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DEVELOPMENT OF URANIUM-NITRIDE STAINLESS 
STEEL DISPERSION FUEL ELEMENTS 

Stan Js P a p r o c k i , Donald Ls Ke l l e r , George W^ Cunningham, and Andrew K^ Foulds 

In research in support of the GCRE, procedures for the fabrication of stainless 
steel-clad flat-plate fuel elements having a core of 28 w/o UN dispersed in ore iron-l8 
w/o chromium-14 w/o nickel-2.5 w/o molybdenum matrix were developed. 

The preparation of UN and its compatibility with the components of the matrix 
alloy were studied. The UN for the program was prepared by nitriding uranium metal 
at 850 C and then dissociating the U2N3 produced to UN in a vacuum at 1300 C. In 
compatibility studies, UN reacted with nickel alone at 1800 F, but no reaction with 
nickel was observed when the other matrix components were also present. 

The effects of fabricational variables were evaluated by metallographic 
examination, longitudinal and transverse tensile tests, bend tests, and corrosion 
tests. Studies indicated that minus 200 plus 325-mesh UN dispersed in a minus 
325-mesh elemental-powder matrix rolled green with a 30 per cent initial reduction 
at 2100 F and then annealed 3 hr at 2300 F produced the best fuel core. 

I N T R O D U C T I O N 

A prev ious study at Bat te l le( l ) concerned with the fabricat ion and compatibil i ty of 
severa l u ran ium compotmds (UN, UC, U3Si, U^Ni, and U2Ti) d i spe r sed in e i ther 
Z i rca loy-2 or s t a in less s teel indicated that a d i spe r s ion of UN in s ta in less s teel might 
p o s s e s s considerable potent ial as a h igh - t empera tu re fuel-e lement m a t e r i a l . Because 
of the high densi ty and u ran ium content of UN, it can be substi tuted for UO2 in a d i s p e r ­
sion e lement and occupy considerably l e s s space (approximately 30 p e r cent) at an aquiv-
alent u ran ium loading. While this in i tself should lead to super io r m.echanical p r o p e r ­
t i e s , it appeared f rom the study that UN also had l e s s tendency lor pa r t i c le f r agmenta ­
tion during fabr icat ion as compared with UO2. These da ta , coupled with the favorable 
r e su l t s of a p r e l i m i n a r y compatibi l i ty study made in the same inves t iga t ion , prompted 
the m o r e detailed development study of UN-s ta in less s teel d i spe r s ions repor ted h e r e . 

At the conclusion of this p r e s e n t p r o g r a m , m o r e than 100 na tura l and enr iched 
s ta in less s teel-UN fuel p la tes were fabricated by the optimum p r o c e d u r e s developed to 
the dimiensions approxim.ating the GCRE-I product ion p la tes ( s t a in less s t ee l -U02) . 
These e lements were then formed and assembled into concent r ic - tube subassembl ies by 
Aero je t -Genera l Nucleonics^ The subassembl ies p r e p a r e d with na tu ra l e lements have 
been subjected to var ious out-of-pi le t e s t s at AGN, while a subassembly made with en ­
riched elem.ents i s scheduled to be tes ted in the BRR in-p i le - loop facility. 
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Concurrent ly with these s tud ies , ten fuel spec imens were p r e p a r e d , encapsula ted, 
and i r r ad ia t ed at high t e m p e r a t u r e s at the MTR to burnups of between 2 and 15 p e r cent 
of the u r an ium-235 . Resul ts of these t e s t s will be repor ted by Battel le in the near 
future. 

PREPARATION OF UN 

In genera l p r a c t i c e , UN i s p r epa red by heating u ran ium meta l in pure ni trogen to 
form U2N3 and then decomposing the U2N3 to form a stable UN compound by heating in 
vacuum. In the p r e sen t p r o g r a m , UN was p r epa red init ial ly in a hydriding appara tus 
modified to use n i t rogen. Clean nibblets or thin p la tes of u ran ium meta l were placed in 
a Vycor reac t ion tube , the tube was sealed to the s y s t e m , and then the appara tus was 
evacuated to a p r e s s u r e of 0. 1 x 10"^ m m of m e r c u r y o r l e s s . The u ran ium was then 
r e s i s t ance heated to 850 C , and n i t rogen was introduced to form U^No. When the m a t e ­
r ia l ceased to r eac t with n i t rogen , as de te rmined by an open-end m o n o m e t e r , the tube 
was cooled and removed to an argon-f i l led dry box. Here the U2N3 was t r ans f e r r ed to 
a clean BeO c ruc ib le . 

The crucible containing the U2N3 was placed in a vacuum-induct ion furnace and 
heated to a t e m p e r a t u r e of 1300 C , which was maintained until a p r e s s u r e of l e s s than 
5 X lO"-* m m of m e r c u r y was obtained. This opera t ion d i s soc ia t e s the U2N3 to UN and 
ni t rogen g a s , which i s evacuated. After cooling, the UN was t r a n s f e r r e d back to the 
dry box for s to rage . 

A good-quali ty UN powder was produced by this p r o c e s s by carefully selecting the 
s tar t ing m a t e r i a l s and taking adequate p recau t ions in t r ans fe r r ing the powder between 
opera t ions ; t h e r e f o r e , another appara tus (F igure 1) was made to i nc rea se the production 
of UN. This appara tus was designed to produce two batches concurren t ly or to ni t r ide 
and d i ssoc ia te independently. The manifold i s made of g la s s tubing connected to two 
7/8 in . ID MuUite reac t ion t u b e s , each having a capaci ty of 175 g of uran ium in me ta l . 
Heating for ni tr iding and dissociat ing i s done with two Kanthal -e lement tube furnaces . 
The vacuum sys t em cons i s t s of a t h r e e - s t a g e mercury-d i f fus ion pump, a d ry i c e -
acetone cold t r a p , and a s ingle-s tage vacuum forepump. 

The p rocedure adopted for producing UN with the ni tr iding appara tus shown in 
F igure 1 i s as follows: 

(1) Nibble u r an ium me ta l into smal l p i eces (1 /4 by 1/4 by 1/8 in . ) or rol l 
to 0. 050 in. and shear into si^all p l a t e s . 

(Z) Clean the me ta l by pickling in a one- to-one HNO2-H2O solution, r inse 
in ace tone , and a i r d ry . 

(3) P lace the clean me ta l in MuUite reac t ion tube , evacua te , and then heat 
to 850 C in vacuum. 

(4) Hold the t e m p e r a t u r e at 850 C and add Matheson prepurif ied ni t rogen 
to form U2N3. The reac t ion may be de termined by use of an open-
end m a n o m e t e r . 
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FIGURE 1. URANIUM NITMDING APPARATUS 
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(5) Dissocia te the U2N3 to UN in free n i t rogen by heating to 1300 C. 
Evacuate the n i t rogen gas a s i t d i s soc i a t e s until a p r e s s u r e of 
<5 X 10"^ m m of m e r c u r y i s obtained at 1300 C. 

(6) Cool the reac t ion tube , introduce an argon a t m o s p h e r e , and t r a n s ­
fer the sealed reac t ion tube to an a rgon -a tmosphe re dry box for 
sizing and s to rage . 

X - r a y diffraction ana lyses of the powder produced by this p r o c e s s showed UN and 
no remaining t r a c e s of U2N39 The m e a s u r e d UN lat t ice constant was 4. 889 A^ This 
c o m p a r e s ve ry well with the value of 4. 880 KX or 4. 889 A repor ted by Rundell'^) and 
c o - w o r k e r s . 

In Table 1, the gas ana lyses of seve ra l batches of UN powder a re l i s ted . As e x ­
per ience was gained with the equipment , the oxygen ana lys i s was r a the r consis tent ly 
maintained below 0. 1 w / o , 

TABLE 1. GAS ANALYSES OF UN POWDER PREPARED FOR PROGRAM 

Analyzed Coinposit ion, w /o 
Batch Nitrogen Oxygen 

Natura l UN 

1 5.55 0.130 
2 5.51 0.054 
3 5.47 0.120 
4 5.52 0.097 
9 5,49 

10 5.41 0,084 
11 5.54 0.088 
12 5,53 0,078 

E 6 L 5.40 0,160 
E12L 5.46 0.210 
E17L 5,50 0,200 

Although UN i s not py rophor i c , it i s readi ly contaminated by oxygen at room t e m ­
p e r a t u r e . F o r example , ea r ly in the p r o g r a m , a sample of UN powder containing 
1070 ppm oxygen exposed to a i r for a week inc reased i t s oxygen content to 2560 ppm. 
Thus , it i s impor tant to handle this m a t e r i a l in an ine r t a t m o s p h e r e . 

The final pa r t i c l e size of the UN may be influenced by varying the p rocess ing p r o ­
cedu re . A ve ry fine (minus 325 mesh) powder may be produced by init ial ly powdering the 
meta l by the hydriding technique before ni t r id ing. Di rec t ni t r iding of uran ium meta l 
nibblets r e su l t s in a somewhat c o a r s e r powder (minus 200 plus 325 m es h ) . F u r t h e r in ­
c r e a s e s in final pa r t i c l e size may be obtained by special heat treatm.ents of the uranium, 
mietal p r i o r to ni t r iding. 
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F A B R I C A T I O N O F F U E L P L A T E S 

M a t e r i a l s 

S ince the p r i m a r y i n t e r e s t w a s in s t a i n l e s s s t e e l m a t r i c e s a t the tim.e of t h i s i n ­
v e s t i g a t i o n , a l l UN d i s p e r s i o n fuel e l e m e n t s w e r e m a d e wi th s t a i n l e s s s t e e l . A f l a t -
p l a t e - t y p e e l e m e n t c o n s i s t i n g of a p o w d e r - d i s p e r s i o n c o r e r o l l e d in a s t a i n l e s s s t e e l 
p i c t u r e - f r a m e p a c k w a s u s e d fo r f a b r i c a t i o n s t u d i e s . 

On the b a s i s of t he G C R E r e f e r e n c e d e s i g n , the i n v e s t i g a t i o n s w e r e ch ie f ly c o n ­
c e r n e d wi th d i s p e r s i o n s of 28 w / o UN i n T y p e 318 s t a i n l e s s s t e e l ; h o w e v e r , i n a p r e ­
v i o u s i n v e s t i g a t i o n ( 3 ) l o a d i n g s a s h igh a s 4 3 . 7 w / o (30 vo lu ine p e r cen t ) UN w e r e s u c ­
c e s s f u l l y m a d e and T y p e s 302B and 347 s t a i n l e s s s t e e l m a t r i c e s w e r e a l s o u s e d . 

Due to the t e n d e n c y of UN to p i c k up o x y g e n , a l l s t o r a g e , s c r e e n i n g , w e i g h i n g , 
and m i x i n g w a s done i n a n a r g o n - f i l l e d d r y b o x . P o w d e r m i x t u r e s fo r p r e s s i n g w e r e 
r e m o v e d f r o m the d r y box in a s e a l e d j a r and not opened un t i l j u s t b e f o r e p r e s s i n g . 
T h i s p r o c e d u r e h e l p e d k e e p o x y g e n c o n t a m i n a t i o n to a m i n i m u m . 

C o r g p a t i b i l i t y S t u d i e s 

The m a j o r c o n s t i t u e n t s of s t a i n l e s s s t e e l ( c h r o m i u m , i r o n , and n i c k e l ) w e r e t e s t e d 
for t h e i r c o m p a t i b i l i t y w i t h UN, C o l d - p r e s s e d c o m p a c t s w e r e g i v e n a s e r i e s of h e a t 
t r e a t m e n t s and t h e n a m e t a l l o g r a p h i c e x a m i n a t i o n to r e v e a l any e v i d e n c e of r e a c t i o n . 
The r e s u l t s a r e l i s t e d in T a b l e 2 , 

T A B L E 2. 

M a t e r i a l ( a ) 

N i c k e l 
N i c k e l 
N i c k e l 
C h r o m i u m 
C h r o m i u m 
I r o n 

(a) Carbonyl nickel 

C O M P A T I B I L I T Y O F UN W I T H ST 

S i n t e r i n g 
T e m p e r a t u r e , F 

2200 
2000 
1800 
2300 
2300 
2300 

8 and chromium and iron made by the electrolytic 

AINLESS S T E E L CON 

S i n t e r i n g 
A t m o s p h e r e 

V a c u u m 
V a c u u m 
V a c u u m 
V a c u u m 
H y d r o g e n 
H y d r o g e n 

- process were used in this study. 

S T I T U E N T S 

R e s u l t s 

M e l t e d 
M e l t e d 
R e a c t i o n 
No r e a c t i o n 
No r e a c t i o n 
No r e a c t i o n 

T h e r e w a s a de f in i t e r e a c t i o n b e t w e e n the UN and n i c k e l ( F i g u r e 2a) a t 1800 F , 
wh i l e m e l t i n g o c c u r r e d a t h i g h e r t e m p e r a t u r e s . Bo th c h r o m i - u m ( F i g u r e 2b) and i r o n 
( F i g u r e 2c) showed no r e a c t i o n wi th UN w h e n h e a t t r e a t e d a t 2300 F ; h o w e v e r , UN did 
h a v e a t e n d e n c y to g e t t e r o x y g e n f r o m the m e t a l p o w d e r s . O x y g e n r e a c t i o n s a p p e a r 
( F i g u r e 2c) a s d a r k - g r a y a r e a s a r o u n d the e d g e s of t he UN p a r t i c l e s . The e l e c t r o l y t i c 
i r o n p o w d e r , a s r e c e i v e d , c o n t a i n e d 6000 p p m o x y g e n . 
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a. UN Dispersed in Nickel and Vacuum Sintered 
4 Hr at 1800 F 

Extensive reaction zones (light gray) surround 
the dark gray particles of UN. 

b. UN Dispersed m Chromium and Sintered in 
Hydrogen 2 Hr at 2300 f 

No reaction around the dark-gray particles 
of UN IS evident. 

f -*'• .JL'--.^.-, -

c. UN Dispersed in Iron and Sintered in Hydrogen 
2 Hr at 2300 F 

Some oxygen reaction at the surface of the 
dark-gray particles of UN is evident. No 
reaction was observed when low-oxygen iron 
was employed as the matrix. 

500X RM12115 

FIGURE 2. TYPICAL MICROSTRUCTURES OBTAINED IN THE STUDY OF THE COMPATIBILITY 
OF UN WITH NICKEL, CHROMIUM, ANDIRON 
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Although there was some concern about the reac t ion during h igh - t empera tu re fab­
r ica t ion of UN with nickel in an e lementa l powder m a t r i x , no such reac t ion has been ob­
served in e i ther s in tered or ho t - ro l led m a t e r i a l s . Apparent ly , the ini t ial concentrat ion 
of nickel i s sufficiently low or the solution of nickel p r o g r e s s e s rapidly enough at lower 
t e m p e r a t u r e s to prevent observable reac t ion . 

Sintering Studies 

P a s t exper ience with UO2 dispersions(-5) shows that a co re having a high p e r cent 
of theore t ica l densi ty p r i o r to roll ing tends to produce a super io r rol led s t ruc tu re by 
controll ing the s t r inger ing effect. T h e r e f o r e , the c o r e s a r e genera l ly densified by s in­
te r ing and coining before ro l l cladding. 

To de te rmine the amount of core densif icat ion obtainable by s inter ing and coining, 
UN d i spe r s ions in both e lementa l and in prea l loyed Type 318 s ta in less s teel powder were 
p r e p a r e d . The r e s u l t s in Table 3 show that compacts with an e l emen ta l -powder -co re 
m a t r i x p r e s s e d to a h igher g reen densi ty than compacts with a preal loyed ma t r ix ; how­
e v e r , after s inter ing and coining the preal loyed compacts may have comparable d e n s i ­
t i e s , depending upon the s inter ing t e m p e r a t u r e . 

TABLE 3. EFFECTS ON DENSITY OF SINTERING AND COINING 30 w/o 
UN IN TYPE 318 STAINLESS STEEL 

Densi ty , 

Matr ix 
Green Densi ty , 

p e r cent of theoretical(a-) 

7 8 . 3 
7 8 . 5 
7 8 . 5 

71 .5 
71 .7 
70 .5 

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

2000 
2100 
2300 

2000 
2100 
2300 

, T i m e , 
h r 

2 
2 
2 

2 
2 
2 

p e r c e n t of theore t ica l 
Sintered 

75 .1 
7 5 . 3 
80 .3 

68 .2 
67 .0 
82,0 

Coinedl^) 

82 ,5 
82 .6 
86.0 

79 .0 
77 .2 
86,1 

ElementalCb) 
Elemental(b) 
Elemental(b) 

Prea l loyed 
Prea l loyed 
Prea l loyed 

(a) A 60-tsi pressure was used on the die punch. 
(b) The elemmtal powder blend was 18-14°2.5 chromium-nickel-molybdenum. 

It w a s a l s o n o t e d t h a t U N - s t a i n l e s s s t e e l com.pac t s r o l l e d g r e e n g e n e r a l l y p r o d u c e d 
a s t r u c t u r e c o m p a r a b l e w i t h t h o s e w h i c h w e r e s i n t e r e d and c o i n e d b e f o r e r o l l i n g . T h i s 
effect i s p a r t i c u l a r l y t r u e in the c a s e s of c o r e s p r e p a r e d wi th e l e m e n t a l - p o w d e r s t a i n ­
l e s s s t e e l m . a t r i c e s . A l l a d d i t i o n a l w o r k w a s t h e r e f o r e r e s t r i c t e d to g r e e n - r o l l e d c o m ­
p a c t s to t a k e a d v a n t a g e of the r e d u c t i o n i n c o s t s r e s u l t i n g f r o m e l i m i n a t i n g the s i n t e r i n g 
and co in ing o p e r a t i o n s . 
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Effects of UN P a r t i c l e Size and Matr ix 
Mate r i a l s on Core S t ruc ture 

Initial roll ing studies substant iated indicat ions in e a r l i e r work with s ta in less s teel 
d i spe r s ions ( l ) that improved s t r u c t u r e s could be obtained when UN is substituted for 
U02« A compar i son of UO2 and UN-s ta in les s s tee l d i spe r s ions shown in F igure 3 plainly 
indicates the super ior i ty of the UN d i spe r s ion s t ruc tu re by i t s random d i spe r s ion , con­
tinuous m a t r i x , and the absence of UN pa r t i c l e f rac tur ing and s t r inger ing , Hydro the r -
mal UO2 was used in the oxide d i spe r s ion . 

A s e r i e s of c o r e s having UN of va r ious pa r t i c l e s izes d i spe r sed in e l emen ta l -
powder and prea l loyed m a t r i c e s was ro l l clad to fuel-plate s ize . Minus 325-m.esh p r e ­
alloyed Type 318 and e lementa l i ron -18 w/o ch romium-14 w/o n icke l -2 , 5 w/o mo lyb ­
denum s ta in less s tee ls were used as the m a t r i x m a t e r i a l . The following p rocedure was 
used in niaking the exper imenta l fuel p l a t e s : the powders were s c r eened , weighed, and 
blended in a d ry box and g reen p r e s s e d at 50 t s i . The g reen c o r e s were placed in clean 
Type 318 s ta in less s teel p i c t u r e - f r a m e p a c k s ; the packs were welded c losed, degassed , 
and evacuated at 900 F. Then the packs were hot rolled to a 6:1 reduction in th ickness 
at 2000 F , annealed 2 h r at 2300 F , cold rol led to an 18 p e r cent reduct ion in t h i ckness , 
and flat annealed 1 h r at 2050 F . 

Longitudinal core sect ions were cut from these fuel p la tes and miounted and po l ­
ished for meta l lographic examinat ion. Typical pho tomicrographs a r e shown in F igure 4. 
It can be seen in the pho tomicrographs that e lementa l powder i s super ior to preal loyed 
s ta in less s teel as a m a t r i x m a t e r i a l in that i t r e s u l t s in l e s s s t r inger ing of the UN p a r ­
t i c l e s . Of the UN pa r t i c l e s i zes u s e d , minus 200 plus 270-mesh UN powder gave the 
best core s t r u c t u r e . However , a s shown in F igure 4f, ut i l izat ion of m.inus 200 plus 
325-mesh UN powder produced a sa t i s fac tory s t r u c t u r e , and, since f rom the m a t e r i a l 
economics standpoint this was a m o r e p r a c t i c a l size r a n g e , nninus 200 plus 325-mesh 
UN was employed in subsequent s tud ies . 

Effects of Rolling T e m p e r a t u r e and Initial Reduction on 
Core S t ruc tu re 

The invest igat ion of rol l ing t e m p e r a t u r e s was r e s t r i c t e d to a range of 2000 to 
2200 F , P rev ious exper ience has shown that rolling at t e m p e r a t u r e s below 2000 F r e ­
duces the p r o s p e c t s of a good me ta l lu rg i ca l bond between the core and cladding, and, 
in addit ion, because of the lower ducti l i ty of the m a t r i x at the lower t e m p e r a t u r e s , i n ­
c r e a s e s the poss ibi l i ty of UN f rac ture and s t r inger ing during rol l ing. As rolling t e m ­
p e r a t u r e s a r e i nc rea sed above 2200 F the oxidation of the thin s ta in less s teel cladding 
becomes excess ive even though heating i s done in a hydrogen-a tmosphere muffle, 

A roll ing t e m p e r a t u r e of 2100 F was selected after ro l l cladding a s e r i e s of co re s 
at 2000, 2100, and 2200 F , Higher t e m p e r a t u r e s r e s u l t in a slightly im.proved core 
s t r u c t u r e , but leave a bad fishtail effect at the end of the c o r e . Lower rolling t e m p e r a ­
t u r e s reduce the end effects , but i n c r e a s e the breakup of the UN. 

To de te rmine the mos t favorable ini t ial reduct ion at the 2100 F rolling tem.pera-
t u r e , fuel p la tes were made with init ial hot - ro l l ing p a s s e s of 30, 35, 40 , and 45 p e r cent 
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FIGURE 3. TYHCAL LONGITUDINAL SECTIONS OF ROLLED CORES OF UOg AND UN DISPEKED IN 
TYPE 318 STAINLESS STEEL 

The random dispersion, connnuous matrix, and minimum fuel-particle fracturing and 
strmgermg of the UN-«ainle»s steel dispersions is clearly evident m the photomicrographs. 
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FIGURE 4. ROLLED CORE STRUCTURES RESULTING FROM VARYING UN PAR1ICI£ SIZE AND MATRIX MATERIAL 

Minus 200 plus 270-mesh UN dispersed in the elemental matrix showed the least stringering and 
fracturing. Regardless of the particle size, more alignment and stringering occurred in cores prepared 
with prealloyed matrices. All specimens were pressed green at 50 tsi, rolled 6 to 1 at 2000 F, 
aimealed 2 hr at 2300 F, cold rolled 18 per cent, and flat annealed 1 hr at 2060 F. 
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reduct ion in th ickness in one p a s s followed by reduct ions of 20 p e r cent p e r p a s s . The 
p la tes were then cold rol led a total of 18 p e r cent reduct ion in th ickness after annealing 
at 2300 F . This cold reduct ion i s used to give a good surface finish and dimensional 
control , 

Metal lographic examinat ions of longitudinal core sect ions cut from e l emen ta l -
m a t r i x fuel p la tes given ini t ial reduct ions of 30j, 35, 40 , and 45 p e r cent showed that 
there was an increas ing tendency for s t r i n g e r s to form as the initial reduct ion was i n ­
c r e a s e d . This effect can be seen in the photomicrographs in. F igure 5. On the bas i s of 
this study an init ial reduct ion of 30 pe r cent appeared to produce the bes t rolled 
s t r u c t u r e . 

Annealing 

A 3-hr anneal at 2300 F between hot roll ing and cold rolling was found n e c e s s a r y 
to a s s u r e solution of the e l e m e n t a l - m a t r i x cons t i tuents . After cold ro l l ing , a 1-hr 
anneal at 2050 F between m a s s i v e p la tes was used to s t r e s s re l ieve and flatten the fuel 
p l a t e s . Both anneals were given in a d ry-hydrogen a tmosphe re . 

MECHANICAL PROPERTIES OF F U E L PLATES 

A pa ra l l e l programC'^) of mechan ica l -p rope r ty studies was in p r o g r e s s at the same 
t ime the exper imenta l fuel p la tes were being examined meta l lographica l ly for core 
s t ruc tu re p r o p e r t i e s . P l a t e s were checked for bend ducti l i ty and t r a n s v e r s e and longi­
tudinal tens i le s t reng ths . 

Bend T e s t s 

A 90-deg V-die with matching punches was used for determining bend ducti l i ty. 
Tes t s were made by p re s s ing l/Z-in^ -wide flat spec imens between the die and punches 
having p rog re s s ive ly sma l l e r end rad i i until a c rack was detected visual ly in the c l ad ­
ding, A T-bend ra t ing consis t ing of the ra t io of minimiuni bend rad ius before cracking 
to plate th ickness was used in the evaluation^ The fuel p la tes used for the t e s t s m e a s ­
ured 0, 045 in. thick and had a cladding-core-cladding ra t io of 6-33-6 , 

Varia t ions in UN par t i c le size and reduct ion schedules had ve ry li t t le effect on the 
r a t ings . Mean T-bend ra t ings of 1.4 for 30 w/o UN in Type 318 preal loyed s ta in less 
steel and Z. 8 for 28 w/o UN in e lementa l 18-14-2^ 5 alloy were obtained. The probable 
reason for the poo re r T-bend values of the e lementa l p la tes was found on meta l lographic 
examination of the m a t r i x s t r u c t u r e . Heterogeneous a r e a s in the m i c r o s t ruc tu re were 
found, indicating an incomplete solution of the e l e m e n t a l - m a t r i x components . By i n ­
creas ing the 2300 F anneal from. 2 h r to 3 h r , the T-bend value of the elem.ental p la tes 
approached the va lues for preal loyed p l a t e s . 
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FIGURE 5. EFFECTS OF INITIAL HOT REDUCTION ON ROLLED COKE STRUCTUKS 

The tendency for stringering to increase with an increase in Initial reduction 
can be seen in the photomicrographs. All cores had 28 w/o UN (minus 
200 plus 325 mesh) dispersed m elemental 18-14-2.5 powder. The speci­
mens were pressed green at 50 tsi, rolled 6 to 1 at 2100 F, annealed 2 hi 
at 2300 F, cold rolled 18 per cent, and flat annealed 1 hr at 2050 F. 
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Longitudinal Tensi le T e s t s 

Sheet tens i le spec imens of conventional shape were cut from fuel p la tes and t e n ­
sile tes ted at room t e m p e r a t u r e and at 1350, 1500, and 1650 F . A gage section 0. 5 in. 
wide by 0. 045 in. thick was used . C o r e s were exposed along the edges with only one 
exception. All t e s t s were per formed in a i r . 

Table 4 l i s t s the r e s u l t s of individual t e s t s which were per formed on fuel p la tes 
containing 28 w/o UN d i spe r sed in e lementa l -powder 18-14-2^ 5 alloy. The tensi le 
s t rength appeared to be re la t ive ly insens i t ive to var ia t ions in UN par t i c l e size over the 
range t es ted . The 0. 020-in. cladding on the core edges of the single specimen tes ted 
in this condition did not m a t e r i a l l y affect the resul ts^ 

TABLE 4. E F F E C T OF UN PARTICLE SIZE ON TENSILE 
PROPERTIES OF UN-STAINLESS STEEL FUEL 
P L A T K ^ ^ ) 

UN P a r t i c l e Size 

Tes t 
TeiTiperature, 

F 

Ultimate 
Tensi le S t rength , 

ps i 

Elongation 
in 2 In^ , 
p e r cent 

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

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

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

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

Room 
Room 
Room 
Room 
Room 
Room 

1350 
1350 
1350 

1500 
1500 
1500 

1650 
1650 
1650 

59,700 
59,800(^) 
59,000 
61,000 
60,200 
62,200 

31,500 
32,500 
32,600 

20,900 
22,700 (b) 
22,500 

15,100 
14,100 
14,800^^^ 

14 
16 
13 
15 
16 
14 

13 
6 
9 

13 
11 
13 

8 
14 
11 

(a) 28 w/o UN dispersed in 18-14-2.5 elemental alloy cote 0. 033 in. thick clad with 0.006 in. of Type 318 stainless steel. 
(b) 20-mil cladding left on core edges. 

T r a n s v e r s e T e n s i l e T e s t s 

In o r d e r to ge t a b e t t e r i d e a of t he a c t u a l c o r e s t r e n g t h s , a t r a n s v e r s e t e n s i l e t e s t 
w a s d e v i s e d . T h e t e s t c o n s i s t e d of a t e n s i l e p u l l i n a p l a n e p e r p e n d i c u l a r to t he f u e l -
p l a t e s u r f a c e so t h a t t he c o r e s t r u c t u r e would s u p p o r t a l l the a p p l i e d s t r e s s . 
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TABLE 5. E F F E C T S OF PARTICLE SIZE AND FABRICATION PROCEDURE ON 
TRANSVERSE TENSILE STRENGTH OF UN-STAINLESS STEEL 
FUEL PLATES(a) 

UN Rolling 
P a r t i c l e Tempera tu 

Size 

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

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

-325 
200 -270 
200 -270 
200 -270 
200 -270 
200 -270 

F 

2100 
2100 
2000 
2100 
2100 

30 w 

2000 
2000 
2000 
2000 
1900 
2100 
2200 
2000 
2000 

r e . 

28 

/ o 

Reduction 
F i r s t 

P a s s ( ^ ) , 
p e r cent 

Annealing 
T e m p e r a t u r e 

F 

w/o UN in Elementa l 18-

30 
30 
30 
30 
30 

2300 
2300 
2300 
2300 
2300 

Cold 
, Work, 

per cent 

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

F 

14-2.5 Alloy Core 

18 
18 
18 
18 
18 

UN in P rea l loyed Type 318 Sta inless 

30 
30 
30 
30 
30 
30 
30 
20 
30 

2050 
2050 
2050 
2050 
2050 
2050 
2050 
2050 
2050 

18 
18 
18 
18 
18 
18 
18 
18 
18 

Room 
Room 
Room 
Room 
1300 

Steel Core 

Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 

Ult imate 
Tensi le 

Strength(c)^ 
p s i 

24,100 
33,600 
23,700 
29,200 
15,100(<i) 

16,800 
17,500 
17,300 
21,400 
22,000 
27,200 
22,200 
22,600 
22,900 

(a) All cores were 0.033 in. thick and were clad with 0. 006 In. of Type 318 stainless steel. 
(b) Reduction was 20 per cent on remaining passes; packs were flipped and reversed after each pass. 
(c) Average of two or more tests. 
(d) The tensile strength of the braze was reached at this temperature. 
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To make a t r a n s v e r s e tens i le b a r , a 5 /8 - in . -d i ame te r disk was punched f rom the 
co re a rea of a fuel pla te and copper b r a z e d between two 3 /4 - in . -d i ame te r s ta in less 
s tee l pins in a hydrogen furnace . This composi te was then machined to 3/8 in. in d i ­
a m e t e r , and the ends were th readed to fit the gr ips of the t ens i l e - t e s t ing machine . This 
2-in, -long specimen was then pulled in a normal manne r . 

All tes t ing was done in a i r at room t e m p e r a t u r e and, for one s e r i e s of spec imens , 
at 1300 F . H e a t - r e s i s t a n t aluminum paint was applied to the exposed core sect ion b e ­
fore making e l eva t ed - t empera tu re t e s t s to reduce oxidation of the UN in the co re . 

Table 5 shows the r e su l t s of t r a n s v e r s e tens i le t e s t s on 28 w/o UN d i spe r sed in 
e lementa l 18-14-2 .5 alloy co res and 30 w/o UN d i spe r sed in Type 318 s ta in less s teel 
c o r e s . Effects of var ia t ions of UN pa r t i c l e s i z e , rol l ing t e m p e r a t u r e s , and initial r e ­
ductions a r e shown. 

Although a d i rec t compar i son cannot be made between the 28 w / o UN-elementa l 
co re s and the 30 w/o UN-prea l loyed c o r e s , s eve r a l t r ends a re evident: (1) e lements 
ro l led at 2100 F give higher s t rengths than those ro l led at lower t e m p e r a t u r e s , 
(2) e lements with UN pa r t i c l e s of minus 200 plus 270-mesh s ize p o s s e s s higher 
s t r eng th , and (3) e lements p r e p a r e d with e lementa l powder p o s s e s s a higher s t reng th , 
pa r t i cu la r ly when c o a r s e UN pa r t i c l e s a r e used . These t r ends a r e in genera l a g r e e ­
ment with what might be p red ic ted f rom an observat ion of the co re s t r u c t u r e s . 

CORROSION TESTS 

Cor ros ion in 680 F Degassed Water 

Type 318 s ta in less s t ee l - c l ad d i spers ions of 30 w / o UN in Type 318 prea l loyed 
s ta in less s teel and in 18-14-2 .5 e lementa l s t a in less s tee l alloy were co r ros ion tes ted 
in wa te r . Two types of spec imens w e r e used; one fully clad with an 0. 40- in . hole 
dr i l led into the core center and the other with two core edges e j ^osed . 

The spec imens with the edges exposed were placed in 680 F degassed water for 
155 days . Examinat ion of both the p rea l loyed- and e lementa l - type co re s after test ing 
showed smal l c racks but no bulging or swelling. 

The defected specimiens w e r e held in 680 F degassed wa te r for 3 weeks . No 
evidence of a t tack was observed on these spec imens . 

Cor ros ion in 700 F NaK 

Defected and edge-exposed spec imens of the type used for wate r co r ros ion were 
sealed in capsules filled with NaK and heated at 700 F for 500 h r . The outward a p ­
pea rance of the spec imens after e ^ o s u r e showed l i t t le or no change, Metal lographic 
examination of the exposed core sur faces showed that slight at tack o c c u r r e d on the UN 
p a r t i c l e s . The NaK pene t ra ted the prea l loyed m a t r i x 0. 005 in. and the e lementa l -a l loy 
m a t r i x to a slightly g r e a t e r extent . 
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Cor ros ion in 1800 F Air 

To invest igate the effects of h igh - t empera tu re oxidation on exposed c o r e s , 
spec imens w e r e heated to 1800 F in flowing a i r for 100 h r . A specimen of UN d i s ­
p e r s e d in prea l loyed Type 302B s ta in less s teel and clad with Type 347 s ta in less s teel 
was compared with a specimin of UO2 d i s p e r s e d in prea l loyed Type 347 s ta in less s tee l 
and clad with Type 347 s ta in less s teel , 

Metal lographic examination of the two spec imens (Figure 6) showed oxide pene t r a ­
tion into both cores at the exposed edges . The UN specimen exhibited the l eas t pene t r a ­
tion (under 0. 030 in. ). The deeper oxide pene t ra t ion of the UO2 specimen i l lu s t r a t e s 
the effects of continuous s t r inger ing in a ro l led s t r u c t u r e . The UN specimens p r epa red 
in this study in genera l exhibited l e s s continuous s t r inger ing than comparable UO2 
spec imens . 

DISCUSSION OF RESULTS 

The r e su l t s of development s tudies on the fabr icat ion of UN d ispers ion- type f lat-
plate fuel e lements were p re sen ted in the preceding sec t ions . 

In the compatibi l i ty s tudies i t was noted tha t , while UN did not r e a c t with 
chromium or i ron up to 2300 F , reac t ion with nickel o c c u r r e d at 1800 F . However , 
examinat ion of UN d i spers ions in s t a in less s teel made f rom e lementa l powders showed 
no UN-nickel r eac t i on , probably because of the ea r ly solution of nickel in the i ron . 

The core s t r u c t u r e s of UN-s ta in les s s tee l d i spe r s ions ro l led with s in te red cores 
were somewhat be t t e r than those ro l led with g reen co re s ; however , the improvement in 
core s t ruc tu re was not bel ieved to be sufficient to justify economical ly a s in ter ing t r e a t ­
ment p r i o r to rol l ing. 

It is in te res t ing to note the co r re l a t ion between the appearance of the var ious core 
s t r uc tu r e s produced and the i r t r a n s v e r s e tens i le p r o p e r t i e s . In a lmos t every case the 
rol led core s t r u c t u r e s having d i s c r e t e pa r t i c l e s and min imum s t r inger ing exhibited the 
highest t r a n s v e r s e tens i le s t r eng ths . 

These opt imum prope r t i e s were b e s t obtained with d i spers ions of minus 200 
plus 270- or minus 200 plus 325-mesh UN d i spe r sed in minus 325-mesh e lemental 
18-14-2. 5 alloy powder . Hot rol l ing a t 2100 F with an ini t ial reduct ion in th ickness of 
30 p e r cent and remain ing reduct ions of 20 p e r cent proved to be the mos t favorable 
rol l ing p rocedu re . 

The final fabr ica t ion p r o c e d u r e i s l i s t ed in Table 6, More than 100 s ta in less s tee l 
d i spers ion- type flat fuel p la tes were made using this p rocedure . 
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TABLE 6. OPTIMUM PROCEDURE FOR FABRICATION OF STAINLESS STEEL-CLAD 
UN-STAINLESS STEEL DISPERSION F U E L ELEMENTS HAVING 28 w/o UN 
DISPERSED IN AN ELEMENTAL 18-14-2. 5 ALLOY CORE 

1. Blend a minus 325-mesh e lementa l s t a in less s tee l powder mix containing 65 .5 w/o 
e lec t ro ly t ic i r o n , 18 w/o e lec t ro ly t ic c h r o m i u m , 14 w/o carbonyl n ickel , and 
2.5 w/o molybdenum, in a V-type m i x e r . 

2. P r e p a r e a batch of minus 200 plus 325-mesh UN powder. 

3. P r e p a r e a mix tu re of 28 w/o UN in e lementa l -powder s ta in less s t ee l , and blend in 
a V-type mix tu re for 2 hr d r y , then add 1/2 w/o camphor-a lcohol b inder , and mix 
for an additional 2 hr in a dry box. 

4. Remove blend from dry box in sealed j a r s to min imize oxygen contamination p r i o r 
to p r e s s i n g . 

5. P r e s s g reen at 50 t s i . 

6. Machine s ta in less s tee l p i c t u r e - f r a m e packs to s i ze . 

7. Clean packs by scrubbing with s tee l wool and alcohol , r ins ing in cold w a t e r , w a s h ­
ing in 180 F ALconox-water solut ion, r ins ing a l te rna te ly in hot and cold wa te r , and 
drying with a l in t - f ree absorbent m a t e r i a l , 

8. P l a c e compact in a clean pack , and weld cover p la tes and s tem onto the pack f rame 
in an i n e r t - a t m o s p h e r e d ry box. 

9. Check pack for l e a k s . 

10. Degas pack at 900 F to a vacuum of l e s s than 1 x 10"^ m m of m e r c u r y and sea l 
s t e m closed by hot forging. 

11. Hot rol l f rom a hydrogen-a tmosphere muffle at 2100 F , giving a 30 per cent r e d u c ­
tion in th ickness in the f i r s t p a s s , and 20 pe r cent reduct ions in th ickness in the 
remaining p a s s e s down to 0. 055 in. 

12. Descale in a hot solution of 10 volume per cent HNO3-2 volume per cent HF-88 
volume per cent H2O. 

13. Anneal in a d ry-hydrogen a tmosphe re for 3 hr at 2300 F . 

14. Cold ro l l to 0, 045 in. 

15. F l a t anneal in a s ta in less s tee l flattening j ig for 1 h r at 2050 F in a dry-hydrogen 
a t m o s p h e r e . 

16. Radiograph and inspect . 
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CONCLUSIONS 

A s e r i e s of development studies was made on fabr ica t ion va r i ab le s in an effort to 
reduce each va r i ab le to a favored p r o c e s s which in conjunction with the other s teps 
would produce an opt imum fabr icat ion p rocedure for UN-s ta in less s teel d i spers ion fuel 
e l emen t s . 

The Type 318 s ta in less s teel cladding and m a t r i x m a t e r i a l and 28 w/o fuel loading 
were fixed in accordance with GCRE specif icat ions! however , the e lementa l powder 
18-14-2 . 5 alloy was chosen as the m a t r i x m a t e r i a l in p re fe rence to the preal loyed Type 
318 s t a in less s tee l because of i t s supe r io r s t r u c t u r e in the fuel e lement . A reac t ion 
was found to occur between UN and a m a t r i x of 100 pe r cent nickeli however , when the 
nickel was diluted to the specified 14 pe r cent in the m a t r i x no evidence of a reac t ion 
was found, 

A UN pa r t i c l e s ize of minus 200 plus 325 m e s h was se lec ted as being the mos t 
favorable f rom the standpoint of a combination of core s t r u c t u r e , s t r eng th , and u t i l i za ­
tion of the l a r g e s t pa r t i c l e s ize range of fuel. The e lementa l powders were all minus 
325 m e s h . 

Sintering s tudies indicated that the co re compact can be ro l l bonded in the g r e e n -
p r e s s e d condition without a de t r imen ta l effect on the final s t r u c t u r e . A high-
t e m p e r a t u r e anneal of 3 h r at 2300 F after hot rol l ing is employed to a s s u r e the 
solution of the e lementa l m a t r i x cons t i tuents . 

A roll ing t e m p e r a t u r e of 2100 F with a 30 pe r cent ini t ial reduct ion in th ickness 
followed by 20 p e r cent reduct ion and a final 18 per cent cold ro l l reduct ion followed by 
a 1 hr anneal at 2050 F in hydrogen was found to produce an optimumi UN-s ta in less 
s tee l d i spe rs ion- type fuel elem.ent. 
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