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POSTIRRADIATION EXAMINATIONS OF ELEMENT G-3 
FROM THE GCFR F-1 SERIES 
OF MIXED-OXIDE ELEMENTS 

AFTER - 3 a t .  % BURNUP 

R. V. S t r a i n  

ABSTRACT 

P o s t i r r a d i a t i o n  'examinations were performed on e l e -  
ment G-3, from the  GCFR F-1 s e r i e s  of mixed-oxide elements ,  
a f t e r  2.6 a t .  % burnup i n  EBR-11. The 20% cold-worked 
Type 316 s t ' a in less  s t e e l  c lad  G 3  element was i r r a d i a t e d  as  an 
encapsulated element using a s t a i n l e s s  s t e e l  thermal b a r r i e r  
t o  achieve peak cladding temperatures  of 690°C a t  a peak power 
of 14.4 k ~ / f t .  The maximum diamet ra l  increase  of the  element 
was 0.2% A D / D ~ .  The v o l a t i l e  f i s s i o n  products were found j u s t  
above the  top  of the  fue l  column and i n  a gap between the  bot- 
tom and next h igher  fue l  p e l l e t .  Annular p e l l e t s  were used i n  
t h e  element,  and a t  2.6 a t .  % burnup, t he  c e n t r a l  ho le  was 
c losed  by fue l  m a t e r i a l  a t  both the  top  and the  bottom of t he  
f u e l  column. Fission-product a t t a c k  of t he  cladding was mini- 
mal;  a uniform mat r ix  a t t a c k  of only 0.3 m i l  was found along 
most of t he  length  of the  f u e l  column. 

I ., INTRODUCTION 

The G-3 fue l  eleme.nt was one of 13 elements i n  the encapsuled F-1 ser ies1.  
i r r a d i a t e d  iu Experimental Breeder Reactor IT (EBK-11) by the  General Atomic 
Company (GA) as pa r t  of the  Gas-Cooled Fast-Breeder Reactor (GCFR), Program. 
The genera l  o b j e c t i v e  of t he  F-1 experiment was t o  s tudy fuel-element behavior  
a t  h igher  c ladding temperatures  than obtained i n  previous LMFBR Program I r r ad i - ,  
a t  ions .  The experiment was designed t o  produce cladding temperatures  a s  high 
as  8 0 0 " ~  i n  one element,  whereas t he  remaining elements had temperatures  rang- 
ing from 600 t o  750°C. The design of t he  experiment a l s o  included t h e  use of 
l a r g e r  diameter  f u e l  elements,  0.300 in .  r a t h e r  than the  0.230 in .  LMFBR e l e -  
ments, t h a t  are t y p i c a l  of fu tu re  GCFR elements.  Charcoal t r a p s  were placed 
i n  some of the  elements t o  ob t a in  d a t a  on the  behavior of a c t i v a t e d  charcoa l  
under condi t ions  t h a t  may be encountered i n  t h e  pressure-equa l iza t ion  and gas- 
p u r i f i c a t i o n  systems of GCFR p l a n t s .  

The F-1 experiment is being i r r a d i a t e d  i n  a Mark B-7B subassembly, a 
seven-capsule a r r ay ,  with planned in t e r im  examinations a t  burnups of approxi- 
matel'y 25,000, 50,000, 75,000, and 100,000 MWd/Te. The 6-3 capsu le  was removed 
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from the subassembly a f t e r  25,000 MWd/Te, whereas the  o the r  s i x  capsu les  and a 
replacement capsu le  have continued to  h ighe r '  burnup. I n i t i a l  nondes t ruc t ive  
examination of t h e  6-3 capsu le  was performed a t  t he  Hot Fuels and Examination 
F a c i l i t y  (HFEF) of Argonne National Laboratory a t  the EBR-I1 s i t e  i n  Idaho. . 

The disassembly of t he  capsu le  and the  p o s t i r r a d i a t i o n  examination of t he  e le -  
ment were performed i n  the  Alpha-Gamma Hot-Cell F a c i l i t y  (AGHcF) of the  Mate- 
r i a l s  Science Div is ion  i n  ~ l l i n o ' i s .  

A. Capsule and ~ue l -b l emkn t  Descr ip t ions  

The G-3 capsu le  was composed of t h r ee  major components: the ou te r  cap- 
s u l e ,  t h e  thermal b a r r i e r ,  and the element,  as  shown i n  Fig.  1. The f u e l  e le -  
ment cons i s t ed  of a 13.5-in.-long fue l  colurarl with a 0.2595 in .  ou t s ide  diameter 
(OD) by 0.250-in.-long annular  fue l  p e l l e t s  t h a t  had 0.059-in. diam c e n t r a l  
h o l e s .  The bottom of the fue l  column coincided with the b o t t m  of the EBR-I1 
c o r e  and was loca ted  22.625 i n .  above the  bottom of the capsule .  The fue l  pel- 
l e t s  had dished ends wit11 a d i sh  depth of 0.006 ia. The c u ~ ~ l y u s i t i o n  of t h c  
mixed-oxide p e l l e t s  was 85 wt % UOq (93% 2 3 5 ~ )  and 15 wt % PuOp. The nominal 
f u e l  d e n s i t y  was 91% of t h e o r e t i c a l  and t h e  nominal smeared d e n s i t y  was 83%. 
The fuel-cladding d i ame t r a l  gap was 0.0035 i n .  The nominal oxygen-to-metal (O/M) 
r a t i o  of the  f u e l  was 1.98. A 3-in.-long a x i a l  b l a n k e t - c o n s i s t i n g  of 0.2595 i n .  
OD and 0.250-in.-long s o l i d  p e l l e t s  of n a t u r a l  U02 was loca ted  a t  each end of 
t he  fue l  column. An Inconel* spr ing was located above the  upper blanket  t o  
ma in t a in  the  p e l l e t - s t a c k  geometry. A sea led  capsu le  conta in ing  ac t i va t ed  coco- 
nut charcoal  was loca ted  near the bottom of both the  upper and lower gas plenums. 
The element was c lad  with a 0.300 in .  OD by 0.0185 in .  wa l l ,  20% cold-worked, 
Type 316 s t a i n l e s s  s t e e l  tube and was -58 in .  long. 

FUEL ELEMCNl 

LOWER PLENUM REGION FUELED REGION, UPPER PLENUM REGION 

0.300in. OD r 18.5mi l  WALL COLD-WORKED TYPE 316 STAINLESS STEEL 

TEMPERATURE MONITOR CAPSULES THERMAL OnaRiER TEMPERATUHt MUNI I Ufi CAPSULCS 

0.625 in. 0 b x 0.435 in. l D SOLLITION-TH~B.I tu I i P E  3TAIMLE3S STCkL 

CAPSULE TUBE 

0 . 7 7 8  in. OD x 0.725 in. l D SOLUTION-TREATED TYPE 304 STAINLESS STEEL 

Fig. 1. Major Components of the G-3 Capsule. Neg. No. MSD-166497. 

* ~ r a d e  name for a nickel-base alloy with 7070 Ni (rnin) and 14-1770 Cr, 5-9% Fe, and 2-1/4-2-3/4% Ti as the 
other major constituents. 



The thermal b a r r i e r  cons is ted  of a  heavy-walled, so lu t ion - t r ea t ed  Type 304 
s t a i n l e s s  s t e e l  tube.  The G-3 thermal b a r r i e r  was -58 in .  long and had a  
0.625-in. OD and a  0.435-in.' ID .  Twenty-four s l o t s ,  0.167 in .  wide by 0.934 in .  
long , '  were cu t  i n t o  the  tube t o  accommodate capsules  conta in ing  s i l i con -ca rb ide  
temperature monitors .  Twelve of the  monitors  were located between 314 and 18 in .  
from the bottom of the  b a r r i e r ,  and the remaining twelve were loca ted  between 1 
and 19 in .  from the top  of the  b a r r i e r .  A s l o t  -85 m i l s  wide and 60 m i l s  deep 
was machined the f u l l  length of the  b a r r i e r  t o  accommodate a  dosimeter assembly. 
The dosimeter assembly cons is ted  of a  small  capsu le  (0.042-in. diam) conta in ing  
15-mil wires  of V, A l ,  Cu, and small p a r t i c l e s  of f i s s i l e  m a t e r i a l .  Five of 
t he se  capsu les  were placed a t  va r ious  a x i a l  l oca t ions  i n  a  0.065-in. OD by 
0.009-in. wal l  tube running the f u l l  l ength  of . t he  thermal ba r r i e ' r .  

The ou t e r  capsu le  cons is ted  of 0.778-in.' OD by 0.725-in. I D  so lu t i on - t r ea t ed ,  
Type 304 s t a i n l e s s  s t e e l  tube. The o v e r a l l  l ength  of the  capsu les  was 60 i n .  
Heat t r a n s f e r  from the  element t o  the  thermal b a r r i e r  and from the  thermal 
b a r r i e r  t o  t he  capsu le  was provided by sodium i n  the  annu l i .  The capsu le  was 
wrapped with a  0.020-in.-diam wire t o  space the capsu les  and provide mixing of 
t h e  coolan t  i n  t he  subassembly. 

.B. I r r a d i a t i o n  Condit ions 

The G-3 capsu le  was i r r a d i a t e d  i n  p o s i t i o n  5 of subassembly X094 i n  reac- 
t o r  g r id  p o s i t i o n  7B4, which i s  11.68 i n .  from the  cen t e r  of t he  EBR-I1 core.  
The Mark B-7B subassembly i s  a  s l i g h t l y  modified Mark B-7' subassembly with tri-  
angular  f i l l e r  s t r i p s  added t o  the  c e n t e r  of t he  hexagonal-can f l a t s  t o  reduce 
the  flow a rea  around the  ou t e r  row of capsu les .  The s i z e  of the  capsu les  was 
reduced from the  s tandard 0.806-in. OD, f o r  a  Mark B-7, t o  0..778-in. OD, and a  
20-mil-diam spacer wire was added. The reduc t ion  of the  flow a rea  between the  
hexagonal can and the  ou t e r  row of capsu les  and the  coolan t  mixing t h a t  r e s u l t e d  
from the spacer wires  maintained the  overcool ing on the  per iphery of t he  capsu le  
a r r a y  a t  an acceptab le  l e v e l .  

The high cladding temperatures  achieved i n  the  F-1 experiment were, t o  a  
l a r g e  e x t e n t ,  due t o  the  thermal b a r r i e r .  The maximum ca l cu l a t ed  temperature 
d i f f e r e n c e  of 126°C ac ros s  the G-3 thermal b a r r i e r  r e s u l t e d  i n  a  peak cladding 
temperature  of 700 5 25"C, a s  shown i n  Table I. Calculated temperatures  fo r  the 
beginning-of- l i fe  capsu le ,  thermal b a r r i e r ,  and element c ladding i n  the  core  re- 
g ion  of capsu le  0 3  a r e  shown i n  Fig.  2. 

Capsule G-3 was i n  the  EBR-I1 core  from Run 47B through Run 54, but was ou t  
of t he  core  f o r  sho r t  per iods  during t h a t  span while searches fo r  l eak ing  f u e l  
elements were performed. The t o t a l  exposure fo r  G-3 was 9113 MWd a t  62.5 MW re- 
a c t o r  ope ra t i ng  power with a  maximum t o t a l  f luence  of 2.0 x  nv t .  The axial. 
f luence  p r o f i l e  is shown i n  Fig.  3. The fueled por t ion  of the  element coincided 
with the  length  of the  EBR-I1 core .  



TABLE I. Ca lcu la ted  Component Temperatures and Radial  Temperature I n c r e a s e s  d u r i n g  
Peak Power Operat ion (Run 51A) 

' Capsule Cladding 
Outer  I n s i d e  

Axia l  . Cnolant  Sur face  Sodium . Sodium Sur Lace 
P o s i t i o n  .Power, Temperature,  Temperature, .  Capsule Bond ~ a r r i e r  Bond Cladding Temperature,  

XIL kW/ f t "C " C AT, "C AT, "C AT; "C AT, "C AT, "C "C 

Bottom 12.65 . 372 377 23.2 14.3 115.2 38.3 38.6 607 

0 . 1  12.79 380 386 23.5 14.5 116.5 38.8 . 38.9 618 

7 4 0 - I  I I  I I I ' 1  ' 1  I .  I - '  I 
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- - 
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- 4 Region of Capsule G - 3 .  Neg. No. MSD-64132. 

4 6 0  - 
4 

1.' - - 

CAPSULE ID - 
/ 

' 380 

3 4 0 -  

- 
- - 

. - 
- - 

3 0 0  1 1 1 1 1 1 ' - 1  
0 2 ,  4 6 8 10 12 14 

. . 
DISTANCE ABOVE THE CORE BOTTOM, in. 



DISTANCE ABOVE THE BOTTOM OF THE CORE,in. 

Fig. 3. Fluence Profile for Core Region of Capsule G-3 for Neu- 
trons with Energies >O.1 MeV. Neg. No. MSD-64131. 

11. DISASSEMBLY OF THE CAPSULE 

The G-3 capsule contained several  important components i n  addi t ion  to  the  
fue l  element. The r e t r i e v a l  of the temperature monitors and dosimetry capsules 
resul ted  i n  considerable e f f o r t  being expended in  the disassembly of the capsule. 

The capsule was examined v i s u a l l y  and photographed a t  a magnification of 
0.67X, as shown i n  Fig. 4. The general condition of the capsule was good. 
The usual s u p e r f i c i a l  scratches and marks were observed, but no unusual 

Fig. 4. Macrophotographs of the G-3 Capsule before Disassembly. Ruler 
was used to accentuate the bow. Nhg. No. MSD-181762. 



disco lo ra t ions  were seen. A small dent was noted i n  the  capsule -5 in .  from 
the top. This dent ,  which had been noted previously,2 did not occur during 
shipping t o  nor handling i n  the  AGHCF. The bow of the capsule was estimated 
from photographs. The maximum bow was -0.11 in. a t  an o r i en ta t ion  35' counter- 
clockwise from the  0" o r i en ta t ion  when viewed from the top of the capsule. The 
d i r e c t i o n  of bow was away from the center  of the subassembly. The maximun bow 
occurred -30 in. above the bottom end of the capsule. 

The capsule plenum was punctured and the gas col lec ted .  The gas exhibited 
no rad ioac t iv i ty ,  which indicated tha t  the fuel  element was i n t a c t ,  and normal 
capsule disassembly proceeded. A circumferential  cut  through the capsule tube 
was made jus t  above the  lower weld. The capsule was heated t o  -llO°C, and the  
capsule tube was pulled upward, with respect  to  the thermal b a r r i e r  and element, 
a d i s t ance  o t  -2 in. A t  t h i s  point ,  no addi t ional  separat ion of the components 
could be made using the master-slave manipulators. It appeared tha t  the  bow i n  
the  capsule caused an in ter ference  f i t  between the temperature monitors and the 
capsule tube, when moved with respect to  one another. The i n i t i a l  diametral  
clearance between these  components was 0.005 in.  Two addi t ional  circumferential  
cu t s  were made through the capsule a t  20 and 35-112 in. from the bottom, and the  
th ree  sec t ions  of capsule tube were removed without addi t ional  d i f f i c u l t y .  A 
c i rcumferent ia l  cut  was made i n  the thehnal b a r r i e r  jus t  above the lower element 
weld, the  assembly was heated to  -llO°C, and the element was e a s i l y  pulled from 
the  b a r r i e r  . 

1. : 
e 

The dosimetry assembly (Fig. 5) was removed from the thermal b a r r i e r  by 
breaking the  tack welds a t  each end; the  tack welds held the assembly i n  the 
s l o t  i n  the b a r r i e r .  The -3-in.-long capsules containing the dosimeter w i r e s  
were removed from the  dosimeter tube by means of a thennocouple s t r i p p e r .  The 
thermocouple s t r i p p e r  (Fig. 6 )  consisted of a cut t ing  tool  mounted i n  the  chuck 

51-9/ I 6 ' a - I  
L J 

t0.065 in. 0 D x 0.009 in. WALL 

DOSIMETER ASSEMBLY 

8 : 1 ~ 0 . 0 4 5  in. 0 D x 0.00775 in. WALL I 

V-0.47%  el 
0.015 x I in. LONG 

nr-0.12% coJ 
0.015 x I in LONG 

DOSIMETER CAPSULE 

Fig. 5.  Dosimeter Assembly from the Thermal Barrier. The assembly contaim 
10 dosimeter capsules, stainless steel spacers, and a 3-15/16-in.ilong 
tungsten rod. Neg. No. MSD-64133. 



Fig. 6. Thermocouple Stripping Device Used to Deencapsulate the Dosimeters from the F-1 Series 
of Capsules Irradiated in EBR-I1 as Part of the GCFR Experiments. A: trough that supports 
the dosimeter capsule; B: vise used to hold the capsule in position during the stripping 
operation; C: thermocouple stripping tool; and D: drill motor. 

of an e l e c t r i c  d r i l l  and a trough aligned with the c u t t i n g  too l .  The dosimeter 
tube was clamped i n  the  trough and the  c u t t e r  moved so t h a t  the  dosimeter tube 
was fed slowly i n t o  the c u t t i n g  too l  i n  increments of -1 i n .  The dosimeter tube 
peeled of f  i n  a t h i n  s t r and  a s  it was fed i n t o  the  c u t t i n g  tool. .  As each of the  
items i n  the dosimeter tube was exposed, the s t r i p p e r  was backed of f  and t h e  
item was pul led from the tube. The tube was then fed through the  thermocouple 
s t r i p p e r  u n t i l  the next item was exposed. The thermocouple s t r i p p e r  made v i s i -  
b l e  sc ra tches  on the dosimeter capsules  as  i t  peeled off  the  dosimeter tube, but 
the scra tches  were not deep and only extended a shor t  d i s t ance  ( t h e  amount ex- 
posed before the  capsules  were pul led from the  tube) .  The only d i f f i c u l t y  en- 
countered during the removal of the dosimetry capsules  was t h a t  pieces of t he  
s t r and  of tubing from the  c u t t e r  occas iona l ly  clogged the  s t r i p p e r .  The dosim- 
e t e r  capsules  were shipped t o  GA for  ana lys i s .  

A cut-off wheel was used t o  cut  through the  t abs  of the  temperature-monitor 
capsules  t o  remove the  monitors from the  thermal b a r r i e r .  The temperature moni- 
t o r s  were numbered consecut ive ly  from 1 t o  24, s t a r t i n g  a t  the  bottom and ending 
a t  t he  top. An attempt was made t o  remove the  Mo capsule  conta in ing  the  temper- 
a t u r e  monitors from the  s t a i n l e s s  s t e e l  capsules  t o  reduce the  r a d i o a c t i v i t y  of 
t h e  capsules  before a d d i t i o n a l  handling. The s t a i n l e s s  s t e e l  capsules  were 
tapped on a t a b l e  i n  an e f f o r t  t o  move the  Mo capsules  t o  the  lower end. The 
ou te r  capsules  were cu t  a s  near the  upper weld a s  poss ib l e ,  and the  Mo capsules  
were removed. During t h i s  opera t ion ,  the  Mo capsule  was opened, and the  monitor 
was found t o  be  contaminated with alpha-bearing ma te r i a l  i n  four of the f i r s t  
twelve capsules .  Therefore,  no e f f o r t  was made t o  remove the o the r  twelve Mo 
capsules  from t h e i r  s t a i n l e s s  s t e e l  capsules .  A l l  24 monitors from the thermal 

b a r r i e r  were shipped t o  GA f o r  ana lys i s .  



The f i n a l  s tep  i n  the  disassembly and examination of the capsule hardware 
was metallographic examination of the braze connection joining a 118-in.-diam 
tube t o  the  capsule-end f i t t i n g .  This tube was used t o  i n j e c t  the bond sodium 
i n t o  the capsule during fab r i ca t ion  of the capsule. The braze was i r r a d i a t e d  
a t  a temperature of 370 + 5°C ( 7 0 0 " ~ )  and was exposed t o  an order of magnitude 
l e s s  fluence than the  peak-power region of the capsule. The braze was exposed 
t o  the  bond sodium a t  the  end of the f i l l  tube ins ide  the  capsule. The micro- 
graphs i n  Figs. 7 and 8 show tha t  the braze has not been de le te r ious ly  af  fected 
by its environment during i r r a d i a t i o n .  - 

Fig. 7. Microstructure of Sodium Fill-tube Braze and Adjacent Stainless Steel 
in A l ~ l ~ i v e  Scrll~ple. Sarnple was ebctroetched i n  lOL% Oxahc acid. - - 
Neg. Nus. (a) MSD-182232: (b) MSD-182234; and (c) MSU-L822YS. i - 

/--FILL TUBE r BRAZE 

FILL TUBE- 

Longitudinal section through the G-3 bottom fill-tube braze after 
irradiation. Sample was electroetched in 1070 oxalic acid. 

Fig. 8. Condition of Fill-tube Braze after Irradiation. Neg. Nos. (a) MSD-165597 and @) MSD-165598. 



111. NONDESTRUCTIVE EXAMINATION OF THE ELEMENT 

After the element was removed from the thermal b a r r i e r ,  the  r e s idua l  so- 
dium was removed with ethanol and the nondestructive examination was begun. 
e on destructive examination consisted of v i sua l  examinat ion, gamma scanning, 
profilometry, and eddy-current scanning. 

A. Visual and Photographic Examinations I .  

The v i sua l  and photographic examinations of the element showed tha t  i t s  
surface was i n  good condition. The only s ign i f i can t  marks on the  surface were 

d iscolora t ions  between 3 and 17 in .  

1 t o r s  i n  the 'thermal b a r r i e r  ( ~ i g .  9 ) .  

1 were a lso  placed i n  t h i s  region. The6 

Fig . 9. Discolorations on G-3 Element Cladding 8 in. 
The maximum bow of the element, a s  

above the Bottom of the Ca~sule. The dis- determined from photographs a t  a magni- 

colorations correspond to thb position of the f i c a t i o n  of 1x3 was 0 -  16 + 0.01 i n *  a t  
temperature monitors located adjacent to the an o r i en ta t ion  120' clockwise from the 
cladding in the thermal barrier (mirror image). 0" o r i e n t  a t  ion looking down on the  top 
Neg. No. MSD-163773. of the element, or -180' opposite the  

bow of the capsule. The maximum bow 
occurred approximately 30 in. above the bottom of the  capsule. The element bow 
ind ica tes  tha t  the element was i n  in te r fe rence  contact with the  thermal b a r r i e r  
a t  room temperature. However, a bow of t h i s  magnitude over the length of the  
element is  not considered severe. 

UPPER BLANKET CORE REGION LOWER BLANKET 
CO& TOP CmF RnTTnM 

ELEMENT G-3. 0' Orientation 

UPPER BLANKET CORE REGION LOWER BLANKET 
CORE TOP ELEMENT G3, 0' Orientation CORE BOTTOM 

Fig. 10. Fueled Region of the G-3 Element (mirror image). Neg. No. MSD-168571. 



B. Gamma Spectroscopy 

Gamma spectroscopy was performed on the element with a l i thium-drif ted 
germanium ( G e - ~ i )  c r y s t a l  s c i n t i l l a t i o n  detec tor  located external  t o  the AGHCF. 
During gamma spectroscopy of an element, the ganrma rays are  collimated through 
a 4-ft-long coll imator  with a l-in.-long va r i ab le  height (0.01-0.084 in . )  s l i t .  
The s l i t  opening i s  covered with a th in  aluminum d i sk  t o  maintain the  alpha 
b a r r i e r  of the c e l l .  A pulse-height analyzer (4096 channels) and an analog- 
d i g i t a l  converter a re  used t o  convert the s ignals  from the  s c i n t i l l a t i o n  
counter i n t o  counts i n  the energy bands defined by the channels. Each channel 
represents  an energy increment of 50 keV. 

Gamma scanning of the element a t  the AGHCF was i n i t i a t e d  on Oct 5, 1972, 
218 days a f t e r  the  end of i r r a d i a t i o n  i n  EBR-11. Extensive gamma scanning had 
been performed on the 6-3 capsule during the X094 interim examination a t  the  
HFEF. However, a t  tha t  t i m e  the a c t i v i t y  l eve l  of the element was so high tha t  
the  lS7cs a c t i v i t y  could not be dist inguished from the background noise. After 
218 days of decay time, the  1 3 7 ~ s  peak was qu i t e  prominent. The r e s u l t s  of 
continuous scans of the  element a re  summarized i n  Fig. 11. The r e s u l t s  of 
scans fo r  the nonvola t i le  f i s s i o n  products showed no unusual fea tures  except 
tha t  a gap was apparent between the bottom p e l l e t  and the  next p e l l e t  above. 
The scan fo r  1 3 7 ~ s  showed a peak near the  top of the  lower blanket,  a sharp 
peak in  the  gap between the bottom and the next p e l l e t ,  and a peak near the  
bottom of the upper blanket.  The 1 3 7 ~ s  peaks i n  the  blanket regions a re  not a t  
the  exact fuel-blanket in te r faces .  The peak i n  the upper blanket i s  -1/4 i n .  
from the i n t e r f a c e ,  and the peak i n  the lower blanket i s  -1/10 in. from the 
lower in te r face .  

UPPFR BLANKET CORE REGION LOW= BLANKET 

Fig. T1. Cpntinuous Gammarscanning Results in the Fueled Region of Element G-3. Note the Cs ac- 
tivity peaks at the top and near the bottom of the fuel column. Neg. No. MSD-165629. 



C. Profilometry 

Diametral measurements were performed on the element using a contact-type 
profilometer with an accuracy of +0.0002 in. Measurements were made a t  orien- 
t a t ions  of 0, 45, 90, and 13S0, and each was checked by duplicat ing the mea- 
surements a f t e r  the  element was ro ta ted  180'. 

' The r e s u l t s  of the prof ilometry measurements are  shown i n  Figs. 12 and 13. 
The measured maximum diameter was 0.3008 in. a t  -7 in.  above the  bottom of the 
core i n  the 90' or ien ta t ion .  The maximun average (of the four azimuthal orien- 
t a t i o n s  measured) diameter was 0.3006 in.  The average measured diameter fo r  
the upper and lower blanket regions was 0.3003 in. P re i r rad ia t ion  measurements 
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Fig. 12. Results of Diametral Measurements on the G-3 Element at 0 and 90" 
Azimuthal Orientations. Neg. No. MSD-165630. 
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Fig. 13. Results of Diametral Measurements on the G-3 Element at 45 
and 135" Azimuthal Orientations. Neg . No. MSD-165663. 



of the  element were made a t  ORNL using a micrometer. These measurements showed 
a f a i r l y  uniform diameter of 0.3000 in. over the e n t i r e  length of the fueled 
region. The temperature of the element was not measured a t  the time the post- 
i r r a d i a t i o n  diameter measurements were made, but experience with elements a t  
s imi la r  burnups indicate  tha t  a post i r r a d i a t i o n  surface temperature of -75" C 
could be expected. Therefore, a correc t ion of -0.2 m i l  should be subtracted 
from the pos t i r rad ia t ion  measurements t o  account for  the thermal expansion of 
t h e  element cladding. These r e s u l t s  indica te  a maximum change of 0.2% i f  the 
temperature correc t ion is ignored and -0.13% i f  the pos t i r rad ia t ion  measure- 
ment s are  corrected , for  thermal expansion. 

Cj,- 

The element was inspected by means of an eddy-current tester with t h e  
c a p a b i l i t y  to  de tec t  defects  i n  the  cladding I D  and OD. The system u t i l i z e s  a 
point probe that  covers -18" of the circumference of the element. The e n t i r e  
element was t e s ted  by scanning a t  15" azimuthal in te rva l s .  A t  present ,  the  
r e s u l t s  of t h i s  method of t e s t i n g  the cladding are qua l i t a t ive ,  s ince the re- 
sponse of the device t o  defects  produced by fission-product a t t ack  of the clad- 
ding are much g rea te r  than the response to  d i s c r e t e  tlaws machlned in to  tubing 
a s  ca l ib ra ted  defects .  The r e s u l t s  of eddy-current scans of the element a t  0 
and 180" o r ien ta t ions  a re  shown i n  Fig. 14. These scans are  qu i t e  s imi lar  t o  
t h e  scans made a t  the  o ther  or ienta t ions .  These r e s u l t s  indica te  tha t  a t t ack  
of the  cladding has occurred i n  the  element from 2-112 in. above the bottom of 
t h e  fuel  column t o  the  top of the fuel  column. The response of the device 
indicates  that  a t t ack  on the order of several  m i l s  has occurred; however, sub- 
sequent metallography a t  the bottom, 3-318, 6-718, 10-314 in.  above the bottom, 
and a t  the top of the fue l  column shows -0.0003 in. of uniform at tack i n  a l l  
regions except a t  the bottom. No a t tack was observed a t  the bottom o t  the rue1 
enl.i~mn . 

BoTTOM(IF ~ T E L  COLUMN TOP OF FUEL COLUMN 

Fig. 14. Results of Eddy-current Testing of the G-3 Cladding after Irradiation. Neg. No.MSD-166499. 



IV . DESTRUCTIVE EXAMINATION 

Destructive examination of the 6-3 element consisted of gas sampling and 
analyses, flow testing, and ceramographic and metallographic examinations. 
The testing and sample-preparation procedures as well as the results of thdse 
examinations are described. 

Gas Sampling and Analyses 

The gas was removed from the element by drilling into the plenum region, 
transferring it to an evacuated gas measuring and sampling apparatus, and the 
pressure was measured in a known volume. These measurements showed that the 
element contained a total volume of 58.5 ml of gas at STP. The results of 
mass spectrometry of a sample of this gas are given in Table 11. The gas 
analyses showed a helium content of 33.9% or a volume of 19.8 ml helium at 
STP. The plenum volume of the element was determined to be 22.1 ml by back 
filling the element with the cell atmosphere and repeating the gas-vo'Ltme 
measuring operation. The discrepancy between the helium volume and the volume 
of the element plenum could arise from seal welding in a negative pressure 
glovebox and at an elevated temperature in the vicinity of the weld. 

TABLE 11. 6-3 Gas Analyses 

I 

A. Gas Composition 

Vo luaae Vo l m e  
Gas Volume, X at STP, ml Volume, % at STP, ml 

B. Isoto~ic Analvses 

The 5.3 ml of Kr and 33.1 ml of Xe found in the element represent a gas 
release of -64%. This release is based on a generation of 0.2055 ml of fis- 
sion gas per gram of fuel, (u,Pu)o~, per percent burnup. The average burnup 
for 0-3 was estimated as 2.6%. The release of 64% of the fission gas is in 
good agreement with other data from oxide elements with similar fuel densities 
and power ratings. 

Isot ope Volume, X 

831[r 15 .O 

84~r . 26.9 

8 5 ~ r  6.7 

8 6 ~ r  51.4 

Isotope Volume, X . 
131xe 15.2 

132~e 22.4 

I 34~e 34.2 

136~e 28.2 



Flow Tests  

H e l i m  was permitted t o  flow through severa l  regions of t h e  element t o  
determine whether blockages had occurred during i r r a d i a t i o n .  The apparatus 
shown i n  Fig. 15 was used t o  measure the  d i f f e r e n t i a l  pressure and flow of 
helium introduced i n t o  the  element through small holes d r i l l e d  i n  t h e  
cladding.  The regions of the  element t h a t  were t e s t ed  and t h e  ent rance  and 
e x i t  po in t s  f o r  t h e  gas a r e  l i s t e d  i n  Table 111. The r e s u l t s  of t h e  flow 
t e s t s ,  given i n  Table I V ,  show t h a t ,  a t  room temperature, a r e l a t i v e l y  . f r ee  
gas flow was evident  i n  t h e  element, except a t  t h e  ends of the  f u e l  column. 
The top  and bottom fuel-blanket i n t e r f a c e  regions permitted a helium flow of 
only 0.3 mllsec a t  a d i f f e r e n t i a l  pressure of -50 in .  of water. 

C. Ceramographic and Metallographic Examinations 

Thc ccrmographic and met wllogrnphi c examinat ions of samples cut  from 
t h e  element cons t i tu ted  a major por t ion  of the  des t ruc t ive  examination. l'hesc 
examinations e n t a i l e d  sec t ioning the  element, preparing samples, and 
performing o p t i c a l  microscopy and electron-microprobe analyses of t h e  f u e l  and 
cladding. The element was cut i n t o  specimens ( ~ i g .  16), using a slow-speed 
s i l i c o n  carbide cutoff  wheel. Three t ransverse  and two longi tudinal  s e c t i o n s '  
were placed i n  e l e c t r i c a l l y  conducting mounts and prepared f o r  o p t i c a l  
microscopy and electron-microprobe analyses. During t h e  sec t ioning operat ion,  
specimens were a l s o  cut  f o r  burnup analyses (temperature determination us ing 
the  r e l e a s e  of 8 5 ~ r  from t h e  r e c o i l  l a y e r  of the cladding) and-b iax in l  s t r e s s -  
rup tu re  t e s t s .  The experimental determiriation of t h e  claddiug temperature wao 
performed a t  GA; t he  r e s u l t s  a r e  not included i n  t h e  present  repor t .  

Fig. 15.  low-testing Apparatus Used to Determine Helium Flow Rates 
through Several Axial Regions of 63. Neg. No. MSD-63996. 



TABLE 111. Gas Flow Paths fo r  0-3 Flov Testa 

Test 
Number Location Gas I n  Gas Out 

- - -  

1 Plenum and Charcoal 
Trap Region 

2 ~ l i n k e t  Region 

3 Top Fuel-blanket 
I n t e r  face 

4 Fuel Column 

B o t t w  Fuel-blanket 
~ n i e r f a c e  

- 

-23-112 in .  above 
reference point 

-18-318 in.  above 
reference point 

-17-518 in.  above 
reference point 

9-112 in.  above 
reference point  

4-118 in .  above 
reference point 

-36-718 i n .  above 
reference point  

23-112 and 
36-718 in .  above 
reference point  

18-318, 23-112, 
and 36-718 i n .  
above reference 
point  

17-518, 18-318, 
23-112 and 
36-718 in.  above 
reference point  

9-112, 17-518, 
18-318, 23-112, 
and 36-718 i n .  
above reference 
point  

aReference point is located 17.265 in .  above the  bottom of the  element, in-  
c luding the end f i t t i n g .  

TABLE I V .  Results of 0-3 Flow Tests  

Blanket Region 

Top Fuel-blanket 
I n t e r  face 

Fuel Column v i a  
Central  Hole 

Test Pressure,  Flow Rate, 
Number Location i n  H20 m l / s  

1 Plenum and 2 3.0 
Cttarcoal-trap 4 6.6 
Region 6 9.7 

8 12.5 
10 15.3 
20 28.3 
30 39.8 

1.3 0 .3  
10.5 1.6 
28.2 4.5 
4 i  .8 6.7 
49 .O 8 .O 

11.7 0.2 
50 0.3 

0.1 0.3 
0 .3  1.7 
0.7 4.7 
1 .3  9.8 
2.4 17.3 
3.7 25.3 
5.5 33.8 
7.4 42.1 

5 Bottom Fuel- 12 0 .2  
blanket 48 0.3  
I n t e r  face 
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Fig. 16. Cutting Diagram for the 6 .3  Element. Neg. No. MSD-166495. 

The namplas fo r  microscopy were prepared i n  t h e  Materials  Science Divi- 
s ion ' s  AGHCF using Buehler slow-speed grinding and polishing machines with 
Whirlimet attachments. The samples were ground using 320- and 600-grit sili- 
con carbide papers and were polished using 3 and 1 pm diamond paste. Hyprez* 
was used as t h e  c o o l a ~ t  i n  the grinding and polishing s teps .  The samples were 
cleaned between prepara t ion s t eps  i n  u l t r a s o n i c  baths containing ethanol .  The 
cladding was e l e c t r o l y t i c a l l y  etched using 5% HC1 i n  methanol a t  10 V. The 
hot -ce l l  atmosphere was ni trogen t h a t  contained (100 ppm oxygen a~ ld  -50 ppm 
wafer. 

Microscopy of t h e  samples included a ser ies  of axtlmi~lations i n  t h e  fol-  
lowing sequence: 

1. Optical  microscopy i n  the  as-polished condit ion was performed on a l l  
samples. This included making a e m p a s i t e  of eadl sec t ion  a t  a magnification 
of 50X, photo- g r a p l ~ i l ~ g  areas of in te rco t  at m a g n i f i c a t i n n ~  n f  250 and 500X, 
p t ro to~raphing regions of the  fuel  under polarized l i g h t ,  and determining the  
r a d i a l  poros i ty  d i s t r i b u t i o n  'of the fuel .  

2. Electron-microprobe analyses were performed on t h e  bottom longitu- 
d i n a l  sec t ion ,  the  middle t ransverse  sec t ion ,  and t h e  top longi tudinal  sec t ion .  
These examinations included attempts t o  determine t h e  r a d i a l  d i s t r i b u t i o n  of 
U, Pu, C s ,  I, and Te, t h e  composition of se lec ted  fission-product inc lus ions ,  
t h e  composition of the  f u e l  phase adjacent  t o  t h e  cladding, and t h e  composi- 
t i o n  of the  cladding where fissioa-product atlack has  occurred. 

3. Optical  microscopy of the  cladding a f t e r  it was etched. 

4. Microhardness measurements on t h e  cladding. 

* ~ ~ ~ r e z  is a trade name for a kerosene-base liquid that does not react with alkali metals. 



Results  o f  Ceramoaravhic Examinat ion 

The as-polished longi tudinal  and t ransverse  sec t ions  of the  element a r e  
.shown a s  composite photographs i n  Figs. 17 through 21. These sec t ions  show 
tha t  the fuel  has res t ruc tured  t o  produce the  usual  th ree  r a d i a l  zones, t h e  
columnar-grain zone, the  equiaxed-grain zone, and the  unrestructured zone. 
The dimensions of the zones a re  given i n  Table V. The most s t r i k i n g  r e s u l t  
revealed i n  the  composites was the  c los ing of the  c e n t r a l  hole  ( t h e  f u e l  was 
fabr ica ted  with a  0.059-in.-dim c e n t r a l  hole)  near t h e  top  and bottom fuel -  
blanket in ter faces .  The fue l  has a l s o  expanded t o  c lose  the  o r i g i n a l  0.0035-in. 
diametral gap between the  fue l  and the  cladding and is e s s e n t i a l l y  i n  contac t  
with the  cladding over the  e n t i r e  length of the  f u e l  column. 

Fig. 17. Composite of the Bottom Longitudinal Section of the G-3 Fuel Column 
in the As-polished Condition. Neg. No. MSD-165604. 



Fig. 18. Composite of the Transverse Section 3-3/8 in, above the 
Bottom of the G-3 Fuel Column in the As-polished 
Condition. Neg. No. MSD-165606. 

Fig. 19. Composite of the Transverse section 6-718 in. above the 
Bottom of the G-3 Fuel Column in the As-polished 
Condition. Neg. No. MSD-165607. 



Fig. 20. Composite of the Transverse Section 10-3/4 in. above the 
Bottom of the G-3 Fuel Column in the As-polished 
Condition. Keg. No. MSD-165605. 

Fig. 21. Composite of the Top Longitudinal Section 
of the 6 3  Fuel Column in the As-polished 
Condition. No. MSD-165601. 



TABLE V. &tallographic Data f a r  3lement 6-3 

Axial Cladding I D  Diameter of Diametzr of Diameter o f  
Sample Posi t ion,  a Temperature, Central Co lmnar-grain Zone, Equiaxed-grain Zone, 
Number Sample Type in. " C Hole, m i l s  : n. i n .  

Longitudinal Bottom 598 49 max 
Closed, minb 

91A-9 Transverse 3-318 

91A-15 Transverse 

91A-13 Transverse 6-718 

10-314 

Longitudinal 13-112 

64 max 

63 max 

670 49 max 0.141 
Closed, minb 

aDistance above the bottom of the ccre. 
b!l%e cen t ra l  hole appeared t o  have been closed by fuel-vapor deposit ion near the  fuel-blanket in te r face .  



Metal l ic  fission-product inclusions were d i s t r ibu ted  throughout the 
columnar- and equiaxed-grain zones. These fission-product inc lus ions  were 
r e l a t i v e l y  few i n  number and were so small i n  s i z e  tha t  t h e i r  composition 
could not be determined with the shielded microprobe. 

The typica l  microstructure of the three  zones i n  the fue l  a t  the  r eac to r  
midplane a re  shown i n  Figs. 22-24. These f igures  show an area from each of 
the three  zones in  the  as-polished condition under polarized l i g h t  and normal 
incident  l i g h t .  The individual  gra ins  a re  apparent in  the  photographs made 
with polarized l i g h t  but not i n  those taken with normal i l lumination.  The 
v a r i a t i o n s  i n  gra in  s i z e  from qu i t e  small gra ins  i n  the unrestructured zone t o  
the la rge  elongated gra ins  i n  the columnar-grain zone a re  evident.  

Fig. 22. Outer Edge of Fuel at the Midlength of the Fuel Column of 
l3e111eut G-3. Tllis area is typical of the unrestructured 
zone of the fuel. The sample was in the as-polished con- 
dition. (a) Normal bright-field Illumination. Neg. 
No. MSB-164920; @) Polarized-light Illumination. Ncg. 
No. MSD-164921. 



Fig. 23. Typical Area of Equiaxed Zone at the Midlength of the Fuel 
Column of Element 6 3 ,  The sample was in the "as- 
polished" condition. (a) Normal Bright-field Illumination. 
Neg. Nn. MSD-164922; (b) Polarized-light Tllumination. 
Neg. No. MSD-164923. 



Fig. 24. Typical area of the Columnar-grain Zone at the Midlength 
of the Fuel Column of Element G-3. 'I'he sample was in the 
Mas-polishedff condition. (a) Normal Bright-field Illumination. 
Neg. No. MSD-164924; @) Polarized-light Illumination. 
Neg. No. MSD-164925. 



Fuel-density Determination 

The dens i ty  of the  fue l  i n  the  metallographic sec t ions  was determined 
using a Quantimet image analyzer. The measurements were made by project ing an 
image of the  fue l  micros t ructure  on a vidicon scanner. Features i n  the micro- 
s t r u c t u r e  can then be detected according t o  t h e i r  gray l eve l .  The threshold 
of de tec t ion  is se lec ted  by the  operator  and the area corresponding t o  t h a t  
gray l e v e l  i s  ca lcula ted  by the  computer port ion of the system. 

The Quantimet measurements of the  void area have an e r r o r  of f2% as de- 
termined by c a l i b r a t i n g  the  instrument with U02 specimens of known dens i ty  a t  
a magnificat ion of 250X. The main source of e r r o r  in  the  measurement was the  
r e s u l t  of operator  judgment being required t o  set the threshold of de tec t ion ,  

- which i n  turn ,  a f fec ted  the  detected void s i ze .  The threshold of de tec t ion  did -=- .- F- 
not change during a t r ave r se  across the  fue l  radius. Therefore, the measure- I 

ment of the r e l a t i v e  dens i ty  across a specimen was more accurate than the mea- 
surement of dens i ty  from specimen t o  specimen. Other f ac to r s  a f fec t ing  the  
accuracy of the measurement were the  extent  of fue l  pullout  during sample prep- 
a r a t i o n  and the presence of la rge  cracks i n  the  fue l .  Both of these e r ro r s  
were d i f f i c u l t  t o  quantify,  but they could be minimized by ca re fu l  se lec t ion  of 
the  r a d i i  t o  be traversed and ca re fu l  sample preparation. It should be noted 
tha t  both of these e r r o r s  tend t o  make the  measured dens i ty  l e s s  than the ac- 
t u a l  dens i ty .  

The percent of fue l  dens i ty ,  measured a t  a magnification of 200X for  t h e  
6-3 sec t ions  i s  shown i n  Figs. 25-27. The d e n s i t i e s  shown for  the  t ransverse  
sec t ions  a re  the  average of two r a d i a l  t raverses .  The t raverses  were se lec ted  
a s  those representa t ive  of the  general fue l  s t ruc ture .  Large cracks and any 
areas  of fue l  pullout  were avoided. The fuel  d e n s i t i e s  for  the longi tudinal  
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Fig. 25 

Diameaal Distribution of Fuel Density for the 
Bottom Longitudinal Section from Element G-3. 
The determinations were made along a line 
through the region where the central void has 
been closed. Neg. No. MSD-64129. 
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Fig. 26. Radial Distribution of Fuel Density 

in the Transverse Sections from G-3. 
(a) Section 10-3/4 in. above core 
bottom; (b) Section at the core mid- 
plane; (c) Section 3-3/8 in. above 
core bottom. Neg. No. MSD-64128. 
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Fig. 27. Diametral Distribution of Fuel Density for the 
Top Longitudinal Section from Element G-3. 
The determinations were made along a line 
through the region where the central void has 
been closed. Neg. No. MSD-64130. 

sec t ions  were obtained from a s ing le  diametral t raverse  across the  fue l  a t  the 
fuel  bridge near the ends of the fuel  column. Since cracks i n  the  fue l  could 
not be avoided during these t raverses ,  low-density values ( 5 5 % )  appear i n  the  
densi ty d i s t r i b u t i o n s .  The cracks are  pa r t i cu la r ly  evident for  the  bottom 
longi tudinal  sect ion.  

The general ly low-density values for  the 10-314-in. s e c t  ion, when compared 
with the other sec t ions ,  a r e  substant ia ted  by a q u a l i t a t i v e  indicat ion of greater  
porosi ty on the composite photograph a t  a magnification of 40X. The lower den- 
s i t y  may r e f l e c t  the  lower power ra t ing  i n  t h i s  region o r  a pel let- to-pellet  
v a r i a t i o n  i n  the as-fabricated densi ty .  Otherwise, these densi ty  d i s t r i b u t i o n  
r e s u l t s  showed no unusual trends. 

F. Burnup ~ e t e r m i n a t i o a  

Based on in te rpo la t ion  between measured values, the peak burnup of t h e  
element was -2.8 a t .  %. Burnup determinations were made with both 14 '~d  and 
1 3 9 ~ a  as the burnup monitors. The Nd and La in te rna l  spikes were added t o  the  
same a l iquot  and run simultaneously on the  mass spectrometer. The burnup 
values reported by I3bersole3 for both monitors are given i n  Table V I .  



TABLE V I .  Burnup Determinations 

Measured Burnup, 
a t .  X 

Sample Distance above 
Number Core Bottom, in .  1beNda 1 3gLab 

91A-18 13 .O 2.14 2.12 

aNd f i s s ion  yields for 2 3 5 ~  and 239Pu were 1.63 and 
1.70, respectively. 

b ~ a  f i s s ion  yields for 2 3 5 ~  and 239Pu were 6.30 and 
5 .8 ,  respectively. 

G. Elec t ron-micro~robe Analvses of the  Fuel 

Electron-microprobe examinat  ion^ wcrc pcrformcd on thrcc occt iono of thc  
fue l  ( t h e  transverse sec t ion from the reactor  midplane and the  top and bottom 
longi tudinal  sec t ions)  . A t  tempts were made to  determine the d i s t r i b u t i o n  of 
the  v o l a t i l e  f i s s i o n  products C s ,  Te, and I i n  these sect ions.  The quan t i t i e s  
of these f i s s i o n  products i n  the bottom and midplane sect ions were below the  
de tec t ion  l i m i t s  of the shielded microprobe. In  the top longi tudinal  sect ion,  
a small quanti ty of C s  was detected i n  the gap between the fuel  and cladding. 
Tellurium and iodine were not detected.  

The r a d i a l  d i s t r i b u t i o n  of Pu i n  the fuel  was determined by point count- 
ing a t  -U.Ol-in. i n t e r v a l s  trom the cen t ra l  void t o  the outer  edge. For each 
sect ion,  the high densi ty  fuel  near the cen t ra l  void was used as an i n t e r n a l  
standard. The maximum counting deviat ions were 1.8 and 0.8% for Pu and U, re- 
spect ively ,  i n  t h i s  "standard ." Relative concentrations of Pu and U were cal- 
cula ted  from the  r a t i o  of the net counting r a t e  a t  each locat ion t o  the average 
for  the  respect ive  standards.  These r e l a t i v e  concentrations were then normal- 
ized by assuming a fue l  composition of 15 wt % Pu02-85 wt % U02 i n  the  unre- 
s t ructured zone. 

The Pu d i s t r i b u t i o n  r e s u l t s  for the top, bottom, and midplane of 0 3  a r e  
shown i n  Figs. 28-30. The r a d i a l  t raverses  across the fuel  p e l l e t s  ( c i r c l e s  i n  
the f igures)  ind ica te  a segregation of Pu toward the cen t ra l  void which r e s u l t s  
i n  fue l  containing -19 wt % Pu02 adjacent t o  the cen t ra l  void. The mid t o  outer  
region of the columnar-grain zone and the inner hal f  of the equiaxed-grain zone 
were s l i g h t l y  depleted i n  Pu as a r e s u l t  of a c t i n i d e  red i s t r ibu t ion .  The a c t i -  
nide d i s t r i b u t i o n  i n  the  mater ia l  t h a t  was transported t o  t h e  c e n t r a l  hole  a t  
t h e  top and bottom of  the  fue l  column during i r r a d i a t i o n  was a l s o  determined. 
These r e s u l t s  ( t r i a n g l e s  i n  the f igures)  show tha t  the mater ia l  f i l l i n g  the cen- 
t r a l  hole a t  the  bottom of the  fue l  column had a d i s t r i b u t i o n  (Pu content versus 
d is tance  from the cen t ra l  void) qu i t e  s imi lar  t o  the rad ia l  d i s t r i b u t i o n  of the  
p e l l e t s .  The Pu content i n  the fuel  f i l l i n g  the cen t ra l  void a t  the  top of the 
fue l  column was depleted i n  Pu, p a r t i c u l a r l y  near the inner edges of the de- 
posi ted fue l ,  which i s  the  reverse of t h a t  observed i n  the p e l l e t s .  
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Fig. 28. The Pu Distribution Near the Top of 
the Fuel Column in Element G-3. 
Neg. No. MSD-180623. 

Fig. 29. The Pu Distribution Near the Bottom of the Fuel 
column in Element G-3. Neg. No. MSD-180624. 
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H. Fuel-Cladding Chemical I n t e r a c t i o n  

Cladding a t t a c k  wao obacrvcd i n  a l l  metallngraphir.  e e c t i s n s  cut: L r u u ~  Lhe 
element,  except t h e  bottom long i tud ina l  s ec t ion .  The a t t a c k  i n  t h e  s e c t i o n  
3-3/8 in .  above t h e  bottom of the  f u e l  column was l imi ted  t o  a  few i a o l a t e d  
a r e a s  around t h e  circumference of t h e  f u e l .  I n  t h e  o t h e r  specimens (6 -718 ,  
10-314, and t h e  t o p  specimen), t he  a t t a c k  was q u i t e  uniform and was p re sen t  on 
t h e  e n t i r e  i nne r  s u r f a c e  of t h e  cladding.  Opt ica l  metallography of t h e  samples 
i n  t h e  as-polished cond i t i on  revealed t h a t  t h e  a t t a c k  extended -0.3 m i l  i n t o  
t h e  cladding,  a s  shown i n  Fig.  31. This depth of a t t a c k  is  equal  t o  t h e  range 
of f iss ion-product  r e c o i l  i n t o  t h e  cladding.  However, e lec t ron-microprobe  ex- 
aminat ion has  shown t h a t  t h e  a f f e c t e d  reg ion  i n  t h e  c ladding  i s  cha rac t e r i zed  
by a  dep le t ion  of C r  and t h e  presence of C s .  The r e s u l t s  of e lec t ron-microprobe  
ana lyses  on a  t y p i c a l  a r e a  of a t t a c k  near  t h e  top  of t he  f u e l  column a r e  shown 
i n  Fig. 32. These x-ray images f o r  t he  c ladding  components, Cs, and t h e  f u e l  
components show t h a t  C s  has  concentrated i n  t h e  porous, Cr-depleted inne r  edge 
of t h e  c ladding  and along t h e  ou te r  edge of t h e  f u e l .  



Fig. 31. Attack at the ID of the Cladding in Element G-3. Sample was as-polished. (a) Fuel midplane tram- 
verse section. Neg. No. MSD-164844; (b) Area 10-3/4 in, above fuel bottom aamverse sedan. Neg. 
No. MSD-1648484 and (c) Near top of fuel longitudinal section. Neg. No. MSD-164852. 



Specimen current ?e :I K, 

Fig. 32. Specimen Current and X-r~y Images of a Typical Area of Cladding Atmck 
Near the Top of Element C-3 Fuel Column. N y .  No. MSD-18169.2. 



I. Cladding Microstructure 

The cladding of the  t h r e e  t ransverse  metallographic specimens was e l e c t r o -  
etched with 5% HC1 i n  methanol. The cladding microstructures a r e  shown i n  
Figs. 33-35. The cladding 3-318 in .  above the  bottom of the  f u e l  column oper- 
ated a t  -665°C a t  the  I D  and 4 2 5 ° C  a t  t h e  OD. The microstructure was charac- 
t e r i zed  by the  presence of f i n e  carbide p r e c i p i t a t e s  evenly d i s t r i b u t e d  along 
g ra in  boundaries and twin boundaries. A t  the  r eac to r  midplane, the  cladding 
operated a t  -700°C a t  the  I D  and -660°C a t  the  OD. The micros t ructure  i n  t h i s  
region was characterized by carbides i n  the  g ra in  and twin boundaries i n  t h e  
outer  h a l f  of the  wall thickness.  Near t h e  I D  of the  cladding,  t h e  prec ip i -  
t a t e s  coalesced i n t o  individual  p a r t i c l e s  t h a t  could be resolved a t  a magnifi- 
ca t ion  of 180X. These p a r t i c l e s  were apparent throughout the  e n t i r e  wall 
thickness i n  the  sample taken 10-314 in. above t h e  bottom of the  f u e l  column. 
However, they have not been pos i t ive ly  i d e n t i f i e d ,  but probably a r e  prec ip i -  
t a t e s  of in te rmeta l l i c  compounds, i . e . ,  sigma, ch i ,  o r  e t a  p a r t i c l e s .  

The etched s t r u c t u r e  ind ica tes  t h a t  the  gra in  boundaries a t  t h e  I D  of t h e  
cladding have been a l t e r e d  s l i g h t l y ,  p a r t i c u l a r l y  i n  the  sec t ion  10-314 in.  
above the  bottom of the  fue l  column. These r e s u l t s  may i n d i c a t e  t h a t  f i s s i o n  
products have migrated deeper i n t o  the  g ra in  boundaries than was apparent from 
the  a t t a c k  observed i n  t h e  as-polished condit ion.  However, i t  i s  not  uncommon 
t o  observe g ra in  boundaries a t  the  surfaces  of the  cladding t h a t  a r e  a f fec ted  
by sample preparat ion and l i m i t s  of o p t i c a l  microscopy due t o ,  f o r  example, 
surface  rounding. 



Fig. 33. Cladding Microsmuctllre in the Transverse Section 3-3/8 in. above the Botmm of the Fuel Column. The 
sample was elecsoetzhed in S$ HCl in methanol. (a) Cladding cross section. Neg. No. MSD-164917; 
@I Cladding OD. Neg. No. MSD-16&919; and (c) Cladding ID. Weg. No. :CSD-l649l8. 



(b) (C)  

eking k c r o s t ~ u c t u r e  i n  the Transverse Section 6- f ]8  in. 
sample was electroetched in 10% HC1 in methanol. (a) Cladding cross section. Neg. No. MSD-169712; 
(b) Cladding OD. Neg. No. MSD-169715; and (c) Cladding ID. Neg. No. MSD-169713. 



Fig. 35. Cladding Microstructure in the Transverse Section 10-3/4 in. abow the Eottom of the Fuel Column. The - - . sample was electroetched in 5% HCl in msthanol. (a) Claddir.~ csm~s se t ion .  Neg. No. MSD-164932; 

, , ' (b) Cladding OD. Neg. No. MS3164934; and (c) Cladding ID. Kzg. No. MSD-164933. 
$8 - - 8 
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V. DISCUSSION .OF RESULTS 

Y The p o s t i r r a d i a t i o n  examination of element G-3 from t h e  F-1 s e r i e . s  of e l e -  

ments revea led  few unique o r  unusual features . '  One of t h e  most s t r i k i n g  fea- 
t u r e s  was t he  observa t ion  of f u e l  m a t e r i a l  t h a t  f i l l e d  t h e  ho l e  i n  t h e  annular  
p e l l e t s  a t  t h e  top  and bottom of t h e  f b e l  column. Electron-microprobe ana lyses  
show t h a t  t h e  a c t i n i d e  d i s t r i b u t i o n  i n  t h e  m a t e r i a l  i n  t h e  c e n t r a l  h o l e  a t  t h e  
bottom of t h e  f u e l  column i s  s i m i l a r  t o  t h e  d i s t r i b u t i o n  i n  t h e  t y p i c a l  f u e l  i n  
t he  remainder of t h e  element.  .However, t h e  m a t e r i a l  i n  t h e  c e n t r a l  h o l e  a t  t h e  
top of t h e  f u e l  column had a  lower Pu conten t  and an i nve r t ed  d i s t r i b u t i o n ,  when 
compared with normal f u e l .  The Pu d i s t r i b u t i o n  i n  t he  f u e l  a t  t h e  c e n t e r l i n e  
near  t h e  bottom of t h e  column was s i m i l a r  t o  t h e  normal p e l l e t s ,  which may ind i -  
c a t e  t he  lower plug formed from f u e l  ch ips  t h a t  c o l l e c t e d  a t  t h e  bottom of t h e  
c e n t r a l  void e a r l y  i n  t h e  l i f e  of t h e  element.  The ch ips  may have s p a l l e d  from 
t h e  i nne r  wal l s  o f . t h e  annular  p e l l e t s  dur ing  e a r l y  power changes.  The plug i n  
t h e  ' c e n t r a l  void a t  t h e  top  of t h e  f u e l  column may have formed by vapor deposi- 
t i o n  from t h e  f u e l .  The h igher  vapor p re s su re  of U02, i n  c o n t r a s t  t o  Pu02, 

. would then  account f o r  t h e  reduced Pu conten t  i n  t h i s  m a t e r i a l .  Addi t iona l  
information on the  mechanism of t h e  formation of  the  m a t e r i a l  i n  t h e  c e n t r a l  
h o l e  w i l l  be obtained dur ing  t h e  examination of  o t h e r  elements from t h e  F-1 
s e r i e s  a t  h igher  burnups. 

.The gamma scanning showed t h a t  t h e  v o l a t i l e  f i s s i o n  product 1 3 7 ~ s  had 
migrated toward the  ends of t h e  f u e l  column. Previous examinations4 showed 131.1 
had a  s i m i l a r  a x i a l  . d i s t r i b u t i o n  and t h a t  1 3 7 ~ s  and 1311 were concent ra ted  a t  
t h e  OD of t h e  f u e l .  Electron-microprobe ana lyses  of s e c t i o n s  of t h e  element 
from t h e  top ,  bottom, and midlength of  t h e  f u e l  d id  not i n d i c a t e  s i g n i f i c a n t  
q u a n t i t i e s  of t h e  v o l a t i l e  f i s s i o n  products .  A c l o s e  examination of t h e  sec- 
t i o n i n g  diagram shows t h a t  t h e  s e c t i o n s  examined were from a r e a s  where gamma 
scanning ind i ca t ed  low l e v e l s  of 1 3 7 ~ s .  The l a r g e  1 3 7 ~ s  peak i n  t h e  G-3 e1emen.t 

.was i n  t h e  gap between p e l l e t s  above t h e  bottom f u e l  p e l l e t .  The bottom long i -  
t u d i n a l  s e c t i o n  inc luded .only  t he  lower po r t i on  of t h e  bottom p e l l e t .  I n  a l l  
o t h e r  reg ions  of t h e  element., i t  i s  l i k e l y  t h a t  t h e  concen t r a t i ons  of C s  i n  t h e  

, f u e l  were below t h e  d e t e c t i o n  l i m i t s  of t h e  e l e c t r o n  microprobe. I n  f a c t ,  1 3 7 ~ s  
concen t r a t i ons  s u f f i c i e n t  f o r  d e t e c t i o n  were found only  a t  t h e  fue l -c ladding  
i n t e r f a c e  i n  t h e  top  1 o n g i t u d i n a l . s e c t i o n .  

Another noteworthy f e a t u r e  observed i n  t h e  G-3 was t h e  minimal e x t e n t  o f  
c ladding  a t t a c k .  0pt . i ca l  metal lography and microprobe ana lyses  showed t h a t  t h e  
depth of  c l add ing  a t t a c k  was 4 . 0 0 0 3  i n .  The nominal depth f o r  damage from 
f i ss ion-product  r e c o i l  i n  s t a i n l e s s  s t e e l  and i r o n  i s  ~0.00025 C n . 5 ~ 6  The 

e lec t ron-microprobe  r e s u l t s  show t h e  presence of C s  and a  d e p l e t i o n  of C r  i n  t h e  
a f f e c t e d  zone of t h e  c ladding ,  which i n d i c a t e s  t h a t  a  chemical change h a s  
occurred.  A gray phase, which h a s  t h e  appearance of an oxide,  i s  a l s o  p re sen t  
i n  t h e  a t t a c k  zone. These f a c t o r s  i n d i c a t e  t h a t  t h e  a f f e c t e d  zone i n  G-3 i s  by 
c ladding  a t t a c k  r a t h e r  than  by f i s s ion-product  r e c o i l .  
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VI ; CONCLUSIONS 

Results of the postirradiation examinations of element G-3 showed that the < 

element was in good condition after -2.8 at. % burnup at peak cladding tempera- 
tures of 690°C: Diametral changes were quite small (<0.2% AD/D~), and ,the clad- 
ding attack was minor (-0.0003 in.). A potential problem area was the strong 
axial migration of the volatile fission products to the ends of the fuel column. 
A mode of fuel-element failure, as identified by Lambert et a1. , invo1ve.s the 
expansion of hyperstoichiometric depleted U02 pellets caused by the reaction of 
Cs with the pellets to form Cs2U0,+. The volume expansion causes deformation of 
the cladding by mechanical interaction.. This, is not considered to be a serious 

' 

problem because the reaction can probably be prevented by adjusting the O/M of 
the pellets to 'the stoichiometric ratio or compensated fpr by allowing space i n .  
the element that will accommodate the expansion. 
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