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EXPERIMENTS TO DETERMINE THE RADIATION STABILITY 
OF UN DISPERSIONS iN STAINLESS STEEL 

David G. F r e a s , J a m e s H. Sal ing, John E. G a t e s , 
and Ronald F . Dickerson 

A controlled radiation experiment was performed to determine the stability 
of fuel containing 28 w/o UN dispersed in and clad with Type 318 stainless steel 
as compared with fuel containing 30 w/o UO2 dispersed in the same material. The 
specimens were prepared by hot rolling the fuel coupons in Type 318 stainless 
steel using the picture-frame technique for initial bonding and reduction. Final 
dimensions were obtained by cold rolling. 

A special radiation capsule was designed which contained heat control and 
enough thermocouples to insure a good continuous-temperature history throughout 
the test. This capsule and the method by which the specimens were loaded are 
discussed in some detail. 

Because of the capsule instrumentation, the known MTR position into which 
the capsule was placed, and the dosimeters placed in the capsule it was possible 
to obtain a complete flux and temperature history of the capsule during the 
irradiation. When it was estimated that the specimen burnup was about 7.2 a/o of 
uranium-235 the capsule was removed from the reactor and returned to the Battelle 
Hot-Cell Facility. 

The postirradiation examination which consisted of fission-gas analysis, 
density and dimensional determinations, radiochemical and isotropic burnup 
analysis, and metallography is discussed completely in the report. The results 
of the various phases of the experiment are discussed and conclusions are drawn 
on the basis of an integrated evaluation. 

These results indicate that the UN dispersions withstood irradiation at 
temperatures of 1500 to 2000 F and at burnups of 3.5 to 5.0 a/o of the uranium-235 
at least as well as the UO2 dispersions. These conclusions indicate the potential 
of UN as a high-temperature fuel, however, it is also obvious that many additional 
radiation experiments are required. 

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

The d i spe r s ion of fer t i le m a t e r i a l s such as UO2 in h igh-s t rength m a t r i c e s has 
proved to be a re l iab le method of producing r eac to r fuels with good radiat ion stabil i ty 
at re la t ively high operat ing t e m p e r a t u r e s . One major difficulty with d i spers ion fuels 
has been the re la t ive ly low uranium densi ty which can be obtained. This problem can­
not be solved simply by incorpora t ing m o r e fuel in the ma t r i x because the mechanica l 
p r o p e r t i e s of the fuel a r e severe ly affected at high fuel loadings. This in turn l imi ts 
the maximum burnup to which the fuel may be used at a given t empera tu re . It therefore 
follows that m a t e r i a l s with high uranium dens i t ies would se rve best in d i spers ion- type 
fuels . 
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KeseajLwi c o n d u c t e d a t Ba t t e l l e^ 1) i n 1957 i n d i c a t e d tha t a d i s p e r s i o n of UN in 
s t a i n l e s s s t e e l m i g h t p o s s e s s c o n s i d e r a b l e p o t e n t i a l a s a h i g h - t e m p e r a t u r e f u e l - e l e m e n t 
m a t e r i a l . The d e n s i t y of u r a n i u m in UN i s a b o u t 13. 5 g p e r c m 3 a s c o m p a r e d wi th a 
u r a n i u m d e n s i t y of 9. 6 g p e r c m ^ i n U O 2 . T h u s UN would r e q u i r e a b o u t 30 p e r c e n t l e s s 
v o l u m e in a d i s p e r s i o n fue l than a n e q u i v a l e n t l o a d i n g of UO2. T h i s s u g g e s t e d n o t o n l y 
the p o s s i b i l i t y of i m p r o v i n g the m e c h a n i c a l p r o p e r t i e s of the d i s p e r s i o n , b u t , a s i n d i ­
c a t e d b y s tudy ,^ r e d u c e d the t e n d e n c y f o r p a r t i c l e f r a g m e n t a t i o n d u r i n g f a b r i c a t i o n a s 
c o m p a r e d wi th UO2. B e c a u s e of t h e s e f a v o r a b l e p r o p e r t i e s A e r o j e t - G e n e r a l N u c l e o n i c s 
(AGN) c o n s i d e r e d UN a s a p o t e n t i a l G C R E fue l . The i r r a d i a t i o n of the UO2 and UN 
d i s p e r s i o n s p e c i m e n s w a s t h e r e f o r e p l a n n e d to p r o v i d e a d i r e c t c o m p a r i s o n of the 
r a d i a t i o n s t a b i l i t y of the two m a t e r i a l s u n d e r s i m i l a r c o n d i t i o n s of t e m p e r a t u r e a n d 
b u r n u p . C h a n g i n g emiphas i s in the G C R E p r o g r a m r e s u l t e d in p o s t p o n e m e n t of the e x a m ­
i n a t i o n of the i r r a d i a t e d s p e c i m e n s . At t h i s p o i n t , O R N L r e q u e s t e d t h a t B a t t e l l e o p e n 
the c a p s u l e and e x a m i n e the four i r r a d i a t e d s p e c i m e n s . 

A p r o g r a m for the e x a m i n a t i o n of t he s p e c i m e n s f r o m C a p s u l e B M I - 2 8 - 1 w a s 
p l a n n e d in con junc t ion wi th O R N L p e r s o n n e l . T h e r e s u l t s of the e x a m i n a t i o n s a r e 
d i s c u s s e d i n t h i s r e p o r t . 

E X P E R I M E N T A L P R O C E D U R E S AND R E S U L T S 

T h e s p e c i n n e n s and i r r a d i a t i o n c a p s u l e u s e d in t h i s e x p e r i m e n t w e r e f a b r i c a t e d a t 
B a t t e l l e . The i r r a d i a t i o n w a s c o n d u c t e d i n the M T R . Upon c o m p l e t i o n of t he i r r a d i a ­
t i o n , t he c a p s u l e w a s r e t u r n e d to B a t t e l l e w h e r e i t w a s e x a m i n e d in the H o t - C e l l F a c i l i t y . 
D e t a i l s of the s p e c i m e n - f a b r i c a t i o n t e c h n i q u e s , c a p s u l e d e s i g n , i r r a d i a t i o n , a n d p o s t ­
i r r a d i a t i o n e x a m i n a t i o n a r e d i s c u s s e d s e p a r a t e l y be low. 

F a b r i c a t i o n of S p e c i m e n s 

T h e UN u s e d i n the f a b r i c a t i o n of the d i s p e r s i o n s p e c i n a e n s w a s p r e p a r e d by h e a t ­
ing 9 3 . 16 p e r c e n t e n r i c h e d u r a n i u m m e t a l in p u r e n i t r o g e n a t 850 C to f o r m U2N3 and 
then d e c o m p o s i n g the U2N3 to f o r m a s t a b l e UN c o m p o u n d by h e a t i n g to 1300 C in a v a c ­
u u m . P a r t i c l e s of UN ( m e s h s i z e m i n u s 150 to p l u s 270) w e r e t h e n b l e n d e d wi th the c o m ­
p o n e n t s of the Type 318 s t a i n l e s s s t e e l ( m e s h s i z e m i n u s 325 to p l u s 400) . F o u r c o u p o n s 
of 28 w / o U N - s t a i n l e s s s t e e l w a s t hen p r e s s e d a t 50 t s i . No s i n t e r i n g o r co in ing of t h e s e 
coupons w a s r e q u i r e d . T h e four coup ons w e r e m a c h i n e d to p r o p e r s i z e and f i t t ed i n to 
s p a c e s in a T y p e 318 s t a i n l e s s s t e e l f r a m e fo r r o l l bond ing . A l l c o u p o n s w e r e c l e a n e d 
m e c h a n i c a l l y w h i l e f r a m e c o m p o n e n t s w e r e c l e a n e d and d e g r e a s e d wi th a c e t o n e b e f o r e 
a s s e m . b l y . A f t e r a s s e m b l y , the c o v e r p l a t e s w e r e w e l d e d to the f r a m e u n d e r a n i n e r t 
a t m o s p h e r e . T h e c o m p a c t w a s then e v a c u a t e d to a p r e s s u r e of l e s s t hen 10 -3 m m of m e r ­
c u r y a t 600 C and s e a l e d . T h e c o m p a c t w a s h e a t e d in a h y d r o g e n a t m o s p h e r e and r o l l e d 
a t 2100 F wi th an i n i t i a l 30 p e r c e n t r e d u c t i o n in t h i c k n e s s fo l lowed by 20 p e r c e n t r e d u c ­
t i o n s p e r p a s s to w i th in 15 p e r c e n t of the d e s i r e d t h i c k n e s s . The h o t - r o l l e d c o m p a c t w a s 
p i c k l e d un t i l c l e a n and a n n e a l e d i n a d r y - h y d r o g e n - a t m o s p h e r e f u r n a c e a t 2300 F fo r 2 
h r . T h e a n n e a l e d c o m p a c t w a s t h e n co ld r o l l e d wi th tiiickness r e d u c t i o n s of 2 to 3 p e r c e n t 
p e r p a s s u n t i l a t h i c k n e s s of a p p r o x i m a t e l y 0. 0 4 5 i n . w a s o b t a i n e d . T h e c o m p a c t w a s f l a t 

(1) References at end of text. 
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annealed in a jig in a hydrogen furnace for 1 hr at 2050 F . The four fueled sect ions of 
the compact were then separa ted and rad iographed to m a r k the exact location of the 
fueled c o r e s . Using the rad iographs as t e m p l a t e s , the exact spec imen s izes were 
marked and the spec imens shea red and filed to s i z e , 1. 4687 in. long by 0. 6875 in. wide. 
Radiographs of the finished spec imens were obtained to check the exact posit ion of the 
co re . Each spec imen was tested for flaws in the cladding by i m m e r s i o n for three 1/2-
hr per iods in boiling 50 pe r cent HNO3 solut ions. Each solution was analyzed for u ra ­
nium content. This tes t indicated that al l four spec imens were free of cladding flaws 
Each spec imen was then identified by a number vibratooled in the upper left corner and 
also by notches filed in the edges . 

The UO2 spec imens were fabr icated in a manner quite s imi la r to that used in 
p repa ra t i on of the UN spec imens . The UO2 was obtained from a s tandard hydride p r o ­
duction run of 93 . 16 pe r cent enr iched u ran ium. The s ta in less s teel was identical to that 
used in the UN spec imens and was blended with 30 w/o UO2 of minus 100 plus 200 m e s h . 
Coupons of this composi t ion were p r e s s e d at 15 t s i and s in tered in a hydrogen a t m o s ­
phe re overnight at 1600 F . The t e m p e r a t u r e was then r a i s ed at a ra te of 170 F p e r hour 
to 2300 F and held for 2 hr . The coupons were cooled in the furnace cold zone and then 
coined at 50 tsi . The r ema inde r of the UO2 spec imen fabricat ion was identical to that 
of the UN spec imens except that the hot roll ing was per formed at 2200 F with an initial 
40 pe r cent reduct ion followed by 20 pe r cent reduct ions per pa s s . Control spec imens 
of both UN and UO2 were sectioned for meta l lographic examinat ions . The physical 
d imens ions and densi ty of each spec imen were m e a s u r e d p r io r to i r rad ia t ion . 

Capsule Design and Specimen Encapsulat ion 

In o r d e r to obtain good compar i son between the radia t ion stabil i ty of UN and UO2 
d i s p e r s i o n s , a capsule was designed which would p e r m i t both the m e a s u r e m e n t and 
control of spec imen t e m p e r a t u r e s . To accompl ish these r e q u i r e m e n t s , e l e c t r i c -
r e s i s t a n c e h e a t e r s and six thermocouples were incorpora ted in the design. The capsule 
i tself was of a double-wal led , NaK-fi l led, h igh - t empe ra tu r e type, designed to maintain 
spec imen surface t e m p e r a t u r e s of 1650 F ± 50, in a specified neutron flux (see F igure 1). 

The outer capsule she l l , or wate r -con tac t ing wal l , was made of s ta in less s tee l 
and was approximate ly 0. 1 in. thick with an outside dianneter of 1. 750 in. The outer 
capsule was separa ted from the inner capsule by an 0. 068-in. -wide hel ium annulus when 
at operat ing t e m p e r a t u r e . The gas annulus was uniform over the capsule length and 
se rved as the p r i m a r y h e a t - t r a n s f e r b a r r i e r . F o u r nickel-cobal t d o s i m e t e r s , placed 
90 deg a p a r t , were affixed in grooves along the outside of the outer shell . Two nickel-
cobalt d o s i m e t e r s were extended the length of the spec imens in the inner capsule. 

The inner capsule was machined from a solid block of Type 304 s ta in less s teel to 
e l iminate the need of a bottom weld. The outside d iamete r of the inner body was 
0. 699 in. at the operat ing t empera tu re and was supported and centered in the outer shell 
by four short axial rods at the top and a spider at the bottom. This a r r angemen t main­
tained concentr ic i ty without imposing axial r e s t r a i n t on the inner capsu le , thus p e r m i t ­
ting re la t ive motion resul t ing from differential t he rma l expansion between the inner and 
outer shel ls as a r e su l t of heat ing. Two 1-kw h e a t e r s sheathed with 1/16-in. of s ta in less 
s tee l and packed with MgO were b razed into sp i r a l grooves machined into the outside 
d i ame te r of the inner capsule. To achieve good heat t ransfer , approximately one-half of the 
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FIGURE 1. COMPOSITE PARTS OF CAPSULE BMI-28-1 
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hea te r d i amete r was imbedded in the capsule wall . The six s ta in less s tee l - shea thed 
Chromel -Alumel thermocouples pene t ra ted the top of the inner capsule through a braze 
sea l and were posit ioned at approximate midface locat ions of each spec imen , F igure 2. 
The top spec imen was thermocoupled on both faces . A l s o , a thermocouple was positioned 
in the NaK bath midway between the center of the top spec imen face and the capsule wall . 
The thermocouples posit ioned next to the spec imens were expected to r e c o r d t empera ­
tu r e s only 20 to 30 F below the actual t e m p e r a t u r e of the specimen sur faces . 

Two regions of major impor tance were studied in considerat ion of hea t - t r ans fe r 
conditions within the capsule . These regions were the NaK bath between the spec imens 
and the inner capsule and the gas annulus between the inner and outer capsules . A 
t e m p e r a t u r e study conducted with the use of an e l e c t r i c a l analog computer during capsule 
design indicated an expected t e m p e r a t u r e drop of 150 F in the NaK between the specimen 
surfaces and the inner capsule wall and a drop of 50 F a c r o s s the width of the specimen 
at operat ing t e m p e r a t u r e . The hel ium annulus between the inner and outer capsules 
se rved as the p r i m a r y t he rma l b a r r i e r and was expected to mainta in a t empera tu re 
differential of about 1300 F between the inner and outer capsule wall at operat ing condi­
t ions. The computat ion of these t e m p e r a t u r e drops included considera t ions for the 
effects of changes in t he rma l conductivi ty, radia t ion l o s s e s , and the rmal expansion. 

The four spec imens were suspended in the capsule on hangers located between two 
ver t i ca l rods cen tered in the inner capsule . Approximate ly 100 cm-^ of NaK was loaded 
into the inner capsule under a he l ium a tmosphe re . The NaK was purified in a tilting 
furnace at 1700 F for 200 hr using z i rconium foil as an oxygen ge t te r . The final weld 
on the outer capsule was pe r fo rmed in a hel ium a tmosphe re . The completed capsule 
was then checked and found free of l eaks . 

I r r ad ia t ion His to ry 

The i r r ad ia t ion of the capsule was pe r fo rmed in a s ingle-hole A-piece in Posi t ion 
A-40-NE in the MTR. The quoted unper turbed peak flux for this posit ion was 1. 1 x 
10 nv. The quoted flux was based on the neut ron flux m e a s u r e d in an adjacent pos i ­
tion during preceding cycles . The capsule was i n se r t ed into the reac to r on Apr i l IQ, 
1959, MTR Cycle 120. Upon ini t ia l s t a r t u p , t e m p e r a t u r e s of the spec imens were within 
the des i r ed range without the use of auxi l ia ry heat from the r e s i s t ance h e a t e r s . Through­
out the ent i re i r r a d i a t i o n , consist ing of a lmos t four MTR cyc l e s , it was n e c e s s a r y to 
supply auxi l iary heat (20 to 30 w) on only two o c c a s i o n s , both of which occur red during 
the f i r s t cycle of operat ion. 

F r o m the r e a c t o r t e m p e r a t u r e c h a r t s . F i g u r e s 3 , 4 , 5 , and 6 , it is noted that 
Thermocouple 2 , which m e a s u r e d the NaK t e m p e r a t u r e opposite the top specimen in the 
capsu le , failed at 1360 F during r e a c t o r s ta r tup for the f i r s t cycle. The remaining 
thermocouples all pe r formed sa t i s fac tor i ly during the r emainder of this cycle. The 
t e m p e r a t u r e s observed on e i ther side of the top spec imen differed by only 20 F during 
the f i r s t cycle . On one occas ion , this var ia t ion i n c r e a s e d to about 40 F which was mos t 
l ikely due to thermocouple movement caused by vibrat ion of the capsule produced by the 
flow of cooling water . During the four r e a c t o r scranns and one reac to r shutdown that 
o c c u r r e d during this cyc le , the spec imen t e m p e r a t u r e s dropped to r eac to r ambient 
t e m p e r a t u r e . 
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FIGURE 2. SIDE VIEW OF THE SPECIMEN ASSEMBLY PRIOR TO INSERTION IN 
CAPSULE BMI-28-1 SHOWING THE POSITIONS AND IDENTIFICATIONS 
OF THE DOSIMETERS, THERMOCOUPLES AND SPECIMENS 
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Upon s ta r tup of the second cyc le , MTR Cycle 121, Thermocouple 5 , posit ioned 
adjacent to Specimen 56, r e co rded t e m p e r a t u r e s as low as 1300 F during the f i r s t 4 days 
of operat ion. However , n o r m a l opera t ion of this thermocouple was r e sumed until the 
fourteenth day , at which t ime fai lure o c c u r r e d . Thermocouple 6 began to opera te 
e r r a t i c a l l y near the end of this cycle . 

Upon s ta r tup for the thi rd cyc l e , MTR Cycle 122, Thermocouple 5 failed to 
ope ra t e . However , on the third day of n o r m a l r eac to r opera t ion , this thermocouple 
began to function p rope r ly and continued to do so throughout the en t i re cycle. The rmo­
couple 6 , posit ioned adjacent to Specimen 57 , continued to operate e r r a t i ca l l y and failed 
about 5 days after the r eac to r s t a r tup . 

Upon s ta r tup for the fourth cyc le , MTR Cycle 123, only Thermocouples 1 and 3 
responded. Since the m e a s u r e d spec imen t e m p e r a t u r e s were excess ive ly high, appar ­
ently as a r e su l t of i n c r e a s e d neutron flux, the capsule was d ischarged after only 2 days 
of operat ion in Cycle 123. The i r r ad ia t ion of the capsule was terminated before the 
t a rge t burnup of 12 a /o of the uran ium-235 had been attained because it was felt that 
continued opera t ion a t t e m p e r a t u r e s in e x c e s s of 1800 F would se r ious ly affect the 
specim.ens and confuse in te rp re ta t ion of the r e s u l t s . It was es t imated that the specimen 
burnup was approximate ly 7. 2 a /o of the u r a n i u m - 2 3 5 , which was high enough to be in 
the range of p r a c t i c a l i n t e r e s t . The capsule was d ischarged on June 16, 1959, during 
a r e a c t o r s c r a m . 

P o s t i r r a d i a t i o n Examina t ion of Specimens 

The opening of the capsule and the examinat ion of the spec imens were undertaken 
about 8 months after the i r r ad i a t i on was completed. The proposed examination was to 
include a m e a s u r e m e n t of the quantity of f ission gas r e leased from the spec imens , 
m e a s u r e m e n t s of spec imen densi ty and d i m e n s i o n s , visual inspect ion of the specimen 
s u r f a c e s , analyt ical de te rmina t ion of fuel burnup, analys is of dos imete r w i r e s , and 
meta l lographic examinat ion of the fuel core and cladding from selected spec imens . 
Exper imenta l deta i ls and the r e su l t s of each phase of the pos t i r rad ia t ion examination a r e 
d i scussed separa te ly below. 

Storage of Capsule BMI-28-1 

Capsule BMI-28-1 was d i scharged from the MTR on June 16, 1959, during MTR 
Cycle 123. The capsule was s tored under water at the MTR until it was loaded into a 
cask during the f i r s t week of July. The d imensions of the in ter ior cavity of the cask 
were about 6 in. in d iamete r by 48 in. long and no hea t - t r ans f e r medium other than a i r 
was used to t r ans fe r f i s s ion-produc t -decay heat from the capsule . Exper ience with many 
such shipments has shown that sufficient heat i s r emoved by convection and by d i r ec t 
contact between the capsule and cask to p reven t the occu r rence of excess ive specimen 
t e m p e r a t u r e s . Shipments made d i rec t ly after r emova l of a capsule from the r eac to r 
would, of c o u r s e , p r e s e n t a nnore severe p rob lem. The capsule was received at the Hot-
Cell Faci l i ty on July 16 whereupon it was unloaded and placed in s torage in stat ic a i r in 
the hot cell . The capsule was removed from s torage about the middle of F e b r u a r y , I960, 
It is believed that nei ther shipment or s to rage of the capsule c rea ted any p rob lems in 
r e g a r d to the product ion of significant t e m p e r a t u r e s as a r e su l t of the radioact ive decay 
of f ission produc ts . 
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HC4428 6X HC4433 12X HC4430 

FIGURE 7. CONDITION OF BLISTERED AREA ON SPECIMEN 51 (UO2) 

The spec imen was i r r ad i a t ed at 1500 to 1880 F to a burnup of 
3. 6 a /o uraniuni -235. 
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CONDITION OF BLISTERED AREA ON SPECIMEN 55 (UN) 

The specimen was i r r ad ia t ed at 1575 to >1800 F to a burnup 
of 4. 8 a /o u ran ium-235 . Note the rough surface of the cladding 
over the fueled a r e a and the apparent c rack near the b l i s ter . 
Thorough examination of the b l i s te red a r ea failed to establ ish 
definitely whether the m a r k near the b l i s te r was a sc ra tch 
or crack. 
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FIGURE 9. CONDITION OF BLISTERED AREA ON SPECIMEN 56 (UN) 

The spec imen was i r r a d i a t e d at 1590 to >1850 F to a burnup 
of 5. 0 a /o u ran ium-235 . The b l i s te r occu r r ed nea r the top 
end of the specimen. The m a r k near the b l i s t e r is believed 
to be a surface sc ra t ch . 

HC4447 12X HC4449 

CONDITION OF BLISTERED AREA OF SPECIMEN 57 (UN) 

The specimen was i r r a d i a t e d at 1460 to >1750 F to a burnup 
of 4. 3 a /o u ran ium-235 . This b l i s te r occu r red near the edge 
of the fueled core . The cause of the light pa r a l l e l m a r k s on the 
specimen surface i s unknown. 
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Capsule Opening and F i s s ion -Gas Sampling 

The outer capsule shel l was removed using a remote ly operated power pipe cut ter . 
An at tempt was made to puncture the inner capsule shell to pernmit sampling of the gases 
r e l eased from the spec imens . The gas sampling was unsuccessful because of the fai lure 
of a seal between the sampling sys tem and the capsule which permi t t ed gases contained 
m the capsule to leak to the a tmosphe re . The opening of the inner capsule was accom­
plished by cutting through the top of the capsule with the pipe cut ter . The capsule was 
then lowered into a butyl alcohol bath to p e r m i t reac t ion of the NaK with the alcohol. 
After the NaK-alcohol reac t ion was comple te , samples of the sodium-potass ium butoxide 
solution were obtained for f i ss ion-product a n a l y s i s , and the specimen-holder assembly 
was removed from the inner capsule . The d o s i m e t e r s ajid spec imens were removed 
from the hanger assembly . The d o s i m e t e r s were sectioned into lengths corresponding 
to the posit ion of each specimen within the capsule . The specimens were cleaned and 
identified in p repa ra t i on for visual examinat ions . 

Visual Exannination 

After the spec imens were removed from the capsu le , they were r insed in f resh 
butyl alcohol and dr ied. Each specim.en was then thoroughly examined at magnifications 
up to 12X with the aid of a s t e r e o m a c r o s c o p e . A smal l b l i s te r was observed on one 
surface of each specimen. Photographs of the b l i s t e red a r e a on each specimen were 
p r e p a r e d , and a r e shown as F i g u r e s 7 , 8, 9 , and 10, In some c a s e s . Figure 7 , an appar­
ent c rack was observed in the cladding near the b l i s te r on the UO2 d ispers ion specimen. 
A thorough examination of the specimen surface failed to posit ively identify the m a r k as 
e i ther a c rack or sc ra tch . The cladding surface on each spec imen , di rect ly over the 
fueled c o r e , was observed to be cons iderably roughened as compared with the surface 
of the nonfueled s ta in less s tee l f rame around the edges of each specimen. The condition 
of the spec imens before i r r ad ia t ion i s shown in F igure 11 for compar ison purposes . 

IX N55133 

FIGURE 11. APPEARANCE OF SPECIMENS 51 (UO^), 55 (UN), 56 (UN), AND 57 (UN) 
PRIOR TO IRRADIATION IN CAPSULE BMI-28-1 

MBI 
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Analys is ol tne NaK 

Samples of the solution remain ing after the NaK had r eac t ed with the butyl alcohol 
were analyzed for ces ium-137 content. The r e s u l t s of the ana lys is indicated that about 
4. 6 X 10^° a toms of ces ium-137 (33-year half-life) were p r e s e n t in the NaK which 
cor responded to about 2. 9 x 10"" g of u r an ium-235 . This quantity of uranium-235 could 
have appeared from three different s o u r c e s : u ran ium contamiination on the sur faces 
of the spec imens p r i o r to i r r ad ia t ion ; exposure of the fuel core through c racks in the 
cladding of the spec imens ; and diffusion of ces ium-137 through the cladding. 

The spec imens were cleaned p r i o r to i r r ad i a t i on by i m m e r s i o n in a boiling HNO3 
solution for t h ree sepa ra t e 30-min pe r iods . E a c h solution was then analyzed for uran ium. 
The r e s u l t s indicated that the quantity of uraniunn removed from the spec imen surfaces 
by the thi rd t r ea tmen t was about 10 /ig or l e s s . If the quantity of u ran ium-235 found in 
the NaK is adjusted for burnup , then the amount of uranium found in the NaK would 
co r respond to the quantity r emoved from the surface of the un i r rad ia ted specimen during 
the thi rd t r ea tmen t in the boiling HNO3 solution. It i s therefore probable that the p r e s ­
ence of ces ium-137 in the NaK was a r e su l t of u ran ium surface contanaination and poss ibly 
diffusion through the cladding r a t h e r than leakage through cladding c r a c k s . In other 
s tudies where s imi l a r spec imens were i r r a d i a t e d at t e m p e r a t u r e s in the 1500 F r a n g e , 
cons iderably l a r g e r amounts of f iss ion produc ts escaped from specinaens with smal l 
cladding c r a c k s than were obse rved in this i r r ad ia t ion . 

Neutron Dosinaetry 

Neutron d o s i m e t e r s fabr ica ted frona n icke l -0 . 6 w/o cobalt were posit ioned on the 
outer capsule wall and also adjacent to the specinaens. The inner dos ime te r wire was 
located about 1/4 in. from the specinaen surface as shown in F igure 2. This wire was 
cut into sect ions the length of which co r responded to the adjacent specinaen. Each sec ­
tion was then radiochenaical ly analyzed to deternaine the quantity of cobalt-60 fornaed 
during the i r r ad ia t ion . The t h e r m a l - n e u t r o n flux to which the dosim^eters were exposed 
was then calculated. The effective neut ron flux incident on the fuel specinaens was then 
calculated using the senaienapirical method of W. B, Lewis ' ' and a Bat te l le co r re la t ion 
factor of 0. 7. The effective thernaa l -neut ron flux calculated in this manner i s p re sen ted 
in Table 1. 

P h y s i c a l Dimensions 

The physica l dinaensions and densi ty of each spec imen were m e a s u r e d before and 
after i r r ad ia t ion . Dimens ions were m e a s u r e d with s tandard frict ion-thinable na ic romete r s 
to at l eas t ±0 . 0005 in. Dens i t i es were m e a s u r e d by s tandard i m m e r s i o n techniques in 
carbon t e t rach lo r ide at 25 C to at l e a s t ± 0 . 03 g pe r cm3 . The data a r e p resen ted in 
Table 2. 

Burnup Analyses 

The fuel burnup of each spec imen was de te rmined by th ree different methods : 
(1) neutron dos ime t ry ; (2) r ad iochemica l ana lys is for ces ium-137 ; (3) isotopic analys is 
The r e s u l t s obtained from a l l th ree methods a r e p resen ted in Table 1. In the case of the 
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TABLE 1. IRRADIATION CONDITIONS AND EFFECTS 

Specimen 

51 (UO2) 

55 (UN) 

56 (UN) 

57 (UN) 

Effective 

Thermal-Neutron 

Flux From 
Dosimetry, 

1013 nv 

3 . 5 

3 . 1 

3 . 5 

2 .8 

Specimen Surface 
Temperature Range 

(From Reactor 
Temperature Charts) 

F 

1500-1880(^) 

1575-1650('') 

1590-1680('=) 

weo-isgo^*^) 

Burnup by Burnup by Burnup by 
Isotopic Analyses, Cesium-137 Analyses. Dosimetry, 
a/o uranium-235 a/o uraiuum-235 a/o uranium-235 

3.6 

4.8 

5.0 

4.3 

3.5 

5.3 

4.8 

5.0 

5.3 

6.2 

5.5 

4.9 

(a) The two thermocouples for Specimen 51 operated properly during all of the irradiation. The maximum temperature occurred 
during the fourth cycle whereupon the capsule was discharged from the MTR. 

(b) The thermocouple for Specimen 55 operated properly for three MTR cycles. The maximum temperature could have reached 
1900 to 2000 F during the fourth cycle. 

(c) The thermocouple for Specimen 56 operated properly for one MTR cycle. The maximum temperature could have reached 
1900 to 2000 F during the fourth cycle. 

(d) The thermocouple for Specimen 57 operated properly for two MTR cycles. The maximum temperature could have reached 
1800 to 1900 F during the fourth cycle. 

TABLE 2. CHANGES IN PHYSICAL DIMENSIONS OF SPECIMENS BRRADUTED IN CAPSULE BMI-28-1 

Specimen 

51 (UO2) 

55 (UN) 

56 (UN) 

57 (UN) 

Preirradiation Dimensions 
Thickness, Density, 

in. g per cm 

0.0461 

0.0476 

0.0478 

0.0463 

8.11 

8 .22 

8 .22 

8 .22 

Postirradiation Dimensions 
Thickness, Density, 

in. g per cm^ 

0.0462 

0.0468 

0.0465 

0.0461 

8.01 

8 .11 

8.10 

8.17 

Dimensional Change, 

per cent 
Thickness 

0 

0 

0 

0 

Density 

- 1 . 2 

- 1 . 3 

- 1 . 5 

- 0 . 6 

Thickness at 
Blister, in. 

0. 0598 

0.0614 

0.0598 

0. 0667 

Change in 

Thickness at 
Blister, 
per cent 

30 

29 

25 

23 
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rad iochemica l and isotopic a n a l y s e s , sma l l c r o s s sect ions r emoved from the approximate 
longitudinal center of the spec imens were analyzed. The sect ions used for the ces ium-
137 de te rmina t ion and isotopic ana lyses were shipped to the Ph i l l i p s P e t r o l e u m Company, 
Chemica l P r o c e s s i n g P l a n t , at the NRTS where they were dissolved and analyzed. The 
r e su l t s of the isotopic ana lyses a r e p re sen ted in Table 3. The re la t ive bu rnup . Table 1, 
was calculated frona the re la t ionsh ip 

(1 + a) (Eo - El) 
Relative burnup « E ^ ( I + ^ _ E J ) > 

where 

a = the ra t io of c r o s s sec t ions for f iss ion and capture in u ran ium-235 s 0. 185 
for the MTR 

Eg = fraction of u ran ium-235 p r e s e n t before i r r a d i a t i o n 

E l = fraction of u ran ium-235 p r e s e n t after i r r ad ia t ion . 

TABLE 3. RESULTS OF ISOTOPIC ANALYSES OF SPECIMENS IRRADUTED IN CAPSULE BMI-28-1 

Specimen 

51 (UOg) 

52(U02, unirradiated) 

55 (UN) 

56 (UN) 

57 (UN) 

58 (UN, unirradiated) 

Uraniuin-234 

0.93 

0.95 

1.03 

1.01 

0.99 

1.00 

Fraction of Uranium 
Uranium-235 

92.23 

92.97 

91.90 

91.87 

92.02 

92.92 

Isotope Present, pet cent 
Uranium-236 

1.21 

0.52 

1.05 

1.08 

1.05 

0.30 

Uranium-238 

5.64 

5.56 

6.02 

6.04 

5.94 

5.78 

Metal lographic Examinat ion 

T r a n s v e r s e c r o s s sec t ions of se lec ted un i r rad ia ted spec imens were mounted in 
Bakeli te for meta l lograph ic p repa ra t ion . These were p r e p a r e d by grinding through 
240, 400, and 600-gr i t SiC paper and then polishing on r ed felt with 0 to Z-^i diamond 
a b r a s i v e , on black F o r s t m a n n ' s cloth with a Linde B and 3 p e r cent C r 0 3 ab ra s ive water 
s l u r r y and finally on Microcloth with Linde B ab ras ive in wa te r . The spec imens were 
examined in the as -po l i shed condition and after swab etching with a solution of 20 cm of 
g lyce r ine , 20 c m ^ o f H C l , and 5 cm^ of HNO3. 

The i r r ad i a t ed sect ions were mounted in Bakeli te and ground through 600-g r i t 
SiC paper using ke rosene as a lubr icant . Each spec imen was then polished on Syntron 
v ibra tory po l i she r s using water s l u r r i e s of 1, 0. 3 , and 0. 1-ju a lumina on Microcloth . 
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The spec imens were then examined at magnif icat ions up to 500X in the as -po l i shed condi­
tion and after swab etching with the solution used on the un i r rad ia ted spec imens . 

A s t ruc tu re r ep re sen t a t i ve of the 30 w/o UO2 d i spers ion is shown in F igure 12 
p r i o r to i r rad ia t ion . The s t ruc tu re of the m a t e r i a l after i r r ad ia t ion is shown in 
F igu re 13. In g e n e r a l , no s t r u c t u r a l changes were detected by light microscopy in the 
UO2 and s t a in less s tee l that could have resu l ted from the effects of i r rad ia t ion or r e a c ­
tion between the UO2 and s ta in less s tee l . However , a study of the contact a r e a s between 
the UO2 pa r t i c l e s and m a t r i x by e lec t ron mic roscopy indicated that a phase or zone 
surrounding the un i r rad ia ted UO2 p a r t i c l e s had d i sappeared during i r r ad i a t i on . F igure 14. 
This was apparent ly a zone of reac t ion between excess oxygen in the UO2 and const i tuents 
of the s ta in less s tee l m a t r i x and appeared to follow gra in boundaries leading away from 
the UO2 pa r t i c l e s into the ma t r ix . The zone was apparent ly formed during fabricat ion and 
i t s d i sappearance during i r r ad i a t i on could be due to diffusion and f i ss ion-f ragment bom­
bardment effects. 

The typical appearance of the m i c r o s t r u c t u r e of UN d i spers ions in Type 318 stain­
l e s s s tee l before i r r ad ia t ion is shown in F igure 15. A dark g ray -co lo red reac t ion zone 
was observed on the surface of the UN p a r t i c l e s , which was apparent ly formed during 
fabricat ion. The UN pa r t i c l e s did not appear po rous . The gray reac t ion zone st i l l 
appeared around the UN pa r t i c l e s after i r r ad ia t ion and porosi ty was obse rved . F igures 
16 and 17. A snaall zone in the m a t r i x around each fuel par t ic le was rapidly at tacked 
by the etchant after i r rad ia t ion . This c o m p a r e s with the r e su l t s r epor ted by others^-^' 
in the case of i r r ad i a t ed UO2 d i s p e r s i o n s . 

The contact a r e a between the UN pa r t i c l e s and the m a t r i x was a lso studied by 
e lec t ron mic roscopy . A slight poros i ty or reac t ion zone was noted between the UN 
p a r t i c l e s and the m a t r i x before i r r a d i a t i o n . F igu re 18. The r e c e s s e d a r ea around the 
fuel pa r t i c l e s after i r r ad ia t ion as produced by the etchant was also apparent . 

The typical m i c r o s t r u c t u r e of an a r e a d i rec t ly beneath a b l i s te r is shown in 
F igu re 19. The separa t ion obviously occu r r ed in the fuel ma t r i x r a the r than at the c o r e -
cladding bond. The c rack a lso appears to follow along the edges of fuel pa r t i c l e s . This 
type of b l i s te r ing has been obse rved in other i r r ad i a t i ons of d i spers ion and alloy fuel 
m a t e r i a l s . 

DISCUSSION 

The formation of sma l l b l i s t e r s on the surface of both the UO2 and UN dispers ion 
spec imens is a phenomenon that has been obse rved in other i r r ad ia t ions of s imi la r 
m a t e r i a l s at Bat te l le . There does not s eem to be a ra t ional explanation for the b l i s te r 
format ion with r ega rd to radia t ion damage or f i s s ion-gas agglomerat ion. There was no 
observable swelling in the UO2 or UN p a r t i c l e s , although poros i ty did i nc rea se in the 
UN pa r t i c l e s during i r rad ia t ion . There was no observable damage to the mat r ix . 
Metal lographic inspect ion of the b l i s t e r ed a r e a s m e r e l y indicated that a f i ssure had 
occu r r ed in the core m a t e r i a l slightly below the core-c ladding bond zone. Accumulat ion 
of gases and /o r the rmal s t r e s s e s then conabined to enlarge the f i ssure into the b l i s ter or 
pimple formation. It does not appear l ikely that sufficient fission gas would have escaped 
frona the fuel p a r t i c l e s and agg lomera ted in the m a t r i x to cause such a l a rge expansion. 
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500X As Po l i shed N67464 

500X As Etched N67465 

FIGURE 12. TYPICAL MICROSTRUCTURE OF UNIRRADIATED SPECIMEN OF 30 w / o 
UO2 DISPERSED IN TYPE 318 STAINLESS STEEL 

Swab etched with 20 cm^ g lyce r ine , 20 cm-' HCl , and 5 cm^ of HNO3 
solution. 
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250X As Po l i shed HC4531 

I. 

250X As Etched HC4510 

FIGURE 13. TYPICAL MICROSTRUCTURE OF 30 w/o UO2 DISPERSION IN TYPE 318 
STAINLESS STEEL AFTER IRRADIATION, SPECIMEN 51 

Burnup was 3. 6 w/o of u ran ium-235 . 
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fe-^x. 

6000X J324 
Pos i t ive Repl ica of Uni r rad ia ted Specimen 52 

6000X J266 
Negative Repl ica of I r r ad i a t ed Specimen 51 

FIGURE 14. STRUCTURE OF CONTACT ZONE BETWEEN A UO2 PARTICLE AND 
THE STAINLESS STEEL MATRIX IS SHOWN BEFORE AND AFTER 
IRRADIATION 

Note that the phase surrounding the UO2 par t i c l e in the un i r rad ia ted 
condition does not appear in the i r r ad i a t ed specimen. This phase i s 
believed to be a reac t ion zone formed during fabricat ion between 
the m a t r i x and the excess oxygen in the UO2 p a r t i c l e s . 
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500X As Po l i shed N67470 

f%'-^^ 

500X As Etched N67468 

FIGURE 15. TYPICAL MICROSTRUCTURE OF UNIRRADIATED 28 w/o UN DISPERSIONS 
IN TYPE 318 STAINLESS STEEL 

Note the appearance of the dark g ray reac t ion zone at the surface of the 
pa r t i c l e s . 
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250X As Po l i shed HC4515 

250X As Etched HC4520 

FIGURE 16. TYPICAL MICROSTRUCTURE OF IRRADIATED 28 w/o UN 
DISPERSED IN TYPE 318 STAINLESS S T E E L , SPECIMEN 55 

Note the poros i ty formed in the UN and the continued p r e s e n c e 
of the g ray zone around the UN p a r t i c l e s . During e tching, i t was 
found that a thin zone of the m a t r i x surrounding the fuel p a r t i c l e s 
was rapidly at tacked and removed by the etchant. Burnup was 
4. 8 a /o of u ran ium-235 . 
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500X As Pol i shed HC4536 

As Etched 

* •«" Xr-f' •(* 

HC4524 

FIGURE 17. TYPICAL MICROSTRUCTURE OF IRRADIATED 28 w/o UN DISPERSED IN 
TYPE 318 STAINLESS S T E E L , SPECIMEN 56 

Note the poros i ty in the UN pa r t i c l e s and the continued p resence of the 
gray zone around each pa r t i c l e in the as-pol ished condition. Etching the 
specimen resul ted in the r emova l of a thin layer of the ma t r ix surrounding 
the fuel pa r t i c l e s , Burnup was 5.0 a /o uranium-235. 
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6000X 

rA 

J330 
Pos i t ive Repl ica of Uni r rad ia ted Specimen 58 

tr 
6000X J275 

Negative Repl ica of I r r ad i a t ed Specimen 56 

FIGURE 18. TYPICAL MICROSTRUCTURE OF IRRADIATED AND UNIRRADIATED 
28 w/o UN DISPERSED IN TYPE 318 STAINLESS STEEL AS OBSERVED 
BY ELECTRON MICROSCOPY 
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50X As Pol i shed HC4512 
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50X As Pol ished HC4513 

FIGURE 19. AREA UNDER BLISTER ON SPECIMEN 55 

Note that the separa t ion occur red in the core . 
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The m o s t l ikely explanation therefore probably l i e s somewhere in the techniques of 
fabricat ion of these naa ter ia ls . 

The cladding surface d i rec t ly over the fueled core was obse rved to be roughened 
when compared with the surface located over the unfueled port ion. This probably i l lus ­
t r a t e s a slightly m o r e rapid co r ros ion of the a r e a over the fueled core since this a r e a 
would be expected to exper ience higher t e m p e r a t u r e s than those occur r ing outside the 
fueled a r e a . During meta l lographic examina t ions , the sur faces of the spec imens were 
obse rved to be slightly pit ted but there was no observable i n t e rg ranu la r at tack. There 
was no posi t ive identification of c r acks in the cladding by e i ther visual o r meta l lographic 
examinat ions . The r e s u l t s of the ana lys i s of the NaK for ces ium-137 indicate that c r a c k s 
did not occur in the cladding during i r r ad ia t ion . 

M e a s u r e m e n t s of phys ica l d imens ions indicated that l i t t le swelling o c c u r r e d in the 
spec imens during i r r ad i a t i on except at the location of the b l i s t e r s . A d e c r e a s e in densi ty 
was noted, pr inc ipal ly as a r e su l t of the b l i s t e r format ion. 

M e a s u r e m e n t s of the spec imen t e m p e r a t u r e during i r r ad i a t i on indicated that 
t e m p e r a t u r e s were mainta ined at fair ly constant l e v e l s , in the range of 1500 to 1750 F , 
for the f i r s t th ree MTR cyc les . Some of the indicated thermocouple readings were 
e r r a t i c but this i s a t t r ibuted to in te rmi t t en t shor t s in the thermocouples r a the r than 
fluctuations in spec imen t e m p e r a t u r e . An i n c r e a s e in spec imen t e m p e r a t u r e s to the 
1800 to 1900 F region was noted for Specimen 51 during the s ta r tup for the fourth 
MTR cycle. It i s es t imated that t e m p e r a t u r e s of Specimens 55 and 56 could have reached 
1900 to 2000 F during this pe r iod and Specimen 57 could have reached 1800 to 1900 F . 
Operat ion at these t e m p e r a t u r e s continued for the f i r s t 2 days of the cycle whereupon 
the capsule was d ischarged . It is believed that shifting of r e a c t o r fuel e l ements or other 
exper imen t s during the Cycle 123 shutdown inc reased the neut ron flux incident on the 
spec imens and produced the higher t e m p e r a t u r e s . It i s probable that the b l i s t e r s in the 
spec imens were formed during this pe r iod of high t e m p e r a t u r e . 

Fue l burnups (fission plus absorp t ion) , de te rmined by th ree different me thods , 
were reasonably simiilar. However , the r e s u l t s of the isotopic ana lyses a r e cons idered 
to be the m o s t a ccu ra t e . 

Examinat ion of the m i c r o s t r u c t u r e of the UO2 d i spe r s ions by light mic roscopy 
indicated that the UO2 pa r t i c l e s were slightly f ragmented p r i o r to i r rad ia t ion . The d i s ­
tr ibution of the fuel pa r t i c l e s within the nnatrix appeared to be uniform without noticeable 
s t r inger ing o r other defects . The m a t r i x appeared sound and no r eac t ion between the 
UO2 pa r t i c l e s and the Type 318 s ta in less s tee l m a t r i x was observed . There was only a 
ve ry slight poros i ty visible in the UO2 p a r t i c l e s . After i r r a d i a t i o n , nei ther the fuel 
pa r t i c l e s or the m a t r i x appeared changed, except for the b l i s t e r s d i scussed e a r l i e r . 

Examinat ion of the UO^ d i spe r s ions by e lec t ron mic roscopy before i r r ad ia t ion 
indicated the exis tence of a very smal l s epa ra t e and dis t inct zone around the l a r g e r fuel 
pa r t i c l e s and continuing outward into the m a t r i x along g ra in boundar ies . This zone was 
apparent ly the r e s u l t of reac t ions between the const i tuents of the s t a in l e s s s tee l m a t r i x 
and excess oxygen in the UO2. Similar examinat ions of these spec imens after i r r ad ia t ion 
indicated that this zone had apparent ly d i s appea red , poss ib ly as a r e su l t of the heavy 
bombardment of this a r e a by f iss ion f ragments and diffusion. 
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A study of the m i c r o s t r u c t u r e of un i r rad ia ted UN d i spe r s ions by light microscopy 
indicated that the fuel pa r t i c l e s were evenly d is t r ibu ted without any evidence of s t r ing­
er ing . Only very occas ional f r a c t u r e s were obse rved in the fuel pa r t i c l e s . There was 
no indicat ion of any poros i ty in the fuel p a r t i c l e s and the Type 318 s ta in less s teel m a t r i x 
appeared sound. A g r a y a r e a was obse rved on the surface of the UN pa r t i c l e s which may 
have resu l ted f rom get ter ing of oxygen f rom the m a t r i x by the UN. After i r r a d i a t i o n , the 
g r ay a r e a was s t i l l v is ible . A slight poros i ty was also observed in the i r r ad ia t ed fuel 
pa r t i c l e s which could have resu l t ed from expansion of fission g a s e s . The m a t r i x 
appeared to be in good condition, except for the b l i s t e r s as d i scussed e a r l i e r . Chemiical 
etching of the i r r a d i a t e d spec imens produced a pit ted and eroded a r e a in the ma t r i x 
surrounding the fuel p a r t i c l e s . The rapid attack of this a r e a by the etchant was probably 
caused by a reac t ion between the s t a in l e s s s tee l const i tuents and free ni t rogen produced 
from the f ission of UN and the damage caused by f ission f ragments at tenuated in the 
sma l l volume of m a t r i x surrounding each fuel pa r t i c l e . 

Examinat ion of the m i c r o s t r u c t u r e of the UN d i spe r s ions by e lec t ron microscopy 
did not indicate any differences between the un i r rad ia ted and i r r ad i a t ed condition except 
for the noted zone around each fuel p a r t i c l e . 

CONCLUSIONS 

Although i t i s difficult to evaluate the re la t ive worth of UN d i spers ions in Type 318 
s t a in less s tee l as compared with UO2 d i spe r s ions in the same m a t e r i a l after the i r r a d i ­
ation of only four s p e c i m e n s , the r e s u l t s of this study ind ica te , in g e n e r a l , that the UN 
d i spe r s ions withstood i r r ad i a t i on at t e m p e r a t u r e s of 1500 to 2000 F and at burnups of 
3. 5 to 5. 0 a /o of the uran ium-235 at l eas t a s well as the UO2 d i spe r s ions . Although a 
sl ight amount of poros i ty was obse rved in the UN p a r t i c l e s , there i s not enough evidence 
available to de te rmine if this i s the forewarning of swelling in the fuel. Additional 
i r r ad i a t i ons should be performied in o r d e r to fully evaluate this possibi l i ty . 

The major advantages of using UN as a d i spe r s ion fuel in s ta in less s teel in comipar-
ison with U02> lie in the inc reased uran ium densi ty and the favorable p rope r t i e s of UN 
during fabricat ion. If the radia t ion stabi l i ty of the two fuel d i spe r s ions is reasonably 
s i m i l a r , then the advantages of using UN become nnuch g r e a t e r . 
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