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PROPERTIES OF URANIUM DIOXIDE -STAINLESS 
STEEL DISPERSION FUEL PLATES 

Stan J. Paprocki ,  Donald L. Kel ler ,  and Joseph M. Fackelmann 

The physical and mechanical properties of GCRE-type fuel elements were 
determined from room temperature to 1650 F.  The fuel elements were prepared by 
cladding Type 318 s tainless  s teel  sheet  to  a core containing 15 to 35 w / o  U 0 2  in 
either prealloyed Type 318 s tainless  s teel  or elemental iron-I8 w / o  chromium-I4 w / o  
nickel-2.5 w / o  molybdenum. 

The tensile strength in  the direction perpendicular to  the rolling plane 
decreased from 24,600 ps i  at room temperature to 9,200 ps i  at 1650 F for the reference 
fuel plate, whose core contained 25 w / o  002 in  the elemental alloy. 
strength in  the longitudinal direction for this  fuel  element ranged from 54,800 ps i  at 
room temperature to 14,200 ps i  a t  1650 F ,  with elongation in  2,in. ranging from 8 to  
13 per cent. The extrapolated stress for 1000-hr rupture l i fe  at 1650 F was I800 psi, 
and a 1.4T bend was withstood without cracking. 
f icient of expansion was 11.0 x 

The tensile 

The mean linear thermal coef- 
per F for the range 68 to I700 F. 

INTRODUCTION 

As p a r t  of the Army Gas  Cooled Reactor Experiment (GCRE) program,  Battelle, 
in cooperation with Aerojet-General Corporation (AGC), undertook development of an 
optimum dispers ion fuel element. This development consisted of a complete study of 
fabrication sequences and mater ia l s ,  destructive and nondestructive proper ty  determina-  
tions, cor ros ion  and s t r e s s -co r ros ion  tes t s ,  and in-pile loop studies.  
g r a m  a Type 318 s ta inless  steel-U02 dispers ion element was selected as the r e fe rence  
fue l  element. Consequently, mos t  of the development centered around a fuel plate clad 
with Type 318 s ta inless  s tee l  and containing high-fired U02 as the fuel dispersed in a 
ma t r ix  of e lemental  iron-18 w / o  chromium-14 w / o  nickel-2.5 w/o  molybdenum. 
topical r epor t  presenting a detailed discussion of the fabrication phase of the develop- 
ment  program has been i s sued . ( l )  
physical- and mechanical-property determinations on these fuel elements and variations 
thereof. 
and with UN became available, and these were also tested.  
determined were tensile,  creep-rupture,  bend, and thermal  expansion. 

Ea r ly  in the pro-  

A 

The p resen t  r epor t  summar izes  the resu l t s  of 

Near the termination of the program,  fuel plates  loaded with spherical  U 0 2  
The proper t ies  that  were  

Wherever data a r e  presented for  UO2-bearing fuel plates  without specifying fab- 
rication procedure,  o r  where "optimum" fabrication procedure is specified, it may be 
assumed that the following conditions were  used: 

Pa r t i c l e  s ize  

uo2 
Core ma t r ix  

Minus 100 to plus 200 mesh  
Minus 325 m e s h  

(1) References at end. 
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Sintering tempera ture  

Elemental  co res  
Preal loyed co res  

2300 F 
2200 F 

Rolling temper  a tur  e 

Reduction in f i r s t  p a s s  

Annealing tempera ture  after 
hot rolling 

Elem ental  - co r e specimens 
Preal loyed-core specimens 

2200 F 

30-40 p e r  cent 

2300 F 
2000 F 

Cold reduction 15-20 p e r  cent 

Annealing temp e r a tur  e af ter  
cold rolling 

Elemental-core specimens 
Preal loyed-core specimens 

Core  description 

Composition 
Fuel  
Mat r ix  

2050 F 
2150 F 

uo2 
Elemental  18- 14- 2 .  5 alloy 

o r  prealloyed Type 318 
s ta inless  containing 2. 5 
w/o  sil icon 

Thickne s s 31 mils 

Cladding description 

Compo sition 
Thickness 

Type 318 stainless 
7 mils 

The same  assumptions may  be made  for  UN-bearing fuel plates  except that the 
sintering t rea tment  was  omitted.  

The commerc ia l  Type 318 s ta inless  s t ee l  sheet  tes ted was hot rol led a t  2200 F 
with a 30 p e r  cent init ial  reduction, annealed a t  2000 F af ter  hot rolling, cold rol led 15 
p e r  cent  to a 45-mil thickness, and solution annealed a t  2150 F. 

Although the mechanical-property data repor ted  herein were obtained p r imar i ly  
f r o m  Type 318 s ta inless  steel-U02 dispers ion elements,  the genera l  t rends in property 
changes caused by such var iables  as fuel par t ic le  size,  fuel loading, e t c . ,  a r e  applica- 
ble to other dispers ion fuel  ma te r i a l s .  Of par t icular  importance,  and of equal applica- 
tion to other mater ia l s ,  is the effect which fabrication var iables  have on both the s t ruc-  
t u ra l  appearance and the mechanical  proper t ies  of otherwise identical elements.  
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TRANSVERSE TENSILE STRENGTH OF FUEL PLATES 

UO7-Stainle ss Steel 

The effects of co re  composition and fabrication var iables  on the t ransverse  ten- 
s i l e  strength of GCRE-type fuel plates  were  investigated. T ransve r se  tensile strength,  
as used here,  r e f e r s  to tensile strength of a plate specimen perpendicular to the rolling 
plane. Specimens were  prepared  by stamping out 5/8-in. -diameter disks  f rom finished 
fuel  plates and copper brazing both faces  to 3/4-in. -diameter s ta inless  s tee l  pins in a 
hydrogen atmosphere a t  2050 F. 
in. in diameter  to eliminate any possible edge effects, and threads were  machined on 
each end to obtain a 2-in. -long tensile specimen. 
a normal  tensile tes t  with the s t r e s s  being applied perpendicular to the rolling plane, 
and f r ac tu re  occurr ing para l le l  to the rolling plane. 
i s  believed to correspond to that which normally occurs  in s ta inless  steel-UO2 fuel 
plates  that  b l i s te r  in service,  and, consequently, represents  a c loser  correlat ion be- 
tween mechanical-property t e s t s  and serv ice  conditions than i s  provided by conventional 
t e s t  methods.  

The composite specimen was then turned down to 3 / 8  

This specimen was then subjected to 

This s t ress-and-fracture  situation 

Testing was done in air and the t ime a t  testing temperature  w a s  approximately 
30 min. 
reduce oxidation effects.  Metallographic examination of the exposed core  edges r e -  
vealed ~~ a minimum oxidation, and no evidence of the presence of u308 was found. 

A thin coating of heat-resistant aluminum paint w a s  applied to the specimen to 

In studying any one par t icular  fabrication variable,  a s  many o thers  as possible 
were held constant; however, in these data there  is often m o r e  than one variable to con- 
s ider .  Usually, t es t s  of different plates made by the same  fabrication procedures  r e -  
sulted in s imi la r  s t rengths .  Differences were  due to slight, uncontrollable variations 
in fabrication procedure.  
six tes t  determinations.  
4 per  cent, although a few variations as la rge  as *12 p e r  cent were noted. 
variations w e r e  probably due to segregation of U 0 2  in the plate involved. 
ences were  par t icular ly  evident when sma l l e r  tes t  specimens were used. 

Each resu l t  given in Table 1 represents  an average of two to 
The variation in any one such s e r i e s  w a s  usually f rom * 2  to 

The la rge  
Such differ-  

Varying the U 0 2  content f rom 15 to 35 w/o  resul ted in a fairly l inear  inverse  
proportionality with t r ansve r se  tensile strength. 
observed with inc reases  in loading. 

No sharp  dropoffs in s t rength were 

Two types of co re  ma t r i ces  were  tested,  prealloyed Type 318 s ta inless  s teel  with 
Trace  quantities of Cr2O3 impurity 2. 3 w/o silicon and the elemental  18-14-2. 5 alloy. 

were usually present  in  the elemental  ma t r i ces ;  however, in spite of this,  strength 
proper t ies  were usually superior  to those of c o r e s  having the prealloyed mat r ices .  
Metallographic examination shows that s t r ingering is l e s s  pronounced and over-all  dis-  
p e r  sion quality superior  for  the elemental  ma t r i ces ,  showing the close correlat ion be- 
tween this strength property and the microscopic  appearance of the UOz dispersion. A 
typical comparison of room-temperature  t ransverse  tensile s t rength shows a value of 
17 ,900  ps i  with a 25 w/o  UOZ-prealloyed ma t r ix  co re  ve r sus  24,800 ps i  with a 25 w/o  
U02-elemental core .  
ma t r ix  plate with a t ransverse  tensile strength of 25, 800 ps i  a t  room tempera ture .  
This plate differed f rom other plates  with prealloyed co re  ma t r i ces  in that it was 

- 8 One exception to this rule,  as seen  in Table 1, was a prealloyed 



TABLE 1. EFFECT OF MATERIALS AND FABRICATION PROCEDURE ON TRANSVERSE TENSILE STRENGTH OF U%-BEARING FUEL PLATES 

Cladding: 7 mils, Type 318 stainless steel 
Core Thickness: 31  mils 

Ultimate 
Test Tensile Core- Sintering Rolling Reduction in Annealing 

Temperature. Cold Work, Matrix Temperature. Temperature. First Pass, Temperature, Strength, u o 2  
F psi Mesh Size Mesh Size F F per cent F per cent 

15 w/o U%-Elemental 18-14-2.5 Alloy Core 

Room 
Room 
1000 

Room 

Room 
Room 
1000 
1100 
Room 
1000 
1300 
1500 
1650 
Room 
1000 
1300 
Room 
1300 
Room 
Room 

36,800 
>44. 800(a) 
~ 2 2 .  600(a) 

32. 500 

24. 800 
26.000 
17.800 
16.000 
23.100 
16.400 
14. 000 
12, 500 

9.200 
30.500 
20.000 
13. 800 

8.600 
5.500 

13.800 
19.400@) 

-100 +200 
-325 
-325 

-100 +200 

-100 +200 
-100 +140 
-100 +140 
-100 +140 
-140 +200 
-140 +200 
-140 +200 
-140 +200 
-140 +200 

-325 
-325 
-325 

-270 4 2 5  
-270 4 2 5  
-270 4 2 5  
-100 +200 

-325 2300 
-325 2300 
-325 2300 

2200 
2200 
2200 

20 w/o U%-Elemental 18-14-2.5 Alloy Core 

-325 2300 2200 

25 w/o UOn-Elementa118-14-2. 5 Allov Core 

-325 
-400 
-400 
-400 
-325 
-325 
-325 
-325 
-325 
-325 
-325 
-325 
-325 
-325 
-325 
-325 

2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2200 
2200 
2200 
2300 

2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 

40 
40 
40 

40 

40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
30 
30 
30 
30 

2300 
2300 
2300 

2300 

2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2000 
2000 
2000 
2300 

1 4  
14  
14  

14  

1 4  
21 
21 
2 1  
18 
18 
18 
18 
18 
14 
1 4  
14  
71 
71  
17 
16 
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TABLE 1. (Continued) 

~~ 

Ultimate 
Test Tensile Core- Sintering Rolling Reduction in Annealing 

Temperature, Strength, uo;! Matrix Temperature, Temperature. First Pass, Temperature. Cold Work, 
F psi Mesh Size Mesh Size F F per cent F per cent 

Room 
1300 
Room 
1000 
1300 
Room 

Room 
1000 
1390 
Room 
1000 
1300 
Room 

Room 
1000 
Room 
1000 
Room 

31. 30dc) 

21. 800 
13,700 
12.300 
16, 600@) 

>16. 

16,600 
12,300 

22,400 
16. 300 
13.200 

9,900 

12,1oo(b) 

-100 +200 
-100 +200 
-100 +200 
-100 +200 
-100 +200 
-100 +200 

-100 +200 
-100 +200 
-100 +200 

-325 
-325 
-325 

-100 +200 

28, 800 -100 +200 
18.000 -100 +200 
36,400 -325 

>21. 800 -325 
1.200(d) -100 +200 

30 w/o U@-Elemental 18-14-2.5 Alloy Core 

-325 2300 
-325 2300 
-325 2300 
-325 2300 
-325 2300 
-325 2300 

2200 
2200 
2200 
2200 
2200 
2200 

35 w/o U%-Elemental 18-14-2.5 Alloy Core 

-325 2300 
-325 2300 
-325 2300 
-325 2300 
-325 2300 
-325 2300 
-325 2300 

2200 
2200 
2200 
2200 
2200 
2200 
2200 

15 w/o UO,-Prealloyed Type 318 Stainless Core 

-200 +270 2200 
-200 +270 2200 
-200 +270 2200 
-200 +270 2200 
-200 +270 2200 

2200 
2200 
2200 
2200 
1900 

20 w/o U@-Prealloyed Type 318 Stainless Core 

40 
40 
40 
40 
40 
40 

40 
40 
40 
40 
40 
40 
40 

40 
40 
40 
40 
10 

2300 
2300 
2300 
2300 
2300 
2300 

2300 
2300 
2300 
2300 
2300 
2300 
2300 

2150 
2150 
2150 
2150 
2150 

21 
21 
14 
14  
14  
16  

14  
14  Ul 

14 
14 
14 
14  
14  

14 
14 
14  
14  
20 

1000 17, 600 -100 +200 -200 +270 2200 2200 40 2150 14 



TABLE 1. (Continued) 

Wltima te 
Test Tensile Core- Sintering Rolling Reduction in Annealing 

Temperature. Strength, u o 2  Matrix Temperature, Temper at ure. First Pass, Temperature. Cold Work, 
F psi Mesh Size Mesh Size F F per cent F per cent 

Room 
1000 
1300 
Rdom 
1000 
1300 
Room 
1000 
1300 
Room 
Room 
1000 
Room 

15.400 
11.900 
10.200 
25, 800 
15.800 
13.400 
17.900 
13.700 
11.600 
14.300 
17.200 
12,400 
16.100 

Room 16.200 
1000 12.200 
1300 10.800 
Room 30, loo(') 

Room 11.300 
1000 9,900 
1300 7.800 

-140 +200 
-140 +200 
-140 +200 
-100 +140 
-100 +140 
-100 +140 
-100 +140 
-100 +140 
-100 +140 
-100 +140 

-325 
-325 

-200 +270 

-100 +200 
-100 +200 
-100 +200 
-100 +200 

-100 +200 
-100 +200 
-100 +200 

25 w/o Uq-Prealloyed Type 318 Stainless Core 

-325 
-325 
-325 
-400 
-400 
-400 
-325 
-325 
-325 

-100 +140 
-2.00 +270 
-200 +270 

-100 

2200 
2200 
2200 
2300 
2300 
2300 
2200 
2200 
2200 
2100 
2200 
2200 
2200 

2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 

30 w/o U%-Realloyed Type 318 Stainless Core 

-200 +270 2200 
-200 +270 2200 
-200 +270 2200 

-325 2300 

2200 , 

2200 
2200 
2200 

35 w/o U%-Prealloyed Type-318 Stainless Core 

-200 +270 2200 
-200 +270 2200 
-200 +270 2200 

2200 
2200 
2200 

40 
40 
40 
40 
40 
40 
40 
40 
40 
30 
40 
40 
40 

40 
40 
40 
40 

40 
40 
40 

2150 
2150 
2150 
2150 
2150 
2150 
2150 
2150 
2150 
2150 
2150 
2150 
2050 

2150 
2150 
2150 
23 00 

2150 
2150 
2150 

1 4  
1 4  
14  
21 
21 
21 
18  
18 
1 8  
24 
14 
14  
18  

14 
14  
14 
21 

14  
14 
14 

(a) Exceeded strength of braze, fracture partly through braze and partly through core. 
(b) Core thickness 67 mils. 
(c )  Spherical U%. 
(d) Intentionally poor fabrication procedure caused blistering. coining omitted. 
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s intered a t  2300 F ra the r  than 2200 F and the core-matr ix  powder s ize  was minus 400 
mesh .  
during cooling f r o m  f e r r i t e  which formed during the high-temperature s inter .  

This plate contained approximately 15 p e r  cent s igma phase that t ransformed 

The U 0 2  m e s h  s i z e s  result ing in the bes t  s t rength were  minus 325 m e s h  and 
minus 1.00 plus 140 mesh ,  in that o rde r ,  for plates  having elemental  co re  mat r ices ,  and 
minus 100 plus 140 m e s h  for plates  with prealloyed co re  ma t r i ces .  This effect of m e s h  
s ize  is shown graphically in F igu re  1. 

Varying amount of cold work between 14 and 24 p e r  cent had no appreciable effect 
on strength; however, with g rea t e r  cold reductions s t rength was drast ical ly  reduced. 
For example, the s t rength of a plate which was cold reduced 71 p e r  cent was 8,600 ps i  
at room tempera ture  compared with 13,800 p s i  for  a specimen of the same  composition 
and fabricated under identical  conditions except that it was given a 17 p e r  cent 
reduction. 

Relatively speaking, plates  with superior  room-temperature  strengths were usu- 
a l ly  superior  at high tempera tures .  
1650 F is shown in F igure  1. 
s t rength and tempera ture  was found to exis t  above 1000 F. 

The effect of testing t empera tu res  f r o m  room to 
An approximately straight-line proportionali ty between 

Near  the end of this program,  plates  containing spherical  U02 became available. 
These la t te r  plates  were  considerably s t ronger  than any other  plate tested.  
t empera ture  t r ansve r se  tensile s t rengths  of plates  containing 30 w/o  spherical  U02, 
averaged about 31,000 ps i  with both prealloyed Type 318 s ta inless  s tee l  and elemental  
18-14-2. 5 alloy c o r e  ma t r i ces .  At 1300 F, with a n  elemental  18-14-2. 5 alloy matrix, 
the tensile s t rength exceeded the strength of the copper braze,  16, 100 psi ,  as  p a r t  of 
the f r ac tu res  occur red  in the co re  and p a r t  in the braze .  Microscopic examination of 
these co res  showed a minimum of stringering, breakup, and deformation of the U 0 2  
par t ic les ,  
with 30 w/o  Hi-Fired U02 was 26,400 ps i  and 13, 500 p s i  a t  room tempera ture  and 
1300 F; respectively,  and this bes t  strength occurred  with a minus 325-mesh UO2, which 
is too fine to be  useful in reac tor  applications, 
sions containing spher ica l  UO2 a r e  given in Table 1. 

Room- 

By comparison the bes t  s t rength (extrapolated o r  actual) fo r  a plate made  

Transve r se  tensile strength for  disper-  

UN-Stainless Steel 

The effect of fabrication var iables  on the t r ansve r se  tensile s t rength of fuel  plates  
Data repor ted  a r e  an average of two o r  m o r e  tes t s .  loaded with UN is shown in Table 2. 

No d i r ec t  comparison of the relat ive merits of a prealloyed ve r sus  %an elemental  co re  
matrix can be  made  due to the different loadings used,  30 w/o  in the fo rmer ,  and 28 
w/o  in the la t ter .  However, by extrapolation, the optimum plates  containing the ele- 
mental  co re  m a t r i c e s  appear  s t ronger  than their  counterpar ts  in plate 8 containing pre-  
alloyed co re  ma t r i ces .  
strength of 33,600 p s i  at room tempera ture  was  super ior  to the bes t  25 o r  30 w/o  U02 
plate tes ted (see Table 1). The bes t  s t rength from a plate with a prealloyed core  was 
27, 200 psi .  
200 plus 270 mesh ,  unlike i t s  optimum U02 counterpart .  Metallographic examination 
showed the dispers ion quality of this plate to b e  excellent, once again confirming the 
relationship between distortion and breakup of fuel in fabrication and t r a n s v e r s e  tensile 
strength.  

This is exemplified by the plate whose t r ansve r se  tensile 

The UN par t ic le  s ize  in the bes t  plate with the elemental  m a t r i x  was  minus 

@ 
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63 25 w/o U0,- elemental core, -100 + 200 - mesh UO, 
x 35w/o U02- elemenial core, -325 -mesh U02 
A 35w/o U0,-elemental core, -loo+ 200-mesh UO, 

FIGURE 1 .  THE E F F E C T  O F  TEMPERATURE ON THE TRANSVERSE TENSILE 
STRENGTH OF VARIOUS FUEL PLATES 
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TABLE 2. EFFECT OF COMPOSITION AND FABRICATION PROCEDURE ON TRANSVERSE TENSILE STRENGTH OF UN-BEARING FUEL PLATES 

Cladding Thickness: 6 mils, Type 318 stainless steel 
Core Thickness: 33 mils 

Ultimate 
Reduction in Annealing Test Tensile Rolling 

Temprature, Strength, UN Core -Matrix Ternpature ,  First Pass, Tempxat we, Cold Work, 
F psi Mesh Size Mesh Size F per cent F per cent 

28 w/o UN-Elemental 18-14-2.5 Alloy Core 

Room 33,600 
23, 700 
24,100 
29,200 

1300 >15, l0da) 

Room 22,600 
22.900 
25,200 
22,400 
22,000 
27,200 
22,200 
16.800 
17,500 
17,300 
21,400 

-200 +270 
-200 +270 
-100 +200 
-200 +325 
-200 +325 

-200 +270 
-200 +270 
-200 +270 
-200 +270 
-200 +270 
-200 +270 
-200 +270 
-100 +140 
-140 +200 
-270 +325 

-325 

-325 
-325 
-325 
-325 
-325 

2100 
2000 
2100 
2100 
2100 

30 w/o UN -Prealloyed Type-318 Stainless Steel Core 

-325 
- 325 
-325 
-325 
-325 
-325 
- 325 
-325 
-325 
-325 
-325 

2000 
2000 
2000 
2000 
1900 
2100 
2200 
2000 
2000 
2000 
2000 

30 
30 
30 
30 
30 

20 
30 
40 
50 
30 
30 
30 
30 
30 
30 
30 

2300 
2300 
2300 
2300 
2300 

2050 
2050 
205 0 
2050 
2050 
2050 
2050 
2050 
205 0 
205 0 
2050 

18 
18 
18 
18 
18 9 

18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 

--- -- 
(a) Exceeded strength of braze, fracture partly through braze and partly through core. 
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Different t e s t  specimens f r o m  the same  plate containing an  elemental  co re  matrix 
were  found to be  m o r e  prone to t ransverse-s t rength variations than were  plates loaded 
with UO2. Microscopic examination of these plates  showed wide a r e a s  of inhomogene- 
i t ies  in  the co re  mat r ices .  
regions due to incomplete solution of the elemental-matr ix  components. 
var ied f r o m  140 to 400 VNN, whereas  160 VHN is considered normal .  
of the sintering procedure was probably responsible for  this incomplete solution. 

These inhomogeneities were  manifested by  hard  and soft  
Hardness  

The elimination 

As  mentioned above, higher strengths were  obtained f r o m  the plates with the ele- 
mental  ma t r i ces .  In spite of this, it s e e m s  noteworthy that, with the r ight  combination 
of fabricating conditions, the plates  with the prealloyed m a t r i c e s  were  slightly s t ronger  
than were  the re ference  25 w/o  U02  fuel plates,  even though they were  loaded with 
30 W / O  UN. Tes t  resu l t s  are shown in Table 2. The mic ros t ruc tu res  of these p re -  
alloyed ma t r i ces  showed no evidence of inhomogeneities, but, ra ther ,  were clean and 
sound. However, fuel breakup and s t r ingering were  moderately severe .  

LONGITUDINAL TENSILE PROPERTIES O F  F U E L  PLATES 

U02-Stainles s Steel 

Conventional sheet  tensile specimens that were  1 / 2  in. wide in  the gage section by 

The ma te r i a l s  tes ted 
9 in. long were  used  in obtaining tensile data. 
posed to the air atmosphere on both edges of these specimens.  
were  45-mil fuel plates  containing UN o r  Hi-Fired U02, powder-metallurgy plates  un- 
fueled but otherwise similar to the fuel  plates ,  and commerc ia l  Type 318 stainless  s tee l  
sheet.  Optimum fabrication conditions were  used in preparing the UO2-bearing plates;  
however, these conditions were  var ied  in UN-containing plates  because optimum condi- 
tions had not yet  been determined when the p rogram ended. 

Unless otherwise noted, c o r e s  were  ex- 

Longitudinal ve r sus  t r ansve r se  tensile s t rength fo r  similar fuel plates  with 25 w/o  
UO2-elemental 18-14-2.5 alloy c o r e s  is compared in F igu re  2 f r o m  room tempera ture  
to 1650 F. The slope of the curve for  the longitudinal t e s t s  was much s teeper  than fo r  
the t r ansve r se  tes t s ;  in  fact ,  s t rengths  become equal at approximately 1800 F, if  the 
data in Figure 2 a r e  extrapolated. 
c r o s s  section of the longitudinal t e s t  specimens was  cladding mater ia l ,  the effect be- 
comes  all the m o r e  important.  
1650 F a t ransi t ion occurs  whereby at  lower tempera tures  s t rength is g rea t e r  in the 
longitudinal direction, and a t  higher tempera tures  s t rength is g rea t e r  in the t r ansve r se  
direction. 
re la t ive loss in s t rength with tempera ture  of U02 and s ta inless  steel .  

Considering the fac t  that about 30 p e r  cent of the 

I t  would s e e m  that a t  some  tempera ture  lower than 

The reason  for  this transit ion is not known, but is probably related to the 

No significant variation in ductility of UO2-bearing plates,  as measu red  by ,pe r  
cent elongation in 2 in. was observed. 
cept in the plates  with low-silicon prealloyed-powder co re  mat r ices ,  where elongation 

Elongations ranged f rom 8 to 13 p e r  cent, ex- 

Q ’  

averaged 4 p e r  cent. 
oxide-impurity content charac te r i s t ic  of this low-silicon powder. 
chromite  was  microscopical ly  observed in these plates .  The gap between s t rength of 
loaded and unloaded elemental-matr ix  plates  decreased  with an inc rease  in testing tem- 
pera ture ,  as shown in Table 3 .  In fact ,  at 1650 F elemental-matr ix  plates  containing 

The reason  for the low elongation of these plates  was  the high 
About 5 to 10 w/o  
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TABLE 3. EFFECT OF MATRIX AND U 0 2  LOADING ON THE HIGH-TEMPERATURE TENSILE 
PROPERTIES OF FUEL PLATES 

Cladding Thickness: 7 m i l s ,  Type 318 stainless steel 
Core Thickness: 3 1  mils 

Elongation in Test Ultimate 
Temperature, Tensile 2 In.(a), 

Core F strength(a1, psi per cent 

Commercial Type 318 stainless sheet Room 81,000 6 1  
1350 45,000 31  

I 1500 29,000 27 
16 50 17,500 35 

No U02, prealloyed Type 318 stainless 

25 w/o UOZ-prealloyed Type 318 stainless 

25 w/o UOZ-prealloyed Type 318 stainledb) 

No U02, elemental 18-14-2.5 alloy 

25 w/o UOZ*elemental 18-14-2.5 alloy 

30 w/o UOZ-elemental 18-14-2.5 alley(') 

Room 
1350 
1500 
1650 

Room 
1350 
1500 
1650 

Room 
1350 
1500 
1650 

Room 
13 50 
1500 
1650 

Room 
1350 
1500 
16 50 

Room 
1350 
1500 
1650 

95,800 
41,000 
28.200 
15,000 

62,300 
33,500 
22,900 
14,500 

44,800 
30,000 
23,100 
14,500 

79,100 

21,'800 
13,000 

35,200 

54,800 
28,200 
20,200 
14,200 

47.000 
25.800 
17,800 
11,700 

53 
45 
30 
42 

10 
9 

13 
9 

40 
28 
20 
13 

13 
12 
10 

8 

'1 2 
9 
9 

12 

30 w/o spherical UOZ-elemental 18-14-2.5 alloy(') Room 52, SOO(d) 16. 4(d) 

(a) Average of three or more tests. 
(b) Containing 1 w/o silicon compared with usual 2.3 w/o. 
(c) Cladding thickness, 6 mils; core thickness, 33 mils. 
(d) One test. 



1 3  

25 w/o  U 0 2  were s t ronger  than s imi la r  plates which did not contain any U 0 2 ,  and about 
80 per  cent a s  strong as commerc ia l  Type 318 stainless s teel .  The 30 w/o  U 0 2  plates 
in Table 3 were  90 p e r  cent a s  strong a s  the unfueled elemental  plates and 67 pe r  cent 

was discussed in the section on t ransverse  tensile strength.  Variations in resu l t s  for 
these plates,  and weakness and low ductility in the unloaded plates,  were probably par t ly  
due to uncontrollable variations in the quantity of C r 2 0 3  present .  

I '@ 
P a s  strong a s  the commerc ia l  sheet  a t  1650 F. The C r 2 0 3  content in elemental  mat r ices  

In comparing the effect of prealloyed versus  elemental  ma t r i ces  on tensile 
strength,  it may  be seen f rom Table 3 that plates having prealloyed ma t r i ces  were  
s t ronger  than plates with elemental  ma t r i ces ;  however, the margin  of difference de- 
c reased  with temperature .  

Increasing the U 0 2  content f rom 25 to 30 w/o  decreased  s t rength 10 to 20 pe r  cent 
at all temperatures .  
above, ductility was essentially unchanged. 
tained 33-mil co res  r a the r  than the 31-mil-thick co res  the 25 w/o  U 0 2  plates contained. 

Figure 3 shows this effect graphically. However, as mentioned 
As indicated in Table 3, these plates con- 

The one tes t  performed on a plate containing 30 w / o  spherical  UO2 resul ted in a 
room-temperature  tensile s t rength of 52,600 ps i  and a 16 .4  pe r  cent elongation, a s  in- 
dicated in Table 3 .  These values a r e  12 and 37 p e r  cent g rea t e r ,  respectively,  than 
for  s imi la r  plates containing Hi-Fired U 0 2 ,  and continue the t rend observed in other 
property tes t s .  

UN-Stainless Steel 

Tensile data for  fuel plates loaded with UN a r e  presented in Table 4. Since an 
optimum fabrication procedure had not yet been established at  the termination of the 
program,  resu l t s  a r e  reported as individual tes t s  for  varying UN par t ic le  s izes .  The 
spread  in resu l t s  was no g rea t e r  than what would be expected for  a la rge  number of tes t s  
of the s a m e  mater ia l ,  so i t  w a s  concluded that tensile proper t ies  of these plates were 
relatively insensitive to the fabrication variable considered. Several  specimens were  
machined so as  to leave cladding ma te r i a l  on the edges. As shown in Table 4, the 20 
mils of cladding had no appreciable effect on resu l t s .  
these plates at t e s t  t empera tures  i s  compared with the tensile s t rengths  of UO2-bearing 
fuel plates and the cladding ma te r i a l  in F igure  3.  
UN-bearing plates  surpassed  both 25 and 30 w/o  U02-bearing plates  at all tempera tures  
up to 1650 F, where the strength essentially equalled that of the 25 w/o U 0 2  plates.  

The average tensi le  s t rength of 

As may  be seen f rom this plot, the 

CREEP-RUPTURE PROPERTIES OF FUEL PLATES 

Creep-rupture t e s t s  were  performed at 1500 and 1650 F on the following mater ia l s :  
fuel plates with 25 w / o  U 0 2  in both elemental  and prealloyed ma t r i ces ,  fuel plates with 
28 w/o UN in elemental  ma t r i ces ,  nonfueled powder-metallurgy plates with elemental  
and prealloyed cores ,  and commerc ia l  Type 318 s ta inless  s tee l  sheet. All plates were  
fabricated by the optimum fabrication technique, and solution annealed p r io r  to testing. 

@ 
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TABLE 4. EFFECT OF UN PARTICLE SIZE ON TENSILE PROPERTIES OF FUEL PLATES 

Cladding Thickness: 6 mils. Type 318 stainless steel 
Core Thickness: 33 mils, 28 w/o  UN-elemental 18-14-2.5 alloy 

~~ 

Test Elongation Reducuon in 
Temperature, Ultlmate Tensile in 2 In., UN Mesh Rollmg First Pass, 

F Strength. psi per cent Size Temperature, F per cent Comments 

- -  Roo in 59,700 14 -100+200 2100 30 
59,800 16 -100+200 2100 30 20-mil cladding on core edges 
62,200 14 -200+325 2100 30 Blistered during fabrication 
59,000 13 -200+270 2000 30 
61,000 15 -200+270 2100 30 
60,200 16 -2OOt325 2200 30 

-- 
_ -  
- _  

Avg 60.300 Avg 15 

1350 31,500 13 -100+200 2100 30 
32,500 6 -100+200 2100 30 
32,600 9 -100+325 2100 30 

Avg 32, 200 Avg 9 

- -  1500 20,900 13 -100+200 2100 30 
22,700 11 -100+200 2100 30 20-mil cladding on core edges 
22,500 13 -200+325 2100 30 - -  

Avg 22,000 Avg 12 

_ -  1650 15,100 8 -100+200 2100 30 

14,800 11 -200+325 2100 30 20-mil cladding on core edges 
- -  14,100 14 -200+325 2100 30 

Avg 14.700 Avg 11 
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Creep-rupture tes t  specimens were  similar to tensile specimens.  
were  exposed to the helium tes t  atmosphere.  

The core edges 

The s t ress - rupture  and minimum-creep-rate data show that bes t  creep-rupture  
proper t ies  for UO2-containing fuel plates  were  obtained with a prealloyed Type 318 
s ta inless  s tee l  core  mat r ix .  
ence in rupture and creep  strength between these best  fuel plates  and commercial  
Type 318 s ta inless  s t ee l  was negligible. The fuel plates  having elemental  18-14-2.5 
alloy-25 w/o U 0 2  co res  had an extrapolated rupture  life of 10,000 hr  with a 1100-psi 
s t r e s s ,  and s t r e s s  for rupture  in 1000 h r  was  60 per  cent of s t r e s s  for 1000-hr rupture 
in the commercial  Type 318 s ta inless  s teel  compared with 95 per  cent for  the plates  
with prealloyed co re  ma t r i ces .  It was  surpr is ing to obtain inferior propert ies  in these 
plates with elemental  cores ,  since stringering and fracturing of the U 0 2  w a s  much l e s s  
pronounced than in the plates  having prealloyed co re  ma t r i ces .  The behavior i s  a t  l ea s t  
par t ly  explained by the presence  of Cr2O3 in the elemental  ma t r i ces .  
cant difference was  sigma-phase formation. The prealloyed ma t r i ces  usually contained 
about 10 per  cent f e r r i t e  which t ransformed to s igma plus austenite l e s s  than 2 h r  after 
the t e s t s  began, whereas seve ra l  hundred hours  was  required before sigma began form- 
ing f rom the austenit ic elemental  mat r ices .  

Data a r e  presented in F igure  4 and Table 5. The differ-  

Another signifi- 

Two t e s t s  of fuel plates  containing co res  of 28 w/o U N  in elemental  18-14-2. 5 
alloy were  performed. Extrapolating these resu l t s ,  shown in Table 5, shows that rup- 
tu re  strength is g rea t e r  and minimum c reep  r a t e  lower than for similar fuel plates  con- 
taining 25 w/o  U 0 2  a t  1650 F. 

I 

BEND DUCTILITY OF FUEL PLATES 

UO7-Stainle ss Steel 

Rend t e s t s  were  per formed by means of a V-die and mating punches, the point of 
the V on the punches having been machined to various rad i i  ranging f rom zero  to 3 /8  in. 
The included angle on the V was  90 deg. 
t e s t  specimen between the V-die and punches of decreasing tip diameter  until f rac ture  
occurred  in the cladding as determined visually. Thus, the t e s t  consisted, in effect, of 
bending the t e s t  specimen 90 deg around varying rad i i  until f r ac tu re  occurred.  The tes t  
specimen was bent so that s t r e s s e s  were applied perpendicular to the rolling direction 
and f rac ture  occurred  para l le l  with the rolling direction. 
radius  where no c racks  were  observed in the cladding to plate thickness i s  r e f e r r e d  to 
here  as T-bend, and all bend data a r e  reported in t e r m s  of T-bend f igures .  
lographic checks indicated that subsurface c racks  occurred  in the co re  of loaded t e s t  
specimens before they were manifested by surface cracking. 
reported T-bend f igures  was  found to give a T-bend value that corresponded to a com- 
pletely crack-free specimen as determined microscopically.  
1 /8-in. punch-radius difference on a 45-mil plate.  All annealing t reatments  for  bend 
specimens were  per formed in hydrogen, since heavy scaling was  found to occur in air 
under cer ta in  conditions of t ime and tempera ture  which adversely affected tes t  resu l t s .  

Bend t e s t s  were performed by pressing the 

The rat io  of the minimum 

Spot metal-  

In general ,  adding 2.8 to 

This corresponds to a 
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FIGURE 4. COMPARISON O F  STRESS-RUPTURE CURVES OF UOZ-STAINLESS 
STEEL FUEL PLATES WITH COMMERCIAL SHEET AT 1650 F 
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TABLE 5. THE EFFECT OF COMPOSITION ON CREEP-RUPTURE PROPERTIES OF ANNEALED FUEL PLATES 

See "Introduction" for Fabrication History 

Minimum 
Final Rupture, Creep Rate, Test 

Temperature, Time, per cent Elongation, 
I Core F Stress, psi hr per hr per cent 

Commercial Type 318 stainless steel 1650 
1650 
1650 

No U02,  prealloyed Type 318 stainless steel 1650 
1650 
1650 

25 w/o U02, prealloyed Type 318 stainless 1650 
steel 1650 

1650 

1500 
1500 
1500 

No U02, elemental 18-14-2.5 alloy 1650 
1650 

25 w/o U02, elemental 18-14-2.5 alloy 1650 
1650 
1650 
165 0 

1500 
1500 

1650 
1650 

28 w/o UN, elemental 18-14-2.6 alloy(b) 

5000 
4000 
3000 

5000 
3500 
3000 

5000 
3000 
2500 

8000 
6000 
5200 

4000 
2500 

4000 
3500 
2400 
1900 

5000 
3000 

4000 
3000 

95.6 
266.4 
927.2 

71.5 
255.4 

1368. d a )  

36.3 
516.8 

1798.0 

68.4 
282. I 
762.0 

47.4 
351.4 

9.4 
52. I 

302.9 
361.8 

34.3 
2117. da) 

120.9 
172.1 

0.054 
0.017 
0.0035 

0.130 
0.040 
0.0035 

0.114 
0.0032 
0.00094 

0.049 
0.0069 
0.0025 

0.056 
0.0129 

-- 
0.075 -- -- 
0.094 
0.00023 

0.043 
0.037 

11.3 
8.5 
7.1 

23.9 
29.4 

8.4 

6.3 

4.7 

8.0 

4.3 

3.8 
6.1 

4.0 
8.5 

12.3 
4.7 

5.1 

5.1 

5.0 
8.1 

11.5 
15.0 

(a) Test discontinued, no rupture. 
(b) Cladding-core-cladding thicknesses, 6-33-6 mils, 
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.I 
The effect of var iables  on bend ductility of fuel plates  i s  shown in Table 6. As 

may be seen, annealing af ter  cold rolling w a s  important, since no ductility was present  
af ter  the normal  15 to 20 per  cent cold reduction, and complete recrystal l izat ion was 
required to r e s t o r e  optimum ductility. F o r  a 45-min holding time, annealing tempera- 
t u re s  of 1900 F and higher were  required for complete recrystal l izat ion and optimum 
ductility. Transforming f e r r i t e  in prealloyed ma t r i ces  to sigma phase by annealing a t  
1550 F subsequent to complete recrystal l izat ion had no effect on bend ductility, cooling 
r a t e  w a s  inconsequential, and U 0 2  m e s h  s ize  had l i t t le influence in  plates  having ele- 
mental ,  o r  prealloyed ma t r i ces .  

The above discussion r e f e r s  to tes t s  on plates having a cladding thickness of 7 
mils and co re  thickness of 31 mils (7-31-7) with a 25 w/o  U 0 2  loading. P la tes  having 
30 w / o  U 0 2  d ispersed  in elemental  18-14-2.5 alloy had 6-33-6 cladding-core-cladding 
thicknesses,  and were  not quite a s  ductile a s  the above plates ,  usually withstanding only 
a bend of 2.8T, as shown in Table 6. Although the U 0 2  increase  was probably pr imar i ly  
responsible for  the ductility decrease ,  i t  should be remembered  that, although the ef- 
fective plate thickness was increased,  the thickness used in calculating T-bends was not. 

Most significant of the bend data obtained were those for  plates  containing 30 w/o  
Although cladding - cor e- cladding thickne s s e s were  6- 3 3 - 6 mi ls ,  bends 

This ductility was supe- 

spherical  UO 2. 
of 0. 4 to 0. 7T were  obtained with both elemental  18-14-2. 5 alloy and prealloyed 
Type 318 s ta inless  s tee l  core  ma t r i ces ,  a s  shown in Table 6. 

” r i o r  to anything of comparable loading tested.  

UN-Stainless Steel 

The bend ductility of fuel plates loaded with 30 w/o  UN in prealloyed Type 318 
s ta inless  s tee l  was superior  to that of plates loaded with 25 w/o  U 0 2 .  
Table 7 the fo rmer  p la tes  withstood a bend of 1 . 4 T  for  a wide range of fabrication pro-  
cedures ,  including the varying of UN part ic le  s ize  f rom minus 100 to plus 325 mesh.  

As shown in 

Although over-all dispers ion quality in plates containing elemental  18-14-2. 5 al- 
loy core  ma t r i ces  was far superior  to the plates  with prealloyed mat r ices ,  bend ductility 
was consistently lower,  a bend of 2 .8T being normal .  
these plates,  28 w/o  compared with 30 w / o  in the plates  with prealloyed ma t r i ces .  
Here,  too, fabrication var iables  had only a slight effect on ductility. The reason  for 
poorer  ductility in these plates  is to be  found in  their  micros t ruc ture ,  as discussed in  
the section on t r ansve r se  tensile tes t s .  The hard  and soft phases  observed in the ele-  
mental  ma t r ix  were  not p re sen t  in the prealloyed ma t r i ces ;  in  fact  the la t te r  were  s im- 
ilar to the best  s intered prealloyed ma t r i ces .  

L e s s  UN was also present  in 

THERMAL EXPANSION O F  FUEL PLATES 

Thermal-expansion charac te r i s t ics  of fuel plates a r e  important f rom the stand- 
point of dimensional stability. 
plates  fabricated by optimum procedures ,  and containing 25 w / o  U 0 2  in  elemental  and 
prealloyed co re  ma t r i ces .  

Data were obtained on longitudinal specimens taken f rom 

Table 8 summar izes  these data. No essent ia l  difference was 
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TABLE 6. THE EFFECT OF COMPOSITION AND FABRICATION VARIABLES ON THE BEND DUCTILITY OF 
U02-STAINLESS STEEL FUEL PLATES TRANSVERSE TO THE ROLLING DIRECTION 

Cladding Thickness: 7 mils, Type 318 stainless steel 
Core Thickness: 31 mils 

Core Matrix U 0 2  Mesh Size UOZs w/o Heat Treatment and Comments T-Bend Rating 

Effect of Annealing Temperature After Cold Rolling 

Prealloyed Type 318 stainless 

Prealloyed Type 318 stainless 

Elemental 18-14-2.5 alloy 

Elemental Fe-18 w/o Cr-10 w/o N i  

-200 + 270 25 15 min at  2250 F 
45 min at  2150 F 
45 min at 2150 F plus 2 hr at  1550 F 
45 min at  2025 F 
45 min at  1900 F 
4 5  min at 1800 F 
45 min at 1700 F 
2 hr at 1500 F 
As cold rolled 

Effect of Cooling Rate From Annealing Temperature 

-200 + 270 

-140 + 200 

25 

25 

10  min at  2150 F plus slow cool 
10  inin at  2150 F plus fast cool 
10  rnin at  2150 F plus slow cool 
10  min at 2150 F plus fast cool 

Effect of U 0 2  Particle Size 

-270 + 325 25 Solution annealed(a) 
-200 + 270 25 Solution annealed(a) 
-140 + 200 25 Solution anne aled(a) 
-100 + 140 25 Solution annealeda) 

Effect of Higher UOa Loading 

Elemental 18-14-2.5 alloy 

Prealloyed Type 318 stainless 

-100 i 200 30' Solution annealed(b1 

-100 -I. 200 30 Solution annealed, spherical U02,  
Solution annealed, spherical U02(b) 

sintered at  2300 F(b) 

4.2 
4.2 
4.2 
4.2 
4.2 
5.6 
5.6 

'8.3 
>8.3 

4.2 
4.2 
1.4 
1.4 

0.5 
1.0 
1.0 

1.0, 1.6 

2.8 
0.4 
0.7 

(a) Cladding-core-cladding thicknesses, 5-40-5 mils. 
(b) Cladding-core-cladding thicknesses, 6-33-6 mils. 
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TABLE 7. THE EFFECT OF COMPOSITION AND FABRICATION VARIABLES ON THE BEND DUCTILITY 
OF UN-STAINLESS STEEL FUEL PLATES TRANSVERSE TO THE ROLLING DIRECTION 

Cladding Thickness: 6 mils, Type 318 stainless steel 
Core Thickness: 33 mils 

Reduction in 
UN Mesh Rolling First Pass, T-Bend 

Core Matrix Size Temperature, F per cent Rating 

30 w/o UN 

Prealloyed Type 318 stainless -200+270 
-200+270 
-200+270 
- 200+27 0 
-200+270 
-200+270 
-200+270 
-100+140 
- 140+200 
-270+325 

-325 

Elemental 18-14-2.5 alloy -200+325 
- 200+ 27 0 
-200+270 
-200+325 
-200+325 
-100+200 
-100+200 
-100+200 
-100+200 
- 200+325 
-200+325 

2000 
2000 
2000 
2000 
1900 
2100 
2200 
2000 
2000 
2000 
2000 

28 w/o UN 

2000 
2000 
2100 
2200 
2000 
2100 
2100 
2100 
2100 
2100 
2100 

20 
30 
40 
50 
30 
30 
30 
30 
30 
30 
30 

30 
30 
30 
30 
30 
40 
35 
45 
30 
30 
30 

1.4 
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(a) Plate blistered during fabrication. 
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observed and, fur thermore ,  the expansion curve of a comparison specimen, commercial  
Type 318 stainless s tee l  fabricated in the same manner  as the fuel plates,  was a l so  sub- 
stantially identical. 
thermal  expansion of the fuel plate, and, fur thermore ,  for mos t  pract ical  purposes ,  
the expansion coefficient of a fuel  plate could be considered identical to that of i ts  clad- 
ding mater ia l .  

This indicates that  the claddings were  pre-eminent in influencing 

TABLE 8. COMPARISON OF MEAN LINEAR-THERMAL-EXPANSION COEFFICIENTS OF ANNEALED FUEL PLATES HAVING 
DIFFERENT CORE COMPOSITIONS (LONGITUDINAL DIRECTION) 

Mean Linear-Thermal-Expansion Coefficient, 10-6 per F 
Temperature Commercial Fuel Plate Fuel Plate 

Range, Type 318 Containing 25 w/o U02 Containing 25 w/o U02 
F Stainless Steel in Elemental Matrix in Prealloyed Matrix 

68-200 

68-400 

68-600 

68-800 

68-1000 

68-1200 

68-1400 

68-1600 

68-1700 

8. 9 

9.3 

9.5 

9.7 

9.9 

10 .1  

10.4 

10.6 

10.7 

8.6 

9.1 

9.4 

9.8 

10.1 

10.4 

10.7 

10.9 

11.0 

9.0 

9.2 

9.4 

9.6 

9.9 

1 0 . 1  

10.4 

10.6 

10.7 

CONCLUSIONS 

The tensile strength of the re ference  fuel plate (25 w/o  UO2-elemental 18-14-2.5 
alloy core)  decreased  f rom 24,600 ps i  at  room temperature  to 9,200 ps i  a t  1650 F in 
the direction perpendicular to the rolling plane. 
rection decreased  f rom 54,800 ps i  a t  room temperature  to 14,200 ps i  a t  1650 F, with 
elongation in 2 in. ranging f r o m  8 to 13 per  cent. 
without cracking, and had a 1000-hr rupture  life at 1650 F under an  extrapolated s t r e s s  
of 1,800 psi .  
the range 68 to 1700 F. 

Tensile s t rength in the longitudinal di- 

This element withstood a 1 . 4 T  bend 

The mean linear-thermal-expansion coefficient was 11.0 x 10-6 per  F for  

A transit ion tempera ture  existed in these fuel  elements.  Above this transit ion 
temperature  tensile proper t ies  perpendicular to the rolling plane were  g rea t e r  than in 
the longitudinal direction and vice versa .  

c 
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The creep-rupture  proper t ies  of this fuel plate were improved by the substitution 
of prealloyed Type 318 s ta inless  s tee l  for the elemental  alloy in the co re  mat r ix ;  how- 
ever ,  t r ansve r se  tensile strength was reduced. 

A marked  improvement  in proper t ies  resul ted with the use  of spherical  U 0 2  o r  

* @ 

of UN instead of Hi-Fired U02, but not enough tes t s  were  made  to determine whether the 
UN was  bet ter  than spherical  UO2. 
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