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POSTIRRADIATION EXAMINATION AND EVALUATION OF THE 
PERFORMANCE OF HFIR FUEL ELEMENTS 

A. E. Richt R .  W.  Knight G.  M. Adamson, Jr. 

ABSTRACT 

.- 

This report  describes the  r e s u l t s  of t he  pos t i r rad ia t ion  
examination and evaluation of t h e  p r i o r  performance of four 
spent f u e l  elements f r o m t h e  High Flux Isotope Reactor. 
ments had been immersed i n  boi l ing deionized water f o r  24 h r  
before being operated fo r  2046 MWd. 
t r ea t ed  and operated f o r  s l i g h t l y  over 2300 MWd ( the  normal 
r eac t iv i ty  l i f e t ime) .  
t h e i r  overa l l  condition and de tec t  any unexpected problems tha t  
might compromise continued operation of t h e  present f u e l  ele- 
ments t o  t h e i r  f u l l  r e a c t i v i t y  l i fe t ime.  

scanning and ana ly t i ca l  burnup determinations showed t h e  time- 
integrated power and burnup d i s t r ibu t ion  within these elements 
t o  agree very wel l  with design predict ions.  
changes i n  the  dimensions of e i t h e r  the  f u e l  assemblies or  t he  
individual  f u e l  p l a t e s  were indicated.  The corrosion-product 
f i lm on the  surfaces of t h e  fuel p l a t e s  was somewhat thicker  
than expected, pa r t i cu la r ly  on the  pre t rea ted  f u e l  elements. 
Consequently, t h i s  pretreatment of t h e  f u e l  elements i s  undesir- 

. able .  Even with t h e  thicker  film, however, the  elements appeared 
t o  perform qui te  s a t i s f ac to r i ly ;  extensive v i sua l  and metallo- 
graphic examination of f u e l  p l a t e s  from these elements showed 
no indicat ions of any type of s t r u c t u r a l  damage t h a t  could be 
considered indicat ive of an ac tua l  o r  inc ip ien t  f a i l u r e  of t h e  
f u e l  elements. 

Two ele-  

The other two were not pre- 

These elements were examined t o  determine 

A l l  four f u e l  elements were i n  excellent condition. Gamma 

No s ign i f icant  

Since a l l  four elements were i n  such good condition, we 
conclude t h a t  t h e  current HFIR f u e l  elements w i l l  perform qui te  
s a t i s f a c t o r i l y  throughout t h e i r  normal lifetime under present 
operating conditions,  
only by nuclear r e a c t i v i t y  and not by any i r r ad ia t ion  damage. 

The usefu l  l i f e t ime  i s  apparently l imited 

-. 
3 -  

.- 

INTRODUCTION 

The High Flux Isotope Reactor (HFIR) current ly  operating a t  Oak 

Ridge National Laboratory was designed and constructed e s sen t i a l ly  f o r  

a s ingle  purpose - t o  produce annually milligram quant i t ies  of 
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various transplutonium isotopes from a r a the r  l imited supply of 242Pu 

feed mater ia l .  ?Preliminary analysis  of t h e  transplutonium production 

schemes1 and s tudies  of possible  reac tor  types2,’ indicated t h a t  t h e  

use of a highly enriched, beryll ium-reflected,  l ight-water cooled and 
moderated, f lux- t rap  reactor  having a maximum unperturbed thermal- 
neutron f lux  of about 5 X neutrons sec-’ would be an economical 

and technologically f eas ib l e  way of achieving t h e  desired production 

r a t e s .  

about 100 MW, which appeared t o  be consis tent  with t h e  c a p i t a l  funds 

avai lable .  A s  the  reac tor  concept was developed, a nominal power l e v e l  

of 100 MW became one of t he  design c r i t e r i a ;  however, s ince the  t rans-  

plutonium production r a t e s  were found t o  be qui te  s ens i t i ve  t o  the  

neutron flux leve l ,  considerable emphasis was placed upon achieving the  

highest  p r a c t i c a l  f lux  l e v e l  within the  flux t r ap .  

these e f fo r t s ,  the  present  design4 of t h e  HFIR represents  a s ign i f i can t  
advancement i n  increasing the  performance capab i l i t i e s  of research and 

t e s t  reactors .  For example, a t  the  design power l e v e l  of 100 MW, t h e  

peak thermal and nonthermal neutron fluxes i n  the  f u e l  region of the  

HFIR a r e  2 and 4 X 

power densi ty  i s  4.26 MW/liter; and the  peak heat f l u x  i s  about 500 W/cm2 

(1.6 X lo6 Btu hr” ft-2). 

The reac tor  power required t o  obtain such a high f l u x  was 

A s  a r e s u l t  of 

neutrons emm2 sec-’, respect ively;  t h e  maximum 

Thin, aluminum-base fuel p l a t e s  f o r  t he  HFIR f u e l  elements were 

selected because minimum development, operating, and c a p i t a l  investment 

costs  were expected. However, HFIR f u e l  p l a t e s  would be subjected t o  

heat  f luxes,  temperatures, and burnup leve ls  considerably higher than 
those of the  more conventional types of research reac tors .  Moreover, 

’J. A. Lane e t  a l . ,  High Flux Isotope Reactor Preliminary Design 
Study, ORNL-CF-59-2-65 (March 1959). 

2R. D.  Cheverton, HFIR Preliminary Physics Report, ORNL-3006 

3N. Hilvety and T.  G. Chapman, “Thermal Design of t h e  HFIR Fuel 

(October 1960). 

Elements,” pp. 138-151 i n  Research Reactor Fuel Element Conference, 
September 17-19, 1962, Gatlinburg, Tennessee, TID-7642, Book 1. 

Volume I. Functional Description, ORNL-3572 (May 1964). 
‘F. T .  Binford and E. N. Cramer, The High Flux Isotope Reactor, 

.. 
L 
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in overall design, the HFIR fuel assemblies represented a rather radical 

departure from those of the other reactor systems. 

As of August 1971, over 60 fuel cores have operated at the full 

design power level of 100 MW to the end of nuclear life without any 
significant operational problems and with no indications of a fuel ele- 

ment or fuel plate failure. While such an outstanding performance 

record attests to the satisfactory design of the HFIR fuel elements, we 

felt that some of the spent fuel assemblies should be subjected to a 

detailed postoperational examination to more thoroughly evaluate the 

performance of these elements. The results of the examination of these 

fuel assemblies are the subject of this report. 

GENERAL DESCRIPTION OF THE HFIR FlTEL ELEMENTS 
AND REACTOR OPERATING CONDITIONS 

The design and performance characteristics of the HFIR fuel elements 

differ considerably from those of the more conventional research reac- 

tors. The reactor core (Fig. 1) basically consists of four concentric 

cylindrical regions arranged from inside to out in the following order: 

1. the central flux-trap region, which is about 5 in. in diameter, 

normally contains an assembly of target rods and which initially 

contained a plutonium dispersion; 

2. the fuel region, composed of two concentric, annular fuel 

assemblies ; 
3. the control region, consisting of two concentric, cylindrical 

control elements each about 1/4 in. thick; 
4.  the beryllium reflector, which is about 43 in. OD X 12 in. thick. 

During operation the coolant water at 600 psi flows downward 

through the fuel elements at about 55 ft/sec (13,500 gpm) . 
conditions the pressure drop through the elements is about 105 psi. 

The coolant inlet temperature is maintained at 110 to 120"F, while the 

outlet temperature is 150 to 160°F. 

maintained at 5.0 by nitric acid additions to minimize corrosion of the 

aluminum fuel plates. At the design power level of 100 MW, the average 

and maximum heat fluxes in the fuel assemblies are calculated to be about 

Under these 

The pH of the coolant water is 
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Fig. 1. Schematic Representation of the HFIR Core Components. _. 
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0.8 and 1.6 X lo6 Btu hr-' ft-2, respectively,  while the  average and 
maximum power dens i t ies  a r e  calculated t o  be 1.92 and 4.26 MWlliter, 
respect ively.  

The reac tor  operating experience has Shawn t h a t  t he  f u e l  elements 

have a usefu l  l i fe t ime of about 23 days (2300 MMd) . 
The ove ra l l  design cha rac t e r i s t i c s  of t he  HFIR f u e l  elements a r e  

shown i n  grea te r  de ta i l  i n  Fig. 2. The inner or outer fuel element 

consis ts  of an annular a r ray  of 0.050-in.-thick aluminum-base f u e l  

p la tes ,  which a r e  attached t o  grooved cy l ind r i ca l  s ide p l a t e s  by circum- 

f e r e n t i a l  T I G  weld beads. The f u e l  p l a t e s  i n  both elements a re  pre- 

formed t o  an involute curvature t o  maintain a constant 0.050-in. coolant 

channel spacing between the  p l a t e s .  The f u e l  p l a t e s  of both f u e l  ele- 
ments a r e  of a sandwich-type construction, consisting of a f u e l  core 

composed of a dispersion of U3O8 i n  aluminum, which i s  clad on a l l  

surfaces with aluminum a l loy  6061. 
f u e l  p l a t e s  i s  the  incorporation of a nonlinear f u e l  gradient across the  

f u e l  p l a t e .  A s  shown i n  Fig. 3 ,  t h i s  i s  achieved by varying t h e  thickness 
of the  f u e l  core. The purpose of t h i s  f u e l  gradient i s  apparent when 

one considers t h e  r a d i a l  neutron f l u x  d i s t r ibu t ion  i n  t h e  HFIR. A s  

shown i n  Fig. 4 ,  t he  thermal neutron f lux  peaks very sharply near t he  

inner and outer edges of both f u e l  elements. If the  f u e l  was uniformly 

d i s t r ibu ted  i n  a radial direct ion,  the  power d i s t r ibu t ion  would a l so  

peak sharply i n  these areas.  

inversely with the  f l u x  prof i le ,  the  power d i s t r ibu t ion  across t h e  f u e l  
p l a t e s  can be e s sen t i a l ly  f la t tened .  Since t h i s  reduces the  peak-to- 
average power generation r a t i o ,  t h e  f u e l  p l a t e s  can then be allowed t o  
operate a t  a higher average power density.  The ra ther  unique cont ro l  

rod system used i n  HFIR a l so  helps t o  reduce t h e  peak-to-average power 

r a t i o .  In  normal operation the  inner cont ro l  cylinder moves downward 

while t h e  outer cylinder simultaneously moves upward t o  increase reac- 

t i v i t y .  

t h e  power peaking normally encountered a t  the  upper and lower ends of 

t he  f u e l  core. 

A unique cha rac t e r i s t i c  of t h e  HFIR 

However, i f  t h e  f u e l  d i s t r ibu t ion  i s  varied 

This maintains a x i a l  symmetry of t he  power density and reduces 
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SIDE PLATE 

Fig. 3. Schematic Representation of a Horizontal Cross Section 
Through t h e  HFIR Fuel Elements. 
aluminum-U308 f u e l  sect ion across the  f u e l  p l a t e s  of both inner and outer 
f u e l  elements, differences i n  f u e l  loading of inner and outer element 
f u e l  p la tes ,  and t h a t  t he  f i l l e r  sect ion of t he  inner element f u e l  p l a t e s  
contains a small quant i ty  of boron carbide as a burnable poison addition. 

Note the  var ia t ion  i n  thickness of t he  
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RADIAL DISTANCE FROM CORE CENTER (cm ) 

Fig. 4.  Typical Radial Flux Distr ibut ion i n  t h e  HFIR. 

Although t h e  combination of t he  reac tor  cont ro l  system and t h e  

f'uel loading gradients f l a t t e n s  the  power d i s t r ibu t ion  along and across 

t h e  f u e l  p la tes ,  the burnup within t h e  fuel  dispersion var ies  almost 
d i r e c t l y  with the  a x i a l  and radial thermal neutron d i s t r ibu t ion .  

t h e  thermal neutron f lux  peaks s t rongly near t he  inner and outer  edges 
of t h e  f u e l  p la tes ,  t he  f u e l  burnup a l s o  peaks s t rongly i n  these areas .  
A s  shown i n  Fig. 5, t h i s  results i n  s teep burnup gradients across t h e  

f u e l  p l a t e s  i n  both t h e  inner and outer f u e l  elements. It should be 

noted, however, t h a t  t h e  burnup a l s o  var ies  almost inversely with t h e  

thickness of t he  f u e l  core; t ha t  i s ,  t h e  higher burnups occur where the  
f u e l  cores a re  thinnest .  

Since 

. 

c 

. 



9 

ORNL-DWG 74-5794 

( X  1020 1 

18 

i 6  

14 

- 
10 
E 12 2 
0 
Lo 

Lc 

._ 
-E 10 

a 

2 8  m 

- 
3 
z 
n 

6 

4 

2 

0 

._ 
I 

FUEL PLATES 

-rr- H 

I-- -I i+ 
6 8 i o  12 14 ( 6  18 20 22 

Calculated Radial Burnup Prof i les  a t  t h e  Horizontal Mid- 

RADIAL DISTANCE FROM REACTOR CENTER LINE ( c m  ) 

Fig. 5 .  
plane of the  HFIR af'ter 2300 MWd Operation a t  100 MW. 

The ove ra l l  e f f ec t s  of these radial and a x i a l  fluence var ia t ions 

upon t h e  burnup d i s t r ibu t ion  within t h e  HFIR f u e l  p la tes  a re  more 
c l ea r ly  i l l u s t r a t e d  i n  Figs. 6 and 7, which show the  calculated nominal 

axial burnup p ro f i l e s  a t  t he  inner edge, outer edge, and f u e l  core 

hump ( i . e . ,  t he  region of maximum fuel-core thickness) f o r  the  inner 

and outer element f u e l  p la tes .  

about t h e  horizontal  midplane of t h e  reactor  and t h e  large differences 

i n  burnup across the  f u e l  p l a t e s  a re  readi ly  apparent. 

The symmetry of  t he  burnup d i s t r ibu t ion  

The calculated operating temperatures of t h e  f u e l  p l a t e s  a re  a l s o  

shown i n  Figs. 6 and 7. Note t h a t  t h e  a x i a l  temperature p ro f i l e s  are 
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- not symmetrical about t he  reactor  midplane but are displaced s l i g h t l y  

toward the  bottom o r  coolant-outlet  end of t h e  f u e l  p l a t e s .  It should 

a l s o  be emphasized t h a t  corrosion strongly influences t h e  operating 

temperature of t h e  HFIR fuel p l a t e s .  

a film of adherent corrosion products bui lds  up on the  surfaces of t h e  

fuel p l a t e s .  Since t h i s  f i lm has a r e l a t i v e l y  low thermal conductivity, 

t he  fue l -p la te  operating temperatures depend s t rongly upon t h e  thick- 

ness and composition of this f i lm.  The most recent out-of-reactor 

experimental data5 f o r  t h e  r a t e  of f i lm buildup were used t o  ca lcu la te  

t he  temperatures reported herein.  However, under reactor  operating 

conditions t h e  f i lm charac te r i s t ics  could d i f f e r  s ign i f i can t ly  from 

those found i n  t h e  out-of-reactor t e s t s .  In  f ac t ,  t he  examination of 
these spent f u e l  elements showed t h a t  t h e  fi lms were th icker  and com- 

pos i t iona l ly  d i f f e ren t  from t h a t  expected. Thus, one must not assume 

t h a t  t he  HFIR f u e l  p l a t e s  necessar i ly  operated a t  the temperatures 

reported here. 

A s  t h e  aluminum cladding corrodes, 

A more de ta i led  descr ipt ion of t h e  design, construction, and 

procedures used i n  manufacturing t h e  f u e l  elements has been reported 

elsewhere. 

SELECTION AND OPERATIONAL HISTORY OF THE 
EXAMINED HFIR FUEL ELEMENTS 

The f u e l  elements examined i n  the  HFIR core evaluation program were 
iden t i f i ed  as f u e l  elements 5-1, 5-0, 21-0, and 49-1 (an "I" or "0" 

s u f f i x  designates an inner o r  outer annulus fuel element, respec t ive ly) .  

Elements 5-1 and 5-0 were examined pr imari ly  because they were used f o r  

the  f i rs t  fuel core that operated f o r  an e n t i r e  core l i fe t ime a t  the 

f'ull design power l e v e l  of 100 MW, and we wanted t o  ascertain t h e  per- 

formance of t h e  HFIR fuel elements as quickly as possible.  Later, we 

5J. C .  Griess e t  a l . ,  Effect of Heat Flux on t h e  Corrosion of 
Aluminum bv Water - Part  111. ORNL-3230 (June 1961). 

6R.  W. Knight, J. Binns, and G. M. Adamson, Jr., Fabrication 
Procedures for  Manufacturing High Flux Isotope Reactor Fuel Elements, 
ORNL-4242 (June 1968). 

.. 
- c  
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recognized t h a t  t h e  in-reactor performance of elements 5-1 and 5-0 had 

been s l i g h t l y  affected by a spec ia l  pretreatment given t o  f u e l  elements 
used i n  the  first few H F I R  f u e l  cores.  This pretreatment w a s  intended 

t o  increase corrosion res i s tance  during preoperation and law-power runs. 

Consequently, we decided tha t  other fuel elements should a l so  be 

examined t o  ascer ta in  the  performance of elements t h a t  had been sub- 

jected t o  only normal operating prac t ices .  Elements 21-0 and 49-1 were 

selected pr imari ly  because (1) t h e i r  in-reactor behavior appeared t o  be 

t y p i c a l  of t h a t  of t he  standard, nonpretreated HFIR f u e l  elements, and 

(2)  they became avai lable  fo r  examination during convenient periods f o r  

hot c e l l  scheduling. 

p l a t e s  t h a t  had been accepted on waiver f o r  excessive local ized f u e l  

v io la t ions  ( i . e . ,  s m a l l  areas containing more than 1.27 times the  

noninal f u e l  loading), and we thought t h a t  the  examination of such p l a t e s  

might provide addi t iona l  data about t h e  performance of f u e l  p l a t e s  t h a t  

d id  not meet fabr ica t ion  specif icat ions.  

However, element 21-0 a l so  contained a few f u e l  

The f u e l  elements were manufactured by Metals and Controls, Inc.,7 
under contract  9uC-70500. Elements 5-1 and 5-0 were c e r t i f i e d  and 

accepted on March 1, 1966; element 21-0 on December 28, 1966; and 

element 49-1 on January 11, 1968. 

waivers for vio la t ion  of some of t he  fabr ica t ion  specif icat ions;  however, 

except fo r  t h e  few fuel p la tes  with localized excessive f u e l  contents, 
these violat ions were thought t o  be of no s ignif icance t o  the  pos t i r ra -  

d ia t ion  evaluation program. 

A l l  four elements were accepted on 

A s  mentioned previously, f u e l  elements 5-1 and 5-0 were t h e  f i rs t  
f u e l  core (cycle 4 )  t o  operate continuously a t  f u l l  power i n  t h e  H F I R .  

These elements were brought t o  pawer on September 9, 1966, and operated 

a t  100 MW u n t i l  September 30, 1966, when a plantwide e l e c t r i c a l  f a i l u r e  

caused a premature shutdown a f t e r  2046 MWd. 

removed from the  reactor  and s tored i n  t h e  pool u n t i l  October 12, 1967, 

when they were t ransfer red  t o  the  High Radiation Level Examination 
Laboratory (HRLEL) hot c e l l s  f o r  examination. 

The f u e l  elements were then 

High res idua l  heat  i n  the  

L -  7Metals and Controls, Inc. ,  a Division of Texas Instruments, Inc. ,  
Attleboro, Mass. 
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p l a t e s  prevented removing them from t h e  pool sooner. 
and 21-0 were used during cycle 16 of the  HFIR, which was brought t o  

power on December 10, 196'7, and operated a t  100 I'4W u n t i l  January 2, 

1968, when loss of r e a c t i v i t y  caused a shutdown a f t e r  2309 MWd. 

elements were then removed from t h e  reac tor  and s tored i n  t h e  pool 

u n t i l  December 16, 1968, when element 21-0 was t ransfer red  t o  t h e  hot 

c e l l s  for examination. 

cycle 35 of the  HFIR, which was brought t o  power on May 19, 1969, and 

operated a t  100 MWd u n t i l  June 11, 1969, when loss  of r e a c t i v i t y  caused 

a shutdown af'ter 2319 Md. These elements were then s tored i n  t h e  pool 

u n t i l  February 11, 1970, when element 49-1 was  t ransfer red  t o  t h e  hot 
c e l l s  f o r  examinat ion. 

Fuel elements 21-1 

These 

Fuel elements 49-1 and 49-0 were used during 

During t h e  i n i t i a l  stages of t h e  H F I R  operation, t h e  fuel elements 

were of ten exposed t o  the  reactor  pool water fo r  up t o  three  months 

before being placed in to  service.  This resu l ted  i n  the formation of a 
ra ther  thick,  gelatinous, corrosion product f i l m  on t h e  element surfaces.  

In  an attempt t o  avoid t h i s  condition, i n i t i a l  HFIR f u e l  cores were pre- 

t r ea t ed  by immersion i n  boi l ing deionized water f o r  24 hr t o  produce a 

th in ,  semiprotective oxide (boehmite, A1203- H20) f i l m  on t h e  surfaces 

of the  elements before they were placed i n t o  service.  

HFIR operations became routine,  pretreatment of t h e  f u e l  elements was 
discontinued. 

However, once t h e  

Although t h i s  pretreatment was not expected t o  have any s igni f icant  
effect  upon the performance of t he  HFIR f u e l  elements, when the  reac tor  
used pretreated f u e l  elements t he  coolant flow rate general ly  decreased 

and the  pressure drop across the elements increased during t h e  reac tor  
fue l  cycle. 

drop has been observed when the  reactor  has operated with non-pretreated 
f u e l  elements. 

sure drop through pretreated ( i . e . ,  elements 5-1 and 5-0 during cycle 4.) 
and non-pretreated f u e l  elements (i. e . ,  elements 21-1 and 21-0 during 

cycle 16) a r e  shown i n  Fig. 8 .  
t h e  buildup of a th icker  corrosion product film on the  surfaces of t h e  
pretreated f u e l  p l a t e s  during reactor  operation. 

N o  s ign i f icant  var ia t ion  i n  e i the r  f l o w  r a t e  o r  pressure 

Typical examples of t h e  difference i n  flow r a t e  and pres- 

These differences appear t o  r e s u l t  from 



15 

ORNL-DWG 69-4294A 

-. 

. 

14,000 

I E 13,500 
m 

W 
I- 
Q 
LL 

- 

iz 2 13,000 

12,500 

115 

110 

105 

0 400 800 1200 1600 2000 2400 
REACTOR EXPOSURE (MWd) 

Fig. 8. Coolant Flow Rate and Pressure Drop fo r  HFIR Fuel Assem- 
b l i e s  5 and 21. The i n l e t  temperature was 120°F f o r  assembly 5 and 
110°F f o r  assembly 21. The temperature r i s e  w a s  40°F f o r  both. 

POST 1RRA.D I A T I O N  EXAMINATION 

General Objectives 

The primary object ive i n  the  pos t i r rad ia t ion  examination of t h e  

HFIR f u e l  elements was t o  ascer ta in  t h e  ove ra l l  condition of t he  ele- 

ments and de tec t  any ac tua l  or po ten t i a l  problems t h a t  might compromise 

continued operation of t h e  present elements t o  t h e i r  maximum usefu l  l i f e -  

time. However, we a l s o  wanted t o  obtain more basic  information about 

spec i f ic  aspects of the  i r r ad ia t ion  behavior of these elements t o  a id  

i n  predict ing performance capab i l i t i e s  of both the  present and advanced 
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H F I R  fuel elements. 

ments is limited only by loss of reactivity, other factors such as 

irradiation-induced dimensional instabilities, loss of structural integ- 

rity, or excessive corrosion could limit the useful lifetime of any 
advanced H F I R  fuel element design. Consequently, we emphasized the 

effects of reactor service upon the dimensional stability, structural 

integrity, and corrosion of the elements. 

Although the useful lifetime of the present ele- 

Procedure 

After removal from the reactor core, the spent H F I R  fuel elements 

were transferred to the reactor pool, where they were stored underwater 

for approximately one year before being transferred to the HRLEL hot 

ce l l s  for examination. This relatively long storage period was necessary 

to allow the fission products to decay to a level where the beta- and 

gama-ray heating would not cause the elements to exceed about 300°F 
during handling in the hot cells. The postirradiation examination of 

these elements consisted primarily of visual examination of the element 

surfaces, measurement of the pertinent element dimensions, gamma scanning, 

analytical burnup determinations, metallographic examinations, and analy- 

sis of the corrosion product films. The elements were first examined 

visually through the hot-cell windows and with an in-cell periscope at 

magnifications of up to 4 X  for evidence of gross damage. 

inner and outer diameters, and coolant channel spacings were then mea- 

sured. Four intact fuel plates were then removed from each element for 

more detailed examinations. These fuel plates were then inspected 

visually, gamma scanned, and measured for thickness. A fuel plate *om 

each element was then sectioned for analytical burnup determinations 

and metallographic examination. Some of the fuel plates from three of 

the fuel elements were also used for postirradiation heat-treatment 

studies . 

The length, 

The examination of the spent H F I R  fuel elements wits extremely 

difficult, complex, and time-consuming. Because of their physical size 

and configuration, these elements required considerable specialized 

equipment to handle, inspect, and disassemble them in the hot cells. 

L 

r 

. 
_. 
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In  addition, t he  f u e l  reprocessors s t ipu la ted  t h a t  these spent elements 

be e s sen t i a l ly  reassembled a f t e r  examination so t h a t  they could be 

handled with t h e  standard reprocessing handling equipment. Since the  

design, construction, and operation of t h e  special ized equipment was an 
in t eg ra l  pa r t  of t he  pos t i r rad ia t ion  examination program, t h i s  equipment 

i s  b r i e f l y  described i n  Appendix A. 

Results 

Visual Inspection of t he  Fuel Assemblies 

Shortly a f t e r  unloading the  i r r ad ia t ed  fuel elements from t h e  

shipping cask, we examined t h e  spent f u e l  assemblies v i sua l ly  through 

the  hot c e l l  windows and with the  in -ce l l  periscope system a t  magnifica- 

t i ons  up t o  4 X  f o r  evidence of damage. 

four fue l  elements i s  shown i n  Figs. 9 and 10. In  general, a l l  appeared 

t o  be i n  excellent physical  condition; no indications of gross warpage 

o r  d i s to r t ion  was  apparent, and carefu l  inspection of t he  surfaces 

revealed no evidence of any type of mechanical o r  s t r u c t u r a l  damage. 

The only noticeable e f f ec t  of i r r ad ia t ion  upon the  appearance of t he  

elements was a difference i n  the  ove ra l l  coloration of t he  f u e l  assem- 
b l i e s ;  the  as-fabricated HFIR f u e l  elements normally a r e  br ight  and 

shiny, whereas a l l  t he  i r rad ia ted  elements were a d u l l  l i g h t  gray. 

This coloration appears t o  be a r e s u l t  of t h e  formation of a t h i n  oxide 

f i lm on the  element surfaces during i r r ad ia t ion  o r  during storage i n  
t h e  HFIR pool. Elements 5-1 and 5-0 were s l i g h t l y  darker than elements 

49-1 and 21-0. This indicates  t h a t  t h e  oxide f i lm  on elements 5-1 and 

5-0 was s l i g h t l y  thicker .  

t h e  bottom (i. e . ,  t he  coolant ou t l e t  end). This a l s o  appears t o  be a 
r e s u l t  of s l i g h t  var ia t ion  i n  the  thickness of t he  oxide film along the  

elements . 

The ove ra l l  appearance of t h e  

A l l  four elements were s l i g h t l y  darker a t  

The coolant channels of  a l l  four elements were a l so  examined 
v i sua l ly  f o r  evidence of f u e l  p l a t e  warpage or blockage. 

Fig. 11, no s igni f icant  change i n  coolant channel spacing was apparent; 

and, except f o r  element 5-1, a l l  channels were f r e e  of any blockage o r  
obstructions.  A s  shown i n  Fig. 12, a so f t ,  white deposit p a r t i a l l y  

As  shown i n  
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Fig. 10. Fuel Elements 21-0 and 49-1. Reduced 13%. 



Fig. 12. Bottom View of HFIR Fuel Element 
Fig. 11. Backlighted V i e w s  Through t h e  5-1. Arrows show whit ish deposit ,  which p a r t i a l l y  

Coolant Channels of H F I R  Fuel Elements. 
(b) 5-0, ( c )  49-1, and (a) 21-0. Reduced 32%. element. Reduced 33.5 4. 

(a) 5-1, blocked some of t h e  coolant channels of t h i s  

1u 
0 
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blocked some of the coolant channels at the extreme bottom end of the 

fuel plates of element 5-1. 

bayerite (P-A12O3* 3H20) by x-ray diffraction. However, it appears 
unlikely that this friable deposit could have existed during reactor 

operation because of the high coolant flow rates. 

in greater detail later, we feel that this partial blockage occurred 

while these elements were stored. 

This whitish material was identified as 

As will be discussed 

- _  

Element Length and Diameter Measurements 

After completion of the visual inspection, the length and inner 

and outer diameters of the irradiated fuel elements were measured to 

see if the external dimensions had significantly changed as a result of 

reactor service. We obtained on each element 12 length measurements 

(i. e., the shoulder-to-shoulder distance at 30" intervals around the 

circumference of the outer side plate) and 18 measurements of each diam- 

eter (i. e., six positions at 30" intervals around the circumference 

9 in. above, 9 in. below, and at the horizontal midplane of the element). 

Results of the pre- and postirradiation measurements are summarized 

in Table 1. 

four fuel assemblies were slightly greater after irradiation than before 

irradiation because of thermal expansion. The preirradiation measure- 

ments were obtained at 20°C (68°F) in a temperature-controlled inspec- 

tion area; during the postirradiation measurements, decay heating kept 

the element surface between 55°C (131°F) and 99°C (210°F). 

using the measured surface temperatures and the appropriate thermal 

expansion coefficient for aluminum alloy 6061, we corrected the measure- 

ments. As shown in this table, the corrected external dimensions of all 

four elements are generally well within fabrication specifications and 

little if any change occurred as a result of irradiation. 

In general, the as-measured length and diameters of all 

However, by 

Fuel Plate Spacing Measurements 

Since the coolant channel spacing is one of the most critical 

dimensions in the design criteria of the HFIR fuel elements, we wanted 

to determine if any significant changes in it had occurred as a result 
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Table 1. Dimensional Measurements on Irradiated 
HFIR Fuel Elements 

Measured Value, in.  
Dimens ion Postirradiation Indicated 

A s  -Measured Correct eda Change Preirradiation r 

Length 
Outer diameter 

Upper end 
Midplane 
Lower end 

Inner diameter 
Upper end 
Midplane 
Lower end 

Length 
Outer diameter 

Upper end 
Midplane 
Lower end 

Inner diameter 
Upper end 
Midplane 
Lower end 

Length 
Outer diameter 

Upper end 
Midplane 
Lower end 

Inner diameter 
Upper end 
Midplane 
Lower end 

Length 
Outer diameter 

Upper end 
Midplane 
Lower end 

Inner diameter 
Upper end 
Midplane 
Lower end 

27.934 

10.591 
10.591 
10.591 

5.069 
5.069 
5.069 

29.629 

17.141 
17.141 
17.141 

11.246 
11.246 
11.246 

29.626 

17.141 
17.141 
17.141 

11.246 
11.246 
11.246 

27.937 

10.592 
10.592 
10.592 

5.073 
5.073 
5.073 

Element 5-1 

27.955 

10.604 
10.610 
10.607 

5.074 
5.073 
5.072 

Element 5-0 
29.629 

17.160 
17.169 
17.158 

11.259 
11.262 
11.256 

Element 21-0 
29.662 

17.159 
17.162 
17.156 

11.262 
11.258 
11.257 

Element 49- I 
27.980 

10.617 
10.619 
10.616 

5.086 
5.082 
5.080 

27.933 

10.593 
10.599 
10.596 

5.070 
5.068 
5.068 

29.628 

17.141 
17.150 
17.139 

11.247 
11.250 
11.243 

29.632 

17.142 
17.144 
17.139 

11.250 
11.247 
11.245 

27.930 

10.599 
10.599 
10.596 

5.078 
5.073 
5.071 

4.001 

+o .002 
+O .008 
+O .005 

+o. 001 
-0.001 
-0.001 

4.001 

0 
+O .009 
4.002 

+o. 001 
+O .004 
-0.003 

+O .006 

+o. 001 
+O .003 
-0.002 

+O .004 
+o. 001 
-0.001 

4.007 

+o . om 
+o . 007 
+o. 0% 

+O .005 

4.002 
0 

_. 

~~~ 

a Corrected fo r  temperature of irradiated element. 
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of i r r ad ia t ion .  During inspection of t he  elements after manufacture, 

t h e  channel spacing i s  measured by a spec ia l  f ive-fingered eddy current 
probe, which provides a continuous readout of t h e  coolant gap along 

every channel a t  f i v e  r a d i a l  locat ions.  

was used t o  measure t h e  channel spacing of t he  i r r ad ia t ed  f u e l  elements; 

however, measurements were r e s t r i c t e d  t o  t h e  center of t h e  channels by 

t h e  end fi t t ings and the  combs attached t o  the  upper and lower ends of 

t h e  f u e l  p l a t e s .  

and time-consuming, only 20 channels were measured i n  each of t he  four 

i r r ad ia t ed  elements. It should a l so  be noted t h a t  accuracy of these 

measurements a t  a constant temperature and not i n  a c e l l  i s  estimated 
t o  be about +_0.001in . ;  however, s ince the  i r r ad ia t ed  elements were 

considerably ho t t e r  and a l l  handling and measuring were done remotely, 

t h e  accuracy of the  pos t i r rad ia t ion  measurements may be somewhat l e s s .  

A s imi la r  one-fingered probe 

Since these measurements proved t o  be qui te  tedious 

A s  shown i n  Table 2, r e s u l t s  of these measurements suggest t h a t  
some changes i n  the  coolant channel spacings had occurred. However, 

it should be emphasized t h a t  t h e  differences between the  pre- and 

pos t i r rad ia t ion  measurements a re  generally wel l  within t h e  probable 

accuracy of these measurements. More importantly, t he  measurements of 

t he  four i r r ad ia t ed  elements showed t h a t  t he  spacings of 80 channels 

(i. e . ,  20 channels/element) were a l l  wel l  within t h e  0.050 k 0.006 in .  

average and the  0.050 i 0.010 i n .  l o c a l  spot fabr ica t ion  specif icat ions.  

A s  w i l l  be discussed l a t e r ,  a more de ta i led  analysis  of t he  channel 

spacing data indicates  t h a t  t he  buildup of an oxide f i l m  on t h e  surfaces 

of t he  f u e l  p l a t e s  during i r r ad ia t ion  o r  storage of t h e  elements 
ac tua l ly  resu l ted  i n  a small reduction (i. e . ,  < 0.002 in .  ) i n  t h e  

channel spacing of these f u e l  elements. In  general, however, these 

measurements conclusively show t h a t  no major changes i n  the  coolant 

channel spacings of t he  HFIR f u e l  occurred as a r e s u l t  of i r r ad ia t ion .  

Fuel P la te  Removal 

Following completion of t h e  coolant channel measurements, four fue l  

p l a t e s  were cut from f u e l  elements 5-0, 21-0, and 49-1 fo r  fur ther  

examination. No addi t iona l  work was done on element 5-1 since ea r ly  
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Table 2. Summary of Coolant Channel Spacing Measurements 
on I r rad ia ted  HFIR Fuel Elements 

Coolant Channel Spacing, in .  
Average Local 

Measurement 
Overall Maximum Minimum Maximum Minimum 
Grand spot spot spot spot 

Pre i r rad ia t ion  
Pos t i r rad ia t ion  

Difference 

Pre i r r a d i a t  ion 
Pos t i r rad ia t ion  

Difference 

Pre i r rad ia t  ion 
Pos t i r rad ia t ion  

Difference 

Pr  e i r r ad ia t  ion 
Pos t i r rad ia t ion  

Difference 

0.0499 
0.0505 
+O .0006 

0.0496 
0.0499 
+O .0003 

0.0501 
0.0483 
4.0018 

0.0504 
0.0504 
0. 

Element 5-1 

0.0535 0.0445 0.0575 0.0430 
0.0523 0.0489 
-0.0012 + o . o w  

Element 5-0 

0.0550 0.0460 0.0590 
0.0519 0.0483 
-0.0031 +0.0023 

Element 49-1 

0.0440 

0.0527 0.0476 0.0540 
0.0508 0.0461 
-0.0019 +O .0015 

0. (3455 

Element 21-0 

0.0550 0.0460 0.0565 0.0400 
0.0515 0.0491 
-0.0035 +0.0031 

r e su l t s  indicated t h a t  t he  performance of elements 5-1 and 5-0 w a s  not 

t yp ica l  of most of the  HFIR f u e l  elements and t h a t  a de ta i led  examina- 

t i o n  of f u e l  p l a t e s  from 5-0 would be suf f ic ien t .  

selected from each quadrant of element 5-0; however, the  p l a t e s  removed 
from elements 21-0 and 49-1 were selected from those p l a t e s  waivered 

f o r  excessive local ized f u e l  loading violat ions,  s ince t h i s  represented 

what was thought t o  provide the  most severe t e s t .  

One f u e l  p l a t e  was 

The individual  f u e l  p l a t e s  were removed by (1) cut t ing  of f  t he  ele- 

ment end adapters, ( 2 )  s l i t t i n g  through t h e  inner and outer side p l a t e s  

on each s ide  of t he  desired f u e l  p la te ,  (3) milling of f  t he  combs a t  
each end of t h e  f u e l  p la te ,  and (4) s l i g h t l y  spreading the  element with 

a hydraulic jack t o  permit the  f u e l  p l a t e  t o  s l i d e  f r ee .  

p l a t e  was removed, a spacer was inser ted  i n t o  t h e  resu l tan t  gap and 
welded t o  the  element s ide  p l a t e s .  

After  each 

One spacer near each end of both 

. 

/ 

t 
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t h e  inner and outer s ide  p l a t e s  was used, and a band held the  spacers 

i n  place during welding. After t h e  last  f u e l  p l a t e  was removed, t h e  

end adapters were welded i n t o  pos i t ion  t o  complete the  reassembly of 

t h e  element. 

Visual InsDection of the  Fuel Plates  

- .  

.. 

. 

The 12 i r r ad ia t ed  f u e l  p l a t e s  ( four  p l a t e s  each from elements 5-0, 

21-0, and 49-1) were examined carefu l ly  through the  hot -ce l l  periscope 

and stereomicroscope systems a t  magnifications of up t o  20x f o r  evidence 

of irradiation-induced damage. No indications of cracks, b l i s t e r s ,  o r  

any other type of mechanical o r  s t r u c t u r a l  damage were observed; and, i n  

general  a l l  12  f u e l  p l a t e s  appeared t o  be i n  excellent physical  condition. 
However, we d id  observe some ra ther  s t r ik ing  differences i n  the  oxide 

f i l m  on t h e  surfaces of the  p l a t e s  from the  th ree  f u e l  elements. A s  

shown i n  Fig. 13, the  oxide f i lm had spal led from the  higher temperature 
regions of t he  p l a t e s  from f u e l  element 5-0. (Note: Although we did 

not remove any f u e l  p l a t e s  from element 5-1, we could see indicat ions 
of a s imilar  oxide-spalling pa t t e rn  on the surfaces of these p l a t e s  by 

looking through the  coolant channels with a high-power telescope. ) A s  

shown i n  Fig. 14, the  oxide-spalling pa t te rn  corresponded wel l  with the  
region where the  oxide f i lm would be expected t o  be thickest ;  however, 

l a t e r  r e s u l t s  w i l l  show t h a t  t h e  film thickness on these f u e l  p l a t e s  

ac tua l ly  increased t o  0.0015 t o  0.0020 i n .  before spa l l ing  began. 

oxide f i lm on the  surfaces of the  f u e l  p l a t e s  from elements 21-0 and 

49-1 (Figs.  15 and 16, respect ively)  generally appeared t o  be much 

thinner and shawed no indicat ions of spal l ing.  

The 

In  general, t h e  f i lm  on t h e  surfaces of the  f u e l  p l a t e s  from a l l  

t h ree  f u e l  elements appeared t o  be qui te  smooth and v i r t u a l l y  feature- 

l e s s .  However, as shown i n  Fig. 17, numerous small b l i s t e r s  were 
observed over t h e  higher performance regions of t h e  f u e l  p la tes  from 

element 49-1 and confined t o  the  corrosion product film. These b l i s t e r s  

were - not apparent when t h i s  pa r t i cu la r  f u e l  element was f i r s t  examined 

i n  the  hot c e l l s  (i. e. ,  during inspection of the  coolant channels) ; thus,  

they probably formed sometime l a t e r  i n  t h e  examination program. Since 
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Fig. 13. Typical Appearance of Fuel Plates  from HF'IR Fuel Element 
5-0. Regions where the  oxide film had spal led f r o m p l a t e  surfaces a r e  
c l ea r ly  delineated by the  la rge  dark i r r egu la r ly  shaped areas .  
mately one-fourth ac tua l  s i ze .  Coolant flow i s  damward. (a) Concave 
surfaces,  inner edge of p l a t e s  a t  l e f t .  
of p l a t e s  a t  r i g h t .  

Approxi- 

(b) Convex surfaces, inner edge 

- -  
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ORNL- DWG 69-594 

- FUEL -CORE 
OUTLINE 

-REGION WHERE OXIDE 
FILM BUILD-UP IS 
CALCULATED TO BE 
GREATER T H A N  
0.00045 in. 

ACTUAL PHOTOGRAPH 
OF AN IRRADIATED 
HFlR F U E L  PLATE 

S C H E M AT1 C RE P R ES E N TAT ION 
OF A N  IRRADIATED 
HFlR FUEL PLATE 

Fig. 14. Comparison Between Oxide Spalling Patterns on Fuel Plates 
from Element 5-0 with the Predicted Oxide Thickness Pattern for an Outer 
Annulus HFIR Fuel Plate. 
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Fig. 15. Typical Appearance of  Fuel Plates  from HFIR Fuel Element 
21-0. 
p la tes  a re  rus t  s t a ins  from sections of a s t e e l  tape used as pos i t ion  
indicators  during disassembly of t h i s  f u e l  element and not an i r rad ia-  
t i o n  e f f ec t .  Approximately one-fourth ac tua l  s i ze .  Coolant f l o w  i s  
downward. (a) Concave surfaces, inner edge of p la tes  a t  l e f t .  
(b )  Convex surfaces, inner edge of p l a t e s  a t  r igh t .  

The dark, p a r a l l e l  l i nes  on the  convex surfaces of these f u e l  

. 
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Fig. 16. Typical Appearance of Fuel P la tes  from H F I R  Fuel Element 
49-1. Approximately one-fourth ac tua l  s i ze .  (a)  Convex surfaces, inner  
edge of p l a t e s  a t  l e f t .  
r i g h t  . (b) Concave surfaces, inner edge of p l a t e s  a t  

. -  
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Fig. 17. B l i s t e r s  i n  the  Oxide Film on the  Surfaces of the  Fuel 

Approximately 5x. 
Pla tes  from Element 49-1. 
scraped from the  surface during ho t - ce l l  handling. 

Dark areas  show where t h e  f i l m  was acc identa l ly  

t h i s  pa r t i cu la r  f u e l  element was considerably ho t t e r  ( thermally) than 
t h e  other two elements, t he  b l i s t e r s  may have been caused by a p a r t i a l  

decomposition of the  oxide f i lm as a r e s u l t  of the  higher temperatures 

of these f u e l  p l a t e s  while t h e  element was i n  t he  hot c e l l s .  
Samples of the  oxide f i lm were scraped from the  surfaces of a fuel 

p l a t e  from each element t o  i den t i fy  the  type of oxide present .  

d i f f r ac t ion  r e s u l t s  indicated t h a t  t he  oxide on t h e  p l a t e s  from elements 

5-0 and 21-0 was predominantly bayer i te  (B-Al203 -3H20) , whereas t h a t  
from element 49-1 was approximately 50% bayer i te  and 50% boehmite 

(a-A1203*H20). 

would form on t h e  surfaces of t he  HFIR f u e l  p l a t e s  during i r r ad ia t ion .  

Although t h e  i n i t i a l  boehmite film on the  surfaces of t he  f u e l  p l a t e s  

could have transformed t o  bayeri te  during the  9- t o  12-month underwater 

storage period i n  the  HFIR pool, it i s  equally possible  t h a t  t h e  f i l m  

formed during reac tor  operation could be bayeri te ,  some of which decom- 

X-ray 

This was surprising, s ince we expected t h a t  only boehmite 

posed t o  boehmite on the  surfaces of the  p l a t e s  of element 49-1. This 
seeming discrepancy i n  the  composition of t he  oxide f i l m  i s  one of t h e  

more perplexing aspects of the  pos t i r r ad ia t ion  r e s u l t s .  
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When the  oxide fi lms were chemically s t r ipped f r o m t h e  surfaces of 
some of the  f u e l  p l a t e s ,  we found numerous p i t s  i n  t h e i r  cladding 
(Fig.  18). 
alarm, it i s  perhaps important t o  note t h a t  they were not apparent u n t i l  

t h e  oxide film was removed from the  p l a t e  surfaces.  Thus, p i t t i n g  of 

these fuel p l a t e s  might not have been discovered i f  t h e  p l a t e s  had not 

been chemically defilmed. 

Although these p i t s  were not deep enough t o  be cause f o r  

L -  

Fig. l$. Typical Appearance of P i t s  Found i n  the Cladding of t h e  
HFIR Fuel P la tes  a f t e r  Removal of t h e  Corrosion Product Films. 
imately 20x. 

Approx- 
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Gamma Scanning Results . 
The 12 f u e l  p l a t e s  were gamma scanned t o  determine t h e  r e l a t i v e  

time-integrated power d i s t r ibu t ion  along and across them. The output 

of a NaI s c i n t i l l a t i o n  detector  was recorded upon a s t r ip-char t  recorder 

as the  f u e l  p l a t e s  were driven a t  a slow, constant speed pas t  a c o l l i -  
mating s l i t  i n  the  detector  shielding. 

coll imator w a s  used, and the  detector  c i r c u i t r y  was  adjusted t o  record 

only gamma rays with energies grea te r  than 0.4 MeV. 

scans along and f i v e  across each f u e l  p l a t e .  The a x i a l  scans were made 

along the  center of each p l a t e  and ju s t  inside t h e  inner and outer edges 

of t he  fuel core, whereas t h e  transverse scans were obtained a t  locations 

3, 7.5, 12, 16.5, and 2 1 i n .  f romthe  upper end of t h e  24-in.-long p l a t e .  

A 3/16-in.-diam x 17-in.-long 

We made three  

Typical examples of t h e  a x i a l  scans of a f u e l  p l a t e  from each ele- 

ment are shown i n  Fig. 19 and Appendix B. In  general, the  scanning 

r e s u l t s  appear t o  be consistent with the  expected a x i a l  power d is t r ibu-  

t i on .  Note, f o r  example, t h a t  these a c t i v i t y  scans a re  e s sen t i a l ly  

symmetrical about t h e  a x i a l  center l i n e  of t he  f u e l  p l a t e s  ( i . e . ,  12 i n .  
from t he  upper end). 

( i. e., t he  small peaks and val leys)  were reproducible and probably indi-  

ca t ive  of small var ia t ions  i n  t h e  fuel loading. Note, however, t h a t  i n  
no instance did t h e  var ia t ions r e s u l t  i n  more than about a 10% change 

i n  the  l o c a l  gama a c t i v i t y  leve l .  Consequently, these small var ia t ions  

i n  the  f u e l  loading resul ted i n  l e s s  than a 10% deviation i n  t h e  expected 

l o c a l  power d i s t r ibu t ion  over an area approximately 3/16 in .  i n  diameter 
( i. e., the  diameter of t h e  coll imator).  

The small deviations from a smooth, cosine curve 

Typical examples of t h e  scans across an inner and outer f u e l  p l a t e  
a t  t h e  a x i a l  midplane a re  compared with the  predicted r a d i a l  power d i s -  

t r i bu t ion  i n  Fig. 20. The agreement between t h e  gamma scanning r e s u l t s  
and the  predicted time-integrated power d i s t r ibu t ion  appears t o  be 

excel lent  and shows t h a t  t he  reactor  designers successfully f la t tened  

t h e  power d i s t r ibu t ion  across t h e  f u e l  p la tes .  

.. 
_. 
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Fig. 19. Typical Axial Gamma Act iv i ty  Scans of a Fuel P l a t e  *om 
HFIR Fuel Element 5-0.  
18.5 cm (center ) ,  and 20 cm (bottom) from t h e  core center  l i ne .  

Scans were made a t  r a d i a l  pos i t ions  16 cm ( top ) ,  
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INNER ELEMENT 
FUEL PLATES 

6 8 10 12 14 

~ OUTER ELEMENT 
FUEL PLATES 

16 18 20 22 
RADIAL DISTANCE FROM AXIAL CENTER LINE OF CORE (cm) 

Fig. 20. Comparison Between Transverse Gamma Scanning Results and 
t h e  Predicted Radial Time-Integrated Power Distr ibut ion fo r  t h e  H F I R  
Fuel Plates .  Top-left, transverse gamma scan across a x i a l  center l i n e  
of a f u e l  p l a t e  from element 49-1; top-right,  gamma scan across a x i a l  
center l i n e  of a f u e l  p l a t e  from element 21-0; bottom, predicted r a d i a l  
power d i s t r ibu t ion  across both inner and outer f u e l  p l a t e s .  

Fuel P l a t e  Thickness Measurements 

During reac tor  operation, one might expect t ha t  t he  HFIR f u e l  p l a t e s  
would increase i n  thickness as  a r e s u l t  of t he  combined e f f ec t s  of 
irradiation-induced swelling of t he  f u e l  dispersion and t h e  buildup of 

an oxide f i l m  upon the  p l a t e  surfaces.  
thickness could be an important fac tor  i n  t h e  performance of t h e  HFIR 

f u e l  assemblies, s ince it could decrease t h e  coolant channel spscing 

and impede coolant flow. This along with poor heat  conduction by an 
excessive oxide f i l m  could cause the  p l a t e s  t o  operate a t  an excessively. 

high temperature. Consequently, we measured t h e  thickness of t h e  12  f i e1  
p la t e s  t o  determine the  overa l l  increase i n  thickness as a r e s u l t  of 

This net  increase i n  f u e l  p l a t e  
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exposure t o  t h e  reactor  environment. The oxide f i lm was then chemically 

s t r ipped from three p l a t e s  from each element, the  p l a t e  thicknesses were 

remeasured, and the  oxide f i lm thickness was determined from the  thick- 

ness differences.  Since t h e  f u e l  burnup and the  f u e l  p l a t e  i r r ad ia t ion  

temperature varied s igni f icant ly  along and across the  p la tes ,  we mea- 

sured t h e  thicknesses a t  l - i n .  in te rva ls  along each p l a t e  a t  th ree  

d i f fe ren t  r a d i a l  posi t ions (near t he  inner edge of the  f u e l  core, a t  t he  

hump, and near t h e  outer edge). 

Results of t he  thickness measurements on t h e  fuel p l a t e s  before and 

after chemical s t r ipp ing  of t he  oxide f i lm a r e  shown i n  Appendix C .  In  

general, t he  fue l  p l a t e s  increased l e s s  than about 0.003 in .  i n  thick- 

ness. Such small increases have no s igni f icant  e f f ec t  upon the  s a t i s -  

fac tory  performance of t he  HFIR f u e l  elements. 

Results of measurements of the  oxide f i lm thickness on t h e  surfaces 

of f u e l  p l a t e s  from t h e  three  i r r ad ia t ed  HFIR f u e l  elements a r e  summa- 
r ized  i n  Figs. 21 through 23. A s  indicated,  metallographic measurements 

of t h e  f i lm thickness agreed qui te  wel l  with t h a t  indicated from d i f f e r -  

ences i n  the  thickness of t h e  s t r ipped and unstripped f u e l  p l a t e s .  In  

general, the  oxide f i l m  on the  surfaces of t he  f u e l  p l a t e s  from a l l  

three elements was  thicker  than tha t  predicted from calculat ions based ' 

upon Griess '  correlation'  f o r  the r a t e  of oxide buildup upon aluminum 
surfaces i n  out-of-reactor corrosion t e s t s .  Note t h a t  t he  oxide thick-  

ness on f u e l  p l a t e s  from element 5-0 ( i . e . ,  one of t he  pretreated f u e l  
elements) i s  considerably thicker  than t h a t  on p l a t e s  from elements 21-0 
and 49-1, even though t h e  later elements were i r rad ia ted  longer. T h i s  

suggests t h a t  oxide b u i l t  up more rapidly on the  surfaces of the  pre- 

t r ea t ed  f u e l  p l a t e s .  The ac tua l  oxide thickness p ro f i l e s  generally 

appear t o  have t h e  same shape as t h a t  predicted by these calculations,  

d i f fe r ing  only i n  absolute magnituae. However, it should be noted t h a t  

t h e  oxide f i lm may have increased i n  thickness as a r e s u l t  of addi t iona l  

corrosion o r  transformation i n  t h e  oxide a f t e r  reactor  operation. The 
storage period was  much longer than the  i r r ad ia t ion  period, and s ince 

* -  8J. C .  Griess e t  a l . ,  Effect of Heat Flux on the  Corrosion of 
Aluminum by Water - Part  111, ORNL-3230 (June 1961). 
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Fig. 21. 
Fuel Element 5-0. 
near outer edge (bottom). 

Axial Film Thickness Prof i les  on Fuel Plates  f r o m  KFIR 
Near inner edge ( top ) ,  over core hump (center ) ,  and 
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Fig. 22. 
Fuel Element 21-0. 
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Axial Film Thickness Prof i les  on Fuel Plates  from HFIR 
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there  was no forced circulat ion,  t he  decay heat kept t h e  f u e l  p l a t e s  a t  
temperatures approaching operating values. 

corrosion i s  treatment i n  the  hot c e l l s .  

ments became qui te  hot and were per iodica l ly  sprayed with water t o  cool 

them. 
corrosion than operation and storage.  

Another possible source of 

No longer immersed, t h e  ele- 

The r e su l t an t  steaming and thermal cycling may have caused more 
The channels gave a cha rac t e r i s t i c  

c 
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uncorroded shiny appearance when f irst  unloaded from t h e  ca r r i e r ;  t h e  

f i n i s h  became a d u l l  gray during the  weeks of handling i n  the  c e l l s .  

For these reasons, t he  measured oxide film thickness may not be indica- 
t i v e  of t h e  oxide ac tua l ly  present on t h e  f u e l  p l a t e  surfaces during 

reactor  operation. 

Fuel-Plate Sectioning and Analytical  Burnup Determinations 

Since we saw no s igni f icant  differences i n  t h e  ove ra l l  appearance 
or condition of t h e  f u e l  p l a t e s  from any one pa r t i cu la r  f u e l  element, we 

l imited metallographic examination and ana ly t i ca l  burnup determinations 

t o  sections from one f u e l  p l a t e  from each of the  three  elements. 

The p l a t e s  selected fo r  metallographic examination and ana ly t i ca l  

burnup determinations were i n i t i a l l y  sectioned i n  the  manner shown i n  

Fig. 24 with a water-cooled abrasive cutoff wheel. A s  indicated, f i v e  
burnup samples and seven metallographic specimens were cut from each 

p l a t e .  

provide metallographic specimens from the  extreme upper and lower ends 

of t h e  f u e l  core ( i . e . ,  specimens M-2 and M-22), t h e  nominal minimum 

burnup regions ( M - 3  and M-21), two nominally intermediate burnup regions 

(M-7.5 and M-16.5 ) , and the  nominally maximum burnup region ( M - 1 2 ) .  The 
ana ly t i ca l  burnup samples were selected s imilar ly ,  providing samples from 

two minimum burnup locations,  two intermediate burnup locations,  and 

maximum burnup region. 

within t h e  f u e l  p la tes ,  the  f i v e  la rge  burnup samples from each f u e l  

p l a t e  were cut t o  provide samples from t h e  inner edge, outer edge, and 
cen t r a l  region of each la rge  sect ion (Fig. 25) .  

The a x i a l  locat ions of these various specimens were selected t o  

To determine the  burnup a t  spec i f ic  locations 

The individual  burnup samples were then submitted fo r  uranium mass- 
spectrographic analysis,  and the  atom percent of t o t a l  uranium f iss ioned 

was calculated f o r  each sample from changes i n  t h e  isotopic  composition. 
The burnup of some of the  samples was a l s o  determined radiochemically 

( i . e . ,  from uranium and 137Cs analyses) as  a secondary check; generally, 

excellent agreement was found. 

uranium fissioned t o  fissions/cm3 of f u e l  core was based upon the  assump- 

t i o n  t h a t  t he  cores of the  inner and outer p l a t e s  contained 21.5 and 

The conversion of atom percent of t o t a l  
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Fig. 24. Axial Location of Specimens Cut from the  I r rad ia ted  HFIR 
Fuel P la tes  for Analyt ical  Burnup Determinations and Metallographic 
Examination. 
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INNER-ELEMENT FUEL PLATES OUTER-ELEMENT FUEL PLATES 

SAMPLE IDENTIFICATION CODE 
(BURNUP SAMPLES) 

" I " I' H ' I  "0" I '  I " I '  H I '  " 0 

7.1 8.0 9.5 10.5 t2.0 12.6 t5.4 15.8 17.0 18.0 20.0 24.0 

RADIAL DISTANCE FROM CORE CENTER LINE (cm) 

Fig. 25. Radial Locations of Burnup Samples Cut from the  Irradiate0 
H F I R  Fuel Plates .  Note t h a t  t he  sample iden t i f i ca t ion  code used can be 
employed t o  iden t i fy  the  a x i a l  and radial locations of t h e  specimen 
( i . e . ,  sample 13-7.75-0 from a f u e l  p l a t e  from element 21-0 would be 
from a region 7.5 in .  from the  upper end of t h e  p l a t e  and from 20 t o  
2 1  cm from the  core center l i n e ) .  

31.2 X lo2' atoms/cm3 of uranium, respectively.  
were calculated f o r  30 and 40 w t  % dispersions of u308 i n  aluminum, res- 

pectively,  and 97% of theo re t i ca l  density.  

These uranium contents 

Results of the  isotopic  analyses and the  calculated burnup values 

fo r  t h e  individual specimens a re  tabulated i n  Appendix D. A s  shown i n  
Figs. 26 and 27, r e s u l t s  of t h e  burnup determinations on sections from 

elements 49-1 and 21-0 were i n  excellent agreement with those predicted.  

The burnup of sections from the  f u e l  p l a t e  from element 5-0 (not shown) 

was generally about 10% lower than those from element 21-0, as expected 

from the  lower exposure (2046 compared with 2309 MWd) . 
Since the  ana ly t i ca l  burnup determinations and t h e  gamma scanning 

r e su l t s  were i n  such good agreement with t h e  calculated burnup and time- 

integrated power d is t r ibu t ions ,  it appears t ha t  t he  nuclear performance 



42 

( x 4020) I 
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0 "0" BURNUP SAMPLES 
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Fig. 26. Comparison of  Predicted and Measured Burnup Values Along 
an Inner and an Outer Fuel Plate .  Curves represent t h e  predicted burnup 
p ro f i l e s  a t  indicated r a d i a l  posit ions;  data points  represent a n a l y t i c a l  
burnup values obtained on sect ions of a f u e l  p l a t e  f'rom elements 49-1 
( top)  and 21-0 (bottom). 
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Fig. 27. Comparison of Predicted and Measured Burnup Prof i les  
Across the  Horizontal Midplane of t he  H F I R  Fuel Plates .  

of t he  H F I R  f u e l  elements was i n  excellent agreement with t h a t  predicted 
from the  core physics analysis .  

Metallographic Examination 

As described above, seven complete transverse cross sections were 

cut from one f u e l  p l a t e  from each of t h ree  i r r ad ia t ed  f u e l  elements f o r  

metallographic examination. 

chemically defilmed, so  the  oxide film on t h e  surfaces of t h e  p l a t e s  was  
re ta ined  f o r  metallographic inspection. 

These pa r t i cu la r  f u e l  p l a t e s  had not been 

Each of t h e  2 1  specimens was 



next cut i n t o  four pieces tha t  would f i t  i n t o  standard 1.25-in.-diam 

metallographic mounts, mounted i n  epoxy res in ,  wet-ground on succes- 

s ive ly  f i n e r  grades of s i l i c o n  carbide abrasive papers, and polished i n  

two stages on Syntron vibratory pol ishers  using diamond and magnesium 

oxide polishing compounds. A l l  specimens were then examined i n  both the  

as-polished and etched conditions f o r  evidence of s t r u c t u r a l  damage and 

irradiation-induced microstructural  changes. Over 450 photomicrographs 

were taken. 
In  general, t h e  metallographic examination showed t h a t  a l l  sect ions 

from the  three  f u e l  p l a t e s  were i n  excellent condition. Although some 

indications of s l i g h t  corrosion of t h e  cladding and changes i n  the micro- 

s t ruc ture  of t he  fuel dispersion were apparent, no evidence of any type 

of damage or defect that could be considered indicat ive of an ac tua l  or 

incipient  f a i l u r e  of t he  f u e l  p l a t e  was observed i n  any of t he  21 sec- 

t i ons  from the  three  f u e l  p l a t e s .  The metallographic examination of 

these specimens revealed that the  f u e l  p l a t e s  of these three  elements 

performed completely s a t i s f a c t o r i l y  i n  service and t h a t  such fuel p l a t e s  

probably a r e  s t ruc tu ra l ly  capable of performing s a t i s f a c t o r i l y  a t  tem- 

peratures and burnup levels  higher than can be achieved under normal 

HFIR operating conditions. 

The overa l l  condition of t he  f u e l  p l a t e s  i s  i l l u s t r a t e d  i n  

Appendix E with transverse cross sect ions of each of the  th ree  f u e l  
p l a t e s  a t  15 di f fe ren t  locations.  Although the  burnup and i r r ad ia t ion  
temperature varied from t h e  maximum t o  the  minimum values a t  t h e  differ-  

ent locations,  a l l  sections of these fue l  p l a t e s  are s t r u c t u r a l l y  i n  

excel lent  condition. No indications of cladding cracks, core-cladding 

separation, f u e l  core b l i s t e r s ,  o r  any other type of s t r u c t u r a l  defect 

were observed i n  any of the 2 1  complete t ransverse cross sect ions from 

these th ree  fuel p la tes .  

Unfortunately, we had no way t o  prec ise ly  determine how much 
swelling o r  corrosion occurred during the  i r r ad ia t ion  of these fuel 
p la tes .  However, measurements of t he  core and cladding thicknesses on 

metallographic sections from the i r r ad ia t ed  and unirradiated (i. e . ,  as- 

fabricated)  f u e l  p l a t e s  indicated t h a t  nei ther  s w e l l i n g  nor corrosion 

was  excessive. The thickness of t he  core ( f u e l  plus  f i l l e r  sect ion)  on 

. 
2 



45 

8 .- 

I .  

sections from t h e  three  i r rad ia ted  f u e l  p l a t e s  ranged between 0.0265 

and 0.0285 in .  No d i r ec t  re la t ionship  w a s  apparent between these core 
thickness values and f u e l  burnup; i n  fac t ,  the  minimum core thickness 
values of ten occurred i n  the  higher burnup regions of t h e  f u e l  p l a t e s .  
Since the  cores of t h e  unirradiated HFIR f u e l  p l a t e s  normally range 

between 0.0260 and 0.0280 in .  i n  thickness, t h e  cores of the  three  irra- 
diated f u e l  p l a t e s  probably increased l e s s  than 0.001 in .  i n  thickness 

as a r e s u l t  of i r r ad ia t ion .  We had expected tha t  t he  cores would swell  

only s l i g h t l y  . 
The thickness of the  cladding on sections of t he  f u e l  p l a t e  fYom 

element 5-0 ranged from abovt 0.0100 t o  0.0115 in . ,  and t h a t  on sections 
of t he  p l a t e s  from elements 21-0 and 49-1 ranged between 0.0105 and 

0.0115 i n .  The cladding of the  as-fabricated HFIR f u e l  p l a t e s  normally 

ranges between 0.0110 and 0.0116 in .  thick; consequently, corrosion 

could not have reduced t h e  thickness of t he  cladding of the  i r r ad ia t ed  
f u e l  p l a t e s  by more than 0.0016 in .  Actually, however, t h e  cladding of 

t h e  5-0 f u e l  p l a t e s  was probably reduced i n  thickness by l e s s  than 
0.001 in .  and t h a t  of the  21-0 and 49-1 f u e l  p l a t e s  by l e s s  than 

0.0005 in .  The grea te r  a t t ack  of t he  element 5-0 f u e l  p la tes  appears 

t o  be a r e s u l t  of the  spal l ing of t h e  oxide f i lm  during i r r ad ia t ion .  

The scalloped surfaces i n  Fig. E-1 a r e  probably indicat ive of' t he  

heavier a t t ack  i n  regions where the  f i lm spal led.  

A s  shown i n  Fig. 28, t he  oxide f i lm on t h e  surfaces of a l l  th ree  
f u e l  p l a t e s  appeared t o  be composed of two ra ther  d i s t i n c t  layers  of 
approximately equivalent thickness.  

r e l a t i v e l y  smooth, t i g h t l y  adherent, and f r e e  of cracks o r  f i s su res .  
However, we d i d  observe some cracks i n  the  oxide near where the  f i l m  

had spal led from t h e  surface of t h e  5-0 f u e l  p l a t e .  

two layers had separated i n  some regions of t he  49-1 f u e l  p l a t e  t o  form 
small b l i s t e r s  (Fig.  29). This separation accounts fo r  the  s m a l l  b l i s -  

t e r s  noted i n  the  v i sua l  examination of t he  element 49-1 f u e l  p l a t e s  

( see  Fig. 17, p .  30).  
t e r s  formed during examination and a re  within the  oxide film, and not 

within t h e  f u e l  p l a t e  proper. 

The fi lms generally appeared t o  be 

In  addition, t h e  

However, it should be emphasized t h a t  these b l i s -  
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Fig. 29. Typical B l i s t e r  Found i n  the  Oxide Film on Fuel P la tes  
from HFIR Fuel Element 49-1. 5 0 0 ~ .  A s  polished. 

A s  mentioned previously, a number of shallow p i t s  were observed i n  

the  surfaces of a l l  f u e l  p l a t e s  a f t e r  chemical removal of t h e  oxide 

films. 

examination. Typical examples of these p i t s  a r e  sham i n  Fig. 30. Note 

t h a t  t he  oxide f i l m  over t he  surface of the  p i t s  i s  continuous; thus, 

such p i t s  would not be apparent during v i sua l  inspection of t he  f i e1  
p la t e s  unt i l  t he  oxide f i lm had been chemically removed from t h e  p l a t e  
surfaces.  A s  w i l l  be discussed l a t e r ,  t h e  cause of these p i t s  i s  

uncertain; however, they do not appear t o  be a serious problem since 

they a r e  r e l a t i v e l y  shallow ( l e s s  than 0.003 i n .  deep). 

Some of these p i t s  were a l s o  found during the  metallographic 

Although not readi ly  apparent a t  lower magnifications shown i n  

Appendix E, t he  microstructure of t he  Us08-aluminum f u e l  dispersion 
varied considerably along and across each of t h e  three  i r r ad ia t ed  f u e l  

p la tes .  

which compares the  microstructure of t he  f i e 1  dispersion of an unirra- 
diated HFIR f u e l  p l a t e  with t h a t  from the  low-burnup, low-temperature 

and high-burnup, high-temperature regions. These changes i n  t h e  micro- 

s t ruc ture  of t h e  fuel dispersion appear t o  r e s u l t  from a t  l e a s t  two 

d i s t i n c t l y  d i f f e ren t  mechanisms: (1) an irradiation-induced change i n  

t h e  microstructure of t he  u308 f u e l  p a r t i c l e s  proper, and ( 2 )  chemical 

react ion between the  U308 f u e l  p a r t i c l e s  and the  aluminum matrix mate- 

r ia l .  

i n  the  U3O8 p a r t i c l e s  of t he  as-fabricated dispersion appear t o  have 

These differences a re  perhaps more c l ea r ly  shuwn i n  Fig. 31, 

Note, for example, t h a t  t h e  cracks and f rac tures  i n i t i a l l y  present 
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Fig. 30. Microstructural  Appearance of P i t s  Found i n  the  Cladding 
of the  I r rad ia ted  KFIR Fuel P la tes .  5 0 0 ~ .  A s  polished. (a) An ear ly  
s tage of p i t t i n g ,  and (b) f'ully developed p i t .  
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Fig. 31. Typical Microstructures of' Fuel Cores of the HFIR Fuel 
Plates. As polished. 5 0 0 ~ .  (a) Unirradiated, (b) from a low-burnup, 
low-irradiation temperature region, (c) *om an intermediate-burnup, 
high-irradiation temperature region, and (a)  from a high-burnup, 
intermediate-irradiation temperature region. 
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healed o r  
voids and 

A t  higher 

s in te red  even a t  the  lowest burnup. Also, t he  numerous small 

cracks have agglomerated t o  form ra ther  la rge  voids or  pores. 

burnup levels ,  these large voids generally appear t o  decrease 

somewhat i n  s ize;  however, an increasing number of small, spher ica l  

voids (o r  perhaps fission-gas bubbles) begin t o  appear. 

these changes appear t o  be somewhat analogous t o  t h e  f u e l  res t ruc tur ing  

of ten observed i n  bulk-oxide f u e l  pins  f o r  power reactors .  

In  many respects,  

Since it has been known f o r  some time t h a t  U3O8 i s  thermodynami- 

c a l l y  unstable i n  contact with aluminum, we were not surpr ised t o  f ind  
evidence of react ion between the  f u e l  p a r t i c l e s  and t h e  matrix. 

react ion between these two materials i s  generally qui te  sluggish even 

a t  500 t o  600°C i n  the  absence of i r radiat ion, '  extensive reac t ion  has 

been observed" i n  such dispersions arter i r r ad ia t ion  a t  temperatures as 
l o w  as 100°C. On the  basis  of some ear ly  i r r ad ia t ion  t e s t i n g  r e s u l t s  of 

U308-aluminum dispersions, Graber e t  a1.l' concluded t h a t  t he  extent  of 

react ion was a function of both t h e  f u e l  burnup and the  i r r ad ia t ion  tem- 

perature.  A s  indicated i n  Fig. 31, t h e  extent of reac t ion  a t  higher 

burnup and higher i r r ad ia t ion  temperature was s ign i f i can t ly  grea te r  than 

a t  lower burnup and temperature. However, comparing the  microstructure 

of the  dispersion a t  other locations within t h e  three  f u e l  p l a t e s  indi-  
cated tha t  the  extent of react ion might be a function of only the  irra- 
d ia t ion  temperature and r e l a t ive ly  independent of t he  f u e l  burnup i n  
t h e  range experienced by the fuel elements. For example, i n  regions of 

t h e  f u e l  p l a t e s  i r r ad ia t ed  t o  the  same burnup l e v e l  but a t  d i f f e ren t  

temperatures, as seen i n  Fig. 32(a) and (b) ,  t he  reac t ion  i s  grea te r  i n  
t he  region i r r ad ia t ed  a t  t h e  higher temperature. However, regions irra- 
diated a t  t h e  same temperature but t o  d i f f e ren t  burnup l eve l s  - compare 

Fig. 32(b) and (c) - show l i t t l e  difference i n  t h e  extent of react ion.  

Although 

'R. C .  Waugh, The Reaction and Growth of Uranium Oxide-Aluminum 
Fuel Plates and Compacts, ORNL-2701 (March 9, 1959). 

"A. E. Richt, C .  F. Leit ten,  Jr., and R. J. Beaver, "Radiation 
Performance and Induced Transformations i n  Aluminum-Base Fuels," pp. 469- 
488 i n  Research Reactor Fuel Element Conference, September 17-19, 1962, 
Gatlinburg, Tennessee, TID-7642, Book 2 (1963). 

1. 

I'M1. J. Graber e t  a l . ,  Results of ATR Sample Fuel P la te  I r r ad ia t ion  
Experiment, IDO-16958 (March 19641, pp. 36-41. 
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Fig. 32. Comparison of t h e  Extent of Reaction i n  Regions of a Fuel 

(a)  3 X lo2' fissions/cm3 a t  
P la t e  from Element 5-0 t o  the  Same Burnup a t  Different Temperatures or  
Different Burnups a t  the  Same Temperature. 
80°C; (b)  3 x lo2' fissions/cm3 a t  115°C; ( c )  16 x lo2' fissions/cm3 at  
115°C. A s  polished. White, aluminum matrix; black, voids; dark gray, 
U3O8; l i g h t  gray, react ion products. Reduced 6%. 
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To check on t h i s  hypothesis, we attempted t o  estimate t h e  extent of 
react ion i n  various regions of the  three  i r r ad ia t ed  f u e l  p l a t e s  by 

determining the  volume f rac t ion  of aluminum remaining within t h e  disper- 
s ion by a r e a l  analysis  of the  photomicrographs. Since aluminum i s  
consumed during reaction with t h e  u308, the  volume f r ac t ion  of aluminum 
within t h e  f u e l  dispersion should decrease with increasing amounts of 

react ion.  The r e su l t s  of these measurements were then p lo t t ed  a s  a 
function of t h e  estimated fuel-core i r r ad ia t ion  temperature. A s  shown 

i n  Fig. 33, t h e  r e su l t s  c l ea r ly  show t h a t  t he  extent of react ion between 

U3O8 and aluminum i s  primarily a function of t h e  i r r ad ia t ion  temperature 
and r e l a t i v e l y  insens i t ive  t o  the  fuel burnup, which i s  shuwn i n  paren- 

theses by each point.  

One other in te res t ing  aspect of t he  metallographic examination was 

the  observation of zones showing fission-product-recoil  damage around 
t h e  individual  f u e l  p a r t i c l e s  (Fig. 34) . 
have been previously observed around t h e  f u e l  pa r t i c l e s  of i r r ad ia t ed  

dispersions of UO2 i n  s t a in l e s s  s tee l ,12  t o  OUT knowledge these are t h e  

f irst  photomicrographs t o  c l ea r ly  show t h e  recoil-damaged zones i n  an 
aluminum-base f u e l  dispersion. In  these f u e l  p la tes ,  t he  width of t he  

damaged zone appeared t o  be about 15 pm, which i s  i n  excellent agreement 

with t h e  average accepted range of 13.8 pm f o r  f i s s ion  fragments i n  
aluminum. 

Although recoil-damaged zones 

Measurements on sections from t h e  i r r ad ia t ed  and unirradiated HFIR 
f u e l  p l a t e s  indicated t h a t  t h e  hardness of t h e  cladding and f i l l e r  sec- 
t i ons  increased s ign i f i can t ly  as a result  of i r r ad ia t ion .  The hardness 
of t h e  a l loy  6 0 6 1  cladding increased from 30 ? 1 t o  64  ? 3 DPH, while 

t h a t  of t he  Alcoa 101 f i l l e r  sect ion increased from 24 ? 2 t o  4 6  ? 4 DE. 
In s p i t e  of t h e  wide var ia t ions  i n  fluence and i r r ad ia t ion  temperature, 

we found l i t t l e  difference i n  the  hardness of e i the r  t h e  cladding or 
f i l l e r  sect ions i n  t h e  various regions of t h e  three  i r r ad ia t ed  fuel 
p l a t e s .  

neutron displacement-type damage. 
Such hardness increases a r e  probably primarily a r e s u l t  of fast 

These hardness increases a r e  probably 

1 2 W .  K. Barney and B. D. Wemple, Metallography of I r rad ia ted  U02- 
Containing Fuel Elements, KAPL-1836 (June 1 9 5 6 ) .  

. 
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Fig. 33. Effect  of I r r ad ia t ion  Temperature upon 
t h e  Extent of Reaction i n  the  Cores of t he  Inner (Top) 
and Outer (Bottom) Annulus HFIR Fuel Plates .  

accompanied by corresponding increases i n  t he  y ie ld  s t rength and decreases 
i n  t h e  ove ra l l  d u c t i l i t y  of t he  f u e l  p l a t e s  proper. 
i n  t h e  mechanical propert ies  of  t h e  fuel p l a t e s  could be considered as 

evidence of  irradiation-induced damage, they could ac tua l ly  be advanta- 

geous f o r  the  HFIR f u e l  elements. 

y ie ld  s t rength of t he  aluminum would make t h e  f u e l  p la tes  l e s s  suscepti-  

b l e  t o  d i s to r t ion  by thermal o r  hydraulic forces during reactor  operation. 

While such changes 

In par t icu lar ,  t h e  increase i n  t h e  



Fig. 34. Zones of Fission-Product Recoil Damage Surrounding Fuel Particles in the Irra- 
diated HFIR Fuel Plates. 1OOX. Etched with 30% KOH. (a) Typical low-burnup, low-temperature 
region. (b) Typical high-burnup, high-temperature region. 
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Pos t i r rad ia t ion  Blister-Annealing Tests 

Even though the  present HFIR fuel elements have performed qui te  
s a t i s f a c t o r i l y  i n  reactor  service,  there  i s  an economic incentive t o  

develop f u e l  elements with longer nuclear l i fe t ime.  Such elements, of 

course, would contain a higher f u e l  loading and would a l so  operate a t  
somewhat higher temperatures and t o  s ign i f i can t ly  higher burnups. How- 

ever, s ince t h e  burnup and temperature l imi ta t ions  of t he  U308-aluminum 
f u e l  dispersion have not r e a l l y  been established, some uncertainty 

remains whether such an advanced H F I R  f u e l  element would perform s a t i s -  
f a c t o r i l y  under these more severe operating conditions. Workers a t  t h e  

Idaho Nuclear Corporation have suggested, however, t h a t  one can es tab l i sh  

the  burnup-temperature l imi ta t ions  of aluminum-base f u e l  materials from 

studies  of t h e  b l i s t e r ing  behavior of i r r ad ia t ed  f u e l  p l a t e s  during post- 

i r r ad ia t ion  heat treatments.13 

t e s t s ,  sections of f u e l  p l a t e s  t h a t  have been i r r ad ia t ed  t o  various 

known burnup leve ls  a r e  heat  t r ea t ed  a t  successively higher temperatures 

u n t i l  t he  f u e l  p l a t e  b l i s t e r s .  

t u re s  a r e  then p lo t ted  as a function of burnup t o  obtain a curve t h a t  

supposedly del ineates  the  in-reactor burnup- temperature capab i l i t i e s  of 

t h a t  pa r t i cu la r  f u e l  mater ia l .  

U308-aluminum f u e l  dispersions a r e  of considerable in t e re s t  t o  the  

development of advanced HFIR f u e l  elements, we decided t o  conduct simi- 
lar bl is ter-anneal ing s tudies  on p l a t e s  from each of t he  three  irra- 
diated f u e l  elements. 

In  these so-called blister-annealing 

The pos t i r rad ia t ion  b l i s t e r ing  tempera- 

Since the  performance l imi ta t ions  of 

A s  shown i n  Fig. 35, t he  pos t i r rad ia t ion  b l i s t e r i n g  temperature of 

t h e  outer f u e l  p l a t e s  w a s  s ign i f i can t ly  higher than t h a t  of t he  inner 

p l a t e .  

reasonably wel l  with that  reported13 f o r  other U308-aluminum dispersions,  

but t h a t  of t he  outer p l a t e s  appears t o  be about 1 0 0 ° C  higher. 

The b l i s t e r ing  temperature of t h e  inner p l a t e  appears t o  agree 

1 3 M .  F. Marchbanks, W. C .  Francis, and M. L.  Griebenow, Reactor 
Engineering Branch Annual Report F i sca l  Year 1969, IN-I335 (November 
1969), pp. 49-52. 
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Fig. 35. Pos t i r rad ia t ion  Blis ter ing Temper- 
a tures  of Outer (Top) and Inner (Bottom) HFIR Fuel 
Plates .  
Marchbanks e t  al.13 

Idaho Nuclear Corporation r e s u l t s  are fYom 

A t  present,  we have no completely sa t i s f ac to ry  explanation fo r  
these differences i n  the pos t i r rad ia t ion  b l i s t e r i n g  of these  f u e l  p la tes .  

However, t h e  pos t i r rad ia t ion  b l i s t e r i n g  temperature of t he  U~08-aluminum 
f u e l  dispersions i s  apparently not s t r i c t l y  a f’unction of t he  f u e l  core 

f i s s i o n  density.  
and outer HFIR f u e l  p l a t e s  might be a t t r i bu ted  t o  t he  differences i n  
t h e  f u e l  loading of these p la tes  ( t h e  cores of t he  inner p l a t e s  contain 

a 30 w t  % u308 dispersion and those of t he  outer p l a t e s  contain a 
40 w t  % u308 dispers ion) .  

i r r ad ia t ion  b l i s t e r i n g  temperature of t h e  advanced HFIR fuel p la tes ,  

which would contain approximately 25% higher f u e l  loadings, t o  be 

Differences i n  the b l i s t e r i n g  behavior of t h e  inner 

If t h i s  i s  t rue ,  one would expect t he  post- 

s ign i f i can t ly  d i f f e ren t  from t h a t  of t h e  present elements. Consequently, 
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one could not use the  b l i s t e r ing  temperature curves f o r  t he  present 

€€FIR f u e l  p l a t e s  t o  establish the  performance l imi ta t ions  of the  advanced 
f u e l  p la tes .  

Proper in te rpre ta t ion  of t h e  value of these pos t i r rad ia t ion  b l i s t e r -  

annealing tes ts  i s  f'urther clouded by t h e  f ac t  t h a t  the  b l i s t e r ing  tem- 

perature  of both t h e  inner and outer HFIR f u e l  p l a t e s  appeared t o  depend 

not only upon t h e  f i s s i o n  densi ty  and f u e l  loading but a l so  upon the  

i r r ad ia t ion  temperature. In  regions of the  p l a t e s  exposed t o  equivalent 

f i s s i o n  densi t ies ,  areas i r r ad ia t ed  a t  t h e  higher operating temperatures 

consis tent ly  exhibited higher b l i s t e r ing  temperatures. 

t h i s  behavior i s  given i n  Fig. 36, which shows two sections o f t h e  f u e l  

p l a t e  from element 21-0 a f t e r  t h e  1 hr  heat  treatment a t  600°C. The 

sect ion from t h e  upper end (coolant i n l e t )  was i r r ad ia t ed  a t  l e s s  than 

100°C and achieved a burnup of 3.5 t o  10 x lo2' fissions/cm3. 

sect ion was cut from the  a x i a l  midplane of t h e  fue l  p la te ,  where t h e  

i r r ad ia t ion  temperatures ranged from 115 t o  130°C and the  burnups ranged 

between 6.0 and 18.5 X lo2' fissions/cm3. 

the  e n t i r e  fueled region of t he  upper sect ion of t h i s  p la te ,  even over 

t h e  regions of very low burnup ( i . e . ,  3.5 X 10'' fissions/cm3). B l i s -  

t e r ing  i s  a l so  apparent i n  t h e  higher burnup regions of t he  other sect ion 

of t h i s  p la te ,  but there  a r e  no b l i s t e r s  over a r e l a t i v e l y  la rge  area 

near t h e  center of t h i s  sect ion.  The burnup i n  t h i s  unbl is tered a rea  
ranged between 6.0 and 9.0 x lo2' fissions/cm3. This apparent depen- 

dence upon t h e  i r r ad ia t ion  temperature may account f o r  t he  r e l a t i v e l y  
la rge  "poss ib l e -b l i s t e r ing"  bands i n  Fig. 35. More importantly, it 
r a i s e s  considerable questions as t o  the  v a l i d i t y  of using pos t i r rad ia t ion  

bl is ter-anneal ing data t o  es tab l i sh  t h e  in-reactor performance l imita- 

t i ons  or capab i l i t i e s  of any U308-aluminum f u e l  p l a t e s .  

one might log ica l ly  expect t h a t  t he  bl is ter  resis tance of a given f u e l  
p l a t e  would decrease i f  the  i r r ad ia t ion  temperature was increased. 
These blister-annealing r e su l t s ,  however, suggest t h a t  t he  b l i s t e r  

res i s tance  of t h a t  same f u e l  p l a t e  increases with increasing i r r ad ia t ion  

temperature. 

a r e  of  l i t t l e  value i n  attempting t o  e s t ab l i sh  the  performance capabi l i -  

t i es  of e i the r  t he  present or  advanced HFIR f u e l  p l a t e s .  

An example of 

The other 

Bl i s te rs  a r e  apparent over 

For example, 

We therefore  f e e l  t h a t  these bl is ter-anneal ing r e s u l t s  
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Fig. 36. Sections of an I r rad ia ted  HFIR Fuel P l a t e  from Element 
21-0 after Heat Treatment f o r  1 hr at  600°C. 
end of f u e l  p l a t e .  ( b )  Section from reac tor  midplane. Approximately 
ac tua l  s i z e .  

(a)  Section from upper 
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DISCUS S I ON 

In  discussing the  r e s u l t s  of t h e  pos t i r rad ia t ion  examination and 

evaluation of t he  spent HFIR f u e l  elements, it i s  perhaps important t o  

f i r s t  emphasize t h a t  no adverse e f f ec t s  on reactor  operations associated 

with any f u e l  element have been encountered i n  the e n t i r e  operational 

h i s tory  of t h i s  reactor .  Since s t a r tup  of t h e  HFIR i n  March 1966, over 
60 f u e l  cores (consis t ing of over 120 f u e l  elements) have been operated 
t o  t h e i r  r e a c t i v i t y  l i fe t ime a t  the  full design power l e v e l  of 100 MW 

without d i f f i c u l t y  and with no indications of a f i e 1  element o r  a f u e l  

p l a t e  f a i lu re .  From an operational viewpoint, therefore ,  one must con- 

clude t h a t  t he  current HFIR f u e l  elements perform qui te  s a t i s f a c t o r i l y  

under t h e  present reactor  operating conditions. Results of the  post- 

i r r ad ia t ion  examination of these four pa r t i cu la r  spent f i e 1  elements 

completely support t h i s  conclusion. Consequently, we conclude t h a t  t h e  

useful  l i fe t ime of t he  current HFIR f u e l  elements i s  l imited only by 

t h e  r e a c t i v i t y  l i fe t ime of these elements and not by i r r ad ia t ion  damage. 
An a r b i t r a r y  r e s t r i c t i o n  upon the  operational l i fe t ime of these f u e l  

elements i s  therefore  both unnecessary and undesirable. 

One should not assume, however, t h a t  t h e  HFIR f u e l  elements a r e  

completely unaffected by exposure t o  t h e  reactor  environment. 

of t he  pos t i r rad ia t ion  examination, for example, c l ea r ly  show t h a t  cor- 

rosion, s m a l l  dimensional changes, and chemical reactions within t h e  

f u e l  dispersion occur during reactor  service.  Since these e f fec ts  a r e  

an important p a r t  of t he  performance of the  HFIR f u e l  elements, a more 
de ta i led  evaluation of t h e i r  s ignif icance appears t o  be warranted fo r  

t h e  development of advanced elements. 

Results 

Dimensional S t a b i l i t y  

The pos t i r rad ia t ion  examination indicates  t h a t  the  dimensional 

s t a b i l i t y  of t h e  HFIR fue l  elements i s  qui te  adequate for  the  reactor  

operating requirements. No evidence of s ign i f icant  changes i n  t h e  

length, inner diameter, o r  outer diameter of fue l  assemblies was  noted. 

Corrosion apparently caused the  f u e l  p l a t e s  t o  increase s l i g h t l y  i n  
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thickness during i r rad ia t ion ,  resu l t ing  i n  a s l i g h t  corresponding 

decrease i n  t h e  p l a t e  spacing; however, t he re  were no indicat ions of  

gross changes i n  f u e l  p l a t e  spacing, such as would be expected i f  t h e  

individual  f u e l  p la tes  had buckled or warped during reac tor  service.  

Irradiation-induced swelling of t h e  f u e l  dispersion caused l e s s  than a 
0.001 in .  increase i n  the  overa l l  thickness of t he  f u e l  p l a t e s .  A s  

shown i n  Fig. 37, our i r r ad ia t ion  t e s t i n g  programl4 has shown t h a t  these 

pa r t i cu la r  dispersions can be i r r ad ia t ed  t o  burnup leve ls  of up t o  about 

9 x lo2' fissions/cm' without swelling. 
a s  19 X lo2' fissions/cm3, the  t o t a l  core volume increase would only be 

about 6%- 

Even a t  burnup l eve l s  as high 

When one considers the  ra ther  unique geometry of t h e  H F I R  

f u e l  cores and the  f u e l  p l a t e  burnup p ro f i l e s  ( see  Figs. 6 and 7, 

pp. 10 and 11, respect ively) ,  such small thickness increases a r e  not 
surpr is ing.  

exposed t o  burnup leve ls  l e s s  than 9 x lo2' fissions/cm3; thus, no 

For example, most areas within these f u e l  p l a t e s  a r e  

increase i n  f u e l  core thickness would be expected i n  these areas .  In  
regions exposed t o  burnups grea te r  than 9 X lo2' fissions/cm3, cores 

a r e  r e l a t i v e l y  th in .  

of t h e  outer annulus f u e l  p l a t e s )  t h e  fue l  core i s  only 0.009 i n .  th ick .  

A t  t h e  maximum burnup locat ion ( a t  t h e  outer edge 

I 4 A .  E. Richt and M. M. Martin, Fuels and Materials Development 
Program Quart .  Progr. Rept. Dec. 31, 1969, ORNL-4520, ppi. 266-272. 

Fig. 37. 
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Thus, even a t  t h e  burnup l e v e l  of 19 X lo2' fissions/cm3, a 6% increase 
i n  f u e l  core thickness should r e s u l t  i n  only a 0.00054 i n .  increase i n  

the  ove ra l l  thickness of t he  f u e l  p l a t e .  Consequently, f u e l  core 

swelling does not l i m i t  t h e  performance of t h e  current HFIR f u e l  elements. 

S t ruc tura l  In tegr i ty  

c -  

The overa l l  s t r u c t u r a l  i n t e g r i t y  of t he  current HFIR fuel elements 

a l s o  appea,rs t o  be qui te  adequate f o r  t he  reactor  operating conditions. 

Although the  U30g f u e l  pa r t i c l e s  react  with the  aluminum matrix during 

i r rad ia t ion ,  t he  react ion does not compromise t h e  in t eg r i ty  of the  f u e l  

p l a t e .  No indicat ions of f u e l  core b l i s t e r s ,  core-cladding separation, 
matrix cracking, or any other ac tua l  o r  inc ip ien t  s t r u c t u r a l  f a i l u r e  of 
a f u e l  p l a t e  were observed i n  any region of these f u e l  p la tes ;  thus, the  

U308-aluminum f u e l  dispersions performed s a t i s f a c t o r i l y  a t  t h e  tempera- 

tu res  and burnup leve ls  encountered i n  t h i s  reactor .  Corrosion a l so  

appears t o  be ins igni f icant  i n  t h a t  the  ove ra l l  reduction i n  t h e  thick- 

ness of t he  cladding of the  f u e l  p l a t e s  i s  negl igible .  However, p i t t i n g  

of the cladding and the  buildup of a corrosion-product f i l m  on the  sur- 

faces of t he  f u e l  p l a t e s  may be s igni f icant  fac tors  i n  the  performance 

of advanced HFIR f u e l  elements. 

C o r r  os ion 

In many respects corrosion appears t o  be t h e  most important and, 
unfortunately, t h e  l e a s t  understood aspect of t he  i r r ad ia t ion  behavior 

of t he  HFIR f u e l  elements. In  par t icu lar ,  corrosion apparently i s  
responsible f o r  (1) the  only s igni f icant  dimensional changes found i n  
any of these f u e l  elements, ( 2 )  differences between t h e  in-reactor  per- 

formance of pretreated and non-pretreated f u e l  elements, (3) the  most 

damage incurred by these f u e l  elements, and ( 4 )  t h e  only discrepancy 

between the  predicted and ac tua l  behavior. 

The only s igni f icant  change i n  t h e  dimensions of t he  HFIR f u e l  e le-  

ments appears t o  be a s l i g h t  increase i n  t h e  ove ra l l  thickness of t h e  

f u e l  p la tes  and a corresponding s l i g h t  decrease i n  t h e  p l a t e  spacing i n  
the  coolant channels. These changes r e s u l t  primarily from t he  buildup 
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of corrosion-product films on t h e  surfaces of t he  f u e l  p l a t e s  and not 
from irradiation-induced swelling of the  f u e l  p l a t e s .  Although these 

dimensional changes cause no s ign i f i can t  problems, they do provide a 
p laus ib le  explanation fo r  the  observed differences i n  the  in-reactor 
behavior of pre t rea ted  and non-pretreated HFIR f u e l  elements. 

t he  reactor operated with pretreated f u e l  elements, t he  coolant flow 
r a t e  gradually decreased and the  pressure drop across the  elements 

gradually increased during the  f u e l  cycle. However, no s ign i f i can t  
changes i n  e i t h e r  flow r a t e  ox pressure drop have been observed during 

f u e l  cycles when non-pretreated f u e l  elements were being used. The 

oxide f i lm  spal led only from the  higher performance regions of t h e  pre- 

t r ea t ed  f u e l  p l a t e s .  

Whenever 

Probably the  two most disturbing aspects of t he  examination of the  

spent HFIR f u e l  elements were (1) the  discovery of numerous, shallow 

p i t s  i n  t h e  cladding of t h e  f’uel p l a t e s ,  and (2) t he  f a c t  t h a t  t h e  

corrosion-product f i lms on the surfaces of these p l a t e s  were considerably 

thicker  than ant ic ipated.  However, we doubt t h a t  these e f f ec t s  occurred 

during i r rad ia t ion ;  they probably resu l ted  f’rom subsequent corrosion 

o r  changes i n  the  oxide f i lm  during 9 t o  12 month s torage i n  the  HFIR 
pool or during spraying t o  cool the  elements i n  t h e  hot  c e l l s .  If these 

p i t s  and th icker  oxide fi lms resu l ted  from storage or ho t - ce l l  handling, 

they have no bearing upon the  i r r a d i a t i o n  behavior of the  f u e l  elements. 
Since advanced elements would have a longer operat ional  l i fe t ime,  p i t t i n g  

could conceivably penetrate  t h e  cladding and re lease  f i s s i o n  products t o  
t h e  coolant. 

thicknesses could be even more s igni f icant ,  for it questions the  ade- 
quacy of t h e  heat t r ans fe r  calculat ions t o  predict  t h e  operating temper- 

a tures  of t he  f u e l  p l a t e s .  

more rap id ly  on t h e  p l a t e  surfaces, o r  i f  the  oxide i s  bayer i te  instead 

of boehmite, t he  fue l -p la te  temperatures and def lect ions might exceed 
safe  limits. 
t a n t  t o  both the  current and advanced fuel-element programs, we recommend 

e f fo r t  t o  determine both t h e  type and thickness of the  oxide f i lms on 
the  surface of the  HFIR f u e l  p l a t e s  be made as soon as i s  possible  a f t e r  

shutdown of t he  reactor .  

The discrepancy between t h e  predicted and ac tua l  f i lm 

In pa r t i cu la r ,  i f  the  oxide f i l m  bui lds  up 

Since resolut ion of these questions appears t o  be impor- 

I -  

-.  
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Additional Coments 

.- 

Except fo r  t he  possible  discrepancy i n  the  r a t e  of buildup of the  

corrosion-product films upon t h e  surfaces of t h e  f u e l  p la tes ,  t he  cur- 
r en t  HFIR f u e l  elements apparently perform i n  general  accord with t h e i r  

ant ic ipated behavior. Gamma-scanning and ana ly t i ca l  burnup r e su l t s ,  

f o r  example, show t h a t  the  time-integrated power and f iss ion-densi ty  

d i s t r ibu t ion  within t h e  f u e l  p l a t e s  of these elements were i n  good 

agreement with t h a t  predicted from the  core physics calculat ions.  

t h e  nuclear behavior of t he  elements appears t o  be remarkably close t o  

t h a t  predicted by the  reactor  designers. 

Although the  in-reactor performance of t h e  pretreated fuel elements 

Thus, 

i s  not t yp ica l  of t h a t  of standard, non-pretreated HFIR f u e l  elements, 
t h e  successful operation of t he  pretreated elements may have some impli- 

cat ions concerning the  possible  i r r ad ia t ion  behavior of any advanced 

HFIR f u e l  element concepts. Since the  oxide f i l m  apparently bui lds  up 

much more rapidly upon the  surfaces of t he  pretreated fue l  p la tes ,  one 

would expect t h a t  they operated a t  a higher temperature. 

these higher temperatures, however, t h e  fue l  p l a t e s  incurred no s igni f -  

i can t  damage. Thus, t h e  UsOg-aluminum f u e l  dispersions appear t o  be 

capable of operating successfully a t  temperatures a t  l e a s t  somewhat 

higher than normally encountered i n  the  HFIR. Consequently, t he  pros- 

pects  of achieving successful operation of these dispersions under the  

higher operating temperatures expected i n  advanced K F I R  f u e l  elements 

appear t o  be promising. 

In  s p i t e  of 

CONCLUSIONS 

Based upon t h e  r e s u l t s  of t he  pos t i r rad ia t ion  examination and eval- 

uation of four spent HFIR f u e l  elements, we conclude the  following: 
1. The current HFIR f u e l  elements perform qui te  s a t i s f a c t o r i l y  

throughout t h e i r  r e a c t i v i t y  l i f e t ime  under the present operating condi- 

t i ons .  The dimensional s t a b i l i t y  i s  excellent,  and there  i s  nothing t o  

ind ica te  t h a t  t h e  elements su f fe r  any type of s t r u c t u r a l  damage t h a t  

would r e s u l t  i n  reactor  operating problems. Consequently, the  usefu l  



l i f e t ime  of these f u e l  elements i s  l imited only by nuclear physics 

considerations and not by any irradiation-induced damage. An a r b i t r a r y  

l imi t a t ion  upon t h e  operat ional  l i f e t ime  of these f u e l  elements i s  

therefore  unnecessary under the present reactor  operating p rac t i ce .  
2 .  Although corrosion does not appear t o  be a s ign i f i can t  problem 

with t h e  current HFIR f u e l  elements, addi t iona l  work w i l l  be required 

t o  determine i f  it may l i m i t  possible  advanced HFIR f u e l  elements. 

pa r t i cu la r ,  we need t o  resolve some unanswered questions concerning 

composition and r a t e  of buildup of corrosion-product f i lms upon t h e  

surfaces of the current HFIR f u e l  elements, and determine i f  the  shallow 

surface p i t t i n g  found i n  the  pos t i r r ad ia t ion  examination of these ele-  

ments occurred during reac tor  se rv ice  or  during pos t i r r ad ia t ion  s torage 

o r  handling. 

3 .  

In  

Pretreatment of the  HFIR f u e l  elements by immersion i n  boi l ing  

It r e s u l t s  i n  the  buildup of deionized water for  24 h r  i s  undesirable. 
a th icker  corrosion-product film on the  surfaces of t he  element during 

reactor  service.  

damage, it does adversely a f f ec t  the  coolant flow r a t e  and pressure 
drop through t h e  elements. 

Although this  th icker  film causes no s ign i f i can t  

4.  Post i r rad ia t ion  heat treatment, or so-called bl is ter-anneal ing 

t e s t s ,  appears t o  be of questionable value f o r  es tab l i sh ing  t h e  per- 

formance capab i l i t i e s  of U308-aluminum dispersion f u e l  mater ia ls .  
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APPENDIX A 

. _- 

I .- 

Equipment Used f o r  Examining, Dismantling, and Reassembling 
the I r rad ia ted  HFIR Fuel Elements 

Because of t he  physical  s i z e  and unique configuration of t h e  HFIR 

f u e l  elements, a considerable amount of special ized equipment was needed 

t o  handle, inspect,  disassemble, and reassemble the  i r r ad ia t ed  elements 

i n  the  hot c e l l s .  

construction, and operation of some of this  equipment. 

The following paragraphs b r i e f l y  describe the  design, 

Fixtures that could be attached t o  t h e  elements were e s sen t i a l  t o  

a id  i n  handling t h e  elements w i t h  t h e  in -ce l l  crane or manipulators. 

The elements were unloaded from and reloaded i n t o  t h e  shipping cask by 
use of t h e  crane and f ix tu re s  shown i n  Fig. A-1,  which locked i n t o  t h e  

upper end adapters of t he  elements. Bands w i t h  a removable b a i l ,  shown 
i n  Fig. A-2, could a l s o  be clamped around the  outer surface of the  ele- 

ments t o  allow them t o  be handled i n  a hor izonta l  posi t ion.  

equipped with a removable cradle  (Fig.  A-3) was a l s o  b u i l t  t o  a id  i n  

inspection of t h e  elements. 

permitted ro t a t ion  about a v e r t i c a l  axis .  

and permitted ro t a t ion  about a hor izonta l  ax is .  

A tu rn tab le  

The turn tab le  supported the  elements and 

The cradle  provided support 

A l l  other equipment 

Fig. A-1. Fixtures f o r  Handling HFIR Fuel 
Elements i n  t h e  Ver t ica l  Posit ion.  
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Fig. A-2. Bands and Support Brackets f o r  
Handling Elements i n  Horizontal Posi t ion.  

ORNL-OWG 69-7294 

TOOL SUPPORTING SHAFT 1 
Fig. A-3. Schematic of Turntable and 

Cradle Used i n  Examination of t he  HFIR Fuel Elements. 

(except t h a t  used f o r  t he  fue l -p la te  spacing measurements) was attached 

to ,  o r  used i n  conjunction with, t he  turntable ,  t he  cradle,  or both. 

The equipment used t o  measure the  outer  diameter of t he  elements 

i s  sham i n  Fig. A-4. These devices consisted bas i ca l ly  of two opposing 

dial-gage indicators  attached t o  a self-center ing ring, which surrounded 

t h e  elements. 

at tached t o  t h e  turn tab le  while t he  measurements were being made. 

s e t s  of support l egs  were required t o  obtain measurements a t  t h e  three 

-- 

This assembly was supported on three  legs,  which were - * -  

Three 



69 

. 

7 

- 
_- Fig. A-4. Outer Diameter Measurement Equipment. 

predetermined a x i a l  pos i t ions .  

t r ans fe r s  t o  provide ease of movement during centering of t h e  support 

r ing .  
t he  equipment. 

Each s e t  of legs was equipped with b a l l  

A s e t  of precis ion standards was used t o  per iodica l ly  c a l i b r a t e  

Standard d i a l  bore gages were modified t o  measure the  inner diame- 

t e r  of t he  elements (Fig. A-5) .  
with th ree  pre-positioned stops t o  ensure proper v e r t i c a l  and horizontal  

posit ioning of t he  gage inside the  element. 
bracket placed across t h e  top adapter of the  element during the  

measurement . 

The gage sha f t  was extended and equipped 

These stops res ted  i n  a 

The length of t he  elements ( i . e . ,  d is tance between the  shoulders 

i n  t h e  upper and lower end adapters) was measured with the  equipment 

shown i n  Fig. A-6. Dial-gage micrometers were attached t o  a s t e e l  bar 

t ha t  was equipped with four  r o l l e r s ,  two near each end, t h a t  res ted  on 

the  inner s ide  of the  element. 
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Fig. A-5. D i a l  Bore Gage, 
Before and After Modification, Fig. A-6. Length Measurement Equipment. 
f o r  Inside Diameter Measurements. -- 

.. 
The coolant-channel spacings were measured with t h e  equipment shown 

i n  Fig. A-7. 
fo r  indexing, a probe holder, a motor-driven probe extender, and a probe 

support guide. The probe i t s e l f  is based upon eddy-current principles1* 

and provides a continuous readout of the  plate-spacing measurements as 
it i s  slowly drawn through t h e  coolant channel. 

This apparatus consis ts  of a hand-operated ro t a ry  t ab le  

Individual f u e l  p l a t e s  were removed f r o m t h e  i r r ad ia t ed  f u e l  ele- 

ments by (1) cut t ing off the  element end adapters, (2) mil l ing off  t he  

combs a t  t h e  upper and lower ends of t h e  f u e l  p la tes ,  and ( 3 )  s l i t t i n g  

through t h e  inner and outer s ide  p la tes  on each s ide  of t h e  desired 

p l a t e .  A l l  cut t ing was done with high-speed s l i t t i n g  saws (0.030 i n .  

t h i ck )  driven by a 10,000-rpm 1/2-hp e l e c t r i c a l  motor equipped with a 

f l ex ib l e  drive.  The removal of one of t he  end adapters, mil l ing of t he  .- 

I 5 C .  V. Dodd, Design and Construction of Eddy-Current Coolant-Chamel 
Spacing Probes, ORNE3580 (Apr i l  1964). 

. 
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Fig. A-7. Schematic (Lef t )  and Actual Photograph (Right) of 
Equipment f o r  Coolant-Channel Spacing Measurements. 

combs, and s l i t t i n g  through t h e  inner and outer s ide  p l a t e s  of an i r r a -  

diated f u e l  element a r e  shown i n  Fig. A-8.  
To reassemble the  i r r ad ia t ed  elements i n t o  t h e i r  o r ig ina l  configura- 

t i o n  a f t e r  examination, as  each fuel p l a t e  was removed an aluminum 

spacer was inser ted  i n t o  t h e  gap i n  t h e  s ide  p l a t e s  and manually welded 

i n t o  posi t ion.  A l l  welding was done with a Heliarc torch held with the  

master-slave manipulators (Fig.  A-9)  while t h e  spacers were temporarily 

held i n  pos i t ion  by a band placed around the  outside of the  element. 
The end adapters were then reattached t o  the element s imi la r ly .  
i r r ad ia t ed  element a f t e r  reassembly i s  shown i n  Fig. A-10. 

An 
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Fig. A-8.  Steps i n  Preparing an I r rad ia ted  HFIR Fuel Element for Removal of a Fuel P la te .  
( a )  Removal of end adapter. 
p l a t e .  

(b) Milling off comb a t  end of h e 1  p l a t e s .  (c)  S l i t t i n g  of outer s ide  
(d)  S l i t t i n g  of inner s ide  p la te .  
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Fig. A-10. Fuel Elment  
Fig. A-9. Welding Spacers i n t o  Gaps After ~~~~~~l of F~~ 

Pla tes  and Complete Reassembly. i n  Element Side P la tes .  

A more de ta i led  descr ipt ion of t he  design and operation of t h i s  

special ized equipment has been reported elsewhere. l6 

I6W. B. Parsley, "Equipment Used f o r  Examining, Dismantling, and 
Reassembly of a HFIR Fuel Element," pp. 209-214 i n  Proceedings of the  
17th Conference on Remote Systems Technology, 1969, American Nuclear 
Society, Inc. , Hinsdale, I l l i n o i s .  
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APPENDIX B 
Axial Gamma-Activity Scans 
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Fig. B-1. Typical Axial Gam-Act iv i ty  Scans of a Fuel P l a t e  f'rom 
HFIR Fuel Element 21-0. 
18.5 cm (center ) ,  and 20 cm (bottom) from t h e  core center l i n e .  

Scans were made a t  r a d i a l  posi t ions 16 cm ( top) ,  



76 

100 

80 

E 

s 
5 

e 
5 60 

(3 
Y 40 e 
2 
4 
Ly E 

20 

0 

8 12 16 20  24 0 4 

80 

t 

20  

0 

80 

20 

0 

24 20  0 4 8 12 16 

12 16 20  24 0 4 8 
DISTANCf ROM UPPEll BID OF W f l  PLAlf (in.) 

Fig. B-2. Typical Axial Gamma-Activity Scans of a Fuel P l a t e  from 
Scans were made a t  r a d i a l  posi t ions 8 cm ( top) ,  HFIR Fuel Element 49-1. 

10 cm (center ) ,  and I 2  cm (bottom) from t he  core center  l i n e .  
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APPENDIX C 
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Fig. C - 1 .  Axial Thickness Prof i les  of Fuel Plates  from HFIR Fuel 
Element 5-0. 
(center ) ,  and near outer edge of p l a t e  (bottom). 

Near inner edge of p l a t e  ( top) ,  over fuel-core hump 
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Fig. C - 2 .  Axial Thickness Prof i les  of Fuel P la tes  from HFIR Fuel 
Element 21-0. 
(center ) ,  and near outer edge of p l a t e  (bottom). 

Near inner edge of p l a t e  ( top) ,  over fuel-core hump 
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H F I R  Fuel Element 49-1. 
(center ) ,  and near outer edge of p l a t e  (bottom). 

Near inner edge of p l a t e  ( top) ,  over core hump 
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APPENDIX D 

Mass Spectrographic and Burnup Results on Sections 
from the Irradiated HFIR Fuel Plates 

Table D-1.  Mass Spectrographic and 'Burnup Results on Sections from 
Fuel Plate 0-111-8 of HFIR Fuel Element 5-0 

Isotopic Composition, at. 4 Specimen Burnup 
Specimen 234,~ 2 3 5 ~  236u 238u (% of ( fissions /cm3 

U Atoms) of Fuel Core) 

Preirradiation 

B-3.25- I 

B-3.25-H 

B-3.25-0 

B-7.75-H 

B-12-25 I 

B-12.25-H 

B-12.25-0 

B-16.75-H 

B-21.25-1 

B-21.25-H 

B-21.25-0 

0.96 

1.10 

1.05 

1.08 

1.06 

1.20 

1.09 

1.32 

1.06 

1.10 

1.03 

1.06 

93.21 

88.26 

89.68 

88.49 

87.60 

81.65 

85.99 

77.81 

87.86 

87.81 

90.21 

89.68 

0.32 

4.21 

3.17 

4.12 

4.97 
9.61 

6.28 

12.36 

4.79 

4.57 

2.76 

3.16 

5.51 

6.43 

6.10 

6.31 

6.37 

7.54 

6.65 

8.51 

6.29 

6.52 

6.00 

6.10 

14.29 

9.66 

12.66 

13.46 

26. 84 
17.08 

35.B 

12.37 

15.46 

8.15 

9.67 

x 1O2O 

4.46 

3.01 

3.83 

4.20 

8.37 

5.33 

1.0.97 

3.86 

4.82 

2.54 

3.02 

._ 



Table D-2. Mass Spectrographic and Burnup Results on Sections from 
Fuel P l a t e  0-350-1 of H F I R  Fuel Element 21-0 

Isotopic Composition, at. $ Specimen Burnup 

Specimen 2 3 4 ~  235u 2 3 6 ~  238u ($  of (fissions/cm3 
U Atoms) of Fuel Core) 

Preirradiation 

E3.25-I 
E3.25-H 
E3.25-0 
B7.75-I 
B7.75-H 
E7.75-0 
E12.25- I 
El2.25-H 
B- 12.25- 0 

B- 16.75- I 
El6.75-H 
E16.75-0 
B-21.25-1 
B-21.25-H 
B- 21.25 - 0 

1.00 

1.17 
1.05 
1.10 

1 .22  
1.08 
1.24 

1.28 
1.10 
1.39 
1.20 
1.07 
1.27 
1.14 
1.05 

1.07 

93.22 
85.45 
89.45 
88.41 
81.69 
86.84 
81.38 
78.08 
85.13 
75.19 
82.14 
87.06 
80.93 
86.60 
90.08 
89.64 

0.33 
6.48 
3.43 
4.17 
9.55 
5.64 
9.46 

12.34 
7.02 

14.38 
9.26 
5.46 

10.05 
5.60 
2.97 
3.22 

5.44 
6.90 
6.07 
6.32 
7.54 
6.44 

7.92 
8.29 
6.75 
9.04 
7.40 
6.41 
7.75 
6.66 
5.90 
6.07 

21.07 
10.31 
13.86 
27.72 
15.43 
31.16 

34.22 
20.88 
39.65 
26.36 
15.03 
29.69 
18.24 
7.76 

10.33 

6.57 
3.22 
4.32 
8.65 
4.81 
9.72 

10.67 
6.51 

12.37 
8.22 
4.69 
9.26 
5.69 
2.27 
3.22 

Table D-3.  Mass Spectrographic and Burnup Results on Sections from 
Fuel P la te  1-417-24 of HFIR Fuel Element 49-1 

Isotopic Composition, at. $ Specimen Burnup 
Specimen 234u 235u 2 3 6 ~  2 3 8 ~  ($ of (fissions/cm3 

U Atoms) of Fuel Core) 

x 1020 
Preirradiation 1.00 93.24 0.43 5.33 
E2.75-I 1.44 77.30 12.73 8.53 37.41 8.04 
B-2.75-H 1.17 86.17 6.09 6.57 18.82 4.04 
B- 2.75 - 0 1.24 83.78 7.88 7.10 24.86 5.34 
B7.25-I 1.64 66.29 21.39 10.68 49.91 10.73 
E7.25-H 1 . 2 1  82.16 9.44 7.19 25.77 5.54 
B-7.25- 0 1.30 79.18 11.70 7.82 31.73 6.82 
E 11.75- I 1.72 60.83 25.64 11.81 54.65 11.75 
B- 11.75-H 1.25 79.18 11.60 7.97 32.96 7.09 
El1.75-0 1.38 74.73 15.17 8.72 38.72 8.32 
B- 16.25- I 1.68 64.48 22.76 11.08 51.70 11.12 
B-16.25-H 1.22 81.76 9.77 7.25 26.38 5.67 
E 16.25-0 1.30 78.92 11.90 7.88 32.24 6.93 
B- 20.75- I 1.41 77.95 12.28 8.36 36.14 7.77 
E 20.75-H 1.E 86.77 5.66 6.42 16.93 3.64 
E20.75- 0 1.22 84.63 7.26 6.89 21.59 4.64 
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Fig. E-1. Typical Cross Sections of a Fuel P l a t e  from HFIR Fuel Element 5-0. Concave surface of p l a t e  i s  a t  the  bottom edge of a l l  photomicrographs. 50x. A s  polished. Reduced 5%. 
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Fig.  E-2. Ty-pical Cross Sections of a Fuel P la te  from HFIR Fuel Element 21-0. Concave surface 
of p l a t e  i s  a t  bottom edge of a l l  photomicrographs. 5 0 ~ .  A s  polished. Reduced 5%. 
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