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E F F E C T S O F I R R A D I A T I O N ON S T A I N L E S S S T E E L -
C L A D UO2 P E L L E T S IN H E L I U M 

OB. C A R B O N DIOXIDE 

G e r a l d E . L a m a l e , John. E . G a t e s ^ a n d R o n a l d F . D i c k e r s o n 

Urtmium dioxide pellets se^ei in Type 316 stainless steel contmners with 
a helium gms were irradiated in helium ami in CO2 in thermd fluxes of the order oj 
1 X 10^^ n/fcm^) (see). ClaiMng-surface temperidmes were reportedly between 1200 
and about 1800 F. The irradiMion was performed at BNL by the Fori hstmment 
Company. 

The kot-eell exmtinatiom performed by BMI showed that there were no 
obvious effects of the irradiation, on the specimen tested in helium. However, the 
specimen irradiated in the presence of COn exhibited severe cladding-CO2 reaction 
and possible centrtd melting of the VOn. 

Although comparisons between pre- and postirradiation data were difficult 
because of involved fArication history of the specimens, the tests did further 
establish the fact that helium is a satisfactory coolant gas for st€dnless steel 
cladding materid at a tempertaure of 1200 F. The data obtmned from the specimen 
tested in the presence of CO2 indicate that at temperatures in the range of 1600 to 
1800 F Type 316 sttdnless steel is not compatible with C02-

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

T o o b t a i n e n g i n e e r i n g d a t a f o r t he d e s i g n of a c l o s e d - c y c l e g a s - c o o l e d - r e a c t o r 
g a s - t u r b i n e p o w e r p l a n t , t he F o r d I n s t r u m e n t C o m p a n y i r r a d i a t e d s t a i n l e s s s t e e l - c l a d 
UO2 p e l l e t s in b o t h h e l i u m a n d C O 2 a t m o s p h e r e s . A f t e r t h e i r r a d i a t i o n in t h e B r o o k -
h a v e n N a t i o n a l L a b o r a t o r y r e a c t o r , t he s p e c i m e n s w e r e g i v e n a c u r s o r y e x a m i n a t i o n in 
t h e B N L h o t - c e l l s . T h e s e e x a m i n a t i o n s i n d i c a t e d t h a t a m o r e d e t a i l e d s tudy of t h e 
s p e c i m e n s w a s in o r d e r , a n d o t h e r f a c i l i t i e s w e r e r e q u i r e d . G e n e r a l A t o m i c s h a r e d 
t h e i n t e r e s t of t h e F o r d I n s t r u m e n t C o m p a n y in t h e d a t a to be o b t a i n e d f r o m the t e s t 
s p e c i m e n s and r e q u e s t e d a n e x a m i n a t i o n of t h e m a t e r i a l in t h e B a t t e l l e H o t - C e l l 
F a c i l i t y . 

T h i s r e p o r t r e v i e w s b r i e f l y t h e p r e i r r a d i a t i o n a n d i r r a d i a t i o n h i s t o r y of t h e s e 
s p e c i m e n s , u s i n g d a t a r e p o r t e d in s o m e d e t a i l by F o r d I n s t r u m e n t CompanyC 1, 2)^ and 
d i s c u s s e s t h e r e s u l t s of t he 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 p e r f o r m e d on S p e c i m e n 2 , 
i r r a d i a t e d in h e l i u m , and S p e c i m e n 8 , i r r a d i a t e d in C O 2 . 

(1) Refeteoces at end of rqjort. 
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PREPARATION OF THE F U E L SAMPLES 
AND ENCAPSULATION 

The 5.4 per cent enr iched UO2 was fabr icated by the Norton Company into cyl indri 
cal pe l le ts varying in d i ame te r between 0.420 and 0.424(3) in. at a nominal length of 
0. 5 in . The pe l le t s w e r e formed by cold compacting followed by s inter ing to a density 
g r e a t e r than 92 pe r cent ot t heo re t i ca l . The cladding cons is ted of tubes of Type 3l6 
s ta in less s tee l having e i ther a 5 - or 10-mil wall t h i cknes s . The inside d iamete r of the 
cladding var ied from 0.425 to 0.430 in. Compar i son of the UO2 pellet d i ame te r s and 
the inside d i a m e t e r s of the tubing shews that the d i ame t r i ca l c lea rance of the pel le ts 
within the tubing could va ry f rom 0. 001 to 0. 010 in. 

Specimen 2, i r r ad i a t ed in helium., cons is ted of two oxide pel le ts in a s ta in less 
s teel tube having a wall th ickness of 0. 005 in. End caps were welded to the tubing in 
such a way that t h e r e was a minimum, of space in which the pel le ts could move . Spec i ­
men 8, i r r ad i a t ed in a CO2 a t m o s p h e r e , a lso consis ted of two UO2 pel le ts loaded into a 
p rope r ly sized Type 3l6 s t a in less s tee l tube . The wall th ickness of this tubing was 
0. 010 in. End caps were a t tached in the same manne r as in Specimen 2, In each c a s e , 
the a tmosphe re inside the tube was he l ium. After welding, the specimens were leak 
t e s ted by a helium m a s s s p e c t r o m e t e r . 

The i r rad ia t ion capsu les w e r e made from extruded aluminum tubing about 1 in. in 
d i ame te r with a 30-mi l wall t h i cknes s . F ins 1/2 in. high ran longitudinally along the 
outside of the tubing. One end of the 5-in. capsule was plugged with a 2-in. slug of 2S 
aluminumi which was welded in p l ace . The other end was t e rmina t ed by an aluminum 
nipple with a shouldered hole to which 30 ft of 0. 25-in. a luminum tubing was b razed . 
The i r rad ia t ion specimen was suspended inside the capsule between two conical c e r amic 
c e n t e r s . The at tached aluminum tubing provided a means for both the des i red gas and 
a Chromel -Alumel s ta in less s t ee l - shea thed magnes ium oxide- insulated thermocouple to 
enter the capsu le . The thermocouple bead was fixed to the Type 316 s ta in less s teel 
cladding by m e a n s of a s teel c l ip . See F igu re 1 for a cutaway view of the capsule 
a s semb ly with the contained UO2 p e l l e t s . 

The capsules were loaded into the r eac to r and evacuated. Helium was charged 
into the capsule containing Specimen 2 and dry CO2 was charged into the capsule con­
taining Specimen 8. This p r o c e s s was repeated five t imes to min imize the p resence of 
contaminants . The hel ium capsule was finally charged to 4 psig of helium and the CO2 
capsule to 3 ,5 psig of CO2. Both capsules were sealed by the control valve so that gas 
samples could be obtained dur ing i r r ad i a t i on . After th is was done, i r r ad ia t ion was 
in i t ia ted . 

IRRADIATION 

The i r rad ia t ion of the capsules was conducted as shown in F igure 2. A Brown r e ­
co rde r was used to moni tor t e m p e r a t u r e s and the sample wagon was used to collect 
al iquots of gas which had been allowed to c i rcu la te f ree ly through the tubing and around 
the outside surface of the s ta in less s t ee l -c lad specimen in the capsu le . 
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S p e c i m e n 2 w a s i r r a d i a t e d in a n u n p e r t u r b e d t h e r m a l f lux of a b o u t 6 x 10^2 
n / ( c i n 2 ) ( s e c ) and e x p o s e d to a n u n p e r t u r b e d i n t e g r a t e d f lux of 4 . 7 x 10^9 n p e r cm.2 
w i t h o u t any f i s s i o n p r o d u c t s b e i n g found in t he h e l i u m g a s s u r r o u n d i n g t h e c l a d U O 2 . 
T h e c l add ing s u r f a c e t e m p e r a t u r e d u r i n g t h e i r r a d i a t i o n w a s IZOO F.C^) 

S p e c i m e n 8^ e n c a p s u l a t e d in C O 2 , p e r f o r m e d i n a d i f f e r e n t m a n n e r ^ F o u r h o u r s 
a f t e r s t a r t u p , t h e t e m p e r a t u r e of the c l add ing w a s 1800 F and t h e p r e s s u r e i n s i d e the 
c a p s u l e w a s 6 . 5 p s i g (3 p s i g h i g h e r t h a n a t s t a r t u p ) . T h e i n c r e a s e d p r e s s u r e w a s 
p r o b a b l y due to t h e i n c r e a s e in t e m p e r a t u r e of t h e C O 2 . F o u r t e e n h o u r s a f t e r s t a r t u p , 
t h e t e m p e r a t u r e had d e c r e a s e d to 1700 F a n d t h e CO2 p r e s s u r e h a d d r o p p e d to the 
o r i g i n a l 3 , 5 p s i g . T h e n e x t day the a b s o l u t e p r e s s u r e in t h e c a p s u l e w a s down to 28 i n . 
of m e r c u r y a n d the t e m p e r a t u r e w a s abou t 1630 F . T h e c a p s u l e w a s r e c h a r g e d w i t h 
CO2 to a p r e s s u r e of 3 . 5 ps ig^ Two d a y s l a t e r t h e t e m p e r a t u r e w a s a b o u t 1580 F and 
t h e CO2 p r e s s u r e w a s 0 p s i g . T h e n e x t day t h e a b s o l u t e p r e s s u r e had d r o p p e d to 22 i n . 
of m e r c u r y , a p r e s s u r e c o n s i d e r a b l y be low t h e p i l e c o o l i n g - c h a n n e l p r e s s u r e , a n d the 
t e m p e r a t u r e h a d d e c r e a s e d to 1500 F . T h e c a p s u l e w a s a g a i n r e c h a r g e d to 3 . 5 p s i g . 

A s a m p l e of t h e C O 2 w a s t h e n w i t h d r a w n f r o m t h e c a p s u l e and i t w a s found t h a t 
the g a s w a s h i g h l y c o n t a m i n a t e d . T w o d a y s l a t e r t h e c a p s u l e w a s r e m o v e d f r o i n t he 
r e a c t o r . S ix d a y s h a d e l a p s e d s i n c e s t a r t u p . 

A sumiTxary of t h e d a t a o b t a i n e d d u r i n g i r r a d i a t i o n of t h e two s p e c i m e n s of i n t e r e s t 
a s r e p o r t e d by F o r d I n s t r u m e n t i s p r e s e n t e d i n T a b l e 1.(2) (In e a c h c a s e t h e e n r i c h ­
m e n t w a s 5 . 4 p e r c e n t . ) 

TABLE I. IRRADIATION HISTORY OF SPECIMENS 2 AND 8 

Unperturbed Unperturbed Estimated Fission 
Thermal Integrated Bumup Products Cladding 

Reactor Flux(a), Flux, ofFuel(a), Detected Temperature, 
Specimen Channel n/(cm2)(sec) n pet cm^ MWD/T in Gas F Remarks 

2 C-11-1 6 X IOI2 4.7x10^9 ggo None 1200 Helium atmosphere, 
5-mil cladding 

8 C-6-1-1/2 lxlol-3 5.2xl0l8 n o Gross activity 1600-1800 CO2 atmosphere, 
after 4 days 10-mil cladding 

(a) The burnups as analyzed and the effective fluxes calculated from these results ate listed in the section entitled 
"Evaluation of Data and Conclusions". 

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 c u r s o r y e x a m i n a t i o n in t h e B N L ho t c e l l s s h o w e d t h a t t h e s p e c i m e n w h i c h w a s 
i r r a d i a t e d in t h e C O 2 a t m o s p h e r e ( S p e c i m e n 8) h a d s w o l l e n a n d t h a t a r i d g e had f o r m e d 
a r o u n d the s p e c i m e n a p p r o x i m a t e l y in t h e c e n t e r a d j a c e n t to one edge of t he t h e r m o ­
c o u p l e c l i p . T h e s t a i n l e s s s t e e l a p p e a r e d spongy a n d t h e r i d g e w a s c r a c k e d in s e v e r a l 
p l a c e s , i n d i c a t i n g r e a c t i o n w i t h t h e C O 2 . On the o t h e r h a n d , t h e s p e c i m e n i r r a d i a t e d 
in a h e l i u m a t m o s p h e r e ( S p e c i m e n 2) s h o w e d no a p p a r e n t s w e l l i n g o r o t h e r d e l e t e r i o u s 
e f fec t of t h e i r r a d i a t i o n . 
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Since further examination could not be accompl ished at the t ime in the BNL 
fac i l i t i e s , the spec imens were shipped to BMI for m o r e detai led study. Upon a r r i v a l 
at Ba t t e l l e , the spec imens were examined v isua l ly , m e a s u r e d , and then cut open. 
The pel le ts were a lso examined visual ly and measured^ The r e s u l t s of the subsequent 
detailed examinat ions of the spec imens a r e d i scussed below. 

Specimen 8 

In the p r o c e s s of at tempting to remove the thermocouple cl ip from Specimen 8, 
the cladding broke complete ly through at the pe r iphe ra l r idge (see Figure 3a)» The 
f lare in the cladding can be noted in the por t ion of the spec imen at the r ight of the 
photograph. One of the UO2 pel le ts can be seen protruding from the broken cladding. 
It is in teres t ing to note that the a r e a of exaggera ted swell ing, which provided the plane 
of weakness for f rac tu re of the cladding wal l , occu r red at the interface between the two 
fuel pe l l e t s . 

The two halves of the spec imen were stood on end and photographed. F igure 3b 
shows the end of the spec imen to which the thermocouple clip was st i l l a t tached. The 
end surface of the UO2 pellet obse rved in this photomacrograph is that surface which 
was adjacent to the other pel let in the spec imen . F igure 3c i l l u s t r a t e s the mat ing s u r ­
face of the adjacent UO2 pel let which remained in the other half of the broken specimen. 
No se r ious cracking can be noted^ 

As the pellet i l lus t ra ted in F igu re 3c was loose in the cladding and easi ly r e ­
movab le , it was r emoved , turned over , and rep laced in the cladding. The opposite end 
of the pel le t thus exposed i s shown in F igu re 3d. Aside f rom slight edge chipping which 
could well have resu l t ed from handling during any of the exper imenta l s t eps , the s u r ­
face is comparab le to an a s - f ab r i ca t ed specimen of UO2. A compar ison of the two 
photographs (F igures 3c and 3d) indicates some change occu r red in the UO2 in the plane 
of the swollen cladding. 

Both of the pel le ts w e r e removed from the specimen and m e a s u r e d (Table 2). One 
pel let was cut t r a n s v e r s e l y into two halves with a dry cutoff wheel . The half which 
appeared unaffected by the i r r ad ia t ion was dissolved and analyzed radiochemical ly for 
ce s ium-137 . The other half was longitudinally sectioned and the longitudinally cut 
face was examined by meta l lographic techniques . The other pellet was r emoved , 
m e a s u r e d , and cut. However , it c rumbled while cutting and it was not used for m e t a l ­
lography because of the i r r e g u l a r i t y of i t s p i e c e s . 

The r e su l t s of the rad iochemica l ana lyses indicated that the burnup of the pel le ts 
in Specimen 8 was about 0.009 pe r cent of the total u r an ium. The re su l t s a r e based on 
the separa t ion and identification of ces ium-137 by pulse-height analys is and by the 
de terminat ion of the res idua l u ran ium content by spec t rophotometr ic techniques . 

The meta l lographic sect ion was polished and examined. The cen t ra l port ion of 
this sect ion was p o r o u s , having the appearance of a shrunken pipe. Immediately 
adjacent to this a r e a was a band of dense m a t e r i a l having la rge columnar g r a i n s . This 
band phased into a UO2 s t r u c t u r e which had some poros i ty and a grain size cons ide r ­
ably l a rge r than that found in UO2 compac t s . It appeared to be a thoroughly s in tered 
s t r u c t u r e . F igure 4a i l l u s t r a t e s a sect ion of the specimen showing the cen t ra l p ipe , 
the co lumnar -g ra in reg ion , and the s in te red a r e a near the outer edge of the pipe of 
the spec imen. 
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TABLE 2. POSTIRRAOLATION MEASUREMENTS OF SPECIMENS 2 AND 8 AND THE UO2 PELLETS CONTAINED 

Cladding Thickness, Dimensions, in. 
S£ecimen mils Component Measured 2i*2£E£L__i£SSS! Remarks 

2 5 Clad specimen, as received 0.4520 1,9732 

UOg pellets — - - Pellets fractured during attempts 
to remove cladding 

8 10 Clad specimen, as received - - - - Severe localizeti swelling made 
measurement useless 

UO2 pellet 0.4254 0.5300 Pellet from end with tliermo-
couple clip 

UO2 pellet 0.4250 0,5294 



9 

«f\ 

« .„ 

50X HC2184 

a Central Pipe Columnar-Gram Region and Sintered Area 

250X Hr21bJ 

c. Typical Finer Grained Edge Area 

2oOX HC2185 

b. Typical Area Withm Columnar-Gram Region 

FIGURE 4. MICROSTRUCTURE OF UO2 PELLET FROM SPECIMEN 8 
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Figure 4b i l l u s t r a t e s a typical a r e a within th is co lumnar region. The shape of the 
voids n e a r e s t the center region fur ther suggests that th is region may have been p las t i c . 
It is in teres t ing to note that for the mos t pa r t the m a t e r i a l appears quite dense . 

F igure 4c i l l u s t r a t e s the s t ruc tu re of the outer region i l lus t ra ted in F igure 4a. 
The porosi ty p r e sen t i s for the mos t pa r t poros i ty that probably existed in the m a t e r i a l 
p r io r to i r r ad ia t ion . This gra in size is l a r g e r than the p r e i r r a d i a t e d grain s i ze . To 
obtain a qualitative idea of the extent of gra in growth which o c c u r r e d . F igu re s 4b and 4c 
should be compared with F igure 6b, Although the s t ruc tu re shown in F igure 6b is 
typical of the UO2 specimen i r r ad i a t ed in he l ium, it a lso r e p r e s e n t s the grain size one 
might expect to exist in UO2 fabr icated by the techniques used for the t e s t spec imens . 

The macroscop ic examination of Specimen 8 showed the porous nature of the 
Type 316 s ta in less cladding in the region of the cladding b reak . Microscopic study 
showed that the s tee l had been oxidized seve re ly by the exposure to the CO2 a t m o s p h e r e . 
F igure 5 i l lu s t r a t e s a typical a r e a . 

Specimen 2 

The cladding of Specimen 2 showed no vis ible effect of i r rad ia t ion in the helium 
a t m o s p h e r e . F igure 6a i s a photograph of the clad spec imen. The re was no evidence 
of g ros s swell ing, and no difficulty was exper ienced in removing the thermocouple cl ip. 
The clad specimen was m e a s u r e d (Table 2) and then was cut to rem.ove the UO2 pe l l e t s . 
In opening the spec imen , one of the UO2 pel le ts was cut t r a n s v e r s e l y near the outer end 
and random cracking observed^ The pellet f ragments would not drop out of the cladding, 
however , and further cutting opera t ions were n e c e s s a r y to furnish ma te r i a l for burnup 
ana lyses and meta l lography . After the por t ions for meta l lography and burnup were cut, 
it was noted that they w e r e c racked . This cracking m a y have resu l ted froin handling. 
F igure 6b i l l u s t r a t e s the s t ruc tu re of the UO2 frona Specimen 2, and shows the end of 
one of the c racks typical of those observed in this pe l le t . 

The r e su l t s of the rad iochemica l burnup analys is showed that 0. 05 per cent of the 
total u ran ium in Specimen 2 was f iss ioned. 

Metal lographic examinat ion of the 5-mi l s ta in less s tee l cladding of Specimen 2 
showed no effect of i r r ad ia t ion in the helium a t m o s p h e r e . The s t ruc tu re was typical of 
un i r rad ia ted Type 316 s ta in less s teel and because of this i s not i l lus t ra ted in the r e p o r t . 

EVALUATION OF DATA AND CONCLUSIONS 

Dimensional M e a s u r e m e n t s 

Evaluation of the d imensional data of Table 2 i s difficult because the only p r e -
i r rad ia t ion m e a s u r e m e n t s a r e in the form of manufacturing t o l e r a n c e s . Based on the 
d i ame te r var ia t ions of manufactur ing t o l e r a n c e s , and comparing the d iamete r m e a s u r e ­
ment after the cladding th ickness i s sub t rac ted , the d iameter of the pel lets from 
Specimien 2 inc reased from 4 to 5 per cent. On the other hand, actual m e a s u r e m e n t s of 
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250X HC2157 

FIGURE 5. AN AREA OF THE 10-MIL-THICK TYPE 316 STAINLESS STEEL CLADDING OF SPECIMEN 8 
NEAR THE RUPTURED REGION 

Porosity of region is clearly evident. 

'-*r̂ . 

IX HC2008 

a. (Above). Specimen 2 After Removal 
of Thermocouple 

Paper clips illustrate size of specimen. 

b . (Right). Typical Structure of Pellet From 
Specimen 2 

The cracks are typical of those observed 

m this pel let . 

250X HC2186 

FIGURE 6 FULL-SIZE VIEW OF SPECIMEN 2 PRIOR TO SECTIONING AND ILLUSTRATION OF TYPICAL UO2 STRUCTURE 
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the pel le ts from Specimen 8 indicate the d iamete r i nc r ea sed from 0. 3 to 1. 3 per cent 
for one pellet and from 0. 2 to 1.2 per cent for the o the r . The data p resen ted a r e far 
too few for use in drawing any conclusions on the poss ible swelling of UO2 during 
i r r ad i a t i on . 

Radiochemica l Burnup Analyses 

The r e su l t s of an evaluation of the burnup data a r e shown in Table 3, The ca lcu­
lated effective flux was about one-half or one- th i rd that of the unper turbed flux l is ted 
in Table 1. The hea t -genera t ion r a t e shown in Table 3 was calculated from the known 
number of f iss ions and the known length of t ime of i r r ad i a t i on . The application of the 
burnup data to each spec imen is d i scussed below. 

TABLE 3. IRRADIATION CONDITIONS CALCULATED FROM RADIOCHEMICAL ANALYSES 

Heat-
Bumup Calculated Effective Flux Generation 

Bumup, of Fuel, Incident, Integrated, Rate^* ,̂ 
Specirnai total a/o MWD/T n/(cm2)(sec) n per cm2 Btu/(hr)(ft2) 

2 0,0164 396 2.05xl0l2 1.61x1019 35,950 

8 0.003 71 5.48x1012 2.85xl0l8 97,700 

(a) Heat flux emerging from the lateral surface of the pellets. 

Specimen 8 

Using the calculated hea t -genera t ion r a t e and the r eco rded cladding t e m p e r a t u r e , 
possible t e m p e r a t u r e s for Specimen 8 have been calculated a t the surfaces of the inside 
of the cladding and of the UO2 p e l l e t s . S imi la r calculat ions w e r e made of the t e m p e r a ­
t u r e s at the center line of the UO2 pel le ts to de te rmine whether cen t ra l melt ing could 
have possibly o c c u r r e d . The thermocouple junction was at tached to the clip and was 
about 10 or ZO m i l s removed from the cladding surface and about 1/4 in. off the center 
t r a n s v e r s e p lane . The t e m p e r a t u r e of the cladding at the midplane position may have 
been 50 to 100 F higher than the r e c o r d shows. Poss ib l e t e m p e r a t u r e differences r e ­
sulting from any c o r r o s i v e effects of the gases on the thermocouple itself we re n e g ­
lected in the calculat ions which a r e detai led below. 

The genera l equation of t e m p e r a t u r e dis t r ibut ion in a long cylinder when the 
steady state has been r eached i s 

k / d r dt 1 \ 

where 

k = t h e r m a l conductivity, Btu/fft)(hr) 

r = dis tance f rom center to point in question 

q = heat -gene ra t ion r a t e , Btu/(ft2)(hr) 

t = t e m p e r a t u r e . 
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After in tegrat ing the above differential equation and evaluating the constants of 
in tegra t ion in t e r m s of the phys ica l p r o b l e m , the resul t ing equation for the t e m p e r a t u r e 
within the spec imen is 

T = Ta + ^ (a2 - r2) , 

where 

Tg, = the t e m p e r a t u r e at the outer surface 

a = dis tance to the outer su r face . 

The t e m p e r a t u r e difference f rom the center line to the outer surface i s s imply 

T - T , = - i - a2 . 
a 4k 

F o r this pa r t i cu la r p r o b l e m , the t e m p e r a t u r e difference was calculated a s 2040 F , 
using a t h e r m a l conductivity of 0. 85 Btu/(hr)(ft) for UO2. 

The other formula for conduction of heat through cyl indr ica l annuli is the famil iar 

AT = _ A £ L 
2 7Tk 

where 

H = the heat flux, Btu/(hr)(ft2) 

r = the outer rad ius 

r j = the inner radius 

k = the t h e r m a l conductivity of the pa r t i cu l a r m e d i u m , Btu/(hr)(f t ) . 

The heat pe r unit length t r a n s f e r r e d by radia t ion is 

y = ^ e e f f A i ( T i 4 . . T / ) , 

where 

£ = unit length 

^eff ~ *^® effective emi s s iv i t y , — — i — , where e^ i s the emiss iv i ty 

_L + _L _ 1 
^1 £2 

of the UO2 and €2 i s the emiss iv i ty of s t a in less s t ee l 

A j = unit a r e a 

Tj^ = surface t e m p e r a t u r e of UO2 

T2 ~ surface t e m p e r a t u r e of s t a in less s t ee l 

0- = Stefan-Bol tzmann cons tant , 0. 174 x 10-8 Btu/(f t2)(hr) . 



14 

An a s s u m e d value of 0 .4 for the emiss iv i ty of UO2 at a t e m p e r a t u r e of 1000 F 
was used . Because of the co r roded stirface of the s t a in less s t e e l , and the uncer ta in ty 
as to jus t when in the 6-day i r r ad i a t i on per iod the s t a in less s tee l surface actual ly 
became c o r r o d e d , two different e m i s s i v i t i e s , 1 and 0. 1, cor responding to the e m i s -
s ivi t ies of a highly polished surface and a highly cor roded surface at 1800 F , w e r e used . 
Table 4 is a s u m m a r y of the calculat ions and i s mean t only to indicate poss ible c e n t e r -
line t e m p e r a t u r e s . 

The cen te r - l ine t e m p e r a t u r e s w e r e calculated for the si tuation exist ing before and 
after fai lure of the cladding. From, the i r r ad ia t ion h i s t o r y , the highest cladding t e m ­
p e r a t u r e was r e c o r d e d immedia te ly after r e a c t o r s t a r tup . Helium was m o r e than likely 
s t i l l p r e sen t within the spec imen a t this t i m e , and the calculat ion shows that for a 
highly pol ished surface the cen t e r - l i ne t e m p e r a t u r e was 3680 F , well below the mel t ing 
t e m p e r a t u r e of UO2. By the fourth i r r ad ia t ion day f iss ion gases were detected in the 
coolant , indicating a b r e a k in the cladding with the possibi l i ty of CO2 replacing hel ium 
in the gas bond region. By this t ime the m a t e r i a l was cer ta in ly thoroughly s in tered in 
the 2600 to 4000 F range and densif ied, allowing a pipe to form.. After the CO2 rep laced 
the hel ium around the pe l l e t s , the cen te r - l i ne t e m p e r a t u r e of the pel le ts probably in ­
c r e a s e d due to the lower t h e r m a l conductivity of CO2 and could poss ib ly have exceeded 
the melt ing t e m p e r a t u r e . The m i c r o s t r u c t u r e s i l lus t ra ted in F i g u r e s 4a and 4b seem to 
indicate melt ing; however , the s t r u c t u r e might occur as a r e s u l t of special s inter ing 
conditions as noted above. 

Obviously, a l l of the n e c e s s a r y p a r a m e t e r s a r e not sufficiently known to place 
complete confidence in these calcula ted t e m p e r a t u r e s . N e v e r t h e l e s s , these ca lcu la ­
t ions coupled with the meta l lography do indicate that the cen te r of the specimen was in 
a range where mel t ing could have o c c u r r e d . 

F r o m the exper ience gained with Specimen 8, it can be concluded that Type 316 
s ta in less s t ee l i s not compat ible with CO2 in an i r r ad i a t i on field at t e m p e r a t u r e s in the 
range of 1800 F . Under these condi t ions , the s ta in less s tee l offers no apprec iable 
r e s i s t a n c e to reac t ion with the CO2 gas or i ts decomposi t ion p roduc t s . I ts s t rength is 
obviously d ras t i ca l ly r educed , and gas m a y pass eas i ly through the porous s t ruc tu re 
resul t ing from the r eac t ion . It was calculated that t h e r e was sufficient i ron p re sen t in 
the highly cor roded a r e a of the cladding to combine chemical ly with al l of the CO2 
(about 0, 0093 mole) contained in the s y s t e m . Nickel oxides a r e a lso known to form at 
th is t e m p e r a t u r e and in the same gaseous envi ronment . The net effect would be o b ­
se rved as a d e c r e a s e in carbon dioxide p r e s s u r e , and was thus observed during the 
exper iment . 

Specimen 8 probably fai led in the following manners It appea r s that as the 
cladding m a t e r i a l at t e m p e r a t u r e s of 1800 F o r above r eac t ed with the oxygen avai lable 
from the decomposi t ion of CO2, the cladding was weakened, and the sealed s ta t ic 
hel ium gas and accumulated f iss ion gas under a p r e s s u r e of about 5 a tm pushed the 
cladding outward. This p r o g r e s s e d unti l c r a c k s formed in the cladding and allowed the 
hel ium and f iss ion gase s inside to escape and the carbon dioxide to diffuse in around 
the UO2 pellets^ The d iamete r of the bulged por t ion of Specimen 8 i nc rea sed to about 
0. 60 in. , an i n c r e a s e of about 40 p e r cen t , and meta l lograph ic examination showed that 
the wall th ickness in this midplane a r e a i n c r e a s e d to about twice i t s or iginal s i ze . 



Assumed 
Condition of 

Stainless Steel 
Surface 

Bright 

Corroded 

TABLE 4. CALCULATED CENTER-LINE TEMPERATURES FOR SPECIMEN 8 AT VARIOUS STAGES IN IRRADIATION PERIOD 

Estimates are based on a cladding temperature of 1800 F and a heat-generation rate of 97, 700 Btu/(hr)(ft2). 

Estimated Specimen Center-Line Temperature at Indicated ConditionC^* °), F 

Assumed Emissivity of 
Component Surface 

Stainless UO2 

Cladding Still Intact; 
Minimum Pellet Diameter 
and Maximum Cladding ID 

Cladding Broken and All Components of Specimen Exposed to CO2 
Minimum Pellet 
Diameter and 

Maximum Cladding ID 

Minimum Pellet 
Diameter and 

Minimum Cladding ID 

Maximum Pellet 
Diameter and 

Maximum Cladding ID 

1.0 

0.1 

0.4 

0.4 

3680 

3960 

4040 

5040 

3960 

4540 

3980 

4640 w 

(a) Size differentials were obtained by using a coefficient of linear expansion of 11.1 x 10"6 pet F for stainless steel and the extrapolated range of reported [Reference (4)] 
minimum values of linear expansion for UO2. These data indicate that UO2 increases in diameter by 1.43 and 2.19 per cent t calculated average temperatures 
corresponding to 3145 F and 3660 F, respectively. 

(b) Dimensional values: 

Pellet Diameter, in. 
Cladding ID, in. 

Maximum 

0.424 

0.430 

Minimum 

0.420 
0.425 
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Specimen 2 

In the case of the he l i um-a tmosphe re spec imen , t he re was no evidence that cen­
t r a l co re mel t ing o c c u r r e d and t h e r e was no apparent effect of the i r r ad ia t ion on the 
UO2 s t r u c t u r e . Because of the difficulties encountered in removing the pel le ts from 
the cladding, it was difficult to de te rmine the extent of the cracking which resu l t ed from 
the t e s t and that which resu l t ed f rom handling. The fact that the pel le ts stuck in the 
cladding tube r a i s e s some question about the dimensional stabil i ty of the UO2 pe l le t s ; 
however , i t m u s t be emphas ized that the lack of p r e i r r a d i a t i o n data makes i t imposs ib le 
to r e a c h any definite conclusion of th is point. . 
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