T O I C H I O M E T R I C U02^^^ 

O x y g e n / U r a n i u m 
Ra t io 

D e n s i t y , 
g p e r c m ^ 

8 . 0 0 

1 0 . 0 8 

1 0 . 5 5 

8. 17 

1 0 . 5 

A t m o s p h e r e 

V a c u u m 

V a c u u m 

Vacu i im 

H e l i u m 

H y d r o g e n 

T e m p e r a t u r e , 
C 

200 
400 
600 
800 

1000 

100 
150 

60 
70 
80 

200 
215 
390 
640 
870 

1100 
1320 
1400 
1560 
1670 

800 
900 

1000 
1100 
1150 

T h e r m a l 
Conduc t iv i t y fo r 

100 P e r Cen t 
D e n s e UO2 

( C a l c u l a t e d ) , 
w / ( c m ) ( C ) 

0 . 0 8 1 5 
0 . 0 5 9 0 
0 . 0 4 5 2 
0 . 0 3 7 6 
0 . 0 3 5 1 

0. 105 
O.O9O8 

0. 115 
0. 114 
0. 114 

0 . 0 5 2 4 
0 . 0 5 1 0 
0 . 0 4 2 8 
0 . 0 3 4 8 
0 . 0 2 6 4 
0 . 0 2 3 4 
0 . 0 2 0 9 
0 . 0 1 9 9 
0 . 0 1 9 0 
0 . 0 1 9 3 

0 . 0 3 4 0 
0 . 0 3 1 0 
0 . 0 2 7 5 
0 . 0 2 6 0 
0 . 0 2 5 5 

R e f e r e n c e 

(27) 

(33) 

(33) 

(29) 

(26) 

2.00 

2.00 

2 . 0 0 r e d u c e d 
f r o m 2. 09 

2.00 

2,00 
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TABLE D2b. E F F E C T OF COMPOSITION ON THERMAL CONDUCTIVITIES 
OF URANIUM OXIDES(l) 

Uranium/Oxygen Density, 

Conductivity for 
Theore t ica l 100 P e r Cent Relative 

Densi ty , Dense U 0 2 ' ^ ' , Conductivity, 

(a) 
(b) 
(c) 
(d) 
(e) 
(0 
(g) 

R a t i o 

2 . 0 0 
2 . 0 0 
2 . 01 
2 . 0 1 ( c ) 

2 . 0 4 
2 . 0 5 5 
2 . 0 5 5 ( c ) 
2 . 0 7 
2 . 08 

2 . 0 9 ( ^ ) 
2 . 0 9 
2 . 0 9 5 
2 . 11 
2 . 1 4 ( c ) 
2 . 16 

2 . 19 
2 . 2 1 
2 .26("=^g) 

Measurements at 60 C 
58 C. 

g p e r c m 3 g 

1 0 . 5 5 ] 
1 0 . 0 0 ] 
1 0 . 3 0 ] 
1 0 . 2 5 ] 
1 0 . 3 0 ] 
1 0 . 3 0 ] 
1 0 . 2 5 ] 
1 0 . 3 0 ] 
1 0 . 3 0 ] 
1 0 . 2 5 ] 
1 0 . 5 5 ] 
1 0 . 3 0 ] 
1 0 . 3 0 ] 
1 0 . 2 5 ] 

1 0 . 8 ] 
9 . 8 3 : 

1 0 . 6 ] 

8 . 0 5 

except where noted. 

0.1 w/o Ti02 addition. 
57 C. 
53 C. 
Average of three specimens. 
U3O8 plus trace amount of UOn. 

p e r c m ^ 

LO.96 
LO.96 

LO.97 
LO.97 
LI. 0 2 
L I . 0 3 
L I . 0 3 
LI. 06 
LI. 07 
LI. 0 8 
LI. 0 8 

L I . 0 9 
LI. 11 
LI. 15 

LI. 18 
L I . 2 2 
L I . 2 5 
8 . 4 

w / ( c m ) ( C ) 

0 . 1 1 5 ( b ) 

0 . 0 9 2 

0 . 0 7 1 
0 . 0 5 3 5 
0 , 0 6 4 
0 . 0 6 1 
0 . 0 4 3 
0 . 0 5 4 
0 . 0 4 9 5 
0 . 0 3 1 
0 . 0 7 l ( < i ) 
0 , 0 3 9 5 
0 , 0 3 3 
0 , 0 2 2 5 
0 , 0 3 5 
0 , 0 3 5 ( ^ ) 
0 , 0 1 8 ( f ) 
0 . 0 1 8 

p e r c e n t 

1 0 0 
1 0 0 
1 0 0 
1 0 0 

9 0 
8 6 
8 0 
7 6 
67 
5 8 
6 2 
5 3 
4 6 . 5 
4 2 

3 8 
3 0 
25 
2 5 

R e f e r e n c e 

( 3 3 ) 
( 3 4 ) 
( 2 4 ) 
( 2 4 ) 
( 2 4 ) 
( 2 4 ) 
( 2 4 ) 
( 2 4 ) 
( 2 4 ) 
( 2 4 ) 
( 3 3 ) 

( 2 4 ) 
( 2 4 ) 
( 2 4 ) 
( 3 4 ) 
( 3 3 ) 

( 2 4 ) 
( 2 4 ) 
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F l . Reaction with coolants^^'^^'^^'^T) 

a. Steam 

Specimien Tes t Conditions 

Cold p r e s s e d and 302 h r in degassed 
s in te red s t eam at 750 F 

and 2000 psig 

Hot p r e s s e d 302 hr in degassed 
s team at 7 50 F 
and 2000 psig 

Average 
Weight L o s s , 

pe r cent 

0 . 0 4 

0 , 4 2 

U(VI) 
Content 

After Tes t , w /o 

0, 27 
0 , 6 4 
0, 50 

0 , 4 3 

b . Helium 
No react ion occurs from room t e m p e r a t u r e to the UO2 mel t ing point. 

c. Carbon dioxide 
At 1292 F , UO2 (P = 9. 6 g p e r cm^) exhibited a weight change of 0. 008 
mg/ (cm2)(hr ) , 

d. Hydrogen 
No react ion up to the melt ing point of UO2 o c c u r s . 

2. Reactions with cladding or structural materials'**'^'™' 

Mater ia l 

a. Niobium-base alloys 

b . Zirconium 

c. Nicke l -base alloys 

d. I ron-base alloys 

e. Stainless s tee l 

f. Chromium-base alloys 

g. Tungsten 

h. Tantalum 

i. Molybdenum 

j . Rhenium 

Reaction With UO2 

None to 2300 F 

Reaction at 1500 F 

No reac t ion at 2000 F ; 
reac t ion at 2500 F 

No react ion at 2000 F 

No react ion at 600 F 

No react ion at 2000 F 

F i r s t reac t ion at 1785 C; 
fast reac t ion at 2065 F 

F i r s t reac t ion at 2295 C; 
fast reac t ion at 2420 C 

F i r s t reac t ion at 2155 C 

F i r s t reac t ion at 925 C; 
fast react ion at 2295 C 
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G1, Dimensional stability during irradiation^*""*^' 

a. A density dec rea se of 0. 33 p e r cent p e r a /o of burnup resu l ted at a burnup of 
53 pe r cent, (40,41) 

b , A density dec rea se of 0, 5 p e r cent p e r a /o of burnup was observed in water 
cooled flat plate fuels. (^2) 

2, Fission-gas-release data 

a, Pos t i r r ad ia t ion diffusion 

(1) At low burnup , or by neutron act ivat ion, diffusion coefficients in 
s in te red UO2 a r e found to depend upon the exper imenta l condi t ions , 
and a re believed to depend upon the oxygen/uranium r a t i o , although 
the la t ter has not been proved, 

(a) In reducing a tmosphere (hel ium-5 volume p e r cent hydrogen) 
the following data have been obtained for s in te red U02: (^ '43) 

Dxe = 6 . 6 x l 0 - 6 e ( - 7 1 , 7 0 0 / R T ) 

D x e = 7 . 8 x io-6e(-'71,000/RT) 

Dj^j. data a r e s i m i l a r . ^ ' 

(b) Other data for a neu t ra l a t m o s p h e r e , a ge t te red a t m o s p h e r e , 
and a ge t te red (in p re sence of tantalum) vacuum gave va r i ab le 
activation energ ies for xenon diffusion, the activation energy 
increas ing apparent ly with i n c r e a s e d get ter ing or as the 
oxygen/uranium rat io approaches 2. 00. 

Neutra l atmosphere:^44) 

Dxe = 1.5x lO-8e(-46,000/RT). 

Gettered a tmosphere: (45) 

Activation energy = 115,000 cal pe r g mole 

Dxe at 1400 C = 2 x 10"!^ cm^ p e r s ec . 

Get tered vacutim:' ) 

Activation energy = 125,000 cal pe r g mole 

Dxe at 1400 C = 5 x 10"!^ cm2 pe r sec . 

(c) For other data see Reference (1). 



(2) Effects of increas ing burnup upon gas r e l e a s e do not appear to be 
se r ious for wa te r -coo led pin- type fuel e lements up to 25,000 MWD/T. 
Fo r example ( l ) , compar i son between calculated (based on diffusion 
m e a s u r e m e n t s ) and observed Kr°^ r e l e a s e s for s in tered oxides of 86 
to 96 pe r cent densi ty , exposed at heat fluxes of 40,000 to 300,000 
Btu/(hr)(ft2) for burnups between 1,000 and 13,000 MWD/T a r e shown 

, 7 3d 
in F igure G2a. S imi la r ly , the var ia t ion of D ' = D/a ' ' (where a = — , 

Jve s 

d = fraction of theore t i ca l dens i ty , s = surface a r e a in cm p e r cm^) 
with burnup is a lso shown in F igure G2b for gas -coo led r eac to r con
dit ions. v4') ]sjo significant i nc r ea se is bel ieved to occur for burnups 
up to 16,400 MWD/T, the s ca t t e r being largely accounted for by the 
uncer ta in t ies in the surface a r e a s . (Corre la t ion was es tabl i shed by 
asstiming an activation energy of 70,000 cal per g mole and cor rec t ing 
D ' to 1400 C. Specimens with t e m p e r a t u r e above I6OO C were not 
considered. ) On the other hand, f lat-plate spec imens i r r ad i a t ed at 
average t e m p e r a t u r e s well below 1000 C showed an apparent l a rge 
i nc rea se in diffusion coefficient of Kr85 at 1000 C with inc reas ing 
burnup , as shown in F igure G2c. ' ' These r e su l t s were obtained by 
pos t i r rad ia t ion heating and show significant burnup effects at burnups 
above 25,000 MWD/T for these condit ions. S imi lar effects may or 
may not occur when i r rad ia t ions a r e conducted at higher t e m p e r a t u r e s 

In-pile diffusion 

Low-burnup in-pi le m e a s u r e m e n t s of f i ss ion-gas r e l e a s e from UO2 in 
he l ium-5 volume per cent hydrogen yield the following conclusions(48); 

(1) Xenon and krypton diffusion a r e about equal at t e m p e r a t u r e s 
up to 3000 F . 

(2) Iodine diffusion ra tes a r e about equal to xenon for the above 
t ennpera tu res , and iodine is not a significant contr ibutor in a 
p r ac t i c a l fuel e lement . Bromine effects on krypton a r e ni l . 

(3) Diffusion coefficients obtained by neutron activation a r e 
adequate to cha rac t e r i ze the low-burnup behavior of r a r e 
gases in U02-

Model for diffusion 

The model for diffusion r e l e a s e of xenon and krypton from s in tered UO2 
is adequately r ep re sen t ed by assuming a spher i ca l geometry with the 
appropr ia te sur face- to -vo lume ra t io . (^) It is likely that a f lat-plate 
geometry of appropr ia te sur face- to -vo lume ra t io would be m o r e p rec i s e 
in some c a s e s , but the maximum differences between the two models is 
only 14 pe r cent of the pred ic ted r e l e a s e . (48) 
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FIGURE G2a. CALCULATED AND OBSERVED FRACTIONAL 
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d. Other mechan i sms of gas r e l ea se 

It a p p e a r s , especial ly in high-heat rating e l e m e n t s , that many mechan i sms 
other thcin diffusion a r e acting. Some of these mechan i sms a re significant, 
indicating that cor re la t ion between diffusion-model predic t ions and ob
se rved r e l e a s e s a r e for tui tous. F u r t h e r d i scuss ions of other m e c h a n i s m s 
of gas r e l ea se a r e in the l i t e r a t u r e . (1 >30,49-51). See a lso the co r re l a t ion 
of gas r e l e a se with heat rat ing below^. 

e. Corre la t ion of gas r e l e a s e with heat rat ing 

A surpr i s ing ag reemen t between predic t ions by a s imple diffusion nnodel 
and observed r e l ea se s at low burnup as a function of heat genera t ion is 
i l lus t ra ted in Figure G2d.\^^' Selection of only one a r b i t r a r y p a r a m e t e r 
was n e c e s s a r y to obtain a good fit between calculated and exper imen ta l 
data . 

3. Swelling-temperature data 

Swelling has been observed in bulk UO2 wate r -coo led fuels as indicated in 
F igure G3. The center t e m p e r a t u r e s a r e in d i spu te , but it is apparent 
that swelling will r e su l t when l a rge accumulat ions of gases occur . The 
behavior of UO2 fuel e lements at gas -cooled r eac to r condi t ions , however , 
may be much different. Additional data a r e needed for such condit ions. 
The p las t ic behavior of UO2 at e levated t e m p e r a t u r e s has been 
demons t ra ted . (1*20,22) 

4. Unusual nuclear properties 

None 

5. Property changes as a result of irradiation' ' ' ' 

a. T h e r m a l conductivity: a 33 pe r cent dec r ea se at 60 C after 1. 1 x 10^° 
f issions p e r cm^. See F igure D2b. v^^) 

The difference in the Chalk River and HAPO data on i r r a d i a t e d UO2 at above 
1500 C is probably due to the differences in i r r ad ia t ion t i m e s . The HAPO 
data a r e based on long i r r ad i a t i on t imes during which the t h e r m a l conduc
tivity was improved by s inter ing and gra in growth. The Chalk River data 
a re based on short i r r a d i a t i o n s . Additional data have been r epor t ed by 
Eichenberg . (^2) 

b . Hardness : an i n c r e a s e from 625 to 830 KHN after 2 x 10^0 f issions per cm'^ 
has been repor ted . (1) 

c. Melting point: an i n c r e a s e of 125 C after 1.5 x 10^9 f issions p e r cm-^ and 
a significant reduction after 2 x 10^1 fissions per cm-^ have been 
repor ted . (18,53,54) See F igure G5c. 

d. E l ec t r i ca l conductivi ty(l°) 

See F igure G5d. 

t. 
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(54) B a t e s , J . L. , Chr i s t ensen , J . A. , and Daniel , J . L. , " I r rad ia t ion 
of Uranium Dioxide Single C r y s t a l " , paper p resen ted at ANS Meeting, 
Boston, 17-21 June , 1962; Abs t rac t in T r a n s . ANS, 5, 1 (1962). 
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URANIUM SILICIDE 

Compiled by M. Kangilaski 

A1. Chemical composition 

U3Si2^ 92.7 w/o u r a n i u m , 7 . 3 w/o si l icon 

2. Phase diagram^ * 

See F igure A2. 

3. Effect of impurities 
No data available 

B1. Density (room temperature)^ ' 

12. 20 g per cna"^ 

2. Density versus temperature 

No data available 

3. Uranium content 
11. 3 g per cm-* 

4. Liquidus temperature' ' 
1665 C 

5. Solidus temperature 

1665 C 

6. Vapor pressure 

No data available 

7. Thermal expansion (linear)^" 

14. 6 X 10 '^ p e r C at 20 to 1000 C 

8. Recrystallization temperature range 
No data available 

C I . Hardness (room temperature)^^' 

659 DPH 

2. Hot hardness 
No data available 

3. Ultimate tensile strength 

No data available 

4. Yield strength 

No data available 

5. Compressive strength 

No data available 
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6. Creep strength 

No data available 

7. Young's modulus^ ' 

7. 5 X 10^ p s i 

8. Shear modulus 

No data available 

9 . Bulk modulus 

No data available 

10. Poisson's ratio 

No data available 

11 . Elongation 

No data available 

D l . Specific heat^^) 

0.0416 ca l / (mole) (C) , (calculated value) 

2. Thermal conduct ivi ty^' ' 

0.035 cal / (sec)(cm)(C) at room t e m p e r a t u r e 

E l . E lectr ica l r e s i s t i v i t / ° ' 

112 m i c r o h m - c m at 100 C; 124 m i c r o h m - c m at 300 C 

F 1 . Reactions with coolants 

a. Steam 
No data available 

b . Helium 
Xo data available 

c. Carbon dioxide( ' ) 
Similar to uranium 

d. Nitrogen(8) 
Reaction slower than with oxygen, initially pa rabo l i c , fas ter than 
uranixim-nitrogen react ion 

e. Hydrogen! ' ) 
Probably incompatible 

f. Liquid m e t a l s ^ ' ' 
No attack by NaK after 1 week at 800 C; no other data available 

g. Air 
No data available 

2. Reactions wi th claddings or structural materials 

No data available 
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G l . Dimensional stability during irradiation^ ' 

A dec rease of 6 to 7 p e r cent in density after burnup of 1. 8 x 10^0 
fissions per cm-^ at a surface t e m p e r a t u r e of 690 C and a center 
t e m p e r a t u r e of 910 C has been observed . 

2. Fission-gas-release dota^ ' 
2. 5 pe r cent of the f ission gases were r e l ea sed under the above condit ions. 

3. Swelling-temperature data 

No data available 

4. Unusual nuclear properties 

No data available 

5. Property changes as a result of irradiation 
No data available 

H. References 
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(2) Rough, F . A. , and Baue r , A. A. , "Consti tution of Uranium and 
Thorium Al loys" , BMI-1300 (June 2, 1958). 

(3) Loch, L. D. , Engle , G. B. , Snyder , M. J . , and Duckworth, W. H. , 
"Survey of Refractory Uraniiun Compounds" , BMI-1124 (1956). 
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F i s c a l Year I960" , NAA-SR-5350. 
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M a t e r i a l s , Quar ter ly P r o g r e s s Report No. 3 , F e b r u a r y 1, I96I to 
Apri l 3 1 , 1961" , AI-6358. 
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U02-A1_,03 DISPERSIONS 

Comipiled by R. A. WuUaert 

A I . Chemical composition 
See Figure A2, phase diagram. 

2. Phase diagram^ ' 

See F igure A2. 
A eutect ic occurs at 1900 ± 10 C, 48. 3 w/o U 0 2 - 5 1 . 7 w/o AI2O3. 

3. Effect of impurities(2'3) 
Impur i t ies (po tass ium, sodium) cause fuel migra t ion during s in te r ing . ' ^ ' 
Additions of MgO and SiO^ allow fabricat ion of pel le ts with higher 
dens i t i e s . ' 3 ' 

B1. Density (room temperature) 

Theore t ica l density of UO2-AI2O3 d i spers ions = (w/o UO2) (10.97) + 
(w/o AI2O3) (4 .00) . 

2. Density versus temperature 

No data avai lable 

3. Uranium content 

The UO2 fuel pa r t i c l e s contain 88 w/o u ran ium. 

4. Liquidus temperature 
See F igure A2. 

5. Solidus temperature 
See F igure A2. 

6. Vapor pressure 

No data avai lable 

7. Thermal expansion (linear) 

No data avai lable 

8. Recrystallization temperature range 

No data avai lable 

C I . Hardness (room temperature) 
No data avai lable 

2. Hot hardness 

No data avai lable 

3. Ultimate tensile strength^*' 

The modulus of rupture for a 33 w/o UO2-AI2O3 is in the range of 1900 to 
3300 psi (data a r e for 60 pe r cent dense m a t e r i a l ) . 

UO2-AI2O3 
DISP. 
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4. Y ie ld strength 

No data avai lable 

5. Compressive strength 

No data available 

6. Creep strength 

No data avai lable 

7. Young's modulus 

No data available 

8. Shear modulus 

No data avai lable 

9 . Bulk modulus 

No data available 

10. Poisson's rotio 

No data avai lable 

1 1 . Elongation 

No data avai lable 

[ ' 1 . Specific heat 

No data available 

2. Thermal conductivity 

No data available 

E l . E lectr ica l resistivity^ ' 

Elec t r i ca l r e s i s t ance ic a function of the fuel content and fuel par t ic le size 
as shown in F igure E l . 

F 1 . Reactions with coolants 

a. S team(4,6) 

Calcined AI2O3 is a t tacked appreciably by water at 650 F , but fused AI2O3 
is compara t ive ly stable (see Table F l a ) . AI2O3 exhibits l o s ses of ~1 mg 
per hr at 1200 C and 3 mg per hr at 1400 C in a gas s t r e a m of water vapor . ' ° ) 

b . Helium 
There is no react ion with AI2O3. 

c. Carbon d i o x i d e ' ' ' 
There is no react iv i ty of AI2O3 in carbon dioxide in the t e m p e r a t u r e range 
of 400 to 800 C. 

d. Nitrogen 
AI2O3 exhibits l o s ses of ~1 mg per hr at 1200 C and 3 mg per hr at 1400 C 
in a ni trogen gas s t r e a m , (o) 

UO2-AI2O3 
DISP. 
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TABLE F l a . WATER CORROSION TEST(a-) ON 33 w/o U02-Al203(4) 

Sample 

33 w/o UO2-AI2O3 
(IO-MUO2) 

33 w/o UO2-AI2O3 
{lOO-jJL UO2) 

Total Loss in 
Weight(b)^ 
g pe r dm^ 

48. 7 
56 .8 
67. 1 

100.0 

33.2 
36. 1 
72. 0 

Total 
T i m e , h r 

250 
565 

1000 
2000 

250 
510 

1000 

Weight L o s s , 
g/(dm2)(hr) 

0.195 
0. 100 
0.067 
0.050 

0. 133 
0.071 
0. 072 

(a) Test performed in static autoclaves with water at 680 F under 2000 psi and containing LiOH at 
pH 10.0. 

(b) The area is the product of the dimensions and not the true surface area. 

e. Hydrogen 
There is no react ion with AI2O3. 

f. Liquid meta l s 
No data avai lable 

g. Air 
There is no reac t iv i ty of A.I2O3 in a i r in the t e m p e r a t u r e range of 400 to 
800 C.C^) 

2. Reactions with claddings or structural materials 

No data avai lable 

Gl . Dimensional stability during irradiation^"' ' 

(See Table G l , F igure Gl) 

2. Fission-gas-release 

(See Table Gl) 

3. Swelling-temperature data 

No data avai lable 

4. Unusual nuclear properties 
No data avai lable 

5. Property changes as a result of irradiation 

a. F i ss ion fragments appear to produce different and l a r g e r effects in AI2O3, 
as compared to UO2 and BeO. The f iss ion-fragment damage in AI2O3 is 
m o r e like that which occurs in U3Si, U3O3, and Z r 0 2 . AI2O3 appears to 
s tore l a rge amounts of f i ss ion-fragment kinetic energy. (8) 



TABLE G l . DIMENSIONAL STABILITY AND GAS RELEASE OF IRRADIATED UO2-AI2O3 

Composition, w/o 

UO2 

Estimated Temperature, C 

Fuel Fuel 

AI2O3 Surface Center Line 

Burnup, 
10^0 fissions per cm a/o U Fiss. 

1 (U-235) 

Physical Change, 

per cent 
Diameter Density 

+0.78 

-18 .5 

Fission-Gas 
Release, 
per cent 

--

Comment 

See Figure G l 

Reference 

(10) 

(9) 

26 

21 

74 

79 

800 

260 

220 

110 

390 

210 

290 

300 

300 

0.45 

2 .74 

2 .33 

1.25 

10 .8 

6.92 

5.25 

0.92 

0.92 

- 1 9 . 9 
- 1 7 . 9 
- 1 9 . 7 
- 1 8 . 8 
-17 .4 
-22 .5 
- 1 6 . 3 

80 

(depleted) 

21 

20 

79 

40 

620 740 

0.002 

19 0 .6 -1 .4Kr ' .85 

Loss of AI2O3 
structure 

In-pile 

(9) 

(8) 
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b . P r o p e r t y changes in 21 w/o UO2-AI2O3 (see Table Gl for i r rad ia t ion con
ditions) have been repor t ed . (9) The or iginal poros i ty in the spec imens 
d i sappeared , and there were no grain boundar ies vis ible in the AI2O3 m a t r i x . 
Collapsed voids appeared in the UO2 p a r t i c l e s . The c r y s t a l s t ruc tu re of the 
AI2O3 was des t royed , but not that of the UO2. The f iss ion-fragment range 
in the d ispers ion was sufficient to r each a l l of the AI2O3. Annealing for 8 hr 
at 1000 C in vacuum completely r ec ry s t a l l i z ed the AI203 . ( ' ' 

H. References 
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for Pe r iod Ending December 3 1 , 1959", GA-1195. 

(3) Livey , D. T. , and M u r r a y , P . , "The Stability of Beryl l ia and Mag
nes ia In Different Atmospheres at High T e m p e r a t u r e s " , J . Nuc. 
Ene rgy , 2̂ , 202 (1956). 

(4) Winsnyi , L. G. , and Tay lo r , K. M. , "Fabr ica t ion and Evaluation of 
Urania-Alumina Fue l E lements and Boron Carbide Burnable Poison 
E l e m e n t s " , ASTM Special Publicat ion No. 276 (I960). 

(5) Johnson, D. E . , and Tobin, J . M. , "Proceedings of the Bery l l ium 
Oxide Meeting Held at Oak Ridge National L a b o r a t o r y , Oak Ridge , 
T e n n e s s e e , December 1-2, I960" , TID-7602 (Pt 1), (I960). 

(6) Wicker t , K. , "Deposits on Heating Surfaces in Steam G e n e r a t o r s , I I " , 
Brenns to f f -Warme-Kraf t , J_6, 101 (1958). 

(7) B e r l e m a n , M. G. , 3.nd Simon, S. L. , "The Volati l ization of Beryl l ia 
in Water Vapor" , ANL 4177 (1948). 

(8) B le ibe rg , M. L. , Yeniscavich, W. , and G r a y , R. G. , "Effect of 
Burnup on Cer ta in Ce ramic Fue l M a t e r i a l s " , WAPD-T-1274 (1961). 

(9) B e r m a n , R. M. , B le ibe rg , M. L. , and Yeniscavich , W. , "F i s s ion 
F ragmen t Damage to Crys ta l S t r u c t u r e s " , •WAPD-T-1125 (February 2 , 
I960). 

(10) Johnson, D. E. , and Tobin, J . M. , Nuclear Reactor C h e m i s t r y , F i r s t 
Conference, Gat l inburg, T e n n e s s e e , October 12-14, I960, TID-7610. 



109 U 0 2 - B e O 
D I S P . 

U 0 2 - B e O DISPERSIONS 

C o m p i l e d by R. A. "Wullaert 

A I . Chemical composition 

U 0 2 - B e O d i s p e r s i o n s c o n t a i n i n g f r o m 2 w / o UO2 to 80 w / o UO2 h a v e b e e n 
s u c c e s s f u l l y f a b r i c a t e d and i r r a d i a t e d . 

2 . Phase diagram 

A e u t e c t i c o c c u r s a t 2170 ± 20 C, 8 3 . 6 w / o U O 2 - 16. 4 w / o B e O , (^) 
See F i g u r e A 2 . 

3. Effect of impurities 

V a r i a t i o n s of i m p u r i t i e s a n d f u e l - p a r t i c l e s i z e w i l l p r o d u c e v a r i a b l e s i n t e r i n g 
c h a r a c r e r i s t i c s . (2) C a r b o n in B e O i s r e s p o n s i b l e fo r g a s - b u b b l e f o r m a t i o n 
a long g r a i n b o u n d a r i e s d u r i n g h e a t t r e a t m e n t . ^ ' 

B 1 . Density (room temperature) 

T h e o r e t i c a l d e n s i t y of U 0 2 - B e O d i s p e r s i o n = ( w / o UO2) (10. 97) + ( w / o BeO) 
( 3 . 0 3 ) . 

2. Density versus temperature 

No d a t a a v a i l a b l e 

3. Uranium content 

The UO7 fuel p a r t i c l e s c o n t a i n 88 w / o u r a n i u m . 

4. Liquidus temperature 

No da t a a v a i l a b l e 

5. Solidus temperature 

No d a t a a v a i l a b l e 

6. Vapor pressure 

No d a t a a v a i l a b l e 

7 . Thermal expansion^ ' 

70. 9 w / o U O 2 - 2 9 . 1 w / o B e O h a s a coe f f i c i en t of t h e r m a l e x p a n s i o n of 
8, 84 X 10" p e r C fo r t he t e m p e r a t u r e r a n g e b e t w e e n 100 a n d 400 C 

8. Recrysta l l izat ion temperature range'^ ' ' 

G r a i n g r o w t h of bo th c o m p o n e n t s of U 0 2 - B e O d i s p e r s i o n s h a s b e e n r e p o r t e d 
to o c c u r a b o v e I6OO C. T h e r e i s m a r k e d r e c r y s t a l l i z a t i o n of B e O a b o v e 
2050 C. ("7) 

C I . Hardness (room temperature) 

No d a t a a v a i l a b l e 

2. Hot hardness 

No d a t a a v a i l a b l e 
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3. Ultimate tensile strength^^) 

Bending Strength, Density, per cent 
Composit ion ps i of theore t ica l 

2 w / o U02-BeO 27,600 98 
10 w / o U02-BeO 32,800 98 

4. Yield strength 

No data avai lable 

5. Compressive strength 

Crushing strength of 48. 3 w / o U02-BeO is 83 , 300 ± 8, 000 ps i . ^^> ^^^ Com
p r e s s i v e s t rength is sensi t ive to the density and fuel content, a s shown in 
Table C5, (H) 

TABLE C5, SOME PROPERTIES OF HOT-PRESSED BeO AND 
BeO-10 w / o UO2 COMPACTS(l l ) 

Compress ive The rma l 
Density, E las t ic Modulus, Strength, Conductivity (25 C), 

Mater ia l g per cm 10 dynes pe r cm^ 10-̂  ps i cal/(cm){sec)(C) 

Beo 2.7 270 
2 . 9 3 5 0 

B e O - 1 0 w / o U O 2 2.9 305 
3.0 340 

125 
175 

155 
188 

0. 25 
0.25 

0. 20-0 .25 
0 .20 -0 .25 

6. Creep strength 

No data avai lable 

7. Young's modulus 

Young's modulus is sensi t ive to the density and fuel content of the d i spers ion 
(see Table C5). ^^^^ 

8. Shear modulus 

No data avai lable 

9. Bulk modulus 

No data available 

10. Poisson's ratio 

No data available 

11. Elongation 

No data available 

D1. Specific heat 
No data available 
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2. Thermal conductivity 

Grea t e r than 35 volume per cent UO2 (66 w/o) r e su l t s in a grea t loss in the 
t he rma l conductivity. ' ' The rma l conductivity is sensi t ive to the density 
and fuel content as shown in Table C5 ' ' and F i gu re s D2a and D2b' •^'. 

E l , Electrical resistivity 

No data avai lable 

F 1 . Reactions with coolants 

a. Steam 
Beryl l ia r e a c t s w^ith water vapor to fo rm a volati le compound bel ieved to be 
bery l l ium hydroxide. The ra te -cont ro l l ing p r o c e s s is the diffusion of the 
gaseous bery l l ium hydroxide through the l amina r boundary l ayer produced at 
the BeO surface by the flowing gases , ^^^i The r e su l t s of va r ious inves t i 
ga tors for the cor ros ion of BeO in mois t a i r a r e given in Table F l a ( l ) , ' ~'' 
15, lb) F o r s imi l a r exper imenta l conditions, t h e r e appea r s to be some 
divergence of r e su l t s . The react ion in mois t a i r is s trongly influenced by 
surface phenomena,^ ' which may account for the var ia t ions in r e s u l t s . 
The cor ros ion of BeO as a function of exposure t e m p e r a t u r e is i l lus t ra ted in 
Tables F la(2) and F la (3 ) . (^"' ^^) Sintered BeO suffers no apparent a t tack by 
humid a i r (water content - 23. 1 mg per l i ter) after exposures of up to 250 h r 
at 1100 C. '-^' ' At t e m p e r a t u r e s above th is , the co r ros ion would become 
significant under r eac to r conditions. The data indicate that mois t a i r will 
not cause excess ive cor ros ion of s in te red BeO, but the effects of higher gas 
veloci t ies and radiat ion on the p r o c e s s have not been taken into account. 
Additions of AI2O3 to BeO have not reduced the volat i l i ty of BeO sufficiently 
to dec rea se the co r ros ion r a t e s . (^°) 

b. Helium 
Structura l fai lure and color changes occur in BeO when it is heated to 2100 C 
in hel ium. See Table F i b . (^9) 

c. Carbon dioxide 
No data available 

d. Nitrogen 
There is no react ion with BeO. 

e. Hydrogen 
The p re sence of hydrogen induced a react ion between BeO and carbon at 
1600 C. See Table F i b . ^^9) 

f. Liquid me ta l s 
No data avai lable 

g. Air 
There is no react ion of dry a i r with BeO below 2000 C. 

2. Reactions with claddings or structural materials 

56-59 w / o U02-BeO: There was no reac t ion with Hastel loy X or Type 316 
s ta in less steel after i r r ad ia t ion at t e m p e r a t u r e s up to 
940 C.(^°) 
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T A B L E F l a ( l ) . T H E CORROSION O F B e O IN MOIST AIR^^) 

T e m p e r a t u r e , G a s V e l o c i t y , Weigh t L o s s , L o s s R a t e , 
C m p e r h r m g / ( c m )(hr) jJ. p e r y e a r R e f e r e n c e s 

1550 994 
1550 994 
1535 3620 

(a) Experiments were of the standard transpiration type in which moist air saturated at 25 and 50 C (with moisture 
contents of 23. 13 and 93.12 mg per liter of air) was passed over BeO. 

1 0 . 2 
2 . 6 
0. 23 

2. 2 X 10^ 
5 . 8 X 10^ 
5. 1 X 103 

(15) 
(16) 
(13) 

(16) 
T A B L E F l a ( 2 ) . CORROSION O F B e O IN P U R E S T E A M 

T e m p e r a t u r e , Weigh t L o s s , 
C m g / ( c m 2 ) ( h r ) 

1000 0 . 0 1 
1250 0 . 2 2 
1400 0 , 7 6 
1500 1.83 
1550 2 . 6 0 
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TABLE F la (3 ) , CORROSION RATES FOR SINTERED BeO IN HUMID AIR^^"^) 

Air Saturation 
T e m p e r a t u r e , 

C 

25 

50 

Sample 
T e m p e r a t u r e , 

C 

1100 

1200 

1300 

1300 

Geometr ic 
Specific 
Gravity 

2.97 
2 .51 

2.99 
2.60 

2.69 
2.86 
2.99 
2. 98 
2. 25 
2.36 

2.27 
2. 98 

Duration of 
Individual 

Exposures , h r 

Var . (^) 
Var . 

24 
24 

24 
24 

Var. 
24 

Var . 
24 

24 
24 

Cor ros ion 
Rate, 

g/(cm2)(hr) 

<0. 02 
<0. 02 

1.0 
2 . 2 

2 . 3 
2 . 4 
1. 1 
2 . 5 
1.4 
3 .0 

10.4 
6 . 3 

(a) Variable exposures, in integral multiples of 24 hr. 

TABLE F i b . WEIGHT LOSS OF BeO^^^ IN HYDROGEN 
AND HELIUM AT ELEVATED 
TEMPERATURES^ ^ "̂^ 

T e m p e r a t u r e , 
C 

Weight Los s , 
In Hydrogen 

per cent 
In Helium 

1575 
1600 
1900 
2100 
2300 

8 
46 

0.5 
2.5 
8 

13 

(a) BeO was fabricated by sintering at 1890 C for 30 min in air. The impurity content 
was less than 1 per cent. The specimen was mounted on carbon. 
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6i w / o U02-BeO: There was no react ion with Th02 space r s during i r r a d i a 
tion at -1000 C. (21) 

Gl . Dimensional stability during irradiation^''^^'^^'^'26) 

See Table Gl , 

2. Fission-gas-release data 

The ra te of r e l ea se of Xe f rom neut ron-ac t iva ted samples of 6 1 -w/o 
U02-BeO was de te rmined at 1200, 1400, l600, and 1800 C. At 1200 and 
1400 C, a smal l initial bu r s t of Xe^^S was observed with subsequent r e l ea se 
by a diffusion mechan i sm. At 1600 C, the initial r e l e a s e was much higher , 
but apparent ly diffusion control led. The pel le ts r e l ea sed nea r ly all of the i r 
f ission gas in approximate ly 30 h r at 1800 C, and the re appeared to have 
been a m i c r o s t r u c t u r a l change in the BeO ma t r ix . \-'> ^) 

3. Swelling-temperature data 

No data avai lable 

4. Unusual nuclear properties 
BeO has excellent naoderating p r o p e r t i e s . The slowing-down power ( |Sg) is 

^ 2 s ^ . _ _ (7) 
0. 13, and the moderat ing ra t io I „ j is 180. ^ ' Helium and t r i t ium a re 

produced in BeO mainly by the (n, 2n) and (n, a) reac t ions with beryl l ium. 
The reac t ions involved a r e the following: 

a. (n, 2n) reaction: 

q 8 
Be^ + n -> Be + 2n ( threshold energy = 2. 7 Mev), 

Be^ -> 2He4 (half-life = 10" "̂̂  sec). 

b. (n, a) reaction: 

Be*^ + n ^ He + He"^ ( threshold energy = 0. 71 Mev), 

He^ -» Li^ + iS (half-life = 0.82 sec) , 

6 4 ^ 
Li + n -* He + H ( the rmal -neu t ron capture) 

5. Property changes as a result of irradiation 

a. Radiation may acce l e r a t e the cor ros ion ra te of BeO in mois t a i r by 
introducing hydrogen into the a i r s t r e a m (2') A few invest igators^ ' ' 
have repor ted a radia t ion- induced react ion between wate r vapor and 
carbon contained in BeO. It has been est inia ted that 3 to 5 w / o f iss ion-
fragment impuri ty content in UO2 will des t roy i ts la t t ice , whereas only 
2 w / o is n e c e s s a r y in BeO. This may be due to g r e a t e r i r rad ia t ion 
stabil i ty of cubic la t t ice (UOo) over hexagonal (BeO). The threshold 
value for la t t ice des t ruct ion in BeO is 11 to 27 x 10"^^ fission f ragments 

o 20 
p e r cm , and UO-, l o se s i ts c rys ta l l in i ty in the range of 36 to 64 x 10 
f iss ion f ragments pe r cni-^. The e s t ima te s depend on la t t ice r e s t r a i n t , 
burnup ra t e , and t e m p e r a t u r e . ^ ' 



TABLE G l . DIMENSIONAL STABILITY AND GAS RELEASE OF IRRADIATED UOg-BeO 

CorapoMtion 

25 .3 w/o U02-BeO 
28 7 w/o UOg-BeO 
3 0 . 1 w/oUOg-BeO 

65 w/o UOg-BeO 

53.2 w/o U02-BeO 
59 .2 w/o UOg-BeO 

48 .3 w/o UOg-BeO 

56 w/o U02-BeO 
59 w/o U02-BeO 

58 .9 w/o U02-BeO 

70 w/o U02-BeO 
80 w/o UOg-Beo 

2 w/o U02-BeO 

10 w/o UOg-BeO 

47 .4 w/o UOg-BeO 

Estimated Fuel 
Tempera t J t e (^ \ C 

Ts 

499 
516 

454 

682 
840 

1250 

1250 

780-940 

780-940 

— 

930 
930 

"" 

--

— 

Tc 

504 

521 
460 

688 
--
--
--

>1000 

>1000 

(1010) 
(1200) 

(1090) 

1700 
1700 
(250) 

(650) 

--

10^0 Fissions pet 

11 .1 
12 .1 

10 7 

10 8 

--
0.7 

~2 .0 

5 

1.3 
1.3 

--
--
— 

5-6 .4 
5 -6 .4 

— " 

--

--

Burnup 

•Cm3 Uranium, a 

54 .5 
54 .3 

4 4 . 4 

14.2 

1.5 

--
— 
--
--
--

- 4 . 2 
- 4 . 2 

- 5 . 1 

--
--
0.53 

1.08 

1.86 

0 .53 

1.08 

1.86 

7.25 X 
7 .21 X 

6.44 X 

/o 

10' 
10-

10' 

Physical Change; 

Diameter 

+27^ ) 

+6('') 

+8(b) 

+4(b) 

--
Nil 

Nil 

— 
-1 
-1 

+0 .5 to 1.6 
+1 .5 to 2 .4 

+0 .2 to 1.5 

No change 
No change 

+0.50 

+0.62 
+0,90 

+0.52 
+0.60 

+0.65 
+0.44 

+0.61 
+0 .71 

+0.46 

+0.62 
+0.65 

• 7 

•7 
•7 

, per cent 
Density 

__ 
--

--
Nil 
Nil 

Nil 
-3 

.0 to - 2 . 4 

.0 to - 2 . 4 

--
--
— 
--
--
~ ~ 

•.. 

~~ 

:: 

— 
--
--

Fission Gas Released, 

per cent 

19.9(Kr*^^) 
6.9(Kr85) 

0.1(Kr^^) 
0.1-0.15(Kr85) 

0.4(Kt85) 

--
--
--

0.3(Kr^^) 

0.3(Kr^^) 
0.2(Kr85) 

0.59-2.7(Kr85) 
0.59-2.7(Kr85) 

" ~ 

~~ 

~~ 

~" 

1.06(Xel37), 1.87(1^^^) 

4 .10(Xel33) , 8.22(1^^1) 
5.28(Xel33)^ 8.52(1^^^) 

Comments 

25-fi-size UOg 

150-/i-size UOg 
150-/i-size UO2, 

UOg leached from 
surface of p la te 

25-/z-size UO2 

--
--

125-fi-size UOo 

--
44-/i-size UO2 

150-/x-size UO2 

<5-7i-size UO2 

--
--
--
--
~~ 

- .. 

__ 
<2-/i-size UO2 

<2-fi-size UO2 

<2-fi-size UOo 

BeO and UOg^* )̂ 

Be(OH)2-OH2*'^) 
BeO-U02(<=) 

Reference 

(22) 
(22) 
(22) 

(22) 
(12) 

(23) 
(9.10) 

(9,10) 
(20,24) 

(20,24) 
(21) 

(21) 
(21) 

(25) 

(25) 

(11) 

(11) 
(11) 
(11) 

(11) 

(11) 
(11) 

(11) 
(11) 

(11) 
(11) 

(11) 
(26) 
(26) 

(26) 

g 
tl 

(a) Temperatures in brackets not specified whether located on surface or centerlme. 
(b) Loop (external) pressure on specimens was 2200 psi. Specimens under external pressure of 14 psi under similar irradiation conditions exhibited up to three times the 

thickness increase. 

(c) Starting materials. Fission products were collected during a postirradiaaon anneal at 1800 F for 24 hr. 
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In 53. 2 w / o U02-BeO (see Table Gl for i r r ad ia t ion conditions) t he re 
was no change in m i c r o s t r u c t u r e . Annealing at 1370 C for 4 h r produced 
no changes in d imens ions . \^'^l 

In 48. 3 w / o U02-BeO (see Table Gl) the re was no evidence of des t ruct ion 
of BeO gra in s t ruc tu re or format ion of gas bubbles or voids . Crushing 
s t rength was reduced by as much as one- th i rd , with an average value 
after i r r ad ia t ion of 68, 500 ps i . ^ ' The pe l le t s r e s i s t ance to abras ion 
dec reased . X - r a y diffraction studies showed no change in the c-spacing 
of the i r r a d i a t e d BeO ma t r i x , w h e r e a s the a - spac ing i nc rea sed 0. 74 pe r 
cent. Thus the c / a ra t io dec rea sed f rom 1. 62 to 1. 6l (a 0. 62 pe r cent 
change). The high i r rad ia t ion t e m p e r a t u r e (1250 C) may account for the 
smal l amount of damage as compared to l o w - t e m p e r a t u r e i r r ad ia t ions 
(like WAPD exper iments ) . The average f i ss ion- f ragment density in the 
BeO shell around the UO2 pa r t i c l e s was calcula ted to be 2 x 10^^ fission 
f ragments per cm-^, or 0. 15 per cent of the total number of be ry l l ium 
and oxygen a toms p resen t . It was a lso calcula ted that each of the be ry l 
l ium and oxygen a toms within the recoi l range of the fuel (10 /i) was d i s 
placed at l eas t once,(1^) 

In 25, 3 w / o UO2, 28. 7 w / o UO2, 30. 1 w / o U02-BeO (see Table Gl) the 
UO2 exhibited high degree of poros i ty ( f iss ion-gas bubbles) . Bubbles 
w e r e a lso observed at the U02-BeO inter face . Cracks were observed 
in undamaged regions of the BeO ma t r i x . It was concluded that the BeO 
m a t r i x was des t royed by an impuri ty effect of f iss ion f ragments , 
r a t h e r than through d isp lacement effects. Coa r se and fine d i spers ions 
had approximate ly the same f iss ions pe r cm-^, but the BeO m a t r i x of the 
c o a r s e d i spers ion was not completely des t royed. Calculat ions showed 
that -44 pe r cent of the BeO was damaged using 25-jU U O T p a r t i c l e s , 
whe reas only ~5 pe r cent was damaged using 150-/Li U O T p a r t i c l e s . The 
amount of swelling pe r f iss ion (swelling rate) is calculated to be 4, 8 x 
10"^-^ cm3 per f ission. The fine d i spers ion had g r e a t e r gas r e l ea se 
because the BeO m a t r i x became amorphous , thus being l e s s dense and 
allowing higher gas-diffusion r a t e s , ' •'' 

In 56 w / o UO2J 59 w / o U02-BeO (see Table Gl) the amount of fission gas 
r e l ea sed was approximate ly equal to that expected to be r e l ea sed by r e 
coil, although slightly l a r g e r amounts w e r e r e l ea sed f rom lower density 
spec imens . Pos t i r r ad i a t i on heating for 4 h r at 1300 C produced no 
swelling, cracking, or crumbling. There appeared to be no visible 
de te r io ra t ion of pe l le ts due to i r rad ia t ion . The m i c r o s t r u c t u r e was 
unaffected. i^^> ^^) 

In 58, 9 w / o U02-BeO (see Table Gl) the fuel no longer had a definite 
m i c r o s t r u c t u r e . (^^) 

In 70 w / o U02-BeO (see Table Gl) meta l lographic examination revea led 
no voids in the center of the fuel, but spher ica l voids appeared at the 
outer edge of fuel pa r t i c l e s . La rge voids were p re sen t at the U02-BeO 
inter face . X - r a y diffraction showed ve ry l i t t le change in the c rys ta l 
s t ruc tu re of UO2. BeO showed a slight la t t ice s t ra in (0. 44 pe r cent). 
The UO2 la t t ice contracted 0. 07 to 0. 26 pe r cent and showed la t t ice 
s t r a ins of 0. 12-0. 18 per cent. (^^) 
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h. In 2 w / o U02-BeO and 10 w / o U02-BeO (see Table Gl for i r r ad ia t ion 
conditions) the effects of i r r ad ia t ion on crushing strength have been 
de te rmined and a r e shown in Table G5a. The 2 w / o U02-BeO pel le ts 
had lower densi t ies and m o r e var ia t ions in s t rength. The 10 vz/o UO2-
BeO appea r s to sa tura te at a 30 p e r cent d e c r e a s e . The e las t ic modulus 
a l so appea r s to sa tura te at about a 30 pe r cent d e c r e a s e , a s shown in 
Table G5b and F igure G5a. The t h e r m a l conductivity d e c r e a s e d by a 
factor of 4 to 6, a s shown in Table G5c and F igure G5b, Recovery of 
the t he rma l conductivity s t a r t ed at annealing t e m p e r a t u r e s of —6OO C. 
Heating for 7 h r at 1000 C in vacuo d e c r e a s e d the t h e r m a l - r e s i s t i v i t y 
ra t io of 10 w / o U02-BeO from 6. 75 to 2. 5. It is concluded that 2 w / o 
U 0 2 - B e 0 and 10 w / o U 0 2 - B e 0 d i spers ions behaved about the same for 
equal neu t ron-exposure t i m e s , even though fract ion of total a toms f i s 
sioned was five t imes g r e a t e r in the 10 w / o UO2 spec imens . '^^) 
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TABLE G5a. E F F E C T OF IRRADIATION ON THE CRUSHING STRENGTH 
0. 25 BY 0. 25-IN. BeO-U02 CYLINDERS^^ ̂ ^ 

Mater ia l 
Density, 

g per cm 

2 . 4 

2 . 6 

2 . 9 

3 .0 

Fiss ion 
Burnup, 

a / o 

0 
0,53 
1,08 
1.86 

0 
0.53 
1.08 
1.86 

0 
0.53 
1.08 
1.86 

0 
0.53 
1.08 
1.86 

Average C r u 
Value Obtained, 

103 ps i 

57, 1 
53 ,9 
75.6 
65.0 

131. 7 
106.6 
115, 5 
108. 1 

155, 1 
105,2 
109.0<^) 
111.8 

188.3 
137. 2 
144. 1 
135.8 

.shing Strength^^' 
Pe r cen t age of 

Uni r rad ia ted Value 

__ 

94 
132 
114 

.— _ 
81 
88 
82 

68 
70 
72 

73 
77 
72 

BeO-2 w / o UO2 

BeO-10 w / o UO2 

(a) All values based on at least five samples, 
(b) The average deviation in this case was 16,3 per cent. In all other cases the average deviation was less than 15 per cent. 
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T A B L E G5b. E F F E C T O F IRRADIATION ON T H E E L A S T I C MODULUS 
O F B e O - U O o PRISMS^^^) 

M a t e r i a l 

B e O - 2 w / o UO2 

B e O - 1 0 w / o UO2 

D e n s i t y , 
g p e r c m ^ 

2 . 7 9 

2 . 8 4 

2 . 8 4 

3 . 0 2 

F i s s i o n 
B u r n u p , 

a / o 

0 . 5 3 
1.08 
1.86 

0 . 5 3 
1.08 
1.86 

0 . 5 3 
1.08 
1.86 

1.08 
1.86 

D e c r e a s e in E l a s t i c ' ^ ' 
M o d u l u s , p e r c e n t 

20. 2, 
3 1 . 6 , 

2 5 . 3 , 
2 6 . 5 , 

2 5 . 3 , 
3 0 . 3 , 

1 8 . 4 , 
3 0 . 3 , 

2 1 . 6 
2 9 . 8 ( 2 5 . 0 ) 
2 4 . 9 ( 2 8 . 3) 

1 7 , 8 
29 . 7(27. 5)(^) 
2 9 . 2 ( 2 7 . 9)(^) 

2 3 . 6 
2 4 . 9 ( 2 5 . 1) 
2 6 . 2 ( 2 8 . 3) 

2 8 . 2 ( 2 3 . 3 ) 
3 1 . 1(30.7) 

(a) Average values are given in parentheses. 
(b) Preirradiation values unavailable; values are approximations based on similar material. 

T A B L E G 5 c . E F F E C T O F IRRADIATION ON T H E THERlvlAL RESISTIVITY 
O F B e O - U O ^ PRISMS^^^) 

M a t e r i a l 
D e n s i t y , _ 

g p e r c m " 

F i s s i o n 
B u r n u p , 

a / o 
I r r a d i a t e d / U n i r r a d i a t e d 

R e s i s t i v i t y R a t i o ' ^ ) 

B e O - 2 w / o UO- 2. 78 0 . 5 3 
1.08 
1.86 

4. 75 
5.25 
5.92 

2.85 0. 53 
1.08 
1.86 

5. 74 
6.04 
6.56 

B e O - 1 0 w / o UO^ 2 . 8 5 0 . 5 3 
1.08 
1.86 

4. 14 
4 . 6 5 
5 . 6 6 

3 . 0 1 1.08 
1.86 

5 . 5 4 
6. 16 

(a) All values are averages of several runs, usually on two irradiated and two similar unirradiated prisms. 
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20 30 40 50 60 70 80 
Fraction of Total Atoms Fissioned 

9 0 X I0'6 

FIGURE G5a. EFFECT OF PILE IRRADIATION ON THE ELASTIC 

MODULUS OF BeO-UO COMPACTS (I I) 

AEA-43231 
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UO^-MgO DISPERSIONS 

Compiled by R. A. Wullaert 

Uranium dioxide and magnes ium oxide form a l imi ted region of solid solutions in 
a i r . The solid solutions have the UO2 c rys t a l s t ruc tu re and contain up to 37 mole p e r 
cent of MgO at t e m p e r a t u r e s of I6OO to 1750 C. The U02-MgO sys t em is not a t rue 
condensed s y s t e m , but some section of the t r ip le U 0 2 - M g O - 0 sys tem. ' ' Thus the 
U02-MgO sys t em does not give a t rue d i spers ion if the t e m p e r a t u r e is sufficiently high 
and the MgO becomes soluble in the UO2. 

The f i ss ion-gas r e l ea se of 28. 9 w/o UO2 08"^ ' '" ^ w/o MgO has been 
invest igated. ^ ' Gas r e l e a se was apprec iable and nea r ly constant at t e m p e r a t u r e s 
up to 500 C, and i nc rea sed sharply above 6OO C. A " b u r s t " r e l e a s e effect was observed, 
and was ve ry m a r k e d at high t e m p e r a t u r e s . It was concluded that the d i spers ion was of 
l i t t le use in h igh - t empe ra tu r e gas -cooled r e a c t o r applicat ions because of the high gas 
r e l e a s e . 
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UO^/ThO^-BeO DISPERSIONS 

Compiled by R. A. Wullaert 

One of the main purposes of a fuel d i spers ion is to provide a m a t r i x m a t e r i a l that 
will give g r e a t e r radiat ion stabil i ty than that furnished by the d i spe r sed fuel pa r t i c l e s 
alone. Under i r r a d i a t i o n , the m a t r i x will r e s t r a i n the swelling of the fuel pa r t i c l e s and 
re ta in much of the fission gases re leased . The additional advantage of a U 0 2 / T h 0 2 - B e O 
dispers ion is that the UO2 is diluted by the Th02^ and for a given burnup of u r a n i u m , 
the f issions p e r cm^ in the U 0 2 / T h 0 2 fuel pa r t i c l e s a r e reduced. This is impor tan t b e 
cause the re i s a c r i t i ca l number of f issions p e r cm-^ (depending on i r r ad ia t ion conditions) 
that will cause UO2 to lose i ts c rys ta l s t ruc tu re and thus i ts radiat ion stabil i ty. 

There has been ve ry li t t le work done on U 0 2 / T h 0 2 - B e O d i spe r s ions . In g e n e r a l , 
the p r e i r r ad i a t i on p rope r t i e s a r e probably s imi l a r to U02-BeO d i s p e r s i o n s , since the 
UO2 pa r t i c l e s a r e " rep laced" by U 0 2 / T h 0 2 p a r t i c l e s . 

The eutect ics of the binary sys tems U02-BeO and Th02-BeO do not occur at the 
same t e m p e r a t u r e or re la t ive composi t ion, so the U 0 2 - T h 0 2 - B e O sys tem will not show 
a t rue eutect ic . However , since the b inary eutect ic t e m p e r a t u r e s and composi t ions a r e 
not ve ry different , the U 0 2 - T h 0 2 - B e O sys tem exhibits a quasibinary eutectic at 60 to 
80 mole p e r cent BeO at approximately 2100 C. T h e r e f o r e , the max imum operat ing 
t e m p e r a t u r e for this type of d i spers ion i s 2100 C. UO2 and Th02 form a complete 
s e r i e s of solid solut ions , thus providing dilution of the UO2 fuel. (1) 

A few i r r ad ia t ions of U 0 2 / T h 0 2 - B e O d i spers ions have been conducted. The 
i r rad ia t ion condi t ions , dimensional changes , and f i ss ion-gas r e l e a s e s a r e l i s ted in 
Table 1. Both the dimensional changes and f i ss ion-gas r e l e a s e a r e quite smal l . 

TABLE 1. DIMENSIONAL STABILITY AND GAS RELEASE OF IRRADIATED U02/Th02-BeO 

Composition, 

UO2 

25 .4 

2.57 

3.67 

3.67 

6.43 
7.34 

11.5 

14.8 
16,3 

Th02 

35 .5 

7.3 

10 .4 

10.4 

18.3 
6.8 
2.7 

42.0 

29 .3 

w/o 

BeO 

39 .1 

90 .1 

85.9 
85.9 

75 .3 
85.9 

85.8 
43.2 

60.4 

Estimated 

Fuel 

Temperature, 

C 

800-1,100 

800-1,100 

610 

610 

600 

650 
690 

670 
750 
620 

Uranium 

Burnup, a /o 

7 . 1 - 1 0 . 1 

7 . 1 - 1 0 . 1 

13.0 

13 .4 

11.8 
13.0 

11.8 
9 .4 
9 .4 

11.7 

Diameter 
Change, 
per cent 

+ 0.6 

+ 1.5(^) 

+ 0.25 

+ 0.15 

+ 0.29 

+ 0.15 
+ 0.26 
+ 0.25 

+ 0.15 
+ 0.21 

Fission-Gas 
Release, 

per cent 

0 .3 (Kr^^) 

._ 

0 .25 

0 . 1 
0 .1 

0 .15 

0 .1 
0.25 

0.3 
0 .35 

Comments 

<5-f i-s ize UO2 

100 to 185-fi U 0 2 - T h 0 2 

<10-fi U 0 2 - T h 0 2 

100 to 1 8 5 - ; i U 0 2 -
_. 
--
--
--

•ThO, 

References 

(2) 

(2) 

(3) 

(3) 

(3) 
(3) 

(3) 

(3) 
(3) 

(a) Irradiated in air. 
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DISPERSIONS OF UNCOATED FUEL IN GRAPHITE 

Compiled by M. C. Brockway, and A. B. T r ip l e r 

A1. Chemical composition 

P r o p e r t y data v e r s u s u ran ium content a r e given in succeeding sect ions for 
fuel loadings up to 50 w/o uranium as e i ther UO2 or UC2. 

3. Effect of impurities 

a. Graphite is not a single m a t e r i a l but a family of m a t e r i a l s whose p rope r t i e s 
may va ry broadly depending on choice of production m a t e r i a l s and p rocess ing . 
The p rope r t i e s of fueled graphi te depend also on the form of d i spe r sed fuel 
and the loadings. Thus , no single set of p rope r t i e s can be r ep resen ta t ive 
of graphite m a t r i x fuel d i spe rs ions in genera l . 

b. Impuri ty content of graphi te (carbon) m a t r i c e s is s trongly dependent upon 
the maximum p roces s t e m p e r a t u r e as shown in Tables A3a and A3b. 

TABLE A3a. TYPICAL TRACE IMPURITY CONTENTS 
OF FUELED GRAPHITE(I) 

Impur i ty Content^^'^" ' , ppm 
Element 2800 C Graphit izat ion 1400 C Bake 

Iron 
Boron 
Silicon 
Magnesium 
Copper 
Aluminum 
Titanium 
Vanadium 
Silver 
Calcium 
Sodium 
Po ta s s ium 
Chromium 
Manganese 
Nickel 

20 
1 

<0. 
<0. 
<0. 
<0. 

1 
<1 
<0. 

5 
2 

20 
<3 
<1 
<1 

5 
01 
05 
1 

01 

200 
2 

120 
20 
20 
10 
10 
60 

1 
50 

5 
25 

4 
40 

200 

(a) Other elements if present were less than the following minimum detectable 
concentration (ppm): Pb(<l), Zn(<l), As(<30), Sn(<l). Zr(<3), Sb(<l), 
Bi(<l), P(<30), Co(<3), Mo(<3), and Ba(<l). 

(b) Data were obtained from fueled graphite containing 5 w/o UO2 spheroids 
processed to the maximum indicated temperatures. Final fuel form for the 
1400 C bake was UO2: for the 2800 C graphitization, UC2. 
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TABLE A3b. HYDROGEN CONTENT OF FUELED GRAPHITE AS 
RELATED TO MAXIMUM HEAT T R E A T M E N T ( I ) 
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Maximum Baking '^ ' 
T e m p e r a t u r e , C 

Hydrogen Content, ppm 
Average Maximum Minimum 

700 
1000 
1400 
1800 
2200 
2400 
2800 

6200 
1030 

230 
25 
56 
98 
68 

6370 
1110 

300 
30 

no 
150 
170 

6080 
840 
200 
10 
20 
50 
10 

(a) Fueled graphite was prepared by addition of ceramic-grade UO2 to a carbonaceous mix which 
was then formed and baked to the maximum indicated temperature. The considerable range 
of hydrogen content found for temperatures between 1800 and 2800 C correlated with the 
extent of fueled-compact exposure to the atmosphere between heat treatment and analysis. 
The lower values should be attainable by thorough protection of the carbide fuel from 
hydrolysis. 

Bl . Density (room temperature)^ ' 
See Table B l . 

TABLE B l . ROOM-TEMPERATURE DENSITY AS RELATED 
TO FUEL LOADING IN UO2-GRAPHITE AND 
UC2-GRAPHITE COMPACTS(^) 

U02-

Uran ium, 
w / o 

0 
2 . 9 
9 . 8 

19 
29 
36 
45 

-Graphite Compacts 
Compact 

Densi ty^^ ' , 
g pe r cm^ 

1.69 
1. 72 
1. 83 
2 .01 
2.22 
2 .44 
2.69 

Fuel 
Content(c)^ 
g per cm3 

0 
0.05 
0. 18 
0 .38 
0.64 
0 .88 
1.21 

UC2-

Uran ium, 
w / o 

0 
10 
20 
25 
31 
40 
50 

- Graphite Comp 
Compact 

Density(t>)^ 
g per cm3 

1.79 
1,89 
1.99 
2. 07 
2. 16 
2.33 
2 .53 

ac ts 
Fuel 

Content(c) , 
g per cm3 

0 
0.19 
0.40 
0.52 
0.67 
0.93 
1.27 

(a) Maximum bake temperature 1425 C. 
(b) Maximum graphitization temperature 2800 C. 
(c) Maximum theoretical fuel density based on 1)238. 

2. Density versus temperature 
No data available 
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3. Uranium content 
See Table B l . 

4. Liquidus temperature 
The upper operating l imit of the fueled composi te will be dependent on r e a c 
tion of fuel phase with the graphi te or on fuel migra t ion . Studies at ORNLv-^' 
showed the react ion between minus 60 plus 80 -mesh UO2 and graphi te at 
p r e s s u r e s of 1 x 10"-^ to 1 x lO"'* m m of m e r c u r y fit the ra te equation, 

X = kt^/^, 

where x is the fraction of UO2 converted to ca rb ide , k is the t e m p e r a t u r e -
dependent ra te constant , and t is t ime in h o u r s , at t e m p e r a t u r e . The values 
of k obtained were 0. 18, 0. 33, and 0. 44 at 1275, 1325, and 1375 C, 
respect ively . Compar ison of these r e su l t s with those obtained for minus 325-
mesh UO2, indicated that the reac t ion ra te was insensi t ive to par t ic le size 
below about 1325 C and re la t ively insensi t ive above this t e m p e r a t u r e . 

6. Vopor pressure 
No data available on fueled graphi te . 

7, Thermal expansion (linear)^ ' ' 
See Table B7a and Table B7b. 

TABLE B7a. THERMAL EXPANSION VERSUS FUEL LOADING 
OF UO2-GRAPHITE COMPACTS(^) 

Mean Thermal -Expans ion Coefficient 
Uranium(a) . (25-600 C) , 10-6 per C 

w /o With the Grain(^) Ac ros s the Grain(b) 

0 2 . 8 1 4 . 7 5 

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

19 2 . 4 8 3 . 8 5 
29 2 . 4 7 4 . 19 
36 2 . 5 6 4 . 0 6 
45 2 . 4 0 4 . 0 7 

(a) Fueled compacts baked to 1425 C. 
(b) isfith the grain" and "across the grain" correspond to directions perpendicular and parallel, 

respectively, to the direction of applied force in molding the green compacts. 
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T A B L E B 7 b . T H E R M A L EXPANSION VERSUS F U E L LOADING O F 
U C 2 - G R A P H I T E C O M P A C T S (1) 

M e a n T h e r m a l - E x p a n s i o n 
U r a n i u m ^ ^ ^ , Coef f i c ien t (25 -540 C)^^), 10"^ p e r C 

w / o With t he G r a i n A c r o s s t he G r a m 

0 3 . 0 6 4 . 5 4 

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

20 3 . 4 4 5. 11 
31 3 . 5 8 5 . 0 9 
40 3 . 9 2 5 . 7 0 
50 5 . 0 1 8, 34^^^) 

(a) Maximum graphitization temperature, 2350 C. 
(b) Measured in vacuo (^4 x 10"^ mm of mercury), or in purified helium. 
(c) Doubtful value, slight oxidation of UC2 fuel may have occurred in this case. 

CI . Hardness (room temperature) 
No d a t a for fue led g r a p h i t e 

3. Ultimate tensile strength 

a. R o o m - t e m p e r a t u r e f l e x u r a l (bend) s t r e n g t h v a l u e s a r e shown in T a b l e s C 3 a ( l ) 
a n d C3a(2) 

T A B L E C 3 a ( l ) . F L E X U R A L S T R E N G T H VERSUS F U E L LOADING O F 
U O 2 - G R A P H I T E C O M P A C T S (2) 

U r a n i u m ' ^ ' , F l e x u r a l S t r e n g t h ^ ^ ) , p s i 
w / o With t he G r a i n A c r o s s t h e G r a i n 

0 10 ,200 6 , 3 4 0 
2 . 9 12 ,000 7 ,560 
9 . 8 9 , 4 5 0 6 , 6 0 0 

19 7 , 6 0 0 6 , 1 6 0 
29 9 , 7 4 0 6 , 9 4 0 
36 8 , 4 9 0 5 , 5 5 0 
45 6 , 8 3 0 4 , 8 9 0 

(a) Fueled compacts baked to 1425 C. 
(b) The strength data were determined using single-point loading at a rate of 42 lb per mm with a 

0.625-in. span. 
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TABLE C3a(2). FLEXURAL STRENGTH VERSUS FUEL LOADING OF 
UC2-GRAPHITE COMPACTS (2) 

Uranium^^', Flexural Strength^"', psi 
w/o With the Grain Across the Grain 

0 8090 5900 
10 5670 4060 
20 4350 2840 
25 3790 2670 
31 3430 2790 
40 3230 2270 
50 2240 2080 

(a) Fueled compacts baked to 2800 C. 
(b) The strength data were determined using single-point loading at a rate of 42 lb per mm with a 

0.625-in. span. 

b . E l e v a t e d - t e m p e r a t u r e t e n s i l e s t r e n g t h d a t a h a v e b e e n r e p o r t e d by Wagner^ ' 
for an un fue led e x p e r i m e n t a l g r a d e , CK, t h r e e fue led g r a d e s (fuel a d d e d to 
t he b a s e CK g r a d e ) , L D H , L D C , L D P , and a c o m m e r c i a l un fue led g r a d e , 
H 4 L M . F i g u r e C3 p r e s e n t s t h e s e d a t a . 

4. Yield strength 
No data available 

5. Compressive strength^ ' 
See Tables C5a and C5b. 

TABLE C5a. COMPRESSIVE STRENGTH VERSUS FUEL 
LOADING O F URANIUM CARBIDE-
GRAPHITE COMPACTS ^̂ ^ 

Uran ium, 
w / 

0 
3 . 

11 . 
20. 
23 . 
30. 

0 

9 
7 
8 
7 
3 

Compress ive 
Strength(^) , 

ps i 

10,070 
9,060 
8,300 
5,570 
5,520 
5,940 

(a) Compacts baked to 2800 C. Strength was probably measured against the grain 
but reference is not specific. 
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TABLE C5b. COMPRESSIVE STRENGTH VERSUS FUEL 
LOADING OF URANIUM OXIDE-
GRAPHITE COMPACTS (5) 

Compress ive 
Strength(^) , 

ps i 
Uranium^ 

w / 

0 
3. 

11 . 
19. 

o 

8 
7 
9 

15,800 
18,600 
18,990 
14,100 

(a) Compacts baked to 1450 C. Strength was probably measured against the grain. 

6. Creep strength 

a. The c reep of carbon (graphite) bodies depends not only on the s t r e s s applied 
and the t empera tu re^ but also on the previous t h e r m a l h i s to ry of the m a t e r i a l , 
and the form of carbon from which the body was made . In the case of fueled 
g raph i t e , the effect of fuel loading is added. 

b. Wagner^'^) has published h igh - t empera tu re c reep data for both fueled and 
unfueled graphi tes . Under constant t e m p e r a t u r e and s t r e s s , two types of 
c o m p r e s s i v e - c r e e p curves were observed. Type A consis ted of an ini t ial 
rapid c r e e p , a second-s tage "steady s t a t e " , and an acce l e ra t ed th i rd stage 
te rminat ing in f r ac tu re . Type B exhibited a rapid ini t ia l c r e e p followed by 
a " s t e a d y - s t a t e " second stage extending to f rac tu re . Type B was mos t 
commonly observed , and an approximate cor re la t ion of the " s t e a d y - s t a t e " 
region of the c o m p r e s s i v e - c r e e p curves was obtained by the empi r i ca l 
equation: 

^ = £ = K{cr/a--Q) exp n^ - E^^/RT, (Equation 1) 

where e is negative in compress ion and 

e = s t eady-s t a t e ( second-s tage) c r eep r a t e , s ec" 

K , n = empi r i ca l cons tan ts , K in sec~ 

(T = s t r e s s applied to produce e , dynes pe r cm^ 

o-g = s t r e s s requ i red to produce fai lure of the pa r t i cu la r sample being 
t e s t ed , dynes per cm 

Eĝ  = activation energy , cal per mole 

R = un iversa l gas constant , cal / (mole)(C) 

T = t e m p e r a t u r e , K. 
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A l l t h e T y p e B d a t a ( f a i l u r e w i t h o u t t h i r d - s t a g e c r e e p ) w e r e c o r r e l a t e d b y 

a s i n g l e s e t of c o n s t a n t s . T h e f i n a l w o r k i n g e q u a t i o n w a s 

e = - 4 0 ( t r / o -g ) e x p 3 . 8 ^ - 5 0 , 0 0 0 / R T . 

C r e e p d a t a f o r f i v e t y p e s of g r a p h i t e r e p o r t e d b y W a g n e r a r e g i v e n i n 
T a b l e C 6 b ( l ) . 

TABLE C6b(l). SUMMARY OF STEADY-STATE CREEP RATES OF GRAPHITE IN COMPRESSION. 
COMPARISON OF EXPERIMENTAL CREEP RATES AND CREEP RATES CALCULATED 
BY EQUATION 1 (•*) 

Sample 

1 

2 

3 

4 

5 

6 
7 

8 
9 

10 

11 
12 

13 

14 

Graphite 
Type 

H 4 L M ( ' ' ) 

H4LM 

H4LM 

CK-57("=) 

CK-56 
CK-56 

LDH-10<'*) 

LDH-10 
LDH-10 

LDH-12 

LDH-12 
LDC-16(e) 

LDC-15 

LDC-15 

Grain 
Orientation 

Parallel 

Parallel 

Perpendicular 

Parallel 

Parallel 
Parallel 
Parallel 

Parallel 
Parallel 

Parallel 
Parallel 

Parallel 

Parallel 

Parallel 

Temperature, 

K 

2270 

2530 

2570 
2570 

2400 

2760 
2760 
2280 

2560 
2750 

2760 

2760 
2430 

2570 

2720 

a 

<̂ B 

0.67 

0 .81 
0 .78 
0.86 

0.70 
0 .78 

0.80 
0 .93 
1.00 

0 .84 
1.00 
0.75 

0 .91 
1.00 
0.76 
0.90 

1.00 

0.78 
0 .61 
0.70 
0,90 

1.00 

0 .83 

Creep Rate, 
Measured 

-0 .89 

-0 .89 
-4 .9 
-5 .2 

-1 .2 
- 2 . 3 

- 2 . 3 
- 3 . 1 
- 4 . 3 
-5 .2 

-25 . 
- 1 . 3 
- 5 . 8 
-3 .2 

- 3 . 9 

- 1 1 . 

-19 . 
- 9 . 2 

-0 .80 
- 1 . 4 

-18 . 

- 9 . 5 

- 8 . 2 

f, 10"5 per Sec 
Calculated(a) 

-0 .60 

- 1 . 1 
- 3 . 3 
- 4 . 8 

-2 .5 
-3 .8 
- 2 . 1 
-3 .7 
-4 .9 

-9 .8 
-19 . 

-0 .96 
-2 .0 
-9 ,5 
-6 ,6 

-12 ,5 

-19, 

- 7 , 4 
-0 .86 

-1 .4 

-3 .8 

- 9 . 8 
- 8 . 3 

(a) Calculated by Equation 1 (see C6b in text). 
(b) An unfueled commercial grade of graphite. 
(c) CK is unfueled experimental graphite. 
(d) LDH is CK-type graphite fueled with 125 mg of uranium per cm^ of carbon. 
(e) LDC is CK-type graphite fueled with 250 mg of uranium per cm^ of carbon. 

I n t h e c a s e of t e n s i l e c r e e p , t h e r a t e w a s f o u n d t o d e p e n d u p o n t h e u r a n i u m 
c o n t e n t i n a d d i t i o n t o t h e o t h e r v a r i a b l e s . T h e e m p i r i c a l e q u a t i o n u s e d t o 
c o r r e l a t e t h e " s t e a d y - s t a t e " r e g i o n of t h e s e c r e e p c u r v e s w a s 

e = f (U) K(o- /<r3) e x p n ^ - E ^ / R T 

W i t h i n t h e c o n d i t i o n s s t u d i e d , f (U) t o o k t h e f o r m 

f (U) = a + b U + C U ^ . 
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Inser t ing the empir ica l ly de te rmined cons tan t s , the cor re la t ion for 
" s t e a d y - s t a t e " tensi le c reep was : 

e = (4 + SOU- 125U^) (cr/0-3) exp 3, 8g - 69 ,000 /RT . (Equation 

Table C6b(2) l i s t s c r e e p data obtained for four unfueled and th ree fueled 
g raph i tes . 

Green ( " ' has published c r eep data for the same types of fueled graphi tes 
at s t r e s s levels of 1630, 2130, or 2540 p s i , and t e m p e r a t u r e s of 2000, 
2200, and 2400 C. These data were not co r r e l a t ed by an empi r i ca l 
equation. 

7. Young's modulus 

No data available 

8. Sheor modulus 
No data available 

9. Bulk modulus 
No data available 

10. Polsson's ratio 
No data available 
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TABLE C6b(2). SUMMARY OF STEADY-STATE CREEP RATES OF GR.\PHITE IN TENSION AND 

COMPARISON OF C6b EXPERIMENTAL CREEP RATES AND CREEP RATES 

CALCULATED BY EQUATION 2('*) 

Sample 

1 
2 

3 

4 
5 
6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 
19 

20 

21 
22 

Graphite 

Type 

H4LM(1 ' ) 

H4LM 

H4LM 
H4LM 
H4LM 
H4LM 

H4LM 
H4LM 
CK-68(c) 

LDH-19(d) 

LDC-38(e) 

LDP-4l(0 

CK-68 

LDH-19 

LDC-38 

LDP-41 

ATjC^) 
ATJ 

ATI 
CS-312(b) 

CS-312 

CS-312 

Grain 

Orientation 

Parallel 

Parallel 

Perpendicular 

Parallel 
Parallel 
Parallel 

Parallel 
Perpendicular 
Parallel 

Parallel 

Parallel 

Parallel 

Parallel 

Parallel 

Parallel 

Parallel 

Parallel 
Perpendicular 

Parallel 
Parallel 

PaT-allel 

Perpendicular 

Temperature, 

K 

2270 

2380 

2730 
2770 
2770 
2800 

3270 
3270 
2360 

2350 

2350 

2350 

2700 

2680 

2730 

2700 

2770 
2770 

2770 
2270 

3270 

3270 

a 

°B 

0.73 

0.77 
0.82 

0.77 

1.0 
0,83 

0 .55 

0.75 
0.80 

0,94 

0,76 
0.90 

0.64 
0.79 
0 .93 

0 .73 

0 .84 

1.0 

0.63 
0.84 
0.98 

0.56 

0 .75 

0.88 

1.0 
0 .54 

0.62 

0,74 

0.82 

1.0 

0 .75 
0 . 8 1 
0.97 

0.68 

0 .68 
0.74 

0 ,81 

1,0 

0,89 

Creep Rate, 
Measured 

0 ,13 

0,18 

0.36 

0.16 
1.2 

1.0 

1.5 

2 ,3 
0,06 
0,12 

0 ,13 
0.35 

0.12 
0 .21 
0.34 

0 .11 
0 .13 
0.27 

0.39 
0.66 
0.90 

0.46 

0.57 

0.83 

1.1 
0 .51 
0,86 

1.6 
2 . 3 
5.4 

0.62 

0.79 

1.7 

1.2 

1.5 

3 ,4 
0,024 

4 . 8 
5,5 

i , 10"^ per Sec 
Calculated(a) 

0.27 

0.70 

0.42 

0,57 
1.5 

0 .81 
1.0 

3 .4 
0 .07 

0 ,13 

0.16 
0.32 

0.10 
0.22 
0 .41 

0.13 

0.22 

0.43 
0.19 
0.57 
1.0 
0.35 

1.0 

1.8 

3 .0 

0 .41 
0 .71 

1.4 
2 . 1 

4 . 3 

1.0 
1.4 
3 .0 

0.35 
0.35 

0.46 
0.042 

9.6 
6 .4 

(a) Calculated by Equation 2 (see C6b m text). 

(b) H4LM, ATJ, and CS are three commercial grades of unfueled graphite. 

(c) CK IS an unfueled experimental grade, 

(d) LDH is Grade CK fueled with 125 mg of uranium per cm of carbon, 

(e) LDC IS Grade CK fueled with 250 mg of uranium per cm"̂  of carbon. 

(f) LDP is Grade CK fueled with 350 mg of uranium per cm^ of carbon. 
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Dl , Specific heat^^'^) 
Data obtained for TREAT' ' u rania fueled graphi te indicate a l inear re la t ion 
between t e m p e r a t u r e and Cp over the t e m p e r a t u r e range 200 to 1000 C, as 
shown by the data in Table Dl . This fueled graphite contained 0. 211 w/o 
uran ium. The d i spe r sed fuel pa r t i c l e s were 44 fJ. in d i a m e t e r , and the 
maximum process ing (bake) t e m p e r a t u r e was 900 C. 

T A B L E DL. S P E C I F I C HEAT 
O F F U E L E D 
GRAPHITEC?) 

Tempe r a t u r e , 
C 

205 
315 
425 
540 
650 
760 
870 
980 

Specific Heat, 
cal/(g)(C) 

0.304 
0.331 
0.358 
0.385 
0,412 
0.439 
0,466 
0.493 

2, Thermal conductivity^2,4,5) 

a. Data for fueled graphi te a re shown in Tables D2a(l) and D2a(2). 

TABLE D 2 a ( l ) . THERMAL CONDUCTIVITY 
VERSUS FUEL CONTENT 
OF UO2-GRAPHITE 
COMPACTS(^) 

The rma l Conductivity(^), 
Uranium, cal / (sec)(cm)(C) 

w/o With the Grain Across the Gra in 

0 0 , 0 9 8 4 0 . 0 7 4 0 

2 , 9 0 , 0 8 0 6 0 , 0 5 2 1 
9 . 8 0 , 0 7 9 8 0 , 0 5 2 9 

19 0 . 0 7 3 2 0 . 0 5 2 1 
29 0 . 0 6 3 4 0 , 0 5 0 0 
36 0 , 0 5 9 5 0 . 0 4 3 0 
45 0 . 0 5 0 8 0 . 0 3 5 1 

(a) Compacts were baked to 1425 C. Room-temperature conductivity data 
are given. 
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T A B L E DZa (2) . T H E R M A L C O N D U C T I V I T Y 
VERSUS F U E L LOADING 
O F URANIUM C A R B I D E -
G R A P H I T E C O M P A C T S ^ ^ ) 

Uraniv in i , 
W / : 

0 
3 , 

11 , 
20 , 
2 3 , 

0 

9 
7 
8 
7 

T h e r m a l C o n d u c t i v i t y ^ ^ ' , 
c a l / ( s e c ) t c i n ) ( C ) 

0. 11 
0 . 11 
0 . 13 
0 , 14 
0 . 15 

(.i) Coiapactt \vfrc b-ikod to 2800 C, CoaJactivicy was measured dganibt 
the gr.Uii a: room it'.tiperdtare. 

Wagne r^^ ) h a s r e p o r t e d t h e r m a l c o n d u c t i v i t y a s a func t ion of t e m p e r a t u r e 
for two unfue led g r a p h i t e s ( H 4 L M , a c o i n m e r c i a l g r a p h i t e , and CK, an 
e -cpe r in i en ta l g r a d e ) , and fo r two fue led g r a p h i t e s (I DH c o n t a i n i n g 0. 125 g 
of u r a n i u m p e r cm-^, L D C c o n t a i n i n g 0. 250 g of u r a n i u m p e r cm-^). The 
d a t a , a s shown in F i g u r e D2b , i n d i c a t e a p p a r e n t l a c k of d e p e n d e n c e of 
c o n d u c t i v i t y on fuel l oad ing for t h e s e fue l s and load ing l e v e l s . 

E l . Electricol resistivity^^^ 
See Tables E l a and E l b . 

: A B L E E l a . ELECTRICAL RESISTIVITY VERSUS 
FUEL LOADING OF UO^-GRAPHITE 
COMPACTS(^) 

Uranium., Specific Res i s t ance ' ^ ) , m i c r o h m - c m 
w/o With the Grain Across the Gra in 

0 2122 3006 
2,9 2094 2912 
9.8 2243 2807 

19 2466 3051 
29 2485 3392 
36 2787 3640 
45 3194 4220 

(a) Compact; were ba' ed to 1425 C. Room-temperature resutance data are 
given. 
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TABLE E l b , ELECTRICAL RESISTIVITY VERSUS 
FUEL LOADING OF UC2-GRAPHITE 
COMPACTS^^) 

Uran ium, Specific Res is tances^) , m i c r o h m - c m 
w/o With the Gra in Across the Gra in 

0 1842 2960 
10 1432 1971 
20 840 1736 
25 782 1443 
31 531 892 
40 437 682 
50 463 670 

(a) Compacts were baked to 2800 C. Data are for room-temperature 
resistance. 

Reactions with coolants (data are for unfueled graphite) 

a. S t eam(^ '9 ) 

(1) 2. 8 volume per cent H2O in hel ium using "fuel-e lement g raph i t e" : 

(a) Minus 6. 4 mg per cm^ in 80 h r at 900 C 

(b) Minus 20 mg pe r cm^ in 80 hr at 1000 C 

(2) Varying amounts of H^O in hel ium under gamma i r r ad ia t ion using TSX 
g r a p h i t e ^ ) 

H2O Concentra t ion, Weight L o s s , 10" ' g / g / h r 
ppm At 600 C At 700 C 

50 2. 18 6. 17 
90 - - 7. 12 

155 5.29 8.90 
300 5. 42 10. 13 

b. Helium 
No data avai lable 

c. Carbon dioxide'•^^' 
See Table F l o . 
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TABLE Flc. REACTION OF GRAPHITE WITH CARBON DIOXIDE FLOWING AT 1.5 FT^ PER HR(10) 

Geometry 

0 . 4 2 6 - i n . -

diameter by 

2-in. -high 

solid cylinder 

0 .426- in . -OD, 

0 .250- in . - ID 

by 2-in. -high 

hollow cylinder 

0 . 6 2 8 - l n . -

diametet sphere 

Type of 

Graphite 

CSF 

GL-10 

CO 

RX 1 

RX2 

R X 3 

SP22 

SP28 

CSF 

CSF 

CSF 

Manufacturer 

Thermal 

NCC 

GLC 

NCC 

NCC 

NCC 

NCC 

sec 
sec 

NCC 

NCC 

Microwave 

NCC 

Temperature, 

C 

Experiments 

650 

700 

750 

825 

750 

750 

750 

750 

750 

750 

750 

626 

676 

726 

776 

826 

650 

700 

726 

776 

850 

Experiments(*) 

150 

150 

Weight Loss, 

g /g/hr 

1.09 X 10"^ 

3.34 - 4 .50 X 

1,24 - 2 .09 X 

9 .21 X 10"* 

6.24 X 1 0 ' ^ -

1.78 - 6.37 X 

5.03 X 10"* 

2 .75 - 2 .82 X 

2 .83 - 2 .84 X 
1.02 X 10"4 

7.72 X 10-5 

7.67 X 10 '6 

1.83 - 1.97 X 

5.24 - 9.56 X 

1.93 - 3,39 X 

5,04 X 1 0 ' * 

2 ,32 X 10"^ 

5.70 X 10"^ 

8.47 X 1 0 ' ^ 

3,42 X 10""^ 

2 .23 X l o " ^ 

1 0 ' ^ 
10-4 

1.42 X 10-4 
10-4 

10-4 

10-4 

10-5 

lO'S 

10-4 

10"* (1 in. from glow) 

10 "'^(directly in glow) 

(a) These data are included to indicate possibility of a very rapid reaction at higher temperature 
and with irradiation. Experiments were conducted at 125 W at 2450 megacylces in 1,5-cfh 
COg. 

d. N i t r o g e n 
No e n g i n e e r i n g d a t a a v a i l a b l e 

H y d r o g e n 
No e n g i n e e r i n g d a t a a v a i l a b l e 

L i q u i d m e t a l s ^ ^ ^' 
D i l a t i o n of T S P g r a p h i t e p a r a l l e l to e x t r u s i o n a x i s a f t e r 500 h r , in 650 C 
s o d i u m w a s 0. 90 p e r c en t . R e a c t i o n of g r a p h i t e w i t h 950 F s o d i u m dur ing 
100 h r w a s a s f o l l o w s : 

G r a p h i t e 
T y p e 

SA25 
T S P 
CCN 

D i l a t i o n , p e r cen t 
D e n s i t y 

g p e r c m -

1. 60 
1. 70 
1. 89 

P a r a l l e l to 
E x t r u s i o n A x i s 

1.40 
0 . 8 2 
0. 60 

P e r p e n d i c u l a r to 
E x t r u s i o n A x i s 

1.46 
1. 00 
0. 84 
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g. Air{12) 
The th resho ld t e m p e r a t u r e ( t empera tu re at which 1 per cent loss occurs in 
24 hr in stagnant a i r ) for pure graphi te is 540 C. At 700 C, the loss is 1 per 
cent in 35 min for pure graphi te and 1 per cent in 10 min for c o m m e r c i a l 
g raphi te . 

2, Reactions with claddings or structural materials' ' 

See Table F2, 

TABLE F2. ELEVATED-TEMPERATURE REACTIONS OF GRAPHITE VWTH SOME CLADDING AND STRUCTURAL METALS^^^) 

Metal 

Exposure 

T i m e , Tempera-
hr ture, F 

Carbon, v//o 

Ult imate 
Strength, 
1000 psi 

Elongation, 
per cent 

Before After Before After Before After Remarks 

Zirconium 

ZircaIoy-2 

1000 1750 0,04 0.09 70.0 70.2 44.0 8.0 Metallographic examination 
showed negligible carburization 

1000 1750 0 .01 0.06 101.0 89.8 28.0 22.0 Metallographic examination 
snowed negligible carburization 

Zirconium 1500 1850 0.04 0.40 70 ,0 53 ,0 44 ,0 32 ,0 Carburization case observed, 
0 .0015-m. average, 0 .0023-in. 
maximum thickness 

Zirconium 1500 1850 
(oxidized surface) 

0.04 0.66 69.6 80.2 32.0 8.0 Carburization case observed, 

0 .0015-m. average, 0 .0036-in . 
maximum thickness 

Zirconium 1500 1850 

(oxidized surface) 

0.04 0.78 69.6 76.8 32.0 6.0 Carburization case observed, 

O.OOlO-m. average, 0 .0013-in . 
maximum thickness 

"A" Nickel 1500 1850 0.05 0 .21 67.2 55 .3 37 .0 36.0 Metallographic examination 

showed no carburization case or 

second-phase carbon 

precipitation 

"A"Nickel 1500 1850 0.05 0 .18 69.2 64 .3 37 .0 36 .0 Metallographic examination 

showed no carburization case or 
second-phase carbon 
precipitation 

"K"Monel 1500 1850 0.16 0.17 99 .4 89 .3 44.0 52 .0 Metallographic examination 
showed no carburization case or 
second-phase carbon 
precipitation 

"K"Monel 1500 1850 0,16 0.18 99.4 95 ,5 44,0 52,0 Metallographic examinauon 

showed no carburization case or 

second-phase carbon 

precipitation 
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Gl , Dimensional stability during irradiation' ' ^ " ° ' 

a. Investigations defining the dimensional stabil i ty of a fueled graphi te as a 
ftonction of f iss ion-fragment exposure , i r r ad ia t ion t e m p e r a t u r e , and fuel-
par t ic le type and size have not been published. 
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b. Genera l Atomic has published high-burnup data for graphi te fueled with 
(Th, U)C2 (6. 5 w/o u ran ium, 15, 5 w/o thor ium) . These e lements experi
enced a burnup equal to about 60 per cent of the HTGR design l ifetime of 
3 y e a r s , or 6. 9 x 10 ' f issions pe r cm . Dimensional stabil i ty of these 
is given in Table Gib . Inc reased m a t r i x change produced by the g r e a t e r 
f i ss ion-fragment damage to fuel of s m a l l e r pa r t i c le s ize is evident. 

TABLE Gib. DIMENSIONAL CHANGES OF FUEL COMPACTS IRRADIATED TO 

6,9 X 10^9 FISSIONS PERCM^C^^) 

Compact 

1 

2 

3 
4 

5 

6 

Fuel-
Particle 

Size, 

250-500 

110-250 
<o0 

<50 

110-250 

250-500 

Average Tempera

ture of Graphite 

Can, C 

650-760 

730-840 
840-900 

900-925 

760-840 

700-790 

Centei 

ture. 

Fuel-Body 

:-Line Tempera-

Calculated C 

1200 

1300 

1400 
1480 

1200 

1150 

Dimensional Changes, 

per 

Diameter 

0 

-0 ,2 

-1 .7 
-2 ,2 

- 0 , 3 

0 

cent 

Length 

+0.2 

+0.2 
+2.2 

+3.0 

<-0 .1 

<+0.1 

Data by ORNL^ ' for s imi l a r f ission levels but for different graphi te 
m a t r i c e s , fuels , and t e m p e r a t u r e s indicate g r e a t e r d imensional change. 
Graphi te compacts^^^ ^" ' containing 9. 55 w/o uran ium and baked to 
2800 C were i r r ad i a t ed with a cen t ra l fuel t e m p e r a t u r e of approximately 
1850 C, dropping to a can-wal l t e m p e r a t u r e of approximate ly 850 C, 
Burnup was 5. 05 x 10 " f issions per cm . Dimensional changes of the 
spec imens were - 3 . 1 to - 4 . 2 pe r cent on d i a m e t e r , and +2. 7 to +5. 2 on 
length, or a bulk density change of +2. 5 pe r cent. 

2, Fission-gas-release data' ' " ' ' 

a. F i s s i o n - g a s r e l e a se from fueled graphi te is dependent upon d i s p e r s e d -
fuel form (and par t i c le s i ze ) , t e m p e r a t u r e , and the physical p rope r t i e s 
of the m a t r i x graphi te . 

Extensive data on xenon and krypton r e l ea s e from (U, Th)C2-graphi te fuel 
compacts have been repor ted by Genera l Atomic. The s teady-s ta te r e l e a s e 
of these gases as a function of tenaperature and half-life were de te rmined 
in out-of-pi le photofissioning exper imen t s . The r e su l t s ' ^^ ) a r e shown in 
F igu re s G2b(l) and G2b(2). Xenon- re lease data have also been obtained 
during heating of p r e i r r a d i a t e d fueled graphi te . (18) F igure G2b(3) p r e 
sents r e l e a se data from fuel - impregnated graphi te . F igure G2b(4) gives 
r e l e a s e from fueled e lements p r epa red by different methods containing 
(Th,U)C2 fuel. Release was obtained for broken as well as whole 
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spec imens to de te rmine the effect of spec imen size on r e l e a s e . No 
explanation was p resen ted for the anomalous resu l t of Specimen 74B (broken). 
Invest igations by Cubicciottiv-'^') have; indicated that the r a t e of xenon escape 
is independent of fueled-graphi te sample s ize . 

4. Unusual nuclear properties 

No data available 

5. Property changes as a result of irradiation 

a. Durand, et al . , ' ' and Hunter^ ' have de te rmined in-pi le changes of the 
t h e r m a l conductivit ies of u r an ium- impregna t ed graphi te as a function of 
exposure and t e m p e r a t u r e . Hunter found a ra t io of K Q / K , where KQ is 
the p r e i r r ad i a t i on t h e r m a l conductivity, as high as 39 after an exposure of 
6. 3 X lO -̂*- f issions pe r cm"^ at 780 C. Durand, et al . , foxind l e s s s eve re 
d e c r e a s e s in t h e r m a l conductivity at a comparab le t e m p e r a t u r e and a 
ra t io of K Q / K . of only 1. 3 after an exposure of 9- 2 x 10^1 f issions pe r 
cm-^ at 1300 C. F igure G5a, from Durand et al . ,('^^> compares data 
obtained by Hunter , Durand, et al. and Heter ick et al. 

b. The changes in p rope r t i e s of fueled graphi tes depend upon the percentage 
of f ission f ragments recoil ing into the m a t r i x , as well as upon t e m p e r a 
tu re of i r r ad ia t ion and fuel burnup. Theore t i ca l treatmentsC^' ' ) of the 
effect of fue l -par t ic le s ize on f i ss ion-f ragment damage have indicated 
that at a pa r t i c le d i ame te r of 100 /-i the damage would be l e s s than 5 per 
cent of the homogeneous case . Expe r imen ta l s tud ies ' ^ ' of radiat ion 
damage as a function of UO2 fue l -par t ic le s ize have been repor ted . 
F igure G5b i l l u s t r a t e s the re la t ive changes in e l ec t r i ca l r e s i s t iv i ty found 
for different UO2 par t i c le s izes after an in tegra ted flux of 1. 8 to 1. 9 x 
10^8 nvt at max imum t e m p e r a t u r e s of 66 to 88 C and after pulse annealing 
for 1 h r at success ive 25 C in te rva l s . ^^K A subsequent anneal of these 
spec imens at 425 C for 18 h r had li t t le fur ther effect on the res i s t iv i ty . 
An additional 12-hr anneal at 725 C lowered the res i s t iv i ty slightly. 

National Carbon Company, "Summary Report — Phase II, Graphi te -
Mat r ix Nuclear Fue l E l e m e n t s " , Newsle t te r No. 3, pp 54, 56, 66 
(October 3 1 , I960). 

National Carbon Company, "Summary Report — P h a s e I, Graphi te -
Mat r ix Nuclear Fue l E l e m e n t s " , ORO-240, Vol. 1 (December 22, 1959), 
p 70. 

"Gas-Cooled Reactor P ro j ec t Quar te r ly P r o g r e s s Repor t " , ORNLi-3015 
(November 11, I960), p 75. 

Wagner , P . , D r i e s n e r , A. R. , and Kmetko, E. A. , "Some Mechanical 
P r o p e r t i e s of Graphi te In the T e m p e r a t u r e Range 20 to 3000° C", 
P roceed ings of the Second United Nations Internat ional Conference on 
the Peaceful Uses of Atomic Energy , Geneva (1958), A/Conf. 1 5 / P / 7 0 2 , 
Vol. 7, 379. 
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STAINLESS STEEL-UO2 DISPERSION FUEL 

Compiled by D. L. Kel ler and D. L. Stoltz 

A l . Chemical composition 

Stainless s t ee l -U02 d i spers ion fuels containing 10 to 50 w / o UO2 in the core 
have been fabricated successful ly . Even higher loadings can be p r e p a r e d 
but these a r e mos t general ly cal led " c e r m e t " fuels. 

2. Phase diagram 

Phase d iagrams of the pa r t i cu l a r s ta in less s tee l and UO2 a r e not applicable 
since l i t t le or no react ion occurs between cons t i tuents . 

3. Effect of impurities 

The effect of impur i t i es on s ta in less s tee l is well known, so high-quali ty 
com.mercial s tee l powders a r e used in fuel fabricat ion. The total impur i ty 
level of the UO2 should be mainta ined below 500 ppm to avoid harmful con
taminat ion of the ma t r i x . Most impor tan t is avoidance of oxygen pickup by 
the s ta in less s tee l and this is achieved by using a UO2 very low in " e x c e s s " 
oxygen content. 

B1. Density (room temperature) 

Density of UO2 x volume p e r cent UO2 + density of s t a in less s tee l x volume 
p e r cent s ta in less s tee l = density of d i spe r s ion . 

3. Uranium content 

0. 881 X w/o UO2 X density = uran ium content of d i spers ion (see Fue l 
Compar ison Table) . 

7. Thermal expansion (linear)^ ' 

The m e a n l i nea r - t he rma l - expans i on coefficients have been m e a s u r e d for 
var ious U02-s t a in l e s s s teel d i spers ions clad with s t a in less s t ee l . In 
Table B7, the thermal-coeff ic ient of expansion of var ious fuel p la tes is 
compared to c o m m e r c i a l Type 318 s ta in less s t ee l . 

TABLE B7. THERMAL-EXPANSION DATA FOR STAINLESS STEEL AND 
FOR STAINLESS STEEL-UO2 DISPERSION F U E L PLATES(l ) 

Mean Coefficient of The rma l 
Expansion (20-925 C), 

Mate r ia l 10"^ pe r C 

Commerc ia l Type 318 s ta in less s tee l 

Fue l p la te : 31-mi l 25 w/o UO2 prea l loyed Type 318 
s ta in less c o r e , 7 -mi l Type 318 s ta in less cladding 

Fue l p la te : 31-mi l 25 w/o UO2 e lementa l F e - 1 8 w/o 
Cr-14 w/o N i -2 .5 w/o Mo alloy c o r e , 7-mi l Type 318 
s ta in less cladding 
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8. Recrystallization temperature range 

Effective rec rys ta l l i za t ion t e m p e r a t u r e of s ta in less s tee l m a t r i x is r a i s ed 
due to in te r fe rence of UO2 p a r t i c l e s . 

C I . Hardness (room temperature) 

The ha rdness of a 30 w/o U02~Type 3l6 s ta in less s tee l d i spers ion ranged 
from 8I-9O Rockwell B. These values were dependent upon the type of UO^ 
pa r t i c l e s used and the density reached . 

(2) 
3&4. Ultimate tensile strength and yield strength 

Ultimate tensi le s t r eng th , yield s t r eng th , and elongation of d i spe r s ions 
having var ious loadings of UO^ in Type 3l6 s ta in less s t e e l - m a t r i x core 
naater ia ls a r e l is ted in Table C3. These co res have been cold p r e s s e d , 
s i n t e r ed , and coined, and the values given a r e based on an average of s a m 
p l e s . When these core m a t e r i a l s a r e clad with s t a in less s tee l and fabr i 
cated into fuel p l a t e s , the cores a r e elongated extensively. During the 
fabr ica t ion , new var iab les a r e introduced which effect the ul t imate tens i le 
s t reng th . The m o s t useful m e a s u r e of s t rength for these fuel p la tes is the 
t r a n s v e r s e tensi le s t rength . In this t e s t , the tens i le s t r e s s e s a r e applied 
perpendicu la r to the roll ing plane and do not involve the cladding. Table C4 
contains u l t imate t r a n s v e r s e t en s i l e - s t r eng th values for var ious -w/o U02~ 
s ta in less e teel m a t r i x d i s pe r s i ons . 

5. Compressive strength 

No data available 

6. Creep strength^ ' 

Fuel p la tes with 25 w/o UO2 in both e lementa l 18-14-2 . 5 alloy and p r e 
alloyed Type 318 s ta in less s tee l m a t r i c e s have been fabr ica ted by optimtim 
fabricat ion techniques and have had c r e e p - r u p t u r e t e s t s pe r fo rmed at 900 C. 
F igure C6 s u m m a r i z e s these data . 

7. Young's modulus 

No data available 

8. Shear modulus 

No data available 

9. Bulk modulus 

No data available 

10. Poisson's ratio 

No data available 

11. Elongation 

See Table C3. 

D2. Thermal conductivity^ ' 

See F igure D2, 



TABLE C3. MECHANICAL PROPERTIES OF SOME UOo-TYPE 316 STAINLESS STEEL DISPERSIONS(̂ ) 

Room-Temperature Values Values at 1600 F 
Density, Ultimate 0.2 Per Cent Elongation Ultimate 0.2 Per Cent Elongation 

UO2. per cent of Strength, Offset Yield in 1 In. , Strength, Offset Yield in 1 In . , 
w/o theoretical psi Strength, psi per cent psi Strength, psi per cent 

25 
30 
30.64 
35 

98 

96,2 
96.5 
96.6 

46,700 
43,200 
43,400 
37,700 

31,800 
31,800 
29,600 
29,800 

10 

6 
7 
6 

12,400 
14,400 
13,500 
12,900 

11,400 
13,700 
12,300 
12,100 

14 

9 
8 

5 

TABLE C4. ULTIMATE TRANSVERSE TENSILE STRENGTHS OF VARIOUS UO2 STAINLESS STEEL 
MATRIX DISPERSIONS(2) 

Fuel Ultimate Transverse 
Matrix Tensile Strength, psi 

UO2. 
w/o 

20 

25 

30 

35 

Iron 

Iron 

Austenitic 
stainless 

Austenitic 
stainless 

33,500 

28,500 

26,000(a) 

16,000 

U09, Fuel Ultimate Transverse 
w/o Matrix Tensile Strength, psi 

37 

40 

45 

50 

Austenitic 
stainless 

Austenitic 
stainless 

Austenitic 
stainless 

Austenitic 
stainless 

14. 500 

11,000 

8,000 

4,000 

(a) Elevated-temperature values for austenitic stainless-30 w/o UO2 dispersions: 

Temperature, C Ultimate Strength, psi 

531 
641 
760 

13,000 
12,000 
8,500 
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E l . Electrical resistivity' ' ' 

A fuel plate consist ing of a 12-mil 30 w/o U02~elementa l i ron-18 w/o 
ch romium-9 w/o nickel alloy c o r e , and a 4 -mi l Type 347 s ta in less s teel 
cladding has an e l e c t r i c a l - r e s i s t i v i t y value of 96. 52 m i c r o h m - c m at 30 C. 

F. Chemical properties^ ' 

a. The co r ros ion r e s i s t ance of UOo"sta inless s tee l d i spers ions is grea t ly 
affected by the dis t r ibut ion of the UO2 in the s ta in less s tee l m a t r i x . 
Thus , if the fuel pa r t i c l e s a r e d i spe r sed uniformly in a continuous 
m a t r i x of highly co r ros ion r e s i s t an t m a t e r i a l , a pinhole defect in the 
fuel p la te ' s cladding would only r e su l t in a few UO2 pa r t i c l e s being 
at tacked by the co r ro s ive coolant. 

b . Complete co r ros ion data a r e not ava i lab le , but loadings of 25 and 30 w/o 
UO2 in m a t r i c e s of Types 347, 302, 304, 3 l 6 , and 310 s ta in less s tee l s 
have been t e s ted in 731 C s u p e r c r i t i c a l wa te r at 5000 ps i . No significant 
weight change was noted after 2 weeks of exposure of e lements edge 
shea red to expose the core in two d i rec t ions . Other t e s t s were made on 
s imi l a r samples for 4 months in 260, 310, and 360 C s ta t ic d e m i n e r a l -
ized water with addit ional oxygen and hydrogen sa tura t ion . All samples 
revea led weight changes of only up to 0. I I6 mg/(cm2)(nionth) . 

G1. Dimensional stability during irradiation^ ' 

Fuel p la tes containing var ious loadings of UO2 d i spe r sed in different types 
of s ta in less s tee l m a t r i c e s have been examined for d imensional stabil i ty 
after i r r ad ia t ion . Table Gl s u m m a r i z e s these data. 

2. Fission-gas-release data^ ' 

The pos t i r rad ia t ion examination of fuel pla tes which had a Type 347 s t a in 
l e s s s tee l cladding with a core containing 26 w/o UO2 d i spe r sed in a m a t r i x 
of prea l loyed Type 347 s ta in less s tee l showed that some specinaens had been 
rup tured . Using both m a s s and g a m m a - r a y spec t rograph ic t echn iques , a 
m e a s u r e d quantity of 4. 8 x 10"10 cm^ of f ission gas at STP was d e t e r 
mined for the imruptured spec imens . Fo r those spec imens which had been 
rup tu red , values of 2. 3 x 10"^ cm^ and 1.0 x 10"^ cm-^ of krypton-85 were 
de te rmined . 

3. Swelling-temperature data^"' 

Data available were used in the p repa ra t ion of F igure G6. 

4. Unusual nuclear properties 

No data available 

5. Property changes as a result of irradiation^ ' 

Pos t i r rad ia t ion-annea l ing studies were c a r r i e d out on s ta in less s t e e l - U 0 2 
fuel m a t e r i a l s . In F igure G5, the ha rdnes s of these m a t e r i a l s is shown 
after i r r ad ia t ion and pos t i r r ad i a t i on annealing. 



ss-uo^ 
DISP. 

162 

TABLE G l . DIMENSIONAL CHANGE OF FLAT-PLATE 

Fuel 

Amount, 
Type(3) w/o 

Matrix 

Stainless Amount, 
Type w/o 

Core-to-Cladding Ratio 
Length Width Thickness 

Irradiation 
Temperature, F 

Peak Average 

Uranium 

Burnup, 
a/o 

S UO2 
H UO2 
H UO2 
HUOg 
HUOg 
S UO„ 

26 

26 

26 

26 

26 

26 

347 

347 

347 

347 

347 

347 

74 
74 
74 
74 
74 
74 

750^'') 
750('') 
750(1') 
750(1') 
750(b) 
750(1') 

45 
45 
45 
45 
45 

S UO2 
HUO2 
HUO2 
HUOg 
S UO2 
HUOg 
HUO2 
SUOo 

25.9 

26.1 

26 

26 

26 

26 

24.2 

26 

347 

347 

347 

347 

347 

347 

347 

347 

74.1 

73.9 

74 

74 

74 

74 

75.8 

74 

750(b) 

750(1') 

750(1') 

750(15) 

750(1') 

750(1') 

750 (b) 

750(15) 

40 

40 

40 

40 

40 

40 

40 

40 

SUO2 
SUOg 
SUOg 
HUO2 
SUO2 
S UO2 

SUO2 

HUO2 

S UO2 

SUO2 

SUO2 

HUO2 

HUO2 
HUO2 
HUOg 
HUO2 

H UO2 
HUO2 
H U O g 
HUOo 

HUO2 

HUO2 

HUOo 

26 

26 

25.9 

24.2 

26 

26 

26 

26 

26 

26 

26 

26 

25 

30 

25 

30 

25 

30 

25 

30 

25 

25 

25 

347 

347 

347 

347 

347 

347 

347 

347 

347 

347 

347 

347 

318('̂ ) 

318 

318 

318 

318 

318 

318 

318 

318 

318 

318 

74 

74 

74.1 

75.8 

74 

74 

74 

74 

74 

74 

74 

74 

75 

70 

75 

70 

75 

70 

75 

70 

75 

75 

75 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

2.7 

2.7 

2.7 

2.7 

2.7 

2.7 

2.7 

2.7 

2.7 

2.7 

2.7 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

2.2 

2.2 

2.2 

2.2 

2.2 

2.2 

2,2 

2.2 

2.2 

2.2 

2.2 

750(1') 

750(1') 

750(15) 

750(1') 

750(b) 

750(1') 

600(1') 

600(1') 

600(15) 

600 (b) 

600(b) 

600(b) 

1500 (<̂ ) 

1529(^ 

1248(<1) 
1390('^ 
1477(d) 
1325('i) 

1280('^) 

1238(^) 

1055(d) 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

5.4 

6.1 

5.4 

7.2 

13.4 

17.5 

16.2 

15.6 

24.5 

24.7 

22,2 

HUO2 
HUOg 
HUO2 
HUOg 

SUO2 
HUOg 
S UO2 
HUOo 

30 

25 

25 

30 

30 

30 

30 

30 

318 

318 

318 

318 

318 

318 

318 

318 

70 

75 

75 

70 

70 

70 

70 

70 

2.7 

2.7 

2.7 

2.7 

2.7 

2,7 

2.7 

2.7 

2.2 

2.2 

2.2 

2.2 

2.8 

2.8 

2.8 

2.8 

~160o('l) 

~1600('^) 

~1600(d) 

~1600(d) 

1375 1239('^ 

1335 1186('^ 

1325 1128('l) 

1120 967^'^) 

3.1 

3.2 

3.8 

3.6 

15.1 

15.4 

14.2 

17.1 
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DISPERSION FUEL SPECIMENS DURING IRRADIATION(&) 

Ove 

Di 

Length 

1.506 
1.506 

1.506 

1 506 
1.506 
1 506 

1.506 

1.506 
1.506 

1.506 
1.506 

1,506 
1,506 

1.506 

1,506 
1.506 

1.506 
1.506 
1.506 
1.506 

1.506 
1.506 

1.506 

1.506 
1.506 
1.506 

1.5 
1.5 

1.5 

1.5 

1.5 

1.5 
1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 
1.5 

1.5 

r-AII Specimen 

mensions, in. 

Width 

0.570 
0.570 

0.570 
0.570 
0 570 
0 570 

0.570 

0.570 
0.570 

0.570 
0.570 

0,570 
0,570 
0.570 

0.570 
0.570 

0.570 

0.570 

0.570 
0.570 

0.570 
0.570 

0,570 
0,570 

0,570 
0.570 

0.687 
0.687 

0 687 

0,687 

0,687 

0,687 
0,687 
0,687 

0,687 

0,687 

0,687 

0.687 

0.687 

0.687 
0.687 

0.687 

0.687 

0,687 

0,687 

Thickness 

0,040 
0.040 

0.040 

0.040 
0.040 
0 040 

0.040 

0.040 
0.040 
0.040 
0.040 

0.040 
0.040 
0.040 

0.040 
0.040 

0.040 
0.040 
0,040 
0.040 

0.040 
0.040 

0,040 
0.040 
0.040 

0.040 

0,045 
0,045 

0.045 

0,045 

0,045 

0,045 

0,045 

0,045 

0,045 

0.045 

0.045 

0.045 

0.045 

0.045 
0.045 

0.045 

0.045 

0.045 

0.045 

Dimensional 

Length 

--
0.07 
0.15 

0.79 
0 .11 
0 04 

0.17 

--
0.17 

--
0.15 

--
0.19 
0.09 

0.26 

— 
0.36 
0.75 
0,24 

--

--
0,09 

0.05 

0.05 
0.12 

0.86 

-1 .56 
-0 .96 

--
-0 .14 

— 
-0 .20 
-0 .10 

— 

-0 .12 

— 
--

0.00 

- 0 . 1 1 

0.00 
-0 .12 

0.00 
0,00 

0,00 

0,00 

Width 

--
0,09 

0.07 

0 19 
0.09 
0 09 

0 34 

0.12 

0.38 
0.35 

0.17 
0.14 

— 
0.04 

0 .21 

0,14 

0.19 

0.86 
0,09 

--

0.12 

0.09 

0.09 

0.09 
0.23 
0 .31 

0.07 
0,20 

0 19 

0.13 

0.00 

0.08 
0.00 

0,00 

0,19 

— 
— 

0,00 

0.00 

0,00 

0,06 

0,00 

0.00 

0.00 

0.00 

change , per cent 
Thickness 

Maximum 

--
--
--
--
--
--

--
--
--
--
--
--
--
--

--
--
--
--
--
--

--
--
— 
--
--
--

12.42 

73.58 
10.92 

18.16 

2.17 
10.94 

5.49 

25.27 

23.04 

— 
--

0.00 

0.00 

0.00 

0,06 

--
--
— 
--

Average 

--
5 ,3 

6.0 

2 .6 

4 .8 
4 . 5 

5.0 

6.3 
5.5 
5,4 

5,8 
6.6 
4 .8 
4 ,2 

4 , 2 

4 . 5 

3 .6 
3.9 

3,6 

--

6,4 
2 .9 

3 ,6 
5,5 

1.7 
2 .7 

0.57 
13.32 

3 ,71 
2 ,63 

1.52 

5,79 
4 .18 
6.26 

7 .61 

— 
--

0.00 

0.00 

0.00 

0.68 

2 ,6 
2 ,0 

2 ,2 

2 .0 

Density 

Loss, 
per cent 

--
1.9 

2 2 

2.7 
2 .5 
2 .5 

1.4 

2.7 
2 .9 
2 .6 

3 .1 
2,9 
2 .4 
2 .2 

2 .0 

1.8 

1.7 
1.9 

1.8 

--

2 . 2 

2 , 1 

1,6 

1.8 
1,4 

0.9 

0.00 
2 ,23 
1.04 

1,15 

0,86 
-2 ,09 

1,72 

1,84 

3.70 

--
--

0.00 

0.00 
0,00 

0,00 

0 .8 

0,7 

0.7 

0 .5 

SS-UO2 
DISP. 

Specimen Condition 

Blistered 
Good condition, no blistering or warpage 

Ditto 

Ditto 
Ditto 
Ditto 

Ditto 

Ditto 
Ditto 
Ditto 

Ditto 

Ditto 
Ditto 
Ditto 

Ditto 

Ditto 

Ditto 
Ditto 

Ditto 
Blistered, fused 

Good condition, no blistering or warpage 
Ditto 

Ditto 
Ditto 

Ditto 
Ditto 

Good surface but warped 
Large blister 

Good 

Small blister 

Good 

Small blister 

Good 
Ruptured 

Large blister 

Small blister 

Blistered, ruptured 

Good, no blistering or warpage 

Ditto 
Ditto 

Ditto 

Good, no blistering or warpage 
Ditto 

Ditto 

Ditto 
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TABLE Gl. 

Type(^) 

HUO2 
SUO2 

HUO2 
SUO2 

UN 

UC 
UN 
UC 

UN 
UC 

UN 

UC 

UN 

UN 
UC 
UC 

HUO2 
UN 
UN 

UN 

Fuel 

Amount, 
w/o 

30 
30 

30 
30 

24 

24 
24 
24 

24 
24 

24 

24 

24 

24 
24 
24 

30 

28 
28 

28 

Type 

318 
318 

318 
318 

318 

318 
318 
318 

318 
318 

318 

318 

318 

318 
318 
318 

318 

318 
318 

318 

Matrix 
Amount, 

w/o 

70 
70 

70 
70 

76 

76 
76 
76 

76 
76 

76 

76 

76 

76 
76 
76 

70 
72 
72 

72 

Core-

Length 

2 
2 

2 
2 

2 

2 
2 
2 

2 
2 

2 

2 

2 

2 

2 
2 

2 

2 
2 

2 

-to-Cladding 
Width 

2 .7 
2.7 

2.7 
2 ,7 

2,7 

2 .7 
2.7 

2 .7 

2 .7 
2 .7 

2.7 

2.7 

2 ,7 

2 .7 
2 ,7 
2 ,7 

2.7 
2.7 
2.7 

2.7 

Ratio 

Thickness 

2 .8 
2 .8 

2 .8 
2 ,8 

2 , 8 

2 ,8 
2 ,8 

2 .8 

2 , 8 
2 ,8 

2 ,8 

2 ,8 

2 ,8 

2 ,8 
2 ,8 

2 ,8 

2 .8 
2 .8 

2 .8 

2 .8 

Irradiation 
Temperature, F 

Peak Average 

1565 
1620 

--
1300 

__ 
--
--
— 

__ 
--
--
--

. . 
--
--

Max. 

1880 
>1800('^) 
>1850(e) 

>1750(e) 

1355(d) 
1402(d) 

--
1155(d) 

1600('^) 

1710(^1) 
1800(d) 

1800(^1) 

1490(d) 
1600(d) 

1720(d) 

1490('^ 

1390('l) 
1625(d) 

1600(«1) 
1460(d) 

Mm. 

1500(^1) 
1575(d) 

1590(d) 
1470(d) 

Uranium 
Burnup, 

a /o 

11.8 
11.8 
11.5 

10.4 

5.4 

6 ,6 
7,7 

7 .8 

2 .2 
2 . 1 
--
3 .4 

_ • 

12 

12 

3.6 
4 . 8 
5.0 

4 . 3 

(a) H = hydxothermal, S = spherical UO2. 
(b) Specimen surface temperature. 
(c) Elemental blend of iron, chromium, nickel, and molybdenum powders in all Type 318 stainless steel matrices. 
(d) Central core temperature. 
(e) Thermocouples were inoperative last two cycles of the reactor. Specimens may have reached 1900 to 2000 F. 
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(Continued) 

SS-UO2 
DISP. 

Over-A 11 Specimen 

Dimensions, in. 

Dimensional Change, per cent 

Thickness 

Length Width Thickness Length Width Maximum 

Density 
Loss, 

Average per cent Specimen Condition 

1.5 

1.5 

1.5 

1.5 

0.687 

0.687 

0.687 

0.687 

0.045 

0.045 

0,045 

0,045 

0.00 
0,00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 

2 .4 0 .4 Good, no blistering or warpage 

2 .4 0.6 Ditto 

2 ,2 0,7 Ditto 
2 .0 0.4 Ditto 

1.5 
1.5 
1.5 
1.5 

0,687 
0.687 
0.687 
0,687 

0,045 
0.045 
0,045 
0 ,045 

1.3 
1.7 
2 . 3 
1.5 

0.37 
2.88 
2 .16 
6.12 

Ditto 
Blister 

Blister 

Blister 

1.5 
1.5 
1.5 
1.5 

0.687 
0.687 
0.687 
0.687 

0.045 
0.045 
0.045 
0.045 

0.9 
0 .4 
0.2 
0.2 

0.28 
0.08 

Nil 
0.28 

1.5 
1.5 
1.5 
1.5 

0.687 
0.687 
0.687 
0.687 

0.045 

0.045 

0.045 

0.045 

1.3 
3 .1 
3.2 
3.2 

1.71 
0 .8 
2 ,15 
2 .04 

Good, no blistering or cracking 
Blister 
Slister 

Blister 

1,5 
1.5 
1,5 

1,5 

0.687 
0.687 
0.687 

0.687 

0.045 
0.045 
0.045 

0.045 

30 0.00 1.2 Small blister, no warpage 
29 0.00 1.3 Small blister, no warpage 
25 0.00 1.5 Small blister, no warpage 
23 0.00 0.6 Small blister, no warpage 
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6. Failure versus temperature dota^ ) 

Figure G 6 and Table G 6 s u m m a r i z e the r e su l t s of many capsule i r r ad ia t ions 
of U02~sta in less s tee l fuel -e lement spec imens . 
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FIGURE G6. BURNUP PERFORMANCE OF STAINLESS-STEEL-UOg CERMET FUEL 

SPECIMENS HAVING 18-30 W/O UO, 

(Numbers next to data points are specimen numbers shown in Table G6). 
These data indicate that when a specimen temperature and burnup are betow 
shaded area, a "typical" fuel element will not crack or blister (as seen 
visually or microscopically) or release radioactive products. Fuels exposed 
above shaded zone would fail; performance of fuels, irradiated within shaded 
area is difficult to predict. ̂ ®̂  AEA-43236 



TABLE G6. IRRADIATION DATA ON STAINLESS STEEL-UO2-DISPERSION FUEL SPECIMENS 

M a t r i x 

Type 304 

F e - I 8 C r - 1 4 N i -
2. 5Mo 
{ e l e m e n t a l ) 

F e - 1 8 C r - 9 N i 
( e l e m e n t a l ) 

Type 310 

Cladd ing 

Type 304L 

T y p e 318 

Type 347 

Type 310 

U O 2 

Load ings 
w / o 

17 92 
17 92 
1 7 . 9 2 
1 7 . 9 2 
17 92 
1 7 . 9 2 
1 7 . 9 2 
1 7 . 9 2 
1 7 . 9 2 
1 7 . 9 2 
1 7 . 9 2 
1 7 . 9 2 
1 8 . 7 5 
22 . 18 
2 6 . 8 9 

2 5 

2 5 

2 5 

2 5 

2 5 

2 5 

2 5 

3 0 

3 0 

3 0 

3 0 

3 0 

30 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

30 

3 0 

30 

30 

S p e c i m e n 
Char a 

U O ^ 
P a r t i c l e 
S i z e , a 

--
--
--
--
--
--
--
--
--
--
--
--
--
--
— 

7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 

> 4 4 

> 4 4 

> 4 4 

> 4 4 

> 4 4 

> 4 4 

> 4 4 

> 4 4 

> 4 4 

> 4 4 

>105 
^105 
>105 

> 4 4 

c t e r i s t i c s 
C ladd ing 

T h i c k n e s s , 
m i l s 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

8 

10 

12 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

4 

4 

4 

4 

4 

4 

4 

4 

4 

5 

5 

5 

4 

I r r a d ] 
Su r face 

T e m p e r a t u r e , 
F 

P l a t e s 

1 9 0 

1 9 0 

1 9 0 

1 9 0 

1 9 0 

1 9 0 

1 9 0 

1 9 0 

1 9 0 

1 9 0 

1 9 0 

1 9 0 

2 1 2 

2 1 2 

2 1 2 

1725 
1430 
1550 
1400 
1417 
1650 
1650 
1655 
1533 
1395 
147 5 
1300 

5 5 0 

6 5 0 

6 5 0 

7 0 0 

6 5 0 

8 0 0 

7 6 6 

1080 
1400 
1765 

1260 
1420 
1560 
1550 

Lation Condit: 
I r r a d i a t i o n 

T i m e , 
h r 

--
--
--
--
--
--
--
--
--
--
--
--
4 0 0 

4 0 0 

4 0 0 

32 .7 
4 7 . 5 
4 7 . 5 
8 5 . 2 
8 5 . 2 
5 2 . 7 
5 2 . 7 
3 2 . 7 
4 7 . 5 
4 7 . 5 
8 5 . 2 
8 5 . 2 

6 1 0 

4 2 5 

4 1 2 

1038 
2550 

--
4015 
2415 
1889 

8 8 0 

3 7 0 

4 2 0 

3 7 0 

2 8 8 

ions 

B u r n u p , a / o 
U235 

52. 5 
4 0 . 0 
4 5 . 4 
10. 5 
4 0 . 0 
53 . 5 
5 1 . 2 
13. I 
5 6 . 9 
5 3 . I 
4 8 . 1 
2 9 . 2 
1 6 . 0 
1 8 . 0 
1 2 . 0 

5 . 4 

12 .7 
1 6 . 6 
2 0 . 4 
2 0 . 7 

2. 2 
2 . 6 

4 . 9 
1 7 . 5 
1 5 . 6 
25 . 1 
22 . 2 

5 . 3 

4 . 4 

5 . 4 

12. 1 
3 9 . 7 
2 3 . 5 
33 . 3 
2 8 . 6 

1 2 . 9 
1 7 . 4 

4 . 6 

4 . 8 

1 . 8 

1. 1 

Tota l+ 

1.93 
1.48 
1.68 
0. 39 
1.48 
1.98 
1. 89 
0. 48 
2. 10 
1.96 
1.78 
1.08 
0 . 7 

0 . 9 
0 . 8 

0. 29 
0 .67 
0 . 8 8 
1.08 
1. 10 
0. 12 
0. 14 
0. 32 
1. 15 
1. 04 
1.66 
1.47 

0 . 3 5 
0. 29 
0 . 3 6 
0 . 7 9 
2 . 6 

1.54 
2. 17 
1.86 
0 . 8 4 
1. 14 

0. 30 
0. 31 
0. 12 
0 . 0 9 

R e s u l t s 

No f a i l u r e s 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 

No f a i l u r e s 
Di t to 
Di t to 

L a r g e b l i s t e r 
S m a l l b l i s t e r 

No f a i l u r e s 
Di t to 

S m a l l b l i s t e r 
Di t to 

R u p t u r e d 
Di t to 
Di t to 

8 p i e c e s , 0 fa i led 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Dit to 
Dit to 

8 p i e c e s , 2 c r a c k e d 
8 p i e c e s , a l l fa i led 

2 p i e c e s , 0 fa i led 
Di t to 
Dit to 
Dit to 

I den t i f i c a t i on 
in F i g u r e G6 

6 -20 
6 -20 
6 -20 
6 -20 
6 - 2 0 
6 -20 
6 -20 
6 -20 
6 -20 
6 -20 
6 -20 
6 -20 
6 -20 
6 -20 
6 -20 

59 

49 
40 

3 2 

3 0 

6 1 

6 2 

57 

31 

3 5 

2 4 

26 

52 

5 8 

5 3 

4 2 

1 

2 5 

5 

22 

3 9 , 4 1 
29 

5 5 

56 

6 3 

6 4 

R e f e r e n c e 

(9 ) 

( 9 ) 

( 9 ) 

( 9 ) 

( 9 ) 

(9 ) 

( 9 ) 
(9 ) 

(9 ) 

( 9 ) 

( 9 ) 

( 9 ) 

( 9 ) 

(9 ) 

( 9 ) 

(10) 
(10) 
(10) 
(10) 
(10) 
(10) 
(10) 
(10) 
(10) 
(10) 
(10) 
(10) 

(9) 
(9) 
(9) 
(9) 
(9) 
(9) 
(9) 
(9) 
(9) 
(9) 

(9) 
(9) 
(9) 
(9) 



TABLE G 6 . (Continued) 

M a t r i x 

F e - 2 3 C r - 1 7 N i 
( e l e m e n t a l ) 

F e - 1 8 C r - 1 4 N i -
2 .5MO 
( e l e m e n t a l 

T y p e 347 

F e - 1 8 C r - 1 2 N i 
( e l e m e n t a l ) 

C ladd ing 

Type 318 

Type 318 

Type 347 

Type 304 

U O 2 

L o a d i n g , 
w / o 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

3 0 

2 3 

2 4 

2 4 

2 4 

3 0 

2 4 . 5 
2 8 . 5 
2 8 . 5 
3 0 

3 0 

3 0 

S p e c i m e n 
C h a r a c t e r i s t i c s 

U O 2 

P a r t i c l e 
S i z e , 11 

> 4 4 

7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 
7 5 - 1 5 0 

__ 
--
--
--
--

-_ 
--
--

4 4 - 7 4 
4 4 - 7 4 
4 4 - 7 4 

Cladd ing 
T h i c k n e s s , 

m j l s 

4 

6 

6 

6 

6 

6 

6 

6 

6 

1 0 

10 

10 

1 0 

1 0 

10 

10 

10 

lot 
10 

1 0 

I r r 

S u r f a c e 
T e m p e r a t u r e 

F 

P l a t e s 
(Con t inue 

1290 

1240 
1190 
1130 

9 7 0 

1360 
1400 
1270 
1140 

P i n s 

8 6 0 

9 3 0 

8 4 2 

8 4 2 

9 3 0 

1060 
1060 

9 0 0 

8 0 0 

8 0 0 

8 0 0 

a d i 

d ) 

a t ion Cond i t ions 
I r r a d i a t i o n 

T i m e , 
h r 

8 1 5 

2250 
2250 
2250 
2250 
1474 
1474 
1474 
1474 

7 9 0 

--
--
--

1000 

2790 
2790 

--
1662 
2520 
3310 

B u r n u p , a / o 
U235 

17 

15. 1 
1 5 . 4 
14. 2 
1 2 . 0 
1 1 . 8 
1 1 . 8 
1 1 . 5 
10. 4 

6 . 7 

16 

3 

8. 2 
8 . 9 

1 8 

1 8 

1 2 

2 8 

3 4 

3 5 

Tota l+ 

I . 12 

1.00 
1.02 
0 . 9 4 
0 . 7 9 
0 . 7 8 
0 . 7 8 
0 . 7 6 
0 . 6 9 

0 . 3 3 
0. 82 
0. 15 
0 . 4 2 
0 . 5 8 

0 . 9 4 
1. 13 
0 . 7 5 
1.85 
2 . 2 4 
2. 31 

R e s u l t s 

No f a i l u r e s 

No f a i l u r e s 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 
Di t to 

No f a i l u r e s 
Di t to 
Dit to 
Di t to 
Di t to 

No f a i l u r e s 
Di t to 
Di t to 

2 p i e c e s , 1 fa i led 
Di t to 

R u p t u r e d 

Iden t i f i ca t i on 
m F i g u r e 

28 

3 4 

3 3 

37 

4 4 

46 

47 

4 5 

4 8 

5 4 

3 8 

6 0 

51 

50 

36 

27 

4 3 

2 1 , 2 3 
3 , 4 

2 

G 6 R e f e r e n c e 

(9 ) 

( 9 ) 

(9 ) 

(9) 

( 9 ) 

(9 ) 

(9 ) 

( 9 ) 

(9 ) 

(9 ) 

( 9 ) 

(9 ) 

'•" This table includes data only from experiments m which tenaperatures w^ere carefully monitored and burnup v/as measured either radiochemically or isotopically 
"''The conversion to a/o burnup is based on a U enrichment of 93% m all cases . 
4^Type-347ss cladding. 
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UC CERMETS 

Compiled by D. E. Kizer 

A1. Chemical composition 

C e r m e t s of UC have been successful ly fabr icated containing 60 to 80 volume 
per cent UC (67 to 92 w/o) d i spe r sed in molybdenum. (^) 

3. Effect of impurities 
No data available 

B l . Density (room temperature) 
Calculated densi t ies (external d imension divided by weight) range from 
12. 27 to 12. 95 g per cm over a 60 to 90 volume per cent UC loading in the 
molybdenum ce rme t . 

2. Density versus temperature 
No data available 

3. Uranium content 

0. 952 X w/o UC X density (see Fue l Compar ison Table) 

4. Liquidus temperature 
No data available 

5. Solidus temperature 

No data available 

6. Vapor pressure 
No data available 

(2) 
7. Thermal expansion (linear) 

The mean l inear t h e r m a l expansion for a 80 volume per cent UC-molybdenum 
c e r m e t having a density 95 per cent of theore t i ca l over the t e m p e r a t u r e 
range 20 to 950 C was found to be 7. 2 to 7. 6 x 10"" per C. A 60 volume 
pe r cent UC-molybdenum c e r m e t of 97 per cent of theore t i ca l density was 
found to have a coefficient of 6. 4 to 6. 8 x 10"° per C over the 20 to 950 C 
t e m p e r a t u r e range . 

G l . Hardness (room temperature) 
No data available 

2. Hot hardness 
No data available 

3. Ultimate tensile strength 
No data available 

4. Compressive yield strength^ ' 

S e e T a b l e C 4 . 
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TABLE C4. COMPRESSIVE MECHANICAL PROPERTIES FOR UC-MOLYBDENUM CERMETS(^) 

UC Content, 

volume per cent 

60 

60 
80 

Density, 
per cent 

of theoretical 

95 

98 
95 

Ultimate 
Compressive 

Strength, 10^ psi 

139.5 

111.7 
9 5 . 1 

Young's 
Modulus, 

10^ psi 

28 .8 
25 .5 

27 .8 

Yield Strength, 

0 . 1 Per Cent 
Offset 

114.5 

73.9 
93 .5 

, 10^ psi 

0 .2 Per Cent 
Offset 

113.8 

80.0 

--

5. Compressive strength^ ' 

See Table C4. 

6. Creep strength 

No data available 

7. Young's modulus^ ' 

See Table C4. 

8. Shear modulus 
No data available 

9. Bulk modulus 

No data available 

10. Poisson's ratio 
No data available 

11. Elongation 
No data avai lable 

D I . Specific heat 
No data available 

2. Thermal conductivity' ' ' 
See F igure D2. 

E l . Electrical resistivity' ' 
See F igure E l . 

F. Chemical properties 
No data available 

G. Irradiation properties 
No data available 
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UN C E R M E T S 

C o m p i l e d by D. E . K i z e r 

A1. Chemical composition^ ' 

UN c e r m e t s h a v e b e e n s u c c e s s f u l l y f a b r i c a t e d c o n t a i n i n g 60 to 90 v o l u m e 
p e r cen t UN d i s p e r s e d in i n o l y b d e n u m , c h r o m i u m , and T y p e 304 s t a i n l e s s 
s t e e l , r e s u l t i n g in w e i g h t l o a d i n g s r a n g i n g f r o m 67 to 9 4 w / o , d e p e n d i n g on 
the m a t r i x m a t e r i a l u s e d . 

3. Effect of impurities 

No d a t a a v a i l a b l e 

B l . Density (room temperature) 
•3 

C a l c u l a t e d d e n s i t i e s r a n g e f r o m 11. 57 to 13. 5 g p e r c m , d e p e n d i n g on the 
v o l u m e load ing of UN and m a t r i x m a t e r i a l u s e d . B e l o w a r e c a l c u l a t e d d e n 
s i t i e s of 80 v o l u m e p e r cen t UN c e r m e t s w i th t h e t h r e e m a t r i x m a t e r i a l s 
u s e d . 

C a l c u l a t e d 
M a t r i x M e t a l D e n s i t y , g p e r c m 

M o l y b d e n u m 13. 5 
Type 304 s t a i n l e s s s t e e l 13. 0 
C h r o m i u m 12. 9 

2. Density versus temperature 
No d a t a a v a i l a b l e 

3. Uranium content 
0. 944 X w / o UN X d e n s i t y ( s e e F u e l C o m p a r i s o n T a b l e ) 

4. Liquidus temperature 

No d a t a a v a i l a b l e 

5. Solidus temperature 
No d a t a a v a i l a b l e 

6. Vapor pressure 
No d a t a a v a i l a b l e 

7. Thermal expansion^ ' 

The m e a n l i n e a r t h e r m a l - e x p a n s i o n coe f f i c i en t m e a s u r e d for an 80 v o l u m e 
p e r cen t U N - m o l y b d e n u m c e r m e t w i t h a d e n s i t y 9 0 . 9 p e r c e n t of t h e o r e t i c a l 
w a s 9. 1 to 9. 5 x 10~" p e r C o v e r t h e t e m p e r a t u r e r a n g e 20 to 950 . 

C I . Hardness (room temperature) 
No d a t a a v a i l a b l e 

2. Modulus of rupture^^' 
See T a b l e C2 . 
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TABLE C2. NIECHANICAL-PROPERTY VALUES OBTAINED ON MOLYBDENUM AND CHROMIUM CERMETS CONTAINING 
80 VOLUME PER CENT UNC^) 

Composition, 
volume 
per cent 

Cr-80UN 

M0-8OUN 

Density, 

per cent 
of theoretical 

9 0 . 1 
93.9 
93.9 

Dynamic 

Modulus, 

10^ psi 

25.19 
30 .24 
29.66 

Modulus of 

Rupture, 

psi 

18,100 

26,200 

24,900 

Static 
Modulus, 

10^ psi 

27 .2 
3 3 , 1 
30 .2 

Compressive Properties 

0.2 Per Cent Offset 

Yield Strength, psi 

104,800 

118,000 

110,000 

Ultin::ate 

Strength, 

psi 

131,000 

152,000 

140,000 

4. Compressive yield strength^ ' 
See Table C2. 

5. Compressive strength^ ' 

See Table C2. 

6. Creep strength 
No da.ta available 

(2) 
7. Young's modulus^ ' 

See Table C2. 

8. Shear modulus 
No data available 

9. Bulk modulus 

No data available 

10. Poisson's ratio 

No data avai lable 

11. Elongation 

No data available 

D I . Specific heat 
No data available 

2. Thermal conductivity^ ' ' 

See F igure D2, 

E l . Electrical resistivity^ ' ' 
See F igure E l . 

F. Chemical properties 
No data available 

G. Irradiation properties 

No data available 
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UO2 CERMETS 

Compiled by D. Kizer 

A1. Chemical composition^ ' 

C e r m e t s of UO2 have been successful ly fabr icated containing 60 to 90 volume 
per cent UO2 d i spe r sed in m a t r i x m a t e r i a l s of molybdenxim, ch romium, 
niobium, and Type 302B s ta in less s t ee l , resu l t ing in a weight loading of UO2 
between 61 and 94 w / o , depending on the m a t r i x m a t e r i a l used. 

3. Effect of impurities 

No data available 

B l . Density (room temperature) 

Calculated theore t i ca l densi t ies range from 9. 44 to 10. 81 g pe r cm , de
pending on the volume loading of UO2 and the m a t r i x m a t e r i a l used. Below 
a r e calculated dens i t ies of 80 volume per cent UO2 c e r m e t s with the four 
m a t r i x m a t e r i a l s . 

Ma t r ix Metal Den 
Calculat 

s i ty , 

10. 
10. 
10. 
10. 

g P 

81 
47 
20 
24 

;ed 
e r c m ^ 

Molybdenum 
Niobium 
Chromium 
Type 302B s ta in less s tee l 

2. Density versus temperature 

No data available 

3. Uranium content 

0. 882 X w/o UO2 X density (see Fue l Compar i son Table) . 

4. Liquidus temperature 

No data available 

5. Solidus temperature 

No data available 

6. Vapor pressure 
No data available 
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7. Thermal expansion 
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(1) 

T h e r m a l - e x p a n s i o n d a t a h a v e b e e n r e p o r t e d fo r c h r o m i u m - , m o l y b d e n u m - , 
and Type 302B s t a i n l e s s s t e e I - U 0 2 c e r m e t s : 

CI. 

N o m i n a l 
U 0 2 C o n t e n t , 

V o l u m e 
p e r cen t 

80 
80 
80 
70 
70 

Hardness 

M a t r i x M e t a l 

M o l y b d e n u m 
C h r o n n i u m 
T y p e 302B s t a i n l e s s 
T y p e 302B s t a i n l e s s 
M o l y b d e n u m 

C e r m e t 
D e n s i t y , 
p e r c e n t 

of t h e o r e t i c 

94 . 4 
9 7 . 1 
9 8 . 4 
97 . 0 
9 1 . 7 

a l 

T h e r m a l -
E x p a n s i o n 
Coef f i c i en t 
( 2 0 - 9 5 0 C ) , 
1 0 - 6 p e r C 

8. 8 to 9. 2 
10. 2 to 10. 4 
1 1 . 2 to 1 1 . 5 
1 1 . 3 to 11 . 7 

7. 9 to 8. 3 

No d a t a a v a i l a b l e 

2. Hot hardness 

No da t a a v a i l a b l e 

3. Modulus of rupture^ ' 

M o d u l u s of r u p t u r e h a s b e e n m e a s u r e d on c h r o m i u m - , m o l y b d e n u m - , and 
Type 302B s t a i n l e s s - 8 0 v o l u m e p e r cen t UO2 c e r m e t s : 

M a t r i x M e t a l 

M o l y b d e n u m 

Type 302B s t a i n l e s s 

C h r o m i u m 

C e r m e t Dens i 
p e r cen t of t h e o i 

9 1 . 6 
90 . 7 
88 . 5 
96 . 5 
9 7 . 4 
9 4 . 4 
96 . 5 
97 . 0 
9 5 . 5 

Lty, 
• e t i ca l 

M o d u l u s of 
R u p t u r e , p s i 

1 2 , 0 0 0 
1 3 , 8 0 0 
1 2 , 1 0 0 
1 8 , 1 0 0 
1 7 , 2 0 0 
1 3 , 3 0 0 
2 2 , 5 0 0 
2 0 , 6 0 0 
2 1 , 6 0 0 

4. Compressive yield strength^ ' 

S e e F i g u r e s C 4 a , C 4 b , and C 4 c . 

5. Compressive strength (1) 

See F i g u r e s C 4 a , C 4 b , and C 4 c . 

6. Creep strength 
No d a t a a v a i l a b l e 

7. Young's modulus =(1) 

See F i g u r e s C 4 a , C 4 b , and C4c . 

8. Shear modulus 
No d a t a a v a i l a b l e 
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9. Bulk modulus 

No data available 

10. Poisson's rotio^^^ 

See F igu re s C4a, C4b, and C4c. 

11. Elongation 

No data available 

D1. Specific heat 

No data available 

2. Thermal conductivity^ ' 

See F igure D2. 

E l . Electrical resistivity^ ' 

See F igure E l . 

F1. Reaction of base materiol^ ' ' 

a. If the s t ruc tu re is not defected one would expect the reac t ion to be s imi l a r to 
the react ion with the base m e t a l used until such t ime as the UO2 was exposed. 

b. A 0. 006-in. cladding-defected hole has been dr i l led into a capsule of UO2 and 
a capsule of chronnium-80 volunae per cent UO2 to compare oxidation at 1750 F 
in a i r . Both cores were of equal volume and had dens i t ies approximate ly 
96 per cent of theore t i ca l . Following is a tabulation of the oxidation of UO2 
de te rmined after 24 and 144 h r at t e m p e r a t u r e . 

Oxidation of U02> per cent 

After 24 Hr After 144 Hr 

UO2 48. 2 60. 6 

Chromium-80 volume 2. 5 7. 7 
per cent UO2 ce rme t 

2. Reactions with claddings or structural materials 

Any cladding that is compatible with UO2 and the m a t r i x naetal used should 
be suitable from a compatibil i ty standpoint. 

G1. Dimensional stability 
A 95 to 96 per cent dense 80 volunae per cent U02-niobium c e r m e t clad with 
niobium i r r ad ia t ed at an average surface and center t e m p e r a t u r e of 925 and 
1400 C (peak 1000 and 1500 C), r e spec t ive ly , to a burnup of approximate ly 

7 0 "^ 
3 per cent of the total u ran ium atoms {7. 0 x 10 " f issions per cm ) showed 
a 1. 4 per cent dec r ea se in density and 0. 2 per cent growth in length and 
0. 7 per cent in d i amete r . 
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2. Fission gas release 

No data available 

3. Swelling temperature data 

See G l . 

4. Unusual nuclear properties 

No data available 

5. Property changes as a result of irradiation 

No data avai lable 
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COATED-PARTICLE F U E L MATERIALS 

Compiled by J. H. Oxley 

Extensive p roper ty data on coa ted-par t i c le fuels a r e unavailable owing to the r e l 
atively recen t development of these m a t e r i a l s . However , since this type of fuel holds 
cons iderable p r o m i s e for gas-cooled r e a c t o r s , it does appear des i r ab le to s u m m a r i z e 
and tentat ively i n t e rp r e t the l imited data avai lable . The re fo re , the cu r r en t s tatus on 
the manufac tu re , p r o p e r t i e s , and pe r fo rmance of these new fuels is d i scussed in this 
sect ion. 

Sufficient information has been obtained for p r e l im ina ry design p u r p o s e s . 

P repa ra t i on and P r o p e r t i e s of Coa ted-Par t i c l e Fuels 

M. F . Browning 

Coatings of AI2O3, pyrolyt ic ca rbon , BeO, and MgO on UO2 pa r t i c l e s a re being 
evaluated to de te rmine thei r utility as f i ss ion-product and react ion b a r r i e r s . 
Py ro ly t i c - ca rbon coatings on UC2 and UC pa r t i c l e s a r e a lso being evaluated for this 
pu rpose . 

Chemical vapor-depos i t ion reac t ions in fluidized beds of the pa r t i c l e s a r e being 
used to apply coatings to pa r t i c l e s 50 to 600 /i in d i ame te r . La rge r pa r t i c l e s up to 
1/8 in. in d iamete r and m a t e r i a l s difficult to fluidize have been agitated by vibrat ing 
and /o r tumbling during the coating operat ion. Although p r e s e n t exper ience has been 
l imited mainly to the coating of pa r t i c l e s in the 50-jj, to 1 /8 - in . -d iamete r size r a n g e , 
t he re is reason to believe that this range can be extended. In g e n e r a l , the maximum 
coating thickness which can be applied is governed only by economic cons idera t ions . 

Alumina and bery l l i a a r e formed by the hydrolys is of the i r respec t ive chlor ides 
with e i ther s t eam or a C02:H2 mix tu re as the hydrolyzing agent. The s team hydrolys is 
of Mgl2 is used for depositing MgO. In addit ion, the format ion of these oxides by the 
t h e r m a l decomposi t ion of m e t a l organics has rece ived l imited attention, Pyrolyt ic c a r 
bon is fornaed general ly by the decomposi t ion of C2H2 and CH4, but the use of other 
hydrocarbons has been invest igated. 

Aliomina coatings of near theore t i ca l density deposi ted at a t e m p e r a t u r e of 1000 C 
have good integr i ty and consis t of sma l l c rys ta l l i t e s of alpha alumina with an average 
s ize of 0. 3 jLi d i spe r sed in an amorphous m a t r i x . Coatings deposi ted at t e m p e r a t u r e s 
from 500 to 700 C a r e p o r o u s , of lower dens i ty , and completely amorphous , but become 
c rys ta l l ine on heat t rea t ing at t e m p e r a t u r e s of about 1000 C and above. Coatings p r e 
pa red at 1400 C a r e highly c ry s t a l l i ne , but exhibit a coating in tegr i ty infer ior to that of 
the 1000 C coat ings . The ha rdness of the coatings p r e p a r e d at 1000 C and above is equal 
to or h igher than that of sapphire (2200-2500 KHN, 50-g load). 

The oxygen/uranium rat io of both porous and dense UO2 subs t r a t e s coated with 
AI2O3 under var ious conditions has tentat ively been found to be 2 .002 , even though the 
ra t io before coating was as high as 2. 039-
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Beryl l ia coatings p r e p a r e d at 1400 C a r e of near theore t i ca l dens i ty , a r e very 
c rys t a l l i ne , and exhibit good in tegr i ty . Coatings deposited at t e m p e r a t u r e s between 
800 and 1100 C a r e l ess crys ta l l ine and po rous . The ha rdnes s of the 1400 C coatings 
is essent ia l ly equal to that of s i ng l e - c ry s t a l BeO (1200-1400 KHN, 50-g load). 

Magnesia coatings deposited at 1400 C a r e re la t ively t r a n s p a r e n t , dense , and 
vo id- f ree . Coatings p r e p a r e d at 1100 and 800 C a r e less t r a n s p a r e n t and appear to 
contain submicron p o r e s . The ha rdness of the coatings is not significantly affected by 
coating t e m p e r a t u r e and is slightly less than that of fused MgO (925-975 KHN, 50-g 
load). The differential between the t h e r m a l expansion of UO2 and MgO can r e su l t in 
c racked coa t ings , but this p rob lem has been essen t ia l ly overcome by the use of porous 
UO2 or the incorporat ion of an annular void in the p a r t i c l e . All MgO coatings have 
failed to withstand oxidation at 1100 C- Recent invest igat ions have tentatively indicated 
that oxygen diffusion is the major cause of fa i lure . 

Pyro ly t i c -ca rbon coatings with good in tegr i ty have been applied to fuel pa r t i c l e s 
at t e m p e r a t u r e s of 950 to 2000 C. The PyC s t ruc tu re of a 1400 C coating v a r i e s from 
colunanar to l a m i n a r , depending on the deposition r a t e . Coatings applied at under 10 jj, 
per hr a r e definitely colunanar and those deposited above 30 jn p e r hr a r e decidedly 
l amina r . The density of the PyC coatings p r e p a r e d by the f luidized-bed techniques de 
c r e a s e s from 1. 99 g pe r cm^ at a coating t e m p e r a t u r e of 950 C to a min imum value of 
approximately 1. 50 g per cm^ at 1500 C and then i n c r e a s e s to a density of 1.94 g pe r 
cm-^ at a t e m p e r a t u r e of 1800 C. The c rys ta l l i t e s ize of PyC coatings p r e p a r e d in a 
fluidized bed va r i e s with coating t e m p e r a t u r e and type (columnar or l amina r ) . The 
c-axis c rys ta l l i t e s ize of l aminar coatings deposited at 1400 C and below is about 25 A 
and i n c r e a s e s to 150 A at a coating t e m p e r a t u r e of 1800 C. Columnar coatings p r epa red 
at below 1400 C have a c rys ta l l i t e s ize of about 40 A. 

Graphi te -Mat r ix Elements Containing Coa ted -Pa r t i c l e Fuels 

M. C. Brockway 

The development of coa ted-par t ic le fuels is c u r r e n t , thus p roper ty data on d i s 
pe r s ions of such fuel in graphite a r e very l imited. However , ce r t a in genera l iza t ions 
concerning expected p roper t i e s a re poss ib le . Many p rope r t i e s of fueled graphite should 
be s imi l a r whether coated o r uncoated fuel is the d i spe r sed phase . This will be t rue if 
compar i son is made on the bas i s of equal volume loading, since par t ic le coatings can 
add appreciably to the fuel volume. The p r i m a r y differences expected of graphite fueled 
with coa ted-par t ic le fuel ve r sus uncoated fuel a r e : (1) high f iss ion-product re tent ion , 
(2) absence of f i ss ion-fragment damage to the m a t r i x , (3) a l t e red nuc lear p rope r t i e s 
dependent upon the type and amount of coating m a t e r i a l , and (4) ope ra t i ng - t empera tu re 
l imits dependent upon the type of coating as well as the fuel. For a given fuel loading, 
composi te p rope r t i e s will be a l t e red by the replacenaent of m a t r i x volume with coating. 
Also , m a t r i x p rope r t i e s or geomet r i e s may differ from those of uncoated fuel d i s p e r 
sions because of fabricat ion requ i rements imposed by coated fuel, as d i scussed in the 
following pa rag raph . 

Graphite fueled with coa ted-par t ic le fuel p r o m i s e s outstanding f iss ion-product 
re tent ion , but only if the fuel is undamaged during d i spers ion in the m a t r i x graphi te . 
Ear ly work by seve ra l invest igators( ^ "•^) has shown that coa ted-par t i c le fuels may be 
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readi ly damaged through impact or local ized s t r e s s e s . The d i spers ion and forming 
methods usual ly employed with uncoated fuels a r e damaging to coa ted-par t i c le fuels. 
However , s tudies d i rec ted tow^ard the solution of this d i spe r s ion problem have been 
successfu l . A h o t - p r e s s techniquev'*) has been sufficiently successful in minimizing 
fuel damage during forming of graphi te compacts fueled with PyC-coa ted (Th,U)C2 that 
it is being used to p r e p a r e HTGR prototype fuel elenaents. A second method(5) , fuel 
d i spe r s ion by naatrix pe l le t iz ing , has pe rmi t t ed the d i spe r s ion of Al203-coa ted UO2 in 
graphi te without evidence of fuel damage . Such pel let izing a lso p e r m i t s a c l o se r a p 
proach to an ideal fue l -par t ic le d i spers ion than previous ly poss ib le . 

P r o p e r t y data typical of HTGR g r a p h i t e - m a t r i x fuel compacts a r e given in Table 1. 
The values l i s ted r e p r e s e n t the mos t complete p roper ty data p resen t ly available for 
graphi te m a t r i c e s in which coa ted-par t i c l e fuels have been successful ly incorpora ted . 
It should be noted that in these HTGR fuel compacts it is not e s sen t i a l that the d i spe r sed 
fuel be completely free from damage . The p roper ty var ia t ions as a function of coated-
pa r t i c l e fuel loading were not r epor t ed except that fuel pa r t i c l e s ize (50 to 500 /i) and 
fuel loading (0 to 22 w/o thor ium plus uran ium) had l i t t l e , if any, effect on the t h e r m a l 
expansion of fueled compac t s . These data should not be i n t e rp re t ed as being genera l ly 
r ep resen ta t ive of p r o p e r t i e s of al l graphi te m a t r i c e s in which coa ted-par t i c l e fuels naay 
be incorpora ted . 

TABLE 1. TYPICAL PROPERTIES OF GRAPHITE-MATRIX 
F U E L COMPACTS(4) 

Graphite density 
Crushing s t rength 

T r a n s v e r s e 
Longitudinal 

T h e r m a l expansion at 1000 C 
Transverse 
Longitudinal 

T h e r m a l conductivity at 2000 C 
(radial) 

E l ec t r i ca l r es i s t iv i ty 
Pe rmeab i l i ty (He at 1 a tm) 
P o r e s t ruc tu re 

Radiation stabil i ty 

1. 90 -1 .95 g per cm^ 

8500 ps i 
7500 ps i 

7. 5 x 10-6 per C 
2. 25 X 10-6 pe r C 
0 .3 w/(cm)(C) [0.07 cal / (cm)(sec)(C)] 

3. 5 X IQ-^ o h m - c m 
2 X 10-3 cm^ p e r sec 
<1 pe r cent of poros i ty due to po res >1 ^i 

in d i amete r 
<0. 1 per cent contract ion after 6 x 10^9 

f issions per cm^ at 1100-1500 C 

In-P i le Evaluations of Coated Pa r t i c l e Fuels 

N. E. Mil ler and R. L. Ri tzman 

Ceramic -coa ted oxide- and ca rb ide -base fuel pa r t i c l e s p r e p a r e d by Battel le a re 
being evaluated for f i s s i o n - g a s - r e l e a s e c h a r a c t e r i s t i c s ^ " ' , and coated carbide fuel 
pa r t i c l e s supplied by c o m m e r c i a l suppl iers a r e being evaluated by 0 R N L ( 7 ) . I r rad ia t ion 
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studies of pyro ly t i c -ca rbon-coa ted (U,Th)C2 pa r t i c l e s a re a lso being c a r r i e d out by 
Genera l Atomic. However , the p r i m a r y purpose of the GA coatings is to prevent 
hydrolys is of the fuel during fabr ica t ion, and f i ss ion-product re tent ion is of secondary 
impor t ance . Table 2 contains a sunanaary of the f i s s i o n - g a s - r e l e a s e data from sweep-
capsule exper iments conducted on these types of fuel m a t e r i a l s at t enapera tures below 
1200 C. 

Alumina-coated UO2 pa r t i c l e s have shown a high degree of f i s s ion-gas re tent ion 
at t e m p e r a t u r e s between 500 and 1100 C. At t e m p e r a t u r e s below 500 C, however , a 
rapid and seve re coating fai lure o c c u r s . The pe r fo rmance of the Lot BMI-715A m a t e 
r i a l in the C F P - S - 9 capsule exper iment i l l u s t r a t e s the t e m p e r a t u r e dependence of 
f i s s i o n - g a s - r e l e a s e c h a r a c t e r i s t i c s of the a lumina-coa ted fuels. In this exper iment 
the R / B (rat io of the r e l e a se r a t e to product ion ra te ) for xenon-133 rapidly changed 
from the o r d e r of 10~9 to 10~4 as the t e m p e r a t u r e was reduced from 645 C to 470 C 
and i n c r e a s e d st i l l m o r e as the tenapera ture was changed to 295 C. 

In the one exper iment conducted with be ry l l i a -coa ted UO2 at low t e m p e r a t u r e , 
the ini t ial r e l e a s e fract ions were in the o rde r of 10-5 and showed li t t le change up to 
2 pe r cent uraniuna burnup. It is not definite whether this sample contained pa r t i c l e s 
with c racked coatings p r i o r to the i r r ad i a t i on or whether cracking occu r r ed during the 
f i r s t few minutes of the i r r ad ia t ion . 

The pyro ly t i c -ca rbon-coa ted UC2 and UO2 pa r t i c l e s p r e p a r e d by Battel le have 
shown ini t ial good gas re tent ion with a g radua l i n c r e a s e in f i s s ion-gas r e l e a s e occur r ing 
as the i r r ad ia t ion p r o c e e d s . The C F P - S - 9 exper iment showed no apparent re la t ion 
between coating fai lure and operat ing t e m p e r a t u r e . The overlay of pyrolyt ic carbon in 
the Lot 7 3 6 B m a t e r i a l resu l ted in cracking the AI2O3 coat ing, so the data from the 
CFP-S-10 experinaent a r e r ep resen ta t ive of r e l e a s e from pyro ly t i c - ca rbon coatings 
p ro tec ted from fission recoi l s frona the fue l -par t ic le sur face . 

Carbon-coated UC2 pa r t i c l e s p r e p a r e d by NCC, HTM, and 3M a r e being evalu
ated at O R N L in sweep-capsule exper iments at 820 C and compared with uncoated UC2 
p a r t i c l e s . Of these exper imenta l m a t e r i a l s , the NCC sample has shown be t t e r f iss ion-
gas - re t en t ion c h a r a c t e r i s t i c s than any ca rbon-coa ted pa r t i c l e s evaluated. 

Pos t i r r ad ia t ion Evaluation of Coa ted-Par t i c l e Fuels 

R. J . Burian and R. L. Ri tzman 

Various types of coated pa r t i c l e s have been evaluated after i r r ad i a t i on to d e t e r 
mine the f i s s ion-produc t - re ten t ion p rope r t i e s of the coat ings . Different combinations 
of pyrolyt ic carbon and high- and low-densi ty AI2O3 coatings have been deposited on 
high- and low-densi ty UO2 and UC2 p a r t i c l e s . P a r a m e t e r s studied include the s i z e , 
po ros i ty , and naater ia l of the fuel p a r t i c l e , the t h i c k n e s s , po ros i ty , and m a t e r i a l of 
the coat ing, and the effect of heat t r ea tmen t before i r r ad i a t i on , the i r r ad ia t ion tenaper
a t u r e , the fuel burnup , and the support from a m a t r i x on the pe r fo rmance of the 
coat ings . 



TABLE 2. SUMMARY OF FISSION-GAS-RELEASE DATA FROM COATED-PARTICLE FUELS IN SWEEP-GAS EXPERIMENTS 

Specimen Description R/B' (b) 
Nominal 

CFP Irradiation Accumulated Uranium 

Irradiation Temperature, Irradiation Burnup, 

Lot Size, /i Kind Thickness, ft Kind Matrix Capsule C .T ime , ht a / o 

Fuel Coating(^) Kr' ,85m 

and Kr 

K r 8 ^ 
88(c) Xe l35 Xe l33 

BMI-4E 127 UOo 

BMI-715A 127 UOo 

42 

42 

BMI-715A 127 UO2 42 

BMI-715A-HT 127 UO2 42 

BMI-725D 127 UO2 56 

BMI-736B 127 UO2 16 

27 

BMI-845E 127 UO2 60 

BMI-918A 200 UC2 55 

BMI-918A 200 UC2 55 

BMI-IOIOA 127 UO2 66 

AI2O3 Graphite CFP-S-5 

AI2O3 None CFP-S-7 

AI2O3 None CFP-S-9 

A1303 None CFP-S-11 

AI2O3 Graphite CFP-S-6 

AI2O3 Graphite CFP-S-IO 

Lam PyC 

BeO None CFP-S-3 

PyC Graphite CFP-S-2R 

PyC None CFP-S-9 

PyC Graphite CFP-S-8 

1070 

1070 

100 

100 

100 

815 

645 

470 

295 

815 

100 

1070 
1070-440 

750 

1050 

800 

700 

100 

100 

1070 

1070 

1070 

815 
645 
815 

1050 

1050 

850 

47 
256 

11 

479 

856 

18 
94 

170 

421 
597 

43 
208 

1100 

42 

421 

1871 

4 

758 

73 
81 

227 

18 
220 
597 

9 
19 

349 
1409 

0.2 

0.8 

0.0 

1.5 

2.7 

0 .1 

0 .3 

0 .5 

1.3 

1.9 

0.0 
0.2 
0.6 
3.4 

0.2 

1.3 

5.8 

0.0 
2.4 

0.2 
0.3 
0,7 

0 .1 

0.7 

1.9 

0 .1 

1.1 

4 .4 

4 x 10-6 

3 x 10-6 

4 x 10-5 

3 x 10-5 

4 x 10-9 
4 x 10-9 
3 x 10-6 
3 x 10-5 
4 x 10-5 

8 x 10-9 
3 x 10-6 
5 x 10-' ' 

3 X 10-8 

8 x 10-6 

5 x 10-5 
I x 10-5 

1 x 10-8 

2 X 10-4 

5x 10-3 

3 x 10-9 
3 x 10-6 
5 x 10-5 

3 x 10-8 

2 X 10-5 

3 X 10-5 

I x 10-6 
4 x 10-6 

3 X 10-4 
4 x 10-5 
3 X 10-5 

4 x 10-9 
4 x 10-9 
2 X 10-6 
1 X 10-4 
6 X 10-5 

6 X 10-9 
2 X lO-"? 
1 X 10-6 

2 X 10-5 
4 x 10-5 

2 x 10-8 
1 X 10-4 
5 X 10-4 

3 X 10-9 
2 X 10-6 

6 x 10-5 

4 x 10-8 

I x 10-5 

5 x 10-5 

5 x 10-6 
2 X 10-6 

2 X 10-4 

2 X 10-4 
8 X 10-5 

4 x 10-9 
4 x 10-9 
1 X 10-4 

3 X 10-4 
3 X 10-4 

I x 10-4 
5 x 10-9 
1 X 10-6 
3 X 10-6 

2 X 10-8 6 X 10-8 
2 X 10-5 4 x 10-4 
2 X 10-4 9 X 10-4 

5 x 10-6 

2 x 10-4 

3 X 10"8 
3 X 10-3 
5 x 10-3 

3 X 10-9 

2 X 10-5 

3 X 10-4 

5x10-8 J O 
4 X 10-5 HO H 
3 X 10-4 H H 



Lot 

HTM-1 
3M-SP-2 

NCC-AD 

3M-101-U 

Specimen 

Fuel 

Size, n Kind 

200 UC2 

200 UC2 
200 UC2 

200 UC2 

Description 

Coating(^) 

Thickness, jx 

90 
90 
90 

Kind 

Col-PyC 
Lam-PyC 
Duplex-

PyC 
None 

Matrix 

None 
None 

None 

None 

TABLE 2. , 

CFP 
Irradiation 

Capsule 

B9-7 
C l - 7 

B9-8 

C l - 8 

(Continued) 

Nominal 

Irradiaaon 

Temperature , 

C 

820 

820 
820 

820 

Accumulated 

Irradiation 

T ime , hr 

1000 
500 

480 

500 

Uranium 
Burnup, 

a /o 

12,0 

15,0 

14,7 

4 .3 

Kr85m^ Kr8'7, 

and Kr88(c) 

4 x 10-5 

3 X 10-4 
9 x 10-6 

6 X 10-3 

R/B(b) 

Xe l35 

6 X 10-5 
2 X 10-4 
2 X 10-5 

8 X 10-3 

Xel33 

3 X 10-4 

5 X 10-4 
7 X 10-5 

7 X 10-2 

C
O

A
T

E
 

P
A

R
T

 

• a 

(a) Listed in order of preparation m the case of multiple coatings, 
(b) Rate of release of isotope divided by rate of generation, values listed are the release ratios at end of indicated time, except for the last four materials where values 

listed are average values over the indicated Ume period, 
(c) Data are an average of the release fraction of the three krypton isotopes. 
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The coated pa r t i c l e s were i r r ad i a t ed in s tat ic capsules containing a hel ium a t 
m o s p h e r e . Pos t i r r ad i a t i on studies included analyses of samples of gases r e l ea sed 
from the pa r t i c l e s i r r ad i a t ed in s tat ic hel ium a t m o s p h e r e s , leaching of the u ran ium 
from i r r ad i a t ed spec imens with n i t r i c acid to de te rmine the member of p a r t i c l e s with 
failed coa t ings , heat t r ea tmen t to de te rmine fraction of gas re ta ined in pa r t i c l e s with 
failed coa t ings , and meta l lographic examinat ion to study s t r u c t u r a l changes in the 
p a r t i c l e s . 

Sixty specinaens conaprising 12 types of coated pa r t i c l e s have been i r r ad i a t ed at 
Bat te l le . All but a few of these spec imens were removed from the capsules after 
i r r ad ia t ion and were examined. The r e su l t s of pos t i r r ad ia t ion examinat ions of al l 
spec imens and in some ins tances the r e su l t s of in-pi le gas measurenaen ts a r e p r e 
sented in Table 3. 

The 60 spec imens were i r r a d i a t e d at 100 to 1070 C to burnups ranging up to 5. 0 
p e r cent of the u ran ium. The r e su l t s of the pos t i r r ad ia t ion g a s - r e l e a s e studies indi
c a t e , in g e n e r a l , that dense AI2O3 coatings exper ience near ly complete fai lure at 100 C 
but pe r fo rm much be t t e r at 1070 C. Coatings with a porous AI2O3 layer between two 
dense AI2O3 laye r s pe r fo rm be t t e r at 100 C than fully dense AI2O3 coa t ings , but the i r 
pe r fo rmance does not improve at the elevated t e m p e r a t u r e . Studies indicate that the re 
is not a significant improvement in gas - r e t en t ion ability of pa r t i c l e s d i spe r sed in a 
graphi te m a t r i x . The r e su l t s of analyses of acid solutions used to leach the specinaens 
indicate in a niomber of ca se s a g r e a t e r degree of coating fai lure than was indicated by 
the pos t i r r ad ia t ion g a s - r e l e a s e s tudies . An invest igat ion into the source of the lack of 
ag reemen t between these two techniques has not yet resolved this d i sc repancy . 

The r e su l t s of pos t i r r ad ia t ion examinat ions of gas r e l e a s e from pyro ly t i c - ca rbon-
coated pa r t i c l e s a r e less consis tent than data from examinat ions of a lumina-coa ted 
p a r t i c l e s . However , in g e n e r a l , the data indicate that py ro ly t i c -ca rbon coatings fail 
m o r e severe ly than AI2O3 coatings at 100 to 1070 C. 

The invest igat ions of coated pa r t i c l e s conducted at Oak Ridge have been concerned 
with py ro ly t i c -ca rbon-coa ted UC^ p a r t i c l e s . The th ickness of the coatings on the p a r t i 
c les studied have been as l a rge as I6I û- Coated pa r t i c l e s have been i r r a d i a t e d in both 
the unsupported condition and supported in a graphi te naatr ix . Coated-par t ic le spec i 
m e n s have been i r r ad i a t ed at t e m p e r a t u r e s ranging from 475 to 1425 C and to burnups 
as high as 7. 2 x 1020 f iss ions pe r cm^. After i r r a d i a t i o n , gas r e l e a s e from the p a r t i 
cles was naeasured at roona t e m p e r a t u r e and at e levated t e m p e r a t u r e s as high as 2050 C. 

The resu l t s of these studies indicate that gas r e l e a s e is independent of the i r r a d i 
ation exposure within the range invest igated. However , the gas r e l e a s e is t e m p e r a t u r e 
dependent , gas r e l e a s e increas ing with i r r ad i a t i on t e m p e r a t u r e . It was concluded that 
the f i ss ion-gas r e l e a se from the py ro ly t i c - ca rbon-coa ted pa r t i c l e s occurs by diffusion 
through the coat ings . A diffusion coefficient of 1. 41 x lO"^*^ cm^ p e r sec was d e t e r 
mined for the r e l e a se of Xe^-^^ through the coatings of Type HTM-1 p a r t i c l e s . It was 
a lso observed that the crushing s t rength of these pa r t i c l e s was i n c r e a s e d during 
i r r ad ia t ion . 

The studies being conducted by Genera l Atomic have dealt pr inaar i ly with 
py ro ly t i c - ca rbon-coa ted UC2 p a r t i c l e s i r r ad i a t ed in graphi te m a t r i c e s . P a r t i c l e s with 
coatings ranging in thickness from 10 to 60 ju have been i r r a d i a t e d in six capsules to 



TABLE 3. SUMMARY OF RESULTS OF POSTIRRADIATION EXAMINATION OF COATED-PARTICLE SPECIMENS 

Coated 

Fuel Lot 

BMI-4E 

BMI-715A 

BMI-7 ISA-HT 

BMI-717B 

BMI-721C 

Fuel 

Diameter, 

Material f-

UO2 127 

UO2 127 

UO2 127 

UO2 127 

UO2 127 

Coating(^) 

Material 

d-Al203 
P-AI2O3 
d-Al203 

d-Al203 

d-Al203 

d-Al203 

d-Al203 
P-AI2O3 

d-Al203 

Thickness 
/ i 

8 

6 
28 

42 

42 

43 

8 

18 

28 

i. Irradiation 

Capsule 

Matrix 

Support^'') 

Irradiation 

Temperature, 

C 

Specimens With Alumina Coatings 

CFP-4 

CFP-S-5 

CFP-S-5 

CFP-ID 
CFP-IB 
CFP-4 

CFP-S-7 

CFP-S-7 

CFP-S-9 

CFP-IC 
CFP-IA 

CFP-ID 

CFP-IB 

CFP-IC 
CFP-IA 

CFP-S-7 

CFP-S-8 
CFP-S-7 

CFP-S-8 

CFP-S-7 

CFP-S-8 

CFP-ID 

CFP-IB 
CFP-4 

CFP-IC 

None 
Graphite 

Graphite 

None 
None 

None 
None 

None 

None 
None 

None 

Graphite 

Graphite 

Graphite 

Graphite 

None 

None 

Graphite 

Graphite 

None 

None 

None 
None 

None 

None 

100 

1070 
1070 

100 
100 

100 
100 

100 
815-295(<^) 

1070 
1070 

100 

100 

1070 

1070 

100 

1070 

100 

1070 

100 

1070 

100 

100 
100 

1070 

U235 

Fission Burnup, 

per cent 

2 .9 

3 .9 

3 .8 

3 .3 
4 ,7 

3,0 

3 ,9 
4 ,0 
--

1,7 
3 ,2 
3 ,5 

5,0 

1.7 

3 .3 

3 ,9 
4{est,) 

3 ,6 

4(es t , ) 

3 ,9 

4 (est ,) 

3 .4 

4 . 6 

3 ,1 

1,7 

Fractional(c) 
Xel33 

Release, 

ppm 

8,1 
0,29 

--

100 
120 
100 

50 
- -
--

0,09 
0,02 

1,9 

0,7 

— 
— 

0,01 

87 
0.39 

18,000 

__ 

190 

1.8 

15 
26 

4 ,0 

Uranium 

Removed 
in Leach, 

pet cent 

28 

0 ,65 
— 

54 

39 
>7 

5 
>82 

68 
0 .9 

0 .2 
33 

43;38(^) 

0,007 

--

95 

— 
93 

--

1.5 

--

88 

5 
95 

3 

o 
o 
> 
H 

00 



TABLE 3 . (Continued) 

Fuel Coating^^) 

Coated 
Fuel Lot Material 

Diameter , 
Material 

Thickness, Irradiation 

Capsule 

Matrix 

Support'') 

Irradiation 

Temperature, 

C 

U235 

Fission Burnup, 

per cent 

Fractional(<^) 
Xe l33 

Release, 

ppm 

Uranium 

Removed 

in Leach, 

per cent 

Specimens With Alumina Coatings 

(Continued) 

BMI-725D 

BMI-733B 

U O Q 

UO9 

127 d-AlgOg 

127 d-Al203 

56 

47 

CFP-IA 
CFP-ID 

CFP-IB 

CFP-IC 
CFP-LA 

CFP-ID 
CFP-IB 

CFP-IC 
CFP-IA 

CFP-S-7 

CFP-S-6 
CFP-S-6 

CFP-S-6 

CFP-S-7 

CFP-S-8 

None 
Graphite 
Graphite 

Graphite 

Graphite 
Carbon 

Carbon 
Carbon 

Carbon 

None 

None 

Graphite 

Graphite 

None 

None 

1070 
100 
100 

1070 

1070 
100 

100 

1070 
1070 

100 

1070 

1070 

1070 

100 

1070 

3.2 
3 ,4 

4 .8 
1.7 

3 .4 

3.0 

4 .9 

1.6 

3.3 

3 ,9 

3 (est . ) 
3(est . ) 

3 (est . ) 

3.9 
4(es t . ) 

44 

— 
1.8 

— 
130 

--
32 

— 
--

17 

760 
34(0 

--

. -
28 

0 . 5 
44 

30 

0 ,004 

— 
33 
43 

0 ,5 

0,09 

0 .3 

--
2 . 4 

1,8 

3 

--

Specimens With Pyrolytic-Carbon Coatings 

BMI-918A UCo 200 Col PyC 55 

BMI-919A UC2 200 Lam PyC 70 

CFP-4 

CFP-S-9 
CFP-S-2 

CFP-S-5 

CFP-S-2 

CFP-S-2R 

CFP-4 

CFP-S-5 

CFP-S-6 

None 

None 

None 

None 

Graphite 

Graphite 

None 

None 

Graphite 

100 

8I5-470CS) 

1070 

1070 

1070 

1070 

100 
1070 

1070 

3 . 1 190 

Nil 
3 ,8 

Nil 
1,8 

3,2 

3 .7 

3 (est .) 

--
5.200 

— 
--

14 

7,500 
35(h) 

93 

21 

55 

5.7 



TABLE 3 . (Continued) 

U235 

Fission Burnup, 

per cent 

Fractional('^) 
Xe l33 

Release, 

ppm 

Uranium 

Removed 

in Leach, 
per cent 

> 

H 

Coated 

Fuel Lot 

Fuel Coating(^) 

Material 
Diameter, 

Material 

Thickness, Irradiation Matrix 

Capsule Support('') 

Irradiation 

Temperature , 

C 

BMI-920A 

BMI-921 

BMI-lOlOA 

3M-10695-47 

3M-SP-2 

3M (Pellet 

1080) 

HTM-1 

NCC-AD 

GA 

UO2 

UO9 

UO2 

UC2 

UCr, 

UC2 

UC2 

UC2 

UC2 

127 

127 

127 

250 

Lam PyC 

d-Al203(^) 
Mix PyC 

Lam PyC 

PyC 

PyC 

Specimens With Pyrolytic-Carbon Coatings 
(Continued) 

45 CFP-4 None 100 

100 

1070 

1070 

48 
32 

66 

48-161 

82 

CFP-S-7 
CFP-S-5 

CFP-S-6 

CFP-ID 
CFP-IB 

CFP-IC 

CFP-IA 

CFP-S-7 

CFP-S-8 
CFP-S-8 

None 
None 
Graphite 

None 
None 

None 

None 

None 

None 
Graphite 

None 

None 

LCP-2 None 

100 

100 

1070 

1070 

100 

1070 

1070 

475-980 

1260-1315 

PyC 

PyC 

PyC 

PyC 

--

109 

100-103 

10-15 

MTR-48-5 

B9-7 

LCP-1 

--

GA-309-7 

Graphite 

None 
None 

None 

Graphite 

840-1425 

815-900 
1065-1150 

815 

1000-1700 

3.4 
3.7 

3 .8 
3 (est.) 

3 .1 
4 .9 

1.6 

3.3 

3.6 

4(est , ) 
4(est . ) 

--

^Ofper 

20 fper 

cm3 

cm3 

220 
70 

19.000 
470 

48 

16 
0.13 
0.04 

._ 
15,000 

--

1825C:,003'7o® 

2050 C:29<7<j(k) 

1960:nil(l) 

--

2000 Kr-85 

500-900 Xe-133 

30 

3 
66 
90 

46 

2 .2 
7.2 

3.0 

0 .1 

— 
--

37o failed by 
visual exam 

0, 6 to 10 

17 

1.56 x l o2" fper cm3 
3.8 X 1020 f pet cm3 100 to 1000 Kr 

0 . 8 2 x 1020 f per cm3 

2 to 22 



TABLE 3 . (Continued) 
o 

Fuel Coa t in^^ ) 

Coated 

Fuel Lot 

Diameter , Thickness, Irradiation Matrix 
Material H Material (i Capsule SupportC') 

Irradiation 
Temperature, 

C 

U235 

Fission Burnup, 

per cent 

Fractional(c) 
Xe l33 

Release, 

ppm 

Uranium 
Removed 
in Leach, 
per cent 

GA 

GA 

UC2 

UCo 

PyC 

PyC 

Specimens With Pyrolytic-Carbon Coatings 
(Continued) 

25 GA-309-4, Graphite 850-1950 

- 5 , -6 

50-60 GA-309-8 
GA-309-9 

Graphite 

Graphite 

1200-2050 

1250-1600 

1.2 X 10^0 fpe r cm"'' 

0.82 X 10^0 fpe r cm3 
0.82 X 1020 fpe r cm3 

(a) In order of deposition. Code used is as follows: 
d-AlnOg: Essentially fully dense AI2O3 layer. 
P-AI2O3: Relatively porous AI2O3 layer. 
Col PyC: Pyrolytic carbon with a columnar or radially oriented structure. 

Lam PyC: Pyrolytic carbon with a laminar or circumferentially oriented structure. 
Mix PyC: Pyrolytic carbon with a mixed columnar and laminar structure, 

(b) Three conditions of matrix support existed: 
1, None: no support from a matrix, 

2 , Graphite: support afforded by a relatively graphitized matrix, 

3 , Carbon: oupport afforded by a relatively ungcaphitlzed matr ix . 

(c) Ratio of fission product detected to total amount present at t ime of sampling, 
(d) Step-temperature capsule. Initial irradiation temperature was 815 C . This was lowered successively at about 2-day intervals to 645, 470, and 295 C . 

(e) This specimen consisted of two fueled-graphite pel le ts . Leach of one pellet as recovered from the capsules yielded 43 per cent uranium recovery. Second pellet was 
heated to 815 C at which temperature 270 ppm of Kr^^ was driven off. Subsequent leach of second pellet yielded 38 per cent of uranium recovery. 

(f) This specimen consisted of two fueled-graphite pel le ts . Analysis of gases sampled from within the specimen can after irradiation indicated 30 ppm of Xe-'-33 was r e 
leased by both pellets . Subsequent heating of one pellet to 540 C drove off an additional 1.4 ppm of Xe l33 , 

(g) Step-temperature capsule. Ini t ial irradiation temperature was 815 C. This was lowered successively at approximately 2-day intervals to 645 and 470 C, 
(h) This specimen consisted of two fueled-graphite pel le ts . Analysis of gases sampled from within the specimen can after irradiation indicated 30 ppm of Xe l33 was r e 

leased by both pellets. Subsequent heating of one pel le t to 540 C drove off an additional 33 ppm of X e l 3 3 . 
(i) Alumina coating was cracked prior to irradiation as a result of overcoating with pyrolytic carbon. 
(j) Heat treated at 1825 C for 90 hr. When the temperature was increased to 2290 C, the gas release increased. 
(k) Heat treated at 2050 C for 103 hr; gas release detected after 37 hr of heating. 
(1) Heat treated a t 1960 C for 140 hr. 

O 
^ O 
> > 
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burnups of 0. 82 x 10*^^ to 1. 2 x lO'^" f iss ions p e r cm-^. I r r ad ia t ion t e m p e r a t u r e s 
ranged between 850 and 2000 C. Only in-pi le g a s - r e l e a s e data have been repor t ed . 
Within the l imits t e s t ed , gas r e l ease va r i ed from about 1 p e r cent at the beginning of 
i r r ad ia t ion to nea r 100 pe r cent at the end of i r r ad ia t ion . The gas r e l e a s e appeared 
to be t e m p e r a t u r e independent but t he re may be a delayed t e m p e r a t u r e effect. Act iva
tion energ ies for f i ss ion-gas r e l ea se w^ere calcula ted. They ranged from 24. 1 to 29-1 
kca l p e r mole for four krypton isotopes and from 33. 4 to 45. 8 kca l p e r mole for two 
xenon i so topes . 
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CONVERSION EQUIVALENTS 

Length 
nam 

1 
10 
25,40 

304.8 

c m 

0. 1 
1 
2. 54 

30. 48 

in. 

0, 03937 
0, 3937 
1 

12 

0, 
0. 
0, 
1 

ft 

003281 
03281 
08333 

Area 

m m ^ 

1 
100 
645.2 

92,900 

c m 2 

0. 01 
1 
6, 452 

929 

in, 2 

1. 550 X 10"-^ 
0. 1550 
1 

144 

1. 
1, 
6, 
1 

ft^ 

0764 X 10"^ 
0764 X 10-3 
944 X 10-3 

Volume 
m m 3 

1 
1,000 

16,387. 2 
2.832 X lo'^ 

cna^ 

0.001 
1 

16. 3872 
2,8320 X 

in. 3 

6. 102 X 10-5 
0. 06102 
1 

lO'* 1728 

3. 
3. 
5. 
1 

ft^ 

5314 X 10-8 
5314 X 10-^ 
7870 X 10-4 

Note: 1 British dry butt = 0.5781 cubic meter. 

Mass 

1 g = 0 . 002205 lb (avoir) 
1 lb = 453. 59 g 
1 ton, US (short) = 2000 lb (avoir) = 0, 8929 ton long 
0. 9072 m e t r i c ton or tonne 

Density 
[/cm^ I b / i i lb/ft-

1 
27. 68 

0. 01602 

0. 03613 
1 
0. 0005787 

62.43 
1,728 

1 

P r e s s u r e 
a t m m m Hg l b / i n . 2 

1 
1.316 
0.06804 

760 
1000 

51. 710 

14, 70 
19. 34 

1 

Energy 
Joules w-h r B t u • c a l 

1 
3. 6 X 103 
1054 

2 . 7 7 7 8 x 1 0 - 4 9 . 4 8 6 x 1 0 - 4 
1 . 3.415 
0. 2928 1 

0.239 
860.445 
252 
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(Continued) 
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T h e r m a l Conductivity 

g -ca l / ( sec ) (cm2) 
(C pe r cm) 

w/ (cm^) 
(C per cm) 

g - ca l / ( h r ) ( cm ) 
(C pe r cm) 

Btu/(hr)(ft^) 
(F pe r in. ) 

Btu/(hr)(ft^) 
(F pe r ft) 

1 
0.2391 
2. 78 X 10"^ 
3.445 X 10"^ 
4, 13 X 10-3 

4. 183 
1 
1. 162 X 10-3 
1.440 X 10-3 
0. 0173 

3600 
860. 6 

1 
1. 240 
14.880 

2903.0 
694.0 
0. 8064 
1 
12 

241.917 
57. 833 
0. 0672 
0.08333 
1 

Resis t iv i ty 

1 m i c r o h m - i n . = 2. 5400 m i c r o h m - c m 
1 m i c r o h m - c m = 0. 3937 m i c r o h m - i n . 

F i s s ion Units 

1 g of uran ium fissioned = 0.919 megawat t -day (MWD) 
1 a /o u ran ium burnup = 9190 MWD/met r i c ton (tonne) of u ran ium 
1 a /o uran ium burnup = 8360 MWD/U. S. ton of u ran ium 
0. 109 a /o u ran ium burnup = 1000 MWD/met r i c ton of uran ium 
0. 120 a /o uran ium burnup = 1000 MWD/U. S. ton of u ran ium 

Cross Section 

1 ba rn = 10" •24 
c m ' 

c m ' b a r n s ^ 
a tom / 

0.602 
mol . wt. 




