
ANL-6010 
Metallurgy and Ceramics 
( T I D - 4 5 0 0 , 15th Ed.) 

AEC Resea rch and 
Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 

Argonne, Illinois 

SUMMARY REPORT ON IRRADIATION OF 
PROTOTYPE EBR-II FUEL ELEMENTS 

by 

J. H. Monaweck and E. S. Sowa 

Reactor Engineering Division 

September I960 

Operated by The Universi ty of Chicago 
under 

Contract W-3 1 - 109-eng-38 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



TABLE OF CONTENTS 

Page 

ABSTRACT. 3 

I. INTRODUCTION. 3 

II. FABRICATION OF IRRADIATION TEST FUEL PINS 5 

III. IRRADIATION TEST FACILITIES AND PROCEDURES 6 

A. Fac i l i t i e s 6 

B. P r o c e d u r e s 13 

IV. POSTIRRADIATION PROCEDURES AND RESULTS 14 

A. Total Neutron Flux Dosage 25 

B. F i s s ion Gas Release 26 

C. Dimensional and Density Changes 27 

D. Burnup Analyses . 28 

E. F i s s ion Product Contamination of Sodium Bond 28 

V. DISCUSSION AND CONCLUSIONS 29 

BIBLIOGRAPHY. . 32 



SUMMARY R E P O R T ON IRRADIATION O F 
P R O T O T Y P E E B R - I I F U E L E L E M E N T S 

by 

J . H. M o n a w e c k and E . S. Sowa 

A B S T R A C T 

T h i s r e p o r t s u m m a r i z e s the s e r i e s of i r r a d i a t i o n s p e r f o r m e d 
in the C P - 5 , MTR, a n d E T R on p r o m i s i n g p r o t o t y p e E B R - I I fuel 
e l e m e n t s . Type 3 0 4 - c l a d u r a n i u m - z i r c o n i u m and u r a n i u m - f i s s i u m 
a l l o y fuel p ins w e r e e x p o s e d to cond i t i ons a p p r o a c h i n g the a n t i c i 
p a t e d p a r e n t c o r e e n v i r o n m e n t . S p e c i a l f a c i l i t i e s w e r e d e s i g n e d t o 
p r o m o t e m a x i n n u m fuel c e n t e r l i n e t e m p e r a t u r e s r a n g i n g f r o m 700°F 
to 1200°F, and f u e l a t o m b u r n u p s f r o m 0.4% to 1.56%. The e x p o s u r e 
h i s t o r y a n d the ef fec ts of i r r a d i a t i o n a r e d e s c r i b e d and i l l u s t r a t e d 
p h o t o g r a p h i c a l l y . T h e s e inc lude d i m e n s i o n a l and d e n s i t y c h a n g e s , 
fis s ion g a s bu i ldup , and f i s s i o n p r o d u c t c o n t a m i n a t i o n of the s o d i u m 
t h e r m a l bond, a s a funct ion of fuel b u r n u p and o p e r a t i n g t e m p e r a t u r e . 
The l e s s e r p h y s i c a l c h a n g e s e v i d e n c e d b y t h e s t a i n l e s s s t e e l - c l a d 
u r a n i u m - f i s s i u m a l l oy s u p p o r t i t s s u p e r i o r i t y ove r the z i r c o n i u m -
u r a n i u m a l loy , and u l t i m a t e s e l e c t i o n for the i n i t i a l c o r e loading 
of the E B R - I I . 

L INTRODUCTION 

The E x p e r i m e n t a l B r e e d e r R e a c t o r - I I ( E B R - I l ) , unde r c o n s t r u c t i o n 
a t NRTS, Idaho , i s a h e t e r o g e n e o u s , e n r i c h e d u r a n i u m - f u e l e d , s o d i u m -
c o o l e d r e a c t o r p o w e r p lan t d e s i g n e d to p r o d u c e 20 Mw of e l e c t r i c i t y f r o m 
62.5 Mw of r e a c t o r hea t in the f o r m of 1300-ps ig s t e a m . The plant i n c l u d e s 
an i n t e g r a l f u e l - p r o c e s s i n g f ac i l i t y w h e r e i n the i r r a d i a t e d fuel i s p r o c e s s e d 
f a b r i c a t e d , and a s s e m b l e d for r e t u r n to the r e a c t o r . 

The E B R - I I i s p r i m a r i l y an e n g i n e e r i n g fac i l i ty to d e t e r m i n e the 
f e a s i b i l i t y of fas t r e a c t o r s for c e n t r a l s t a t i o n power p lan t a p p l i c a t i o n . M a 
j o r e m p h a s i s h a s been p l a c e d on a c h i e v i n g high t h e r m a l p e r f o r m a n c e a t 
h igh t e m p e r a t u r e s , and h igh fuel b u r n u p wi th a fas t and e c o n o m i c a l fue l -
p r o c e s s i n g s y s t e m The t h e r m a l p e r f o r m a n c e of the r e a c t o r and the s i z e s 
of the s y s t e m c o m p o n e n t s a r e d e s i g n e d to p e r m i t d i r e c t e x t r a p o l a t i o n to 
l a r g e - s c a l e c e n t r a l s t a t i on p o w e r p l a n t s . 

The p r o p o s e d r e a c t o r c o n s i s t s of an e n r i c h e d c o r e s u r r o u n d e d by a 
f e r t i l e b l a n k e t of d e p l e t e d u r a n i u m . The c o r e s e c t i o n i s c o m p r i s e d of 
h e x a g o n a l t u b e s con ta in ing s m a l l - d i a m e t e r c y l i n d r i c a l pin a s s e m b l i e s . 
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The design of the pin a s semb l i e s is influenced by the des i r e for high t h e r 
ma l per formance , high burnup, and s impl ic i ty of construct ion. The fuel 
pin is a loose fit in a thin-walled tube, and the resul tan t annulus is filled 
with s tat ic sodium to provide a heat t ransfe r bond between the fuel pin and 
fuel tube. The heat genera ted within the fuel is ul t imately removed by the 
p r i m a r y sodiuin coolant flowing along the outside of the fuel tube. 

The EBR-II probably will be the f irs t r eac to r in the U.S. to operate 
d i rec t ly on recyc led fuel and, hence, to face the ent i re problem of heavy 
isotope buildup. The fuel e lement is amenable to r ep roces s ing and fabr i 
cation by remote control methods as r equ i red by the pyrometa l lu rg ica l 
oxidative dross ing p roces s selected. This method fea tures s imple p roces s 
steps with uncomplicated equipment, but does not achieve complete remova l 
of fission products . The ingot resul t ing from the melting operat ion contains 
uranium, plutonium, and the fission products Zr, Nb, Mo, Ru, Pd, and, p r e 
sumably, Tc. 

The name "f iss ium" has been applied to all al loys of uranium, plu
tonium, and fission products a r i s ing out of the pyrometa l lu rg ica l p roces s . 
The concentrat ion of these e lements i n c r e a s e s with each fuel recyc le until 
an equi l ibr ium value is reached. This equi l ibr ium value is a function of 
the fission yield of the isotopes involved, half-life, cooling t ime, c r o s s 
section, and dragout via process ing l o s s e s . As a resu l t , there a r e many 
possible equi l ibr ium alloys, depending upon: the ra t ios of the f issionable 
m a t e r i a l s (U^^ ,̂ U^^*, Pu^^'), on p r o c e s s operating conditions, on r eac to r 
cycle, etc . Cer ta in of the va r i ab les a r e adjustable so that some control 
can be exe rc i sed over the composit ion of the recycled alloy. 

However, it is apparent that between pure uranium and the equil ib
r ium fuel of an infinite number of r e c y c l e s , the re exis ts an infinite number 
of a l loys . As a resu l t , it is planned to load the r eac to r with an alloy ap 
proaching one of the equi l ibr ium al loys . The change in composit ion per 
pass in this case is slight and changes in p rope r t i e s a r e expected to be 
negligible. This plan a l levia tes the effects of the ingrowth of al l fission 
products except technetium, but s t i l l leaves those p rob lems ar i s ing from 
heavy element buildup. It is ant ic ipated that the equi l ibr ium alloy r e s u l t 
ing from the operat ion of EBR~II with a uranium fuel loading may be as 
follows: 

Element 

Zi rconium 
Niobium 
Molybdenum 
Technetium 
Ruthenium 
Rhodium 
Pal ladium 
Silver + Cadmium + Antimo ny 

wt-% 

0.1-0.2 
0.01 
1.6-3.4 
0.5-1.0 
1.2-2.6 
0.2-0.5 
0.1-0.3 
0.1 

f 
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A c c o r d i n g l y , c e r t a i n p r o t o t y p e fuel e l e m e n t s conta in ing th i s e q u i 
l i b r i u m a l loy w e r e f a b r i c a t e d and i r r a d i a t e d in r e a c t o r s o p e r a t i n g at 
cond i t i ons s i m u l a t i n g , a s n e a r l y a s p o s s i b l e , the o p e r a t i n g cond i t ions 
a n t i c i p a t e d in the E B R - I I . The cond i t i ons of o p e r a t i o n in E B R - I I a r e s u c h 
tha t the fuel wi l l o p e r a t e a c e n t r a l m e t a l t e m p e r a t u r e of 1200°F, and 
wi l l a c c u m u l a t e a b u r n u p of 2% of t o t a l a t o m s be fo re being un loaded f rom 
the r e a c t o r . 

The g e n e r a l ob jec t ive of the i r r a d i a t i o n t e s t p r o g r a m was to d e t e r 
m i n e the b e h a v i o r of t h e s e p r o t o t y p e fuel e l e m e n t s f i r s t at b u r n u p s up 
to 1%, and then up to 2% of t o t a l a t o m s . Minor v a r i a t i o n s in the f i s s i u m 
c o m p o s i t i o n w e r e eva lua ted , and s i m i l a r t e s t s w e r e conduc ted on 2% 
z i r c o n i u m - u r a n i u m a l l o y s to p r o v i d e a b a s i s for c o m p a r i s o n . The i r r a d i 
a t ion p r o g r a m can be c o n s i d e r e d a s a ' 'go - no g o " eva lua t ion , s i nce the 
p r i m a r y ob jec t ive was to e s t a b l i s h the f ea s ib i l i t y of the f i s s i u m a l loy . 

II. F A B R I C A T I O N O F IRRADIATION TEST F U E L PINS 

TOP F in iNG AND RESTR1INE8 

The r e f e r e n c e d e s i g n E B R - I I fuel e l e m e n t ( F i g u r e l) i s c o m p o s e d 
of a r i g h t c i r c u l a r cy l i nde r (pin) of fuel a l l oy (0.144 in. in d i a m e t e r by 
14.22 in. long) which i s e n c l o s e d in a s t a i n l e s s s t e e l tube (O. 174- in . OD; 

0 .009- in . wa l l t h i c k n e s s ) . The r e s u l t a n t 
annu lu s be tween the pin and the i n s ide 
d i a m e t e r of the tube (0.006 in.) i s f i l led 
wi th s t a t i c sod ium to p r o v i d e a t h e r m a l 
bond. The sod ium bond ex tends a n o m i 
n a l 0.6 in. above the top of the fuel pin. 
An i n e r t gas space (2.35 in.) i s p r o v i d e d 
above the sod ium to a c c o m m o d a t e e x p a n 
s ion of the sod ium and a c c u m u l a t i o n of 
f i s s i on g a s e s . The r e s t r a i n e r i s a v e r t i 
c a l r o d with p e d e s t a l pos i t i oned to p r e v e n t 
a x i a l g r o w t h of the fuel a l l oy beyond 2% of 
i t s o r i g i n a l length. The c e n t e r vo lume 
p r o v i d e s a void for co l l ec t ion of f i s s ion 
p r o d u c t g a s e s . End f i t t ings a r e we lded at 
e a c h end of the tube to effect a s e a l . A 
h e l i c a l w i r e s p a c e r , t a c k we lded a t the 
e n d s , i s wound a r o u n d the p e r i p h e r y of 
the tube to c o m p l e t e the e l e m e n t . 

^ J p FUEL PIK 

[Ci.m I n . ODxm.22 I n . LMS) 

TYPE 30* SST HELICAL 
WIRE SPACER (0.0119 In, OD) 

TYPE 30i» SST TUBE 

(0.174 i n . OD; 0.0O9 In . WALL) 

BonoM F i n m o 

REFERENCE DESIGN E B R - I I FUEL ELEMENT 

The c o m p o s i t i o n s of the r e s p e c t i v e 
fuel a l l o y s used to f a b r i c a t e the t e s t fuel 
p ins a r e l i s t e d in Tab le I. The f i s s i u m a l loy 
c o m p o s i t i o n s w e r e evolved f rom a s e r i e s 
of p r o t o t y p e E B R - I I p y r o m e t a l l u r g i c a l 



TABLE I 

Designat ion and Connposition of Alloys I r r a d i a t e d 

Alloy 
Designat ion 

U - Z r 

3% F i s s i u m 

4% F i s s i u m 

5% F i s s i u m 

7.5% F i s s i u m 

Composi t ion, % 

U 

98 

96.9 

96 

95 

92.49 

Zr 

2 

0.1 

0.16 

0.2 

2.56 

Mo 

1.54 

2 

2.5 

2.48 

Ru 

1.16 

1.2 

1.5 

1.97 

Rh 

0.19 

0.24 

0.3 

0.3 

Pd 

0.1 

0.4 

0.5 

0.2 

Nb 

0.01 

d r o s s i n g o p e r a t i o n s , v-̂ / The s e l e c t i o n of the spec i f i c f i s s i u m a l l o y s l i s t e d 
in Tab le I w a s p r e m i s e d on t h e i r r e m a r k a b l y good b e h a v i o r du r ing in i t i a l 
s c r e e n i n g t e s t s . The scope of t h e s e t e s t s i nc luded l a b o r a t o r y t h e r m a l -
cyc l ing s t u d i e s , v2j and s u b s e q u e n t s h o r t - t e r m i r r a d i a t i o n s . 

The f a b r i c a t i o n h i s t o r y of e a c h fuel pin i s s u m m a r i z e d in Tab le II. 
The u r a n i u m - z i r c o n i u m s p e c i m e n s w e r e o r i g i n a l l y c a s t about 30% o v e r 
s i z e and then c e n t e r l e s s g r o u n d or s w a g e d to f in ish s i z e . S p e c i m e n s 
d e s i g n a t e d "wrough t and hea t t r e a t e d " w e r e s w a g e d to s i z e a t 800°C and 
coo led in a i r . Two s p e c i m e n s w e r e c o e x t r u d e d wi th a 0 .005- in . z i r c o n i u m 
clad . F u l l - l e n g t h f i s s i u m a l l oy p ins w e r e p r e c i s i o n c a s t to s i z e in Vycor 
t u b e s . The f inal d i a m e t e r of a l l s p e c i m e n s w a s 0.144 in . , the r e f e r e n c e 
d i a m e t e r of the E B R - I I fuel p i n s . The l eng th of e a c h s p e c i m e n w a s 
14.22 in. 

III. IRRADIATION TEST FACILITIES AND PROCEDURES 

A. F a c i l i t i e s 

The i r r a d i a t i o n s w e r e c a r r i e d out in t h r e e t h e r m a l r e a c t o r s : the 
A r g o n n e R e s e a r c h R e a c t o r ( C P - 5 ) a t A r g o n n e , I l l ino i s ; and the M a t e r i a l s 
T e s t i n g R e a c t o r ( M T R ) and E n g i n e e r i n g T e s t R e a c t o r ( E T R ) at NRTS, 
Idaho. The m a j o r i t y of the i r r a d i a t i o n s w a s p e r f o r m e d in C P - 5 . While it 
i s r e c o g n i z e d tha t the E B R - I I is a fas t r e a c t o r and tha t i r r a d i a t i o n s in a 
t h e r m a l flux wi l l r e f l e c t a c o n s e q u e n t dev i a t i on in b u r n u p p ro f i l e , the 
d i f f e r ence i s not c o n s i d e r e d s e r i o u s in e l e m e n t s of such s m a l l d i m e n s i o n s 

1. C P - 5 

Two f a c i l i t i e s w e r e d e s i g n e d p r i m a r i l y for i r r a d i a t i o n of 
E B R - I I fuel p ins in the C P - 5 r e a c t o r . ( 3 ) Both f ac i l i t i e s f e a t u r e d v a r i a 
t i ons of the s a m e b a s i c s y s t e m , d i c t a t e d by t h e i r loca t ion in the r e a c t o r 
a n d the m e t h o d e m p l o y e d to r e m o v e the h e a t g e n e r a t e d wi th in the t e s t 
s p e c i m e n . 



TABLE II 

Fabrication History of Irradiation Test Fuel Pins 

Test No. 

C P - 5 - 1 

C P - 5 - 2 
CP-5 -3 
C P - 5 - 4 

C P - 5 - 5 

C P - 5 - 6 

C P - 5 - 7 
CP-5-8 
CP-5-9 

C P - 5 - 1 1 
C P - 5 - 1 2 

C P - 5 - 1 3 

C P - 5 - 1 4 

CP-5-15 
C P - 5 - I 6 
C P - 5 - 1 7 
C P - 5 - 1 8 

A N L - 6 - 6 8 - 1 ( M T R - 3 ) 
ANL-6-70-Z ( M T R - 2 ) 
A N L - 6 - 7 1 - 3 ( M T R - 1 ) 

ANL-40-1 ( E T R - l ) 

ANL-40-2 (ETR-2) 
ANL-40-3 (ETR-3) 

U 

98.7 
98.0 

98.0 
98.0 
98.0 

98.0 

98.0 

96.0 
96.9 
95.0 

98.0 
98.0 

95.0 

95.0 

95,0 

92.53 

93.0 

Fue l Alloy Compo 

Z r 

1.3 
2.0 

2.0 
2.0 
2.0 

2.0 

2.0 

0.16 
0,1 
0.2 

2.0 
2 .0 

0.1 

0.1 

0.1 

2 .5 

2 .5 

M o 

2.0 
1.54 
2 .5 

2 .5 

2 .5 

2 .5 

e | 

2 .5 

2 .5 

Ru 

1.2 
1 16 
1.5 

1.5 

1.5 

1.5 

ilillll 
1.97 

1.5 

3 it ion, % 

Rh 

0.24 
0.19 
0.3 

0 .3 

0 .3 

0.3 

! 

0.3 

0 .3 

P d 

0 4 
0.1 
0.5 

0 .5 

0 .5 

0 .5 

Ip} 
0.2 

0,2 

Nb 

0,01 

A J. if i ' I I ' 

u"^ 
E n r i c h -
ment , % 

\l} 
17 "1 
20 I 
17 J 

20 

20 

20 -
20 . 
30 J 

11 
11 

30 

20 

20 -
20 
20 
20 

5 
5 
5 , 

• 

10.5 

10.5 

Mode of Fab r i ca t i on 

Chill cas t . Two slugs with 
1.3% Zr; and five s lugs with 
2% Zr . 

Wrought and heat t r ea t ed . 

Cast . T h r e e sec t ions but t -
welded to one sect ion 

Wrought and heat t r ea t ed . 

Cast f i ss ium. 

Coextruded with 4 - m i l 
Zr clad 

Cast f i s s ium. 

Cast f i s s ium. Cut into t h r ee 
p i eces . Monitor wire a t tached 
to cen te r p iece . 

Cast F i s s i u m 

Cast F i s s i u m 

Cast F i s s i u m 



The initial i r r ad ia t ions were per formed in the a i r -coo led 
facili ty shown in Figure 2. This facility was instal led in one of the cen t ra l 
a luminum thimbles in C P - 5 . The thimble was modified to provide for the 
cycling of a i r down through the inner aluminum tube assembly , around the 
t e s t section, up through the annulus betweeen the aluminunn tube and the 
thimble walls , and out to the existing r eac to r a i r - f i l t e r and exhaust s y s 
tem. A suction p r e s s u r e of 14 in. Hg v/as maintained by a Roots-
Connersvil le blower to produce the a i r flow requ i red to cool a fuel e lement 
generat ing approximate ly 5 kw of heat. 

THEillWCOUPLE CABLE 

AIR IN 

RaCTMl TOP SHIELD 

ORIFICE -

MERCURY 
MANOMETER 

ALUttimM TUBE 

TYPE aO« 8ST FINNEB T U K 

FUEL ELEMENT 

THERMOCOUPLES 

ALUMINUM THIMBLE 

BELLOWS 
ASSEMBLY 

REACTOR AIR 
HOLDUP ROOM 

WATER 
MANOMETER 

-SEALING WATER INLET 

BLOWER NOISE 
REOUCER 

i 1 

BIOLOGICAL 
FILTER 

WATER 
SEPARATOR 

n 

FIG. 2 
AIR-COOLED FACILITY FOR CP-6 IRRADIATION 
OF PROTOTYPE EBR-H FUEL ELEHENTS. 

The tes t sect ion (Figure 3) compr i sed a fuel element encap-
suled within, and sodium bonded to, a Type 304 finned tube. 

After instal la t ion of the fuel e lement within the finned tube, 
eight thermocouples were welded to the tube surface (in the root between 
fins) to permi t continuous recording of t empera tu re profiles pert inent to 
the fuel element and capsule . Thermocouples were a lso instal led to p e r 
mi t recording the cooling a i r t empera tu re immedia te ly ups t r eam and 
downstream of the finned tube assembly . 

The balance of the ins t rumentat ion external to the reac tor 
allowed m e a s u r e m e n t of a i r flow, t empera tu re , and p r e s s u r e . The a i r 



FINNED TUBE (OD • 0.Z08 

APPROXIMATE SODIUM LEVEL 

FINNED TUBE ROOT DIAMETER = 0.333 

SODIUM THERMAL BOND (0.010) 

TOP OF FUEL PIN 

TYPICAL TC LOCATION 

TC NO. 

1 

2 

3 

X 

X, i n . 

2 .5 

5.5 

7 .5 

10.0 

LOCATION OF THERMCCOUPLES 

FIG. 3 
CP-5 IRRADIATION TEST ASSEMBLY OF E B R - D 
PIN-TYPE FUEL ELEMENT WITHIN FINNED TUBE. 
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flow was m e a s u r e d by a water manomete r which bridged an orifice in the 
exhaust piping ups t ream of the blower. Air t empera tu re and p r e s s u r e 
were m e a s u r e d by means of a thermocouple and a m e r c u r y manometer 
instal led downstream of the orifice. 

The facility was designed to operate unattended; hence safety 
c i rcui t s were incorporated to protect the experinaent in the event of equip
ment malfunction. Two of the eight thermocouples at tached to the finned 
tube were interconnected to t empera tu re l imi t ro ls which operated to s c r a m 
the reac to r in the event p re se t high or low t empe ra tu r e s were exceeded. 
A bellows as sembly was instal led in the exhaust line from the thimble. 
The bellows was designed to expand upon loss of vacuum (due to loss of a i r 
flow) and t r ip a microswi tch to cause reac tor shutdown. Another switch 
was interconnected with the reac to r safety shutdown system. In the event 
of a r eac to r shutdown, this switch immediate ly shut off the blower fan in 
the tes t facility. This precaution was taken to prevent a rapid t empera tu re 
drop a c r o s s the tes t section that would be promoted by the combined loss 
of heat generat ion in the fuel pin and continued flow of coolant a i r . The 
switch a lso featured a 3-min. t ime delay nnechanism to prevent the r e s u m p 
tion of blower (and reac tor ) operation until the sample had cooled sufficiently. 

REACTOR TOP 

H,0 PRESSURE 

LOW-FLOW ALARM 

HELIUM PUMP 

REACTOR 0 , 0 

The second facility (Figure 4) was designed for installation in 
one of the exper imenta l thimbles located at the per iphery of the reac tor 

core . In brief, the encap
sulated fuel specimen was 
suspended by a s tainless 
s teel tube within a p r e s 
sure vesse l par t ia l ly filled 
with heavy water . The 
heavy water served as the 
capsule coolant during 
i r radia t ion, and as shield
ing during unloading oper
at ions. Heavy water was 
used in lieu of light water 
to prevent contamination 
of the reac tor heavy water 
modera tor in the event of 
a leak in the p r e s s u r e 
vesse l . 

The fuel capsule 
is shown in Figure 5. The 
fuel pin was thermal ly 
bonded with sodium to the 
inner surface of a stain
less s teel tube. Four 

FIG. U 
EBR-n FUEL PIN IRRADIATION FACILITY INSTALLED IN 
CP-6 EXPERIMENTAL THIMBLE. 
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FIG. 8 

FUEL CAPSULE 

MOIIW LEVEL 

imuiiM 
SODIUM ANNULI 

STAINLESS STEEL 
FUEL TUBE 

nEIMNWPLES 

longitudinal fins were welded to the 
outer surface of the tube, and to 
cylindrical segments . The segments, 
in turn, were welded to form a cy
l indrical capsule (0.75 in. OD by 
Z2-g- in. long). The intervening space 
betv^een the finned tube and capsule 
contained a i r and thus presented a 
rela t ively h igh- res i s tance path for 
heat conduction. The path for heat 
flow was from the fuel pin, through 
the radial fins, to the outer surface 
of the fuel capsule. The capsule 
was immersed in the heavy water 
(in the p r e s s u r e vessel) , and local 
boiling occur red on the outer sur 
face. The degree of local boiling, 
and hence, the fuel tempera ture , 
was controlled by pressur iz ing the 
heavy water in the p re s su re vesse l . 
The reac tor heavy water modera tor , 

in which the p r e s s u r e ves se l was suspended, provided the final heat sink 
for the heat generated by the fuel specimen during i r radiat ion. 

The p r e s s u r e ves se l was a stainless s teel tube (l.Z5 in. or 
1.50 in. OD; 0.065 in. wall) welded to a modified thimble shielding plug, 
and designed for 1100 psig at 600''F. The vesse l was part ia l ly filled with 
D2O to a depth of 5 ft above the reac to r core , and was p ressu r i zed with 
helium from a h igh -p re s su re container . The operating range of p r e s s u r e 
was from 150 to 800 psig. The maximum operating p r e s s u r e was set 
300 psi below design p r e s s u r e to prevent p remature failure of the rupture 
disk which protected the sys tem. Rupture disks were selected over safety 
valves in order to improve the gastight integri ty of the system. Other 
m e a s u r e s designed to ensure a gastight p r e s s u r e system included: (l) an 
al l -welded ves se l with a flanged c losure sealed with rubber "O" r ings; 
(z) f lare- type fittings in the sys tem tubing (copper: 0.Z5 in. OD; 0.065 in. 
wall); and (3) the use of rubber "O" r ings for valve seats and stem packing. 

In the event of a disk fai lure, the helium with some entrained 
s team would discharge to a shielded container (designed to condense the 
steam) which exhausted to the reac tor active vent system. To prevent 
ove r -p re s su r i za t i on of the ves se l in the event of failure of the p r e s su re 
regula tor , the ves se l was charged with helium during reac tor operation 
and then isolated from the gas supply. 

The minimum p r e s s u r e (l50 psig) was established by labora
to ry t e s t s which indicated that burnout of the capsule occurred at 50 psig 



and an operating power level of 10 kw. A safety factor of 100 psi was 
added. F u r t h e r , a min imum p r e s s u r e mus t be maintained to ensure a 
p r e s s u r e differential between water in the v e s s e l and the exter ior cool
ant so that during operat ion the n e c e s s a r y t empe ra tu r e gradient can be 
es tabl ished for outward flow of heat. 

The surface t empe ra tu r e of the capsule was control led by 
varying the p r e s s u r e and thus the sa tura t ion t e m p e r a t u r e of the water in 
the ves se l . Var ia t ion of the p r e s s u r e from 150 to 180 psig permi t ted 
control of the cen t ra l me ta l t empe ra tu r e of the fuel specimen over a 
range of 150°F. The genera ted heat and t e m p e r a t u r e of the fuel were 
equivalent to va lues es t ima ted for fuel e lements during operat ion in the 
EBR-IL However, since the t e inpera tu re was control led at the outer 
capsule surface, which was at a re la t ive ly low t empe ra tu r e ( ~ 4 5 0 ° F ) , the 
fins were s ized to provide the the rma l r e s i s t a n c e n e c e s s a r y to r a i s e the 
cen t ra l me ta l t e m p e r a t u r e to the des i r ed operat ing level (llOO to IZOO^F) 

With the known values of t h e r m a l r e s i s t a n c e and the t empe ra tu r e differ
ence At froin the measur ing point (fin root) to capsule surface, the heat 
generat ion (and thus the burnup) and cen t r a l m e t a l t empera tu re was 
calculated. 

The ins t rumenta t ion consis ted of a multipoint t e m p e r a t u r e 
r eco rded equipped with a h igh - t empera tu re s c r a m , and a p r e s s u r e 
r e c o r d e r which featured a "high" and a "low" s c r a m . 

2, MTR and ETR 

During the ea r ly stages of the i r r ad ia t ion tes t p r o g r a m in 
CP-5 it became apparent that the spec imen EBR-II fuel pins would have 
to be exposed to a much higher neutron flux in o rde r to sustain the de 
s i red high burnups within a reasonable t ime . Accordingly, th ree pins 
were p r e p a r e d for exposure in the water channel at MTR, and th ree pins 
were p r e p a r e d f o r exposure in the in-pi le tes t facility at ETR. 

The const ruct ion of the i r r ad ia t ion tes t faci l i t ies in both 
r e a c t o r s prec luded the instal lat ion of thermocouples to r eg i s t e r the fuel 
pin t e m p e r a t u r e s . Therefore , the i r r ad ia t ion tes t capsule s imply com
pr i s ed a fuel pin sur rounded by a n icke l -cobal t wire foil. This a s s e m b l y 
was ins ta l led within and sodium bonded to a Type 347 s ta in less s tee l tube 
(Z3.6Z5 in. long; 0.500-in. OD; 0.085-in. wall th ickness) with welded and 
plug c l o s u r e s . The sodium bond extended 1.5 in. above the top of the fuel 
pin. The height of the sodium level provided sufficient space for expan
sion at t e m p e r a t u r e . 

The capsule was posit ioned ve r t i c a l l y in the r eac to r tes t 
facility at a point where the neutron flux was p rede t e rmined a s sufficient 
to genera te the d e s i r e d heat and consequent t e m p e r a t u r e in the fuel 



specimen. The heat was removed by the reac to r coolant flowing along the 
outer surface of the capsule . The nickel -cobal t wi res were used subse
quently to de te rmine the total in tegrated flux sustained by each pin. The 
flux pat tern was used in conjunction with the fuel enr ichment to calculate 
the average operating t e m p e r a t u r e s . 

B. P r o c e d u r e s 

Each i r r ad ia t ion in CP-5 was prefaced by an axial flux distr ibution 
m e a s u r e m e n t (with bare and cadmium-covered gold foils) of the empty 
tes t hole in the r eac to r . This was done to es tabl ish the ver t i ca l position 
of the fuel pin in a flux region that would give the des i red maximum cent ra l 
me ta l t e m p e r a t u r e . The capsule was then instal led in the tes t hole, and the 
reac to r was brought up to power. 

The t e m p e r a t u r e s r e g i s t e r e d by the thermocouples were observed 
continuously during the s ta r tup p rocedure . In the event of e r r a t i c behavior 
of the the rmocouples , the reac tor was shut down immediate ly and the 
capsule was removed. In each such ins tance, subsequent examination of 
the capsule revea led a fai lure of the tes t specimen; and in each instance 
the failure was a t t r ibutable to faulty bonding of the fuel pin to the inner 
wall of the capsule . 

These observa t ions led to the adoption of the following procedure : 
After loading the specimen, the r eac to r power was increased, stepwise, to 
the des i r ed operating level . Provided no malfunction of the thermocouples 
was observed during the f i rs t twelve hours of operation, the i r radia t ion 
was adjudged to be p rogress ing sa t is factor i ly . The operating data l is ted 
in Table III for Capsule No, C P - 5 - 1 a r e typical of each subsequent 
i r rad ia t ion . 

TABLE III 

Operating Conditions for I r rad ia t ion Capsule No. CP-5 -1 

Total sensible heat generat ion 
Cooling a i r flow ra te 
Inlet air t e m p e r a t u r e 
Rise in a i r t e m p e r a t u r e 
Average heat flux at OD of fuel pin 
Maximum surface t e m p e r a t u r e of fuel al loy 
Maximum center line t e m p e r a t u r e of fuel alloy 

5.0 kw 
76.3 cfm 
70.0°F 
345°F 
300,000 Btu/(hr)(ft^) 
1040°F 
1100°F 

The t e m p e r a t u r e dis t r ibut ion along the fuel pin is a resul tant of the 
effects produced by the ve r t i ca l flux gradient along the tes t facility, and 
the method of cooling employed. F igure 6 shows the cent ra l me ta l t e m p e r 
a tu re gradient for Capsule No. CP-5 -11 i r r ad ia t ed in the a i r -coo led 



fac i l i ty . D e s p i t e the d e 
c r e a s e in n e u t r o n flux 

'•° f r o m top to bo t tom, the 
c e n t r a l m e t a l t e n n p e r a t u r e 

"• 'I of the fuel pin a c t u a l l y i n -
I c r e a s e s a t the m i d d l e , and 

"•* I then d e c r e a s e s s l igh t ly a t 
p the bo t t om of the fuel pin. 

"•''a T h i s effect is p r o d u c e d by 
the r i s e in t e m p e r a t u r e 

"•2 of the cooling a i r which 
w a s d i r e c t e d d o w n w a r d 

0.1 a r o u n d the f inned c a p s u l e . 
0 2 H 6 e 10 12 U 16 

DISTANCE FROM TOP OF FUEL, in. 

The power g e n e r a 
t ion in fuel p ins conta in ing 
~ 7 0 g m u r a n i u m m e t a l v a r 
i ed f r o m a low of Z . 1 6 k w f o r 
C a p s u l e No. C P - 5 - 8 to a 

h igh of 6 kw for C a p s u l e No. C P - 5 - 1 1 . In add i t ion , the fuel p ins w e r e s u b 
j e c t e d to a l a r g e n u m b e r of t h e r m a l c y c l e s a s a c o n s e q u e n c e of f r equen t , 
unavo idab le shutdown of the C P - 5 r e a c t o r . The a b r u p t d i s c o n t i n u a n c e of 
power g e n e r a t i o n in the fuel pin r e s u l t e d in a r a p i d d r o p f rom o p e r a t i n g 
to r e a c t o r a m b i e n t t e m p e r a t u r e ( ~ 1 7 5 ° F ) . H o w e v e r , d e s p i t e the n u m b e r of 
t h e r m a l c y c l e s e x p e r i e n c e d by e a c h fuel pin (~66 c y c l e s / m o n t h ) , s u b s e 
quen t e x a m i n a t i o n r e v e a l e d tha t none was w a r p e d s ign i f ican t ly . 

S e v e r a l fuel p i n s i r r a d i a t e d in the M T R and the E T R suf fe red 
c ladding f a i l u r e s n e a r the top of the fuel. The n a t u r e of the f a i l u r e s s u p 
p o r t s the t h e o r y tha t t h e y w e r e p r o m o t e d by r e a c t o r shu tdowns , which 
p e r m i t t e d the c a p s u l e s o d i u m to f r e e z e and, h e n c e , to e x p o s e the upper 
p o r t i o n of the fuel pin . Subsequen t s t a r t u p s r e s u l t e d in e x c e s s i v e fuel t ena-
p e r a t u r e s wi th c o n s e q u e n t d e t e r i o r a t i o n of the c ladding un t i l an effect ive 
s o d i u m hea t t r a n s f e r bond w a s r e - e s t a b l i s h e d . 

IV. POSTIRRADLATION P R O C E D U R E S AND R E S U L T S 

Upon c o m p l e t i o n of i r r a d i a t i o n , e a c h c a p s u l e was w i thd rawn f rom 
the r e a c t o r in to a s h i e l d e d c a s k and t r a n s f e r r e d to a h i g h - l e v e l cave for 
e x a m i n a t i o n and eva lua t i on . 

N o r m a l l y , the fuel pin could be r e m o v e d by ( l ) cut t ing off one end 
of the c a p s u l e wi th a r e m o t e l y o p e r a t e d saw; (z) hea t ing the c a p s u l e to 
m e l t the s o d i u m bond; and (3) i n v e r t i n g and tapping the c a p s u l e . Howeve r , 
in i n s t a n c e s of fuel pin f a i l u r e s , r e m o v a l of the pin could be ef fected only 
by s l i t t ing the c a p s u l e l ong i tud ina l l y wi th a saw o p e r a t e d by a mi l l i ng 
m a c h i n e . 

AXIAL NEUTRON 

DISTRIBUTIONS 

FIG. 6 

FLUX AND TEMPERATURE 

FOR CAPSULE NO. CP-5- 1 1 . 



The fuel pin was then washed with water to remove any adherent 
sodium, and the cladding examined carefully with a magnifying per iscope. 
All fai lures , defects, and other visible changes in the cladding were noted 
and photographed. Subsequent evaluations of each pin included: (l) total 
neutron flux dosage; (z) fission gas r e l ea se ; (3) dimensional and density 
changes; (4) burnup of fuel; and (5) fission product contamination of the 
sodium bond. The per t inent data a r e l is ted in Table IV. 

Table I Z 

SUMMARY OF E B R - H FUEL PIN IRRADIATIONS 

, r> • J. Maximum 

Fuel Alloy Average Density, jotal Central 
and gm/cc Thermal Metal Burnup, Power, 

History Before After Cycles Temp., °F At-% kw 
CAPSULE NO. CP-5-1 

2% Zr-U; 17.290 16.423 183 1050 0.40 5.0 
IA% Zr-U; 
cast 

COMMENTS: Fuel loaded In seven 2-Inch slugs. Bumpy surface observed on two bottoB 
slugs containing 1.4^ Zr. 

CAPSULE NO. CP-5-2 

2% Zr-U; ~ — 212 879 0.43 5.5 
wrought and 
heat treated 

COMMENTS: Melt through upper portion of clad attributed to void in capsule sodium 

bond. 



Table H (Cont'd.) 

SUMMARY OF E B R - H FUEL PIN IRRADIATIONS 

. - .. Maximum 
Fuel Alloy Average Density, j^tal Central 

and gm/cc Thermal Metal Burnup, Power, 
History Before After Cycles Temp., "F at-^ kw 

CAPSULE NO. CP-5-3 

2% Zr-U; ~ ~ 268 910 0.74 6.2 
wrought and 
heat treated 

CAPSULE NO. CP-5-4 

2% Zr-U; 18.220 15.946 294 850 0.73 S.4 
wrought and 
heat treated 

COMMENTS: Melting fa i lure occurred at top of eleiwnt due to faulty capsule sodium 
bondo Bottom section was reasonably sound. 



Table I Z (Cont 'd. ) 

SUMMARY OF E B R - H FUEL PIN IRRADIATIONS 

Fuel A l loy 
and 

Hi story 

2% Zr-U; 
cast, butt 
welded sec
tions 

Average 
gm 

Before 

18.180 

Maxi mum 
Dens i ty , T^ta l Centra l 

/cc Thermal Metal 
A f t e r Cycles Temp., °F 

CAPSULE NO. CP-5-5 

17.860 219 810 

Burnup, 
a t - ^ 

0.77 

Power, 
kw 

5.2 

Clad 

COMMENTS: Element and bond in sound conditionc Surface of fuel roughened with many 

small pitso Fuel ruptured in one area by sub-surface casting defect. 

CAPSULE NO. CP-5-6 

2% Zr-U; 18.230 — ~ 825 0.65 5.5 
wrought and 
heat treated 

COMMENTS: Fuel melted due to inadequate sodium bond. Element stucic in capsule; 

not decannedc 
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Fuel Alloy 
and 

H i story 

Table H (Cont'd) 

SUMMARY OF EBR-H FUEL PIN IRRADIATIONS 

, n. , J. Maximum 
Average Density, jo ta l Central 

9™/cc Thermal Metal Burnup, 
Before After Cycles Temp., "F at-5i 

CAPSULE NO. CP-5-7 

Power, 
kw 

4^ fissium; 
cast. 

18.017 17.550 352 750 0.60 2.9 

COMMENTS: Alloy extremely br i t t le . Fuel fractured considerably during decanning 
operations. Surface of fuel coarse and wrinkled. 

CAPSULE NO. CP-5-8 

3% fissium; 
cast. 

18.238 18.080 271 698 0.50 2.2 
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Table H (Cont'd.) 

SUMMARY OF EBR-H FUEL PIN IRRADIATIONS 

Fuel A l loy 
and 

H is to ry 

S% fissium; 
cast. 

Average 
gm 

Before 

17.981 

D e n s i t y , j o t a l 
/ c c Thermal 

A f t e r Cycles 

CAPSULE NO. CP-

15.805 394 

5-

Maximum 
Centra l 

Metal 
Temp., °F 

• 9 

1150 

Burnup, 
a t - * 

0.92 

Power, 
kw 

3.9 

m \ 

COmENTS: Roughness of fuel surface more «n I form, not as irregular as in Capsules 

CAPSULE HO. CP-5-11 

NO. CP-5-7 and CP-5-8, 

2% Zr-U; 
coextruded 
with 4-mil 
Zr clad 

289 1130 0.70 6.0 

COI#IENTS: Upper portion ('̂  I in. long) of element melted where fuel had extended 

above the top of the capsule cooling fin area. Zirconium clad and underlying uranium 

badly fissured, with pronounced diametral expansion. 
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Fuel Alloy 
and 

Hi story 

2% Zr-U; 
coextruded 
with 4-nil 
Zr clad 

Table H (Cont 'd . ) 

SUMMARY OF E B R - H FUEL PIN IRRADIATIONS 

Average Density, Total 
gm/cc Thermal 

Before After Cycles 

Maximum 
Central 

Metal 
Temp., 'F 

CAPSULE NO. CP-5-12 

196 800 

Burnup, 
at-5t 

0.50 

Power, 
kw 

3.2 

\ 

COMMENTS: Over-all appearance of elenent good. Small rupture of clad promoted by 

CAPSULE NO. CP-5-13 

extrusion defect. 

COKa<ENTS; Irradiation of cast 5% fissium alloy pin terminated during approach to 

power. Pin melted due to insufficient capsule sodium bond. 

CAPSULE NO. CP-5-14 

COMMENTS: Irradiation of cast 5% fissium alloy pin terminated upon detection of 

water leak into thermocouple chamber. 
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Fuel Alloy 
and 

Hi story 

B% fissium; 
cast 

Table I E (Cont 'd . ) 

SUMMARY OF E B R - H FUEL PIN IRRADIATIONS 

Average Density, Total 
gm/cc Thermal 

Before After Cycles 

M a x i m u m 
Central 

Metal 
Temp., "F 

CAPSULE NO. CP-5-15 

Burnup, 
a t - * 

Power, 
kw 

COMMENTS: Element badly damaged and stuck in capsule. Temperature data indicated 
that element had moved up and out of effective cooling (finned) region of capsule. 

CAPSULE NO. CP-5-16 

5% fissium; 18.070 — 349 925 0.84 3.8 
cast. 

COMMENTS; Element was removed from capsule but was not declad. Over-all appearance 

was good. 
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Table TE (Cont'd.) 

SUMMARY OF EBR-IE FUEL PIN IRRADIATIONS 

, - Maximum 
Average Density, Xot^l Central 

3"'^*^ Thermal Metal Burnup, Power, 
Before After Cycles Temp., °F at-^ kw 

CAPSULE NO. CP-5-17 

COMMENTS: Irradiation of cast 5̂  fissiun alloy pin temlnated upon datoetion of 
water leak into thermocouple chamber. 

CAPSULE NO. CP-5-i8 

Fuel Alloy 
and 

Hi story 

^% fissiua; 
cast. 

18.110 16.780 162 (ISO « . » 11.2 

COMMENTS: Element was in sound condition, without any narked defects visible on ttw 

CAPSULE NO. MTR-I 

clad or the fuel. 

5% flssiim; 
cast. 

423 0.S7 «.0 

COMMENTS: Element was in good condition. Cladding was not renoved. 
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Table H ( C o n t ' d . ) 

SUMMARY OF EBR-H FUEL PIN IRRADIATIONS 

Fuel A l loy 
and 

H i s t o r y 

5% f issiun; 
cast. 

Average 
gm 

Before 

18.080 

D e n s i t y , T^ta l 
1^^ Thermal 

A f t e r Cycles 

CAPSULE NO. MTR-

17.360 

Maximum 
Centra l 

Metal 
Temp., "F 

.3 

794 

Burnup, 
at-5t 

1.24 

Power, 
kw 

9.1 

Clad Fuel 

COmEHTS: Over-all appearance of element good. Small melt through clad 1/2 in. 
below top of fue l . Severe temperature in th is region evidenced by discoloration 
of clad and appearance of underlying fue l . 

CAPSULE NO. ETR-I 

7.551 fissium; 17.490 
cast. 

16.900 932 0.71 9.3 

'. 

I 
Fuel Fuel 

COMMENTS; Cladding was in good condition. Surface of fuel was smooth, with sone 

cracks. Fuel very brittle and fractured easily during inspection. 
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T a b l e l E ( C o n t ' d . ) 

SUMMARY OF EBR-H FUEL PIN IRRADIATIONS 

Maximum 

Clad 

Fuel A l loy 
and 

H is to ry 

7-S% f issium; 
cast 

Average 
g 

Before 

17.490 

uer 
m/cc 

* ' * y ' Tota l Central 
Thermal Metal 

A f t e r Cycles Temp., °F 

CAPSULE NO. ETR-2 

16.810 - 801 

Burnup, 
at-5t 

1.36 

Power, 
kw 

18.8 

COMMENTS: Over-all appearance good. Small (1/16 in. dia.) melt-through in clad about 
I in. below top of fue l . Melt-through attr ibuted to I in. long void in underlying 
sodium bond. 

7.S% fissiun; 17.460 
cast 

CAPSULE NO. ETR-3 

16.750 640 1.56 13.4 

Fuel 

COMMENTS; Melt-through in clad near top of fuel. Lower portion of fuel in iOOd 

condition. 



25 

A. Total Neutron Flux Dosage 

1. CP-5 

The total t h e r m a l and fast neutron flux values computed from 
bare and cadmiunn-covered gold foil t r a v e r s e s of the empty tes t hole a r e 
l is ted in Table V. 

TABLE V 

Calculated Thermal and F a s t Neutron Flux in Vacant C P - 5 Test Hole 

The rma l flux, n / ( c m )(sec) 

5-2 in. below core midplane 
(top of tes t fuel pin) 

14-| in. below core midplane 
(bottom of tes t fuel pin) 

F a s t flux, n/(cm^)(sec) 

5 Y in. below core midplane 
(top of t es t fuel pin) 

14-2 in. below core midplane 
(bottom of t es t fuel pin) 

Reactor Power Level, kw 

1,000 

2.193 x 10^^ 

1.643 X 10^^ 

3.255 X 10^^ 

1.388 X 10^^ 

1,600 

2.915 X 1 0 " 

2.415 X l O " 
) 
1 

5.216 X 10^2 
1 

3.905 X 10^^ 

Theore t ica l calculations^'*' showed that the flux was dep re s sed 
as a function of uran ium enr ichment , fuel geometry , and capsule m a t e r i a l 
subsequently insta l led in the tes t hole. The averaged value of the r ad ia l 
flux was dep re s sed to 89% for 5% enr ichment , 80% for 10% enr ichment , and 
60% for 20% enr ichment . The depress ion of the center line flux was com
puted to be 80% for 5% enr ichment , 64% for 10% enr ichment , and 36% for 
20% enr ichment . The flux depress ion i ncu r r ed by the s ta in less s tee l cap
sule was es t imated (from previous r eac to r exper iments ) at 15-25%. 

2. MTR and ETR 

Upon completion of the v isual examination, the cobal t -n ickel 
wire was removed from the pin a n d - i - i n . lengths were cut at 1 2-in. 
in te rva l s . After carefully noting i ts posit ion re la t ive to the fuel pin, each 
length of wire was weighed and dissolved in a hydroch lo r i c -n i t r i c acid 
solution. The solution was diluted to volume in a s tandard flask and i ts 
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activity compared on a g a m m a - r a y scinti l lation counter against that of a 
ca l ibra ted NBS sample. The count r a t e s were then used to connpute the 
the rma l flux exposure sustained by the fuel pin. 

As shown in Table VI, the t he rma l flux de termined from the 
cobal t-nickel wi res averaged about 52% that m e a s u r e d in the empty hole. 
The dec rease is a t t r ibuted to flux absorpt ion in the s ta in less s teel capsule. 

TABLE VI 

Measured Thermal Neutron Flux in 
MTR and ETR Test Fac i l i t i es 

C a p s u l e No. 

M T R - 1 
M T R - 2 
M T R - 3 

E T R - 1 
E T R - 2 
E T R - 3 

T h e r m a l F l u x , n / ( c m ^ ) ( s e c ) 

E m p t y T e s t Hole 

1.4 X 10^^ 
1.4 X 10^* 
1.75 X 10^* 

1.2 X 10^^ 
1.2 X 10^* 
1.0 X 10^^ 

W i r e F o i l 

6.3 X l O " 
3.38 X l O " 
1.0 X 10^^ 

5.5 X l O " 
7.3 X 1 0 " 
8.0 X 1 0 " 

B. F iss ion Gas Release 

F igure 7 shows the appara tus used to m e a s u r e the quantity of fission 
gas r e l eased from the uranium into the gas expansion volume above the 
sodium bond level in the fuel pin. The volume of the ent i re sys tem was 
cal ibra ted pr ior to instal lat ion in the cave. 

The sequence of each m e a s u r e m e n t was as follows: 

(1) The upper end of the clad fuel pin was positioned between the 
chise l head and anvil in the sealed chamber . The chamber was 
connected to a vacuum pump and manome te r . 

(2) The sys tem was evacuated and the manomete r reading was 
recorded . 

(3) The vacuum pump was isolated by c losure of the stopcock. 

(4) The cladding was p ie rced by str iking the chisel head. 

(5) The value of the manomete r reading was recorded . 
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The expansion volume of each 
pin was originally sealed with approxi 
mate ly one a tmosphere of gas p r e s s u r e . 
Therefore, any significant gas p r e s s u r e 
buildup would be ref lected by an app re 
ciable change in the manometer reading 
upon r e l ea se of the gas into the m e a s u r 
ing system. Since the presence of even 
smal l quanti t ies of gas w^ould resu l t in 
re la t ively large p r e s s u r e i nc reases 
(~2-3 atm) in the fuel pin, only re la t ively 
large changes in manometer readings 
were considered significant. However, 
none of the measu remen t s evidenced any 
significant buildup of fission gas . 

C. Dimensional and Density Changes 

The fuel was removed for dimensional checks and density m e a s u r e 
ments by cutting three longitudinal sl i ts (spaced 120 degrees apar t ) in the 
cladding, and then peeling the clad back from top to bottom. In severa l 
ins tances , the ext reme br i t t leness of the fuel resu l ted in g ros s f racture of 
the uranium during the decladding operation. 

The surface of the uranium was washed with alcohol to remove any 
adherent sodium, and then examined and photographed through a magnifying 
per iscope . 

The ent i re length of the fuel and cladding was t r a v e r s e d at 1-in. 
in tervals to determine (l) whether the fuel had increased in genera l or in 
par t icu la r a r e a s , and (2) whether the growth was sufficient to expand the 
cladding. Where d iamet ra l growth was observed, densi t ies of 2-in. portions 
of the fuel were measu red in the normal manner - by weighing the sample 
in a i r , and submerged in carbon te t rachlor ide . 

Measurements of the can d iamete r s showed that, in general , the 
cladding did not expand. The exceptions were al l caused by excessive fuel 
t empera tu re s which, in most cases , were promoted by a poor sodium bond 
between the fuel and the cladding. In one instance of ex t reme high t e m p e r a 
ture , the fuel and can grew to an OD of 0.302 in., the inside diameter of 
the outer capsule. 

Measurements of the fuel indicated a d iamet ra l growth in mos t 
c a se s . However, the growth was not uniform throughout the length of the 
pin. Certain of the pins were tapered from one end (higher t empera tu re ) 
to the other (lower tempera ture) , while others evidenced bulges in the 
cent ra l port ions. The bulges were promoted by poor sodium bond and 
consequent higher fuel t empera tu re s . 

FUEL ELEMENT 

F I G . 7 

GAS-SAMPLING APPARATUS FOR IRRADIATED FUEL ELEMENTS 
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P r e c i s e m e a s u r e m e n t s of the d iamet ra l changes in the fuel were 
precluded by surface conditions. Radiation damage usually s t a r t s by a 
slight roughening of the surface, followed by wrinkling of the me ta l itself 
if the me ta l is hot enough to pe rmi t plast ic flow. Therefore , density 
m e a s u r e m e n t s were used to a s s i s t in the determinat ion of dimensional 
changes. 

Growth a lso depends upon the amount of fuel burnup. Pins i r r a d i 
ated to 0,5% burnup a t~800°F showed no change in d iameter , whereas 
other pins i r r ad ia ted to 1% burnup at the same t empe ra tu r e evidenced a 
d i ame t ra l inc rease of 0.004 in. 

Measurement of longitudinal changes was equally difficult, owing 
to the major i ty of f rac tures of fuel pins incur red during the decladding 
opera t ions . However, although there were a number of ca ses where the 
d iameter of the fuel inc reased 10% (abutting the cladding), there was only 
one case of longitudinal expansion (4-|-%) which resu l t ed in contact between 
the top of the fuel and the r e s t r a i n e r in the fuel pin. This ex t reme longi
tudinal growth was a t t r ibuted to the fact that the d i ame t r a l expansion was 
const ra ined by the cladding. 

D. Burnup Analyses 

The burnup analyses were per formed by Argonne Chemical 
Engineering Division personnel using the method of determining the 
Cs"''-U^^^ ratio.'- ' ') The fuel samples for ana lys is included specimens 
taken from seve ra l locations along the length of each pin, and a c r o s s 
section of the fuel pin. 

The analys is showed that the r ad ia l flux depress ion and axial flux 
gradient r e su l t ed in a burnup ra t io of approximate ly 2 to 1 from the top 
to the bottom of the fuel pin. Consequently, the burnups r epor t ed in 
Table IV a r e based on the region of highest flux and a r e an average a c r o s s 
the c r o s s section of the fuel pin. 

E. F i ss ion Product Contamination of Sodium Bond 

Samples of the sodium bond removed from the fuel pin were r eac ted 
to place the sodium and assoc ia ted fission products into water solution. 
The solution was acidified (with n i t r ic acid) to dissolve any uranium p a r t i 
c les . The solution was then analyzed for the p resence of Ba , Sr , Ru , 
Ce , and uranium. 

Table VII l i s t s the isotopic contamination of specimen bond sodium 
from Capsule No. C P - 5 - 1 , which had been i r r ad i a t ed to a calculated burnup 
of 0.4%. 



TABLE VII 

F i s s ion Product Contamination of 
Sodium Bond in Capsule No. C P - 5 - 1 

I s o t o p e 

Ba^''° 
Sr«^ 
Ru^°^ 
C e ^ ^ 

C o n c e n t r a t i o n , 
jLigm/gm Sodium 

173 
335 

L 9 7 
110 

The uran ium concentrat ion was undetectable. Similar r esu l t s were 
obtained in subsequent ana lyses . Consequently, it was concluded that bond 
contamination occu r r ed by a combination of reco i l and diffusion of fission 
products , and that only a ve ry smal l fraction of the total products is r e 
leased to the sodium. 

An analys is for s imi la r fission product contamination was also 
per formed on the capsule sodium bond removed from Capsule No. C P - 5 - 5 . 
P r i o r to instal la t ion in the capsule , a 0.60-in. hole had been dr i l led through 
the cladding at the top of the fuel pin. The objective was to de termine the 
amount of fission products that would be entra ined by the reac tor coolant 
in the event of a clad fai lure in EBR-II . The r e su l t s indicated that the 
quantity of fission products r e l e a s e d to the capsule sodium bond was l ess 
than 1% of the quantity r e l e a s e d to the sodium bond in the fuel pin, and 
that the la t te r contained l e s s than 0.1% of the total fission products formed 
in the uranium. (6) 

V. DISCUSSION AND CONCLUSIONS 

The data in Table IV i l lus t ra te s eve ra l observat ions made during 
the course of the i r r ad ia t ion p rog ram. The f i rs t observat ion is the stabil i ty 
of the alloys under combined t h e r m a l cycling and i r rad ia t ion conditions. No 
significant warpage o c c u r r e d despite the fact that each fuel pin i r r ad ia t ed 
in the CP~5 r e a c t o r accumula ted at leas t 200 to 300 the rma l cycles from 
operating t e m p e r a t u r e to r eac to r ambient t e m p e r a t u r e . 

The second observa t ion is the change in the physical s tate of the 
i r r ad i a t ed fuel. The ent i re surface of each fuel pin was pimpled in appea r 
ance, which, in genera l , was m o r e pronounced in the h igh- t empera tu re a r e a s . 
The 7.5% fiss ium al loys evidenced a l e s s e r disposi t ion toward surface 
coarsening than the low f i ss ium and the z i rconium al loys. All of the fuel 
al loys were embr i t t l ed to the extent that it was ve ry difficult to handle the 
spec imens r emote ly without b reakage . 



With r e spec t to fuel burnup, it is recognized that some extrapolation 
is nece s sa ry to adapt the data accumulated in a t he rma l flux environment 
to that in a fast r eac to r co re . However, this factor can be considered 
conservat ive since a fast flux would resu l t in a m o r e uniform volume burn-
up. Owing to the rad ia l flux depress ion incur red by the capsule s t ruc ture , 
the major i ty of the fuel burnup occur red at the pe r iphery of the fuel where 
the t empera tu re s were the lowest. However, since diffusion of the fission 
products would occur at the t empera tu re s encountered, the net effect 
would be s imi lar to that of i r rad ia t ion in a fast flux. 

The density of al l fuel specimens dec reased upon i r radia t ion. 
However, a review of the data in Table IV showed that, despite the impor 
tance of fuel burnup, the dominant factor controlling the volume expansion 
of the fuel was the operating t empera tu re . This was supported by o b s e r 
vations made during a s e r i e s of furnace heating tes t s at 1300°F, 1450°F, 
1600°F, and 1750°F. These t e s t s were performed on pieces of fissium 
alloy that had been previously i r rad ia ted to a burnup of 1.24% at a m a x i 
mum tempera tu re of 794°F ( M T R - 3 ) . A S shown in the composite. F igure 8, 
the heating t e s t s resu l ted in d iamet ra l expansion and, ult imately, severe 
swelling and cracking of the fuel. 

In al l of the i r r ad ia ted samples , the l a rges t volume expansion a lso 
occur red in the rad ia l direct ion. Fur the r , there was only one instance of 
longitudinal expansion sufficient to effect contact between the top of the fuel 
and the r e s t r a i n e r . The 5% fissium alloy showed a l e s se r tendency toward 
d iamet ra l expansion than the 2% zirconium alloy at a given burnup and 
t empera tu re . With r e spec t to stability, the 7.5% fissium alloy appeared to 
be slightly better than the 5% alloy. 

The absence of i r rad ia t ion data at 2% burnup precluded a more 
decisive comparison. However, an overal l evaluation of the data accumu
lated leads to the postulation that the 5% fissium alloy will perform well 
up to 2% burnup with a cen t ra l me ta l t empera tu re approximately 1200°F. 
The major changes in the fuel will be a dec rease in density, with cons ider 
able roughening of the fuel surface. F iss ion gas r e l ea se is not expected 
to be t roublesome. Accordingly, the 5% cast f issium alloy was selected 
for the f i rs t core loading of EBR-II . 
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