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Static and sweep capsules have been used i n  the irradi- 
ation tests of thorlua-beari~ fuels, both carbides and oxides, 
for application to high-temperature gas-cooled restor designs. 
Fuel I n  the form of small  particles, coated vlth pyrolytic 
carbon has been irradiated in loose beds and In graphite 
matrix elements. Reported data are reviewed, shovfng that 
spherical particles, with multilayer coatings are superior 

*Reactor Divbion. 

! 
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TharIam m e t a l  )la8 an isotropic b&y-ccntercd cubic crystal rtruc- 
twe, high- strcngtb, and a 600'C bigher m e l t l ~  point than uraniur 
wMcb has an anirdropic orthorhbic CW8tal sttuct\u*e. Thorium di- 

ursniumr dioxide but ha. a malting p i n t  lorn4 m ' C  hieher and form8 a 
canplete seriea of solid 60lutioas vith uranim dIoad8 with the same 
lattice conflguraflon. 
and also rom a series o f  sou4 solutions. 
inclicate the praml8e of irmprovCa pcrfornwrnce for thorim-base fuels 
even if one ignores its breeding potential. 

Hietorically, tborium and thorim alloy8 or canpounds bave been 
stdied much less lutcasively than uranium and i t 8  alloys. 
recently have a number of Investigators bcgura t o  seriawly study the 
thorium-base caanpounds, both oxldes anb carbide8 for potentiel appli- 
cation to p e r  reactore. 

sol-gelx process for the preparation of tborlw-base fuel cunpwnds as 

potentially more econanlcal with a denser, more uniform product. -1- 
cined sol-gel ttaria-urania fuel has been semiremotely processed and 

fabricated into rods by vibratory cmpctlon techniques. Tfie sol-gel 
material can be processed into truly round, smooth microspheres of t h w -  

retical density for coated particle applications. 

oxide C ~ S ~ ~ $ U r S  in fhs -8 .able  Cubic flUOFite l8ttfCe a6 

The carbides o f  tborirra aod uranium a@ similar 

~ l l  or t b r e  pt\rs&al facts 

Only 

The program a t  oak Ridge National Laboratory has empbaslzed t h e  
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In 8Um~ Qf the ThaofU wil%Uthtl Rthl WClS 8 84AeS 

of IrradiBtlOn t o t 8  On m W - C l r d  oxide -18 containing hthR8tdy 
mixad !Tho2 and -8 rt.rtcd at the 0.lr R i d g e  l(.tlaul fabumtory i n  
1%1, 
SOI-~S~’  ~ O C ~ # S  and fabricated i n t o  rod8 & the use O f  V i b m w  CQL- 

Tbi8 v- )Y)8 C U I C 8 n f ~ t e d  OCI C d C , f U U b  WUCd by th8 

paction. 
perfomncs c ~ c t e r l r t i c s  of t h i s  cbcafally produced c&c vitb 
those of larc-fbscd raaterinl 8d the perfommice of vibntar l ly  ctmpctad 

favorable caraparlson and the ob~’ective8 have bean expmded to include: 
1. 
2. 
3, 

The i n d t i a l  objectives were t o  colpue the baric nuclear fuel 

fuel v i t h  WeSUCd and 6infertd W l h t B .  Tbe tart8 indfCBt.1 8 

the  effects of 601-gel procerrsl~ variablr8, 
the  effects o f  fuel-rdi gecwwtry (dl.materr ud lcn&hs), 
the determination of the mxiaruu perfcnasnce charscterirtlcr of  
vibratorlly ccmrpactcd robgel fiel6, 
the potential of laixed proeeny sol-gel fuel. (Le., T h O ~ - W ~ ) ,  a 
the effects of semiranate fabrication of vibratorl2y campacted 

Table 1 lists ths groups of  hrcl rod6, their prlncipsl obJectIve8, and 
their current status. 

4. 

5. 
ThOz-’’%O,1 S O l - g d  f U @ l S .  ’ 

Most of the testa have been made with nonlnstrumented rods i n  thc 
Materials Teat Reactor (m), l%&incering Test Reactor (EFR), and th8 
Chalk River National Research Fkperlmental Reactor (a). Three tests i 

I 
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a 

vert conducttd in t h e  (Mc Rldgc Research Reactor (ORR),> one a trelofl 
cluster In a prcerurizcd-vattr l w p  operatin& a t  25o'C and 1750 psi and 
the other two vcre 1nstrtDlmted rod8 In the Poolside Pacillty with 338 

8nd 7W'C cladding tcarpsraturtr. 
post imdiatlon ewainatianr inchde ditacnrional analysis for 

rnre111ng or bowing, fission-gar release wasurCtncnts, gtwm scanning, 
bwnup detczm%nrrtlonr, x-ray dfffrrCthrJ aWLlytiS, and mctailographlc 
cxuni nat i on.. 

As with any i r r e d i a t b n  proyrtl, and mrtlcularly with one as braad 
in r c o p  a t  t h i t ,  there arc tiat Wcrlnpr in obtaining dsta to evaluate 
the vatlour objectives. 
a l l  other portions a m  being plrsurtd, 
becn report4 in d ~ t . l l ~ ~  and have 8hovn the% sol-gcl TbQa-UOz has the 
basic pcrfwsanca characteristics for 8 power reactor fuel. 

Thc in l t i r l  Scoping 3tudfCO are cacaplctc em3 

Many of the tarllcr torts hilvt 

The efrcctt of hluhcr burnup on thrcc types of TM)2-U02 me18 have 
chc o f  the rdvantEylcn of the TbU2 bare fuelr  recently bccarc available. 

is the relatively high brecdiw ratio. 
rppr0,prhtC therm1 flux a thrirr f u e l  containity sppr0xfaat.e~. 1 v t  $ 23% 

vi11 produce +atnntial?y COOSt8nt  p e r  to a burnup of rpproxinstoly 
SO,W btvd/tonnc (WUI. 
has been u r d  to shorten t h e  tiac roqulrsd for sjgniflcant burnup. 
depletion of thiz I n i t i a l  uranium vi11 prvduro approxitrratcly U3,ay) Hvd/tonnc 
but it f r  necessary to WYC the test rods periodically to hPghcr f l u  ps i -  
t ionr  in order to raoir,t*:n trscntlally constant heat ratinp. 

frars the WTR Group I eontsinlng cithcr sol-gel or arc-fur& vibrntor i ly  
cccaprctcd Th02-4.5$ UOz have been ermined aftcr burnup I n  excess of 
':O,Wl Wrd/tonnc (ThW). A drsvin45 of those fuel rods is rhovn i n  Fig. 1. 
I n  additicm, four rods, coontalrriw grcrsnf  and sintered pellets of 
Th02-4.5$ UOz at burnups between 3'1,oOO and ~ll0,oOO W / t o n n c  (ThW), have 

I t  can be cnrlcthted that i n  an 

Wcvcr, in mort of our tcrtr lli 4 t o  5 vt 5 23% 
Tatel 

Test rods 

heen c s c f  ZIC.~. 
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ORNL- LR- UWG 64468C - 

FlBERFRAX/ / 
TOP END R U G  

c (- 
S€AL WITH WELO METAL 

FUSION WELD 
BOTTOU €NO PLUG 

TYPE 304 SS TUBING 
546 Oo X 0.025 WALL, 

A -J. 
ALL DlMENSlONS IN lNCHES 

SECTION " A - A" 

pr%& 1. 
Irradiations. 

TRO2-Ws Puel Cycle Capsule Design for MpR Group I 

Tha fabrication details, Irradiation histories, a d  the slgnifi- 
cant postirradiation findings and calculations are presented in Tables 2a, 
b, and E. 
the peak burnup region in each rod calculated franthe  maximum bilrnups at 
tbe i a  locatiun, while the maximum instantaneous values are based on 
fuel depletion calcula't'ions end flux steps during Irradiation and do not 
Include any changes in flux profile during the various teat-reactor cycles. 
All of tho values far 

The the  average values for the various heat ratings are for  

Tc 
ikds 
To 

assume that the surface temperature of the fuel (TB) i s  the same a s  the 
tunpenrturt calculated for the inside surface of the cladding and that 



mR-f 43-59 
43-60 
43-61 
43-62 
43-63 
43-44 
43-65 

YSR f 43-39 
43-40 
43-41 

ETR 43-44 

u-1 
u-2 
11-3 
u-s 
2-5 
2-7 
2-8 
712 
729 
730 

645 

Arcfused 
Arc itucd 
Arc funtd 
&l-glcl E 
sol-gel E 
&l-@ B 
&l-gsl E 
A r c  fuse& 
A r c  fused 
A r c  hucd 
Arc fused 

3.% 
3.96 

3.% 
3.96 
3.96 
3.92 
3.92 
3.92 

30% 
30% 

3.92 

85.7 
85.6 

67.0 
86.2 
86.2 
85.5 
93 
93 
93 
93 

83.5 

2s.m 
28.70 
28.70 
28.70 
28.70 
28.70 
28.m 
n.43 
u.43 
u.43 
u.43 

0.m 
0.m 
0.797 
0.797 
0.797 
0.797 
0.797 

0.793 
0.795 
0.795 

0.795 

0.063 
0.0635 
Q.0635 
0.0635 
0.063s 4 00 0635 
0.0635 

0.0635 
0. c%3s 
0,0635 

00 0635 



Average Reactor Heat Rating Heat F l u  
Fuel Rod External FuU,hwer Time Maximum Time W m u m  

x l o l o  
i.50 
8.56 
14 43 
2.87 

2-8 40 691.1 311 507 124 202 81, OOO - 16.46 

M!rR 712 40 905 420 652 168 2/51 . ll9,m 26.41 
729 40 660 463, 185 96, OOO 24.6 
730 40 497 270 108 37, OOO 10.8 

G1R 645 180 4 0 6 .  3% 158 50,000 .' 12.8 

MTR-I u-1 40 110.2 299 362 220 145 12,300 
u-2 40 376.2 297 388 n9 155 42, 100 
u-3 40 707.5 267 I 419 lo? 168 n, ooo 
2-5 40 u0.2 241 426 l3'1 172 14, ooo 
2-7 40 375.2 286 347 114 U S  40,200 8.23 

%sed on 200 Mev/fission. 
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the thermal conductivity data of Kiageryg apply for 

J 

TO .. 
. a t  temperatures belaw t h i s  s e f a c e  temp&ature. Although the  r e l i a b i l i t y  ' 

of these assumptions i s  questionable, as will be seen later i n  this paper, 
they do provide a consistent method of crwpasison. 

The dimensional cbanges on the  MI%-1 group indicate no signfficant 
Preirradiation mp'asurements swelling i n  these highly restraining clads. 

were not made on the  pellet rozi3, since they were originally intended 
for  chemical processing studies only; however, the  postirradiation 
diameters were within the  tolerance specifications for  the tubing used 

a s  cladding. 
for the sol-gel material, but there is no evidence of a breakaway 
phenomenon. 
seems t o  be t i m e  a t  temperature, which is consistent w i t h  a diffusion 
mechanism for  gas release. 

The fission-gas data indicate a s l ight ly  higher release 

me principal factor  i n  gas release at  these heat ratings 

The macroscopic appearance of the  various sections shown i n  Figs. 2, 
3, and 4 shows a remarkable similari ty in the appearance of the fuels  a t  
these high bUrnUp levels. 
s i m i l a r ,  although the radial position of the more or less circumferential 
cracks appear t o  move outward with increased expocure. The radial loca- 
t ion  of these cracks appears t o  be associated with the extent of in-p i le  
sintering or  equiaxed grain growth. Since this phenmenon is dependent 
on t i m e  as well as temperature, the radial extent of such changes would 
be expected t o  increase w i t h  higher burnup (i.e., time) at a constant 
heat flux. 
dependence of such dfff'usional processes as sintering and grain growth. 
Figures 5 and 6 are composite radial micrographs of the arc-fused vibra- 
t o r i l y  compacted rods a t  various levels of exposure. 
s i m i l a r  composites of the  sol-gel vibratorily colnpacted rods, while 

Figs. 9, 10, 11, and 12 show selected micrographs e-t various radial 

positions for the  pressed and sintered pellets.  

Sections of the rods w i t h  less b m u p  are 

The microstructures on these rods clearly show the time 

Figures 7 and 8 are 



A. METALLOGRAPHY SECTION 
R. BURNUP SECTION 
G. LONGITUDINAL SECTION 
0. SPARE LONGITUDINAL SECTION 

Fig. 2. MTR Group I, Capsule U-3 -Macroscopic Views of Selected Section locations, As Cut. 



ORM-OWG 65-2480 

I 

A. METALLOGRAPHY SECTION 
6. BURNUP SECTION 
C. LONGITUDINAL SECTION 
0. SPARE LONGITUDINAL SECTION 
E. NEUTRON ACTIVATION SECTION 

Fig. 3. MTR Group I, Capsule 2-8 -Macroscopic Views  of Selected Section Ucations, As Cut. 



P P
 

(u
 

I 

C
D

 
n

 

7- E- 
a! u
 
c
 

- 
c
 

O
 

r( 

V
 

8
 



14 

.
.

 
.
I
 

,
.

 
. 

.
.

 
.

.
 

.. .. 
.. 

. 
:
 ,. 

. 
.. 

.. 
e

.
.

 
*

. 
,"..;. 

.
.

 
. 

.. 
. 

x. 
.. .

.
.

 
.

.
 

:
.

 

0" I
,

 

4 



15 

t 
W

 
0
 

a
0
 

-
1
0
 

u
 

J
 

I 
m

 

0
 

.
k

 
4
 



PHOTO ~ t 2 2 4 *  

2- 00 

EDGE OF 
FUEL- 

2-6 UNIRRADIATED 

2-5  IRRADIATED (2.87 x 40" firrions/cm3~ 

Fig. 7. Ccmposite Photomicrographs Shoving Typical Transverse Sections of Unlrrediatcd an& 1:rradl- 
ated Vibratorily Compacted Sol-Gel E Th0+.5$ UOz. Radial area from the  outside diameter to the 
center of the fiel, As polished. 
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Fig. 9. Un i r r ad ia t ed  Microstructure of ThO2-UO2 Pel le t .  N o t e  
copious q u a n t i t y  of gray impurity phase. (a) As polished. (b) Etrhed. 
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Fig. 10. Representative Regions of Fuel from Fuel Rod 43-41. 
(10.8 X lo2' fissions/cm3). (a) Peripheral region. (b) Midradial 
region. (c) Central region. As polished. 25oX. Reduced 16*$* 
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I 

Fig. 11. Representative Regions of Fuel Frm Fuel Rod 43-44. 
(12.8 x lo2* fissions/cm3).  (a) Cladding-fuel interface.  (b) Midradial 
i-egiotl.. Reduced 2%. (c) Centra l  region. As-polished. 
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Fig. 12. Representative Areas From Fuel Rod 43-40. 
(24 .6  x 10'' fissions/cm3 1. (a) Cladding fue:! interface. 
region. As-poli shed. Reduced 34$. 

(b) Central 
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I n  t h e  case of the arc-fused material, the  cracks i n  the  or iginal  
fuel fragments were first accentuated i n  the  midradius region w h i l e  the  
porosity i n  the center agglauerated. 

cracks appazently healed and a grain structure developed within the fuel 
fragments while t he  pore sizes  in the center increased. A t  70,000 Mwd/tonne, 
U x 1020 fissions/cm3, the  central  region appears t o  have developed a dense 
laminar-like s t ructure  with same interpar t ic le  sintering and the outer two- 
th i rds  shows R uniform dispersion of f ine  porosity with a band of larger 
pores at  the  dividing l ine between the  t w o  structures. 

With continued irradiation, the 

The sol-gel fie1 fragments i n  the  unirradiated condition are crack 
free but do contain uniformly distributed submicroscopic pores. 
irradiation, this porosity first appears to agglmerate and accentuate 
the  Pine-particle size. 
structure i n  the  center of the fuel wlth equiaxed grains 6 t o  8 p i n  s i ze  
separated fran the  balance of the fuel by a circmferent ia l ly  oriented 
crack. 

equiaxed grains is very diet inct  Wi€h a maxi&m s ize  of 60 p. 
cumferential crack s t i l l  separates t h i s  area. from the remainder oP the  
ruel, but there appears t o  be sane interfragment sintering i n  the  outer 

On 

Continued i r radiat ion develops a d i s t inc t  grain 

A t  81,000 Mwd/tonne, 16 x lo2’ 9issions/cm3, the dwelopnent of 
The c i r -  

J 

two-thirds and, as w i t h  the arc-fused material, a band of moderately 
large porosity is found i n  this area. 

With both f’uele, sf’ter irradiation there is a second w h i t e  metallic- 
appearing phase developed i n  the central  region. In i t ia l ly ,  t h i s  appears 

t o  be closely associated with porosity but a t  exposures of 8 x 1020 fissions/cm3, 1 

or 375 reactor full-power days, t h i a  phase appears t o  be randomly distributed 
throughout the  matrtx. 
discrete limited areas of sane specimens, 
def ini te ly  identified, the appearance and the  association with f i n e  f u e l  
fragments indicate that it i s  probably aluminum s i l i ca t e  contamination 
frm the  b s l l - m i l l i n g  operations. 

A t h i r d  light-grey phase was a lso  found located i n  
Although t h i s  phase has not been 

The evolution of s t ructural  changes i n  the pressed and sintered 
pellets is not as clearly defined since an equimed grain structure ex is t s  
before irradiation. 
porosity. 

As with the other f‘uels, there is an accumulation of 
There is a gradual degradation of t h e  d i s t inc t  g ra in  structure 
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starting at  the center and spreading out towards the  cladding. 
exception t o  t h i s  is the one rod exposed i n  the  EL% where the  mp-;dmum 
instantaneous heat f l u x  may have been considerably higher; i n  t h i s  case 

the cent ra l  degradiation i s  apparent but d i s t i nc t  grain growth i s  noted 
between the midradfus and the cladding. 
wMte metall ic phase part icular ly  i n  the  central  regions. The grey 
impurity phase seen i n  the  unirradiated, as w e l l  as t h e  irradiated, 
structures has been identified by x-ray diffraction as A1203 and 
6 Al2O3=Ca0. 
microstructures i s  not known. . 

The one 

All structures show a second 

The effect of these high levels of impurities on the  

One rod of vibrator i ly  compacted sol-gel fie1 is still under irradi- 
at ion and w i l l  be exposed t o  a burnup i n  excess of l ~ , ~  Mwd/tonne ("WU). 
However, from the  findings t o  date it i s  s p r e n t  that  there i s  no s i f n i f i -  

cant difference between the per5ormance of vibratorily compacted sol-gel 
and arc-fused Th02-UO2 fuels. 
sintered pe l le t  fue l s  a t  l inear  heat ratings between 300 and 400 w/cm 
(Ikde 3445 w/cm). 
of breakaway swelling or fission-gas release at burnups as high as 
2.6 x lo2' fissions/cm3, 120,000 Mwd/tonne, where three-fourths of the  
f iss ion energy has been derived from the  233U bred i n to  t h e  f u e l  during 
irradiation. According t o  swelling estimates1° on the  pe l le t  rnrfs, the  
Y!hO24.5$ U02 change i n  vol\rmg;was l i m i t e d  t o  0.465 AV/102* fissions/cm3. 

T h i s  i s  roughly one-half the rate proposed by Anderson1' and others fo r  
U Q  (0.8 AV/1020 fissions/cm3). X-ray diffraction data on the vmious 
i r radiated Th02-UO2 fue ls  have also tended t o  confirm the stability of 
the cubic Cluorite c rys ta l  structure l a t t i c e  and indicate a considerable 
capacity for f i ss ion  products, as can be seen from the negligible changes 
i n  l a t t i c e  parameters i n  Table 3.  

Both ccrmpare favorably with pressed and 

In  addition, the Tho2-54 UOz fuels show no evidence 

Effects of High Heat Ratings 

Although the  high-burnup t e s t  rods have shown the  usefulness of t he  
thoria-base fuels a t  moderate heat ratings canparable t o  current pressurized 
water-power reactors, the  full utilization of the  sol-gel ThO2-UO2 fuels 
requires an investigation of the maxinun performance character is t ics  and 

I. 



Table 3. Effect of Irsadiation on Lsttice Parameters of ThOz-UOz Fuels 

Burnup U n i t  Cellb 
Group Rod Fuel Materiala (fissions/cmf ) Preirradiation Postirradiation 

m-I U-2 Arc-fused 

U-3 Arc-fused 
2-7 Sol-gel 

2-8 sol-gel 

x lO20 

14.4 
8.2 
16.5 

8.6 

Pellet 645 Pressed and sintered 12.8 
729 Pressed and sintered 24.6 
712 Pressed and, sintered 26.4 

5.594 f 0.005, 

5.594 f 0.001 
5.599 f 0.009 
5.592 f 0.002 
5.594 f 0.003 5.593 Q O.OO1 

5.593 f 0.001 5.586 f 0.004 

5.590 0.001 5.590 f 0.002 
5.590 k 0.001 5.584 f 0.802 

3.590 f 0.001 5.587 f 0.002 
. 

ThO~-4.5$ U02, 235U enriched 9%. a 

bNelson-Riley F'unctioa . 
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an understand.iw of 
t e r i s t i c s .  The ClREi 

steps i n  t h i s  phase 

the effect  of processing variables on these charac- 
loop and CBB Poolside Fhperiments were the first 
of the investigation. More recently, experiment 

groups m-11, KFR-111, and EX%-I were prepared and inserted i n  the 
reactor for  this pwpose. Tables 4a, b and 6 present the  fabrication 
characteristics, i r radiat ion histories,  and principal postirradSation 
findings on the rods examined t o  date. 

The findings on the ORR loop and Poolside experiments have been 
e 

reported3-8, and the EFR-1 rods axe currently being evaluated. 
latter group of three rods was subjected to the  highest flux with the 
expectation of prducing central  m e l t i n g .  
prepratSon was used as fie1 i n  these rods, however, it was calcined i n  
three different  atmospheres: air, A 4 $  H2 (the standard atrmosphere), ana 
nitrogen t o  produce sol-gel batches 35-1, 35-2> and 35-3, respectively. 
me postirradiation dimensional analyses have shown no indfcations of 
swelling or  bowing. Fission-gas samples and ,gamma Scans were obtained. 
Based on the gamma scans, which shared no.ancpnalies, and the &ructures 
found, these rods were sectioned and are currently being evaluated 
metallographically. Mgures l.3, 14, and 15 show the  resulting as-cut 
structures at the  various section locations. 

This 

A canmon sol-gel ~h02+.7$ U O ~  

Franthese  sections, it is  apparent that the l inear  heat ratings 
were suff ic ient  t o  develop a central  void i n  al l  three of the rods. 
levels  of the  garma scan6 and t he  results of the burnup analysis indicate 
that  there was a real difference i n  f iss ion rate and consequently i n  
l i n e a r  heat rating as shown i n  Tables 4b and c. 
central  voids appears t o  match the indicated heat ratings, but the lack 
of any ancmalies i n  the gamma scans and the  appearance of the sections 
indicate tha t  the anticipated condition of central  melting was not 
achieved although columnar grain growth is  significant. Columnar grain 
growth has been shown t o  occur without melting i n  U02 (ref. 12) and i n  
ThQ2-UO2 i n  the ORR loop experiment L l - B  (ref. 7), but the probability 
of the  effect ive thermal conductivity of the  as-pcked oxides'being high 

enough t o  permit t h i s  i n  these experiments a t  ful l  power was unlikely. 

v i n a t i o n  of the reactor startup on t h e  first cycle of exposure of 
these rods shows that for  the first 9 1/2 h r  of exposure the  reactor was 

The 

The extent of the 

. 

. 



Table 4a. Effects of Hlgh Heat Ratings on Powder Compacted Sol-Gel Tho402 FuelRcd8: 
Description of' Irradiation-Test Fuel Rods 

mel %a &ensions (cm) 

Experiment Identification Type of Oxide Uranium Claading Size Densitg Length Diameter Wall 

Oxide 
Part ic le  Vibrated OutsiBe Fuel R o d  Totala 

w 6) (4 m) 
om b o p  L-1-A Sol-gel 26 5.35 304 stain- 

less Steel 
5.35 Zircaloy 2 
5.35 arcaloy 2 

2.50 3WE Staia- 
l e s s  Steel  

2.50 3MH Stain- 
less Steel  

5.02 306 Stain- 
less Steel 

less Steel 
5.02 304 Stain- 

less Steel  

5.02 304 Stain- 

C 85.2 %. 61 1.168 0.0381 

84.1 
84.1 
84.8 

54.61 
54.61 
17.80 

1.168 
1.168 
1.58'7 

0.0381 
0.0381 

L-1-B 
L- 1-c 

ORR Poolsida 03-5 

Sol-gel 26 
Sob-gel 26 
Sol-gel D 

c 
c 
d 0.0508 

85.5. 17.78 1.587 0.0508 03-6 Sol-gel D a 

88.1 30.48 1, lll 0.0635 

0.0635 

0.0635 

EXX-1 43-80 18 Sol-gel 35-1 

Sol-gel 35-2 

e 

43-80 10 89.4 30.48 1.13.3 e 

85.1 30.48 1.111 43- 81 8 soi-gei 35-3 e 

~ - ~ ~- ~~ ~ 

Enriched i n  2 3 5 ~  t o  93s. a 

bBased upon a calculated density depending on composition (approx 10.04 g/cm5). 
Distribution H: 60 wt $ -6 +16 mesh; 25 vt $ -50 4-14 mesh; 15 w t  8 -200 mesh. 

%stribut ion A: 60 w t  $ -10 +I6 mesh; 15 wt  
Mstribution C: 60 w t  $ -8 +P6 mesh; 15 w t  -70 +1W mesh; 25 w t  8 -200 mesh. e 

C 

-70 +140 m e s h ;  25 w t  $ -200 mesh. 



%%le &I. Effects of Hi@ Beat Ratings on Powder Compacted Sol-GeL ThO2-UO2 -1 Rode: I r raBlat ion Histow 

Exposure 
Time Peak Linear Peak C l a d d i n g  

Fuel Rod Cladding Average Reactor Heat Ratinu He8t Flux 
Ideutifi- Tempera- Externel Full-Power Time Maximum Time Haximan. Maximum m u p a  

("C) ( P s i 4  ( V / d  ( V / W  (w/f= 1 (v/m2) Ilh+u) 
Average Instantaneous Avera e Instantaneous lM~a/tonae (fissions/ rl C3u3 1 

Experiment cation ture h a s u r e  B Y S  

om Loop L-1-A 
L-1-B 
L-14 

ORR P 0 0 1 ~ i d e  03-5 
03-6 

ETR-I 18 
10 
8 

260 
260 
260 
705 
540 
100 
100 
100 

1750 
1750 
1750 

315 
3u 
180 
180 
Is0 

29.6 
29.6 
29.6 

235.2 
2l5.2 
140.5 
M . 5  
Iko. 5 

381 
499 
410 
304 
275 
870 
865 
914 

389 
509 
4.8 
337 
297 
1050 
1044 
1103 

104 
136 
m 
61 
55 

304 
302 
319 

1,600 
2, loo 
1,730 
5,220 
4,040 
20,400 
20,000 
22, OOO 

3 x 1020 
0.34 
0.45 
0.38 
1.13 
0.88 
4.28 
4.26 
4.46 

%sed on 2(30 Mev/fission. 



Table k. Effects of Hi& Heat Ratings on Powder Canpcted Sol-Gel rhO2-V& Fuel Roda: 
Postirradiation Observaticw and Calculations 

46.5 
57.0 
49.6 
54.5 
46.7 
82.3 
82.2 
86.2 

47.4 
58.3. 
5Q. 6 
66.5 
50.4 

99.4 
99.2 
106.0 

2.3 +0*025 
Pgiaurr O.Oo0 
3.9 o.Oo0 
18.3 4.025 

-6 0.m 
38.6 +Om025 
27.8 +0.037 
2l.4 +0.027 

+o. lo2 
+0.229 
+o .lo2 
-0.229 
+O ,051 
+O. 051 
+O ,056 
+O.oCS 

0.3u 
0.152 5.406 

0.338 

0.660 
b 

0.076 0.340 0.346 
0.06 0.394 0.4.5 
0.109 0.383 0.3% 

31.2 
54.2 35.4 

38.2 
35.5 
b 

76.5 49.3 48.2 
79.9 38.1 33.3 
75.3 42.2 39.3 

%e average value. 
bSinterlng boundary not dellneat&. 



ORNL-QWG 65- 2474 

NO. END 

2.54cm 2.54crn 2.54 em 7 I 

A. METALLOGRAPHY SECTION 
B. BURNUP SECTION 
C. LONGITUDINAL SECTION 
D. SPARE LONGITUDINAL SECTION 

Fig. l3. ELTI Group I, Capsule 18 -Macroscopic V i e w s  of Selected Specimen Locations, As Cut. 

... . 
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ORNL-DWG 65-2470 

30.505 cm ~7 

A.  METALLOGRAPHY SECTION 
B. BURNUP SECTION 
C. LONGITUDINAL SECTION 
9. SPARE LONGITUDINAL SECTION 

w 
F-' 

Fig. 15. ETR Croup I, Capsule 8 -Macroscopic V i e w s  of Selected Section Locations, As Cut. 
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never over 50$ of full power. 
very close t o  the 54 w/cm defined by experiment L-1-33 for  columnar gra in  
growth it is entirely possible that during this time suff ic ient  sintering 
and p a i n  growth occurred t o  raise the effective thermal conductivity, 
develop 8 central void; and prevent melting. Whether or not this is the 

case, it is apparent t ha t  at a l inear heat rating i n  excess of 1000 w/cm 

the maximum performance capabili t ies of these vibratorily campacted 
sol-gel fuels  have not been reached. 

Since t h i s  w a u l d  have produced an jkae 

The calcining atmosphere appears t o  influence the fission-gas 
release rates. 
rated rods i n  the MTR-111 group which contain the same f'uels but are 
still under irradiation. 
an effect on grain growth i n  hydrogen-sintered and air-sinteied Th02-UO2 
pel le ts  when sub3ected t o  short-time rabbit type irradiation tests, w i t h  
the  air-fired matelLial showing more grain growth. 

This conclusion will need verification from the lower 

Other experiments at Chalk Wver13 have shown 

The microstructures on the EIIR-I rods, shown i n  Figs. X, 17, and 

18, are  s i m i l a r  t o  those developed i n  U02 fuel rods at high heat ratings. 
Although the maximum performance characteristics have not been 

def"ine8, it would appear that sufficient data are available for a prelimi- 
nary comparison of'ThO2-UO2 and U02 mels. 
emparison for bulk fuels of this type is the use of the  lkde values for  
specific microstructural changes.14 A review of the very extensive 
literature on U02 experiments will show that there  are considerable 
differences of opinion among the various investigators on the precise 
values of lkd6 fo r  various structural  changes. 
develop primarily fran the  treatment of the  fuel-to-cladding conduction 
evaluation, the Interpretation of the extent of melting, and the thennal 
conductivity value chosen for temperatures below about 500OC. The tempera- 
tures for  equiaxed grain growth (1rOO'C) and columnar gra in  growth (1700°C) 
In U02 are, however, fairly well established but they have not been investi- 
gated for ThOz-UO;! fuels as yet. 

t he  sparsity of data on ThO2-UO2 fuels an absolute emparison i s  impossible. 
However a t  ORNL vibratorily campacted Fuel rods of both U02 and ThOn-6$ U02 
have been tested i n  the pressurized loop at essentially identical conditions. 

The most common metbod of 

These differences 

Because of the differences i n  U02 experimental interpretations and 

. 
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Fig. 17. 
and Irradiated 

- --- 
M U L E  10 

Composite Photomicrograph of Vibratorily Cmpected Sol-Gel ThO2-UO2 
to 4.26 x 1020 fissions/cm3 a t  a Linear Heat Rating of Approximately 

Calcined in AI+$ H2 
1000 w/ cm. 

I I a . . -- 



R23747 

CAPSULE I 

fig. 18. Cunposite Photomicrograph of Vibratorily Compacted Sol-&% ThO2-UO2 Calcined in H2 and 
Irradiated to 4.46 x 1020 fissions/cm3 at 8 Iilnear Heat Rating of Approximately PO00 w/m. 
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The U02 work has been 
derived from these reports. All lkd6 values-are  quoted to the  fuel 
surfaces which should have been at  essent ia l ly  the  same temperature. 

and t h e  data listed i n  Table 5 were 

The most obvious difference i s  the lack of void formation i n  t h e  
Th02-U02 loop rals a t  Jkde values where significant voids w e r e  formed 
i n  the  U02 rods. 
which operated at  lower surface temperatures but a t  higher power levels 
and t o  much higher burnups have been included i n  t h i s  table. 

of columnar grain growth i s  also fairly w e l l  defined i n  postirradiation 
microstructures and again the  JkdQ values show the  ThO2-UO2 material t o  
be better in t h e  comparable loop exposures. 
growth or s in t e r ing  is d i f f i c u l t  t o  determine i n  these powder compacts 
but it would appear t ha t  s i m i l a r  temperatures and Jkd9 values apply t o  
Th02-U02 and U02 f’uels. 

To i l l u s t r a t e  void formation i n  ThO2-UOz t he  Ell?-I rods 

The extent 

The extent of equiaxed grain 

Any attempt t o  place a quantitative value on .the superiority of 
Th02-UO2 compacts from these data would be highly speculative. However, 
Rao13 a t  Chalk River has compared 3-min rabbit tests of UOz and ThOz-UOz 
using pressed and sintered pellets. 
structu-a1 changes i n  ThOa-l$ U02 cmpred with U02 w i l l  require a 105 
higher power output. 
i n  the  past and from the  data reported here it appears t ha t  h i s  estimate 
may prove t o  be conservative. Irradiation tests a t  higher l inear  heat 
ratings are planned and additional out-of-pile data are being obtained 
including thermal simulation and thermal conductivity measurements. 
These out-of-pile tests are needed t o  remove same of the  uncertainties 
associated with evaluation of .the microstructures from in-pile tests. 

He  has concluded t ha t  similar micro- 

Such short t i m e  test3 have proven t o  be good buides 

Mixed Progeny and Remotely Fabricated S O ~ - G ~ ~ T ~ O ~ - ~ ~ ~ U O ~  Fuel T e s t s  

We have done very l i t t l e  testing with mixed progeny fuels but three 
fue l  rods containing sol-gelTh02 mixed with PuOp before calcining and 

tamppacked in to  fuel rods have been examined after exposure a t  l inear  
heat ratings up t o  245 w/cm t o  burnups of 29,000 Mwd/tonne (Th+Pu). The 
fission-gas release rates were less than 5% and the microstructures were 
similar t o  ThOZ-UOz exposed under t h e  same conditions. 



Table 5.  Canparison of UOa and ThOa-UOz Vibratorfly Compacted Fuel Rods 

Inside 
Burn Up Surf ace Unear 

Fuel Mwd/tonne Temperature Heat s 'kidb) vkde cgkde egkd6 s5Kr 
Fuel f a )  Density Heavy of cladding Rating 6 6 S 8 Release 

Experiment Materia1 (5 TD) Element ("C) (w/crn) (w/cm) (w/cm) (w/cm) (w/cm) (%I 
uo2 87.1 4,780 353 434 32.5 20.7 12.4 E%) 2; uo2 87.1 5,UO 361 46s 34.8 21.1 47.0 

721 uo2 86.9 6,290 383 566 41.2 20.0 72.0 

8N1 uo2 85.6 4,810 347 4% 30.9 22.8 17.5 77.0 
801 uo2 85.8 5,040 351 423 31.3 21.2 16.1 25.0 
8P1 uo2 85.5 6,880 387 578 40.8 23.9 20.3 25.0 

ORR LLA Tho248 u02 35.2 1,600 341 381 30.3 No Void 20.5 2.3 
Loop I;LB Tho+$ u02 84.1 2,100 368 499 39.7 No Void 36.6 17.7 

El'R-1 18 Th0& U02 88.1 20,400 211 870 63.0 35.8 34.7 38.0 
10 Tho& u02 89.4 20,000 209 865 66.4 24.6 19.8 28.0 

U C  Th02-6k 6102 84.1 1,730 346 410 32.6 NO void 20.7 3.9 

8 Tho&$ UO2 85.1 22, OOO 2x3 914 61.3 28.2 25.3 21.0 

(a) UO2 fuel xas arc-fused crushed and vibratorily compacted; oxygen-%o-uranium ra t io  2.002:2.003; 
,. uo2 enriched 5 t o  6. ThO2-UOz fuel was sol-gel.materia1 crushed and vibratorily campastea; U02 emehed  93$. 

6 cg 
is center to surface of fuel; sv I s  void t o  surface of fuel; J 

8 eg S 6 
(b) is the limit of columnar grain 

growth t o  surface of fuel; and s is the l i m i t  of discernJble equiaxed ' p i n  growth t o  surface of fuel. 
s 

(c) V. 0. Haynes, W. C. Thuber, and E. L. Lmg, Jr., "Fuel Irradiation Tests," pp. 61-77, Mari t ime Xeactor 
Program Ann. Progr. Rept. Nov. 30, 1963, USAM: Report ORNt-3775, csk Ridge National Iaboratory. 
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The semiremotely fabricated, v ibra tor i ly  compacted rods containing 
sol-gel T ~ O ; ! - ~ ~ ~ U C I ~  (El% Group 111) have been i n  the EPR f o r  four months 
and appear t o  be performing sa t i s fac tor i ly .  

A rather extensive series of i r rad ia t ion  tests, over the  past f i v e  
years has shown that sol-gel v ibra tor i ly  campacted Tho&$ UOz fltel rods 
perform as w e l l  as s i m i l a r  arc-f’used ThO2-UOz fuel rods and rods containing 
pressed and sintered pellets of Th02-UB;e at burnups up t o  80,000 Mwd/tonne. 
There has been no evidence of breakaway swelling or sudden increases i n  
fission-gas release i n  these rods at Uneas. heat ra t ings between 300 and 
350 w/cm (JkM 32-38 w/cm). 

Although t h e  maximum performance character is t ics  have not been 
determined, sol-gel Th02-5$ U02 vibra tor i ly  compacted fue l s  have been 
operated a t  l i n e a r  heat ratings of lo00 w/cm (,fkdO of 100 w/cm) t o  burnups 
over 20,OOO Mwd/tonne with no evidence of swelling, some void formation, 
but no cent ra l  m e l t i n g  and with fission-gas release rates less than 30$. 

It appears that ThO2-base fuels with low U02 contents w i l l  pennit 
s igni f icant ly  higher power dens i t ies  than s i m i l a r  metal-clad UOz fuels 
and that vibratory campaction i s  a sat isfactory rod fabrication technique. 

THORIUM-CONTAINING PYROL;yTIC-CARBON-COATED PARTICLE EiTELs 

Several i r rad ia t ion  tests of thorium-bearing fuels i n  the form of 
carbides and oxides have been conducted i n  support of high-temperature 
gas-cooled reactor  design requirements. 
form of small  particles coated with pyrolytic carbon for fission-product 
retention; both loose beds of particles and graphite matrix elements 
have been irradiated. Most ORNL i r rad ia t ions  of HTGR Fuels t o  date 
have u t i l i zed  high concentrations of uranium t o  obtain accelerated burnup 
and experience with thorium is l i m i t e d .  

bearing fue ls  has been related to pebble-bed reactor application, first 
for t h e  PBRE concept17 and later f o r  the German AVR.18 
have been i n  support of t h e  

The f u e l  has a l l  been i n  the 

Much of the testing of thorium- 

Same recent tests 

reactor f’uel concept. 
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Coated-Particle Capsule Irradiation Tests 

In the developnent of these fuels it has proven desirable first to 
evaluate the particles separately and then the fuel element assembly. 

Significant results of irradiation tests on unsupported coated particles 
at ORNL have been described in detai1,20,21 except for the results of 
the more recent teSts involving coated oxide particles. 

ities have included sFtic capsules inserted in the I;ow-Intens%ty T e s t  
Reactor and the Materials Test Reactor, sweep capsules in the Oak Ridge 

Research Reactor, and, for coated oxide psrticles only, the ORR loop No. 1 
facility. 

The test facil- 

The results of stakic tests have generally corroborated %hose of 
sweep tests. 

this discussion because in these-tests a continuous account of the be- 

haviar of the test material is provided by analysis of the helium gas 

that is passed through the capsule, 
for total activity and sampled periodically for fission-gas analysis. 

Descriptions of the coated particles, the techniques used, and their 

characterization in coating application have been reported in detail. 22-25 

Information on performance tests involvlng multilayer coatings on uranium 
and uranium-thorium is listed in Table 6 and the characterization of 
coatings in Table 7. 

Results from sweep facilities are rather emphasized in 

This gas is monitored continuously 

The results are summarized belaw. 

Coated Carbide Pesticles. 

me following conclusions were drawn frm extensive testing of 
coatd, high-density UC2 and (Th,U)Cz fuel particles with nominal par- 
ticle diameters of 200 p; (1) multilayer coatings are superior to the 

monolithic coatings tested; (2) the performance of monolithic coatings 
with average thicknesses of 50 to 75 p is substantially inferior to 

that for 100-p-thick coatings; (3) spheroidal particles generally per- 
form better than irregularly shaped particles with sharp edges and pro- 
trusions; (4)  in experiments in which no coatings have ruptured during 

irradlation, the fission-gas release, expressed as the ratio of the 
release rate to the birth rate (R/B) far 8sKT, has been of the order of 

1O-j to lom7 and can be accounted for by the uranium contamination in 
the coatings as determined before irradiation by alpha-counting; and 



Table 6. Irradiation Test Conditione and Fission-Gas Release Data f o r  Unsupported Coated 
m e 1  Particles with MuXtilayer Pyrolytic-Carbon Coatings 

Sample Type of Coating Test -UP Ratio of R/B 
Experiment Designation Fuel Structure Temperature (at. $ heavy f o r  *% 

Particles ("C) metal) 

c1-11 
B9-10 
B9- l l  
B9-14 
C l - U  
B9-U 
B9-16 
B9-17 
B9-19 
B9-20 
A9-2 
Loop 1-14(3) 

~ 

GA-310 
XC-AD 
Ncc-2m-2 
GA-309 
(3-314 
a-309 
WC -216 
OR-= 
OR-206 
OR-201 
OR-298 
OR-206 

=Ob 
lI50 
U2Q 
1370 
1400 
1370 
1370 
1370 
1200 
1370 
1400 
l370 

14.7 
2.6 
10.0 
20.6 
8.9 
18.7 
18.8 
14.9 
0.6 

3.6 x 
2.4 x 10-6 

1.6  x 10-5 
3.5 x 
4.0 x io+ 
1.0 x 10-5 
1.1 x 10-~ 

2.0 x 10" 
2.5 x-10-5 

1.3 X loo6 

2.3 x 
1.5 x 

"w. 0. Hams, ''Carbon-CoPated Carbide Particles as Nuclear Fuels,n i n  Modern Ceramics - Same Principles 
and Concepts, ed. by J. Eove and W. Riley, John Wiley & Sone, Inc., New York (in press); D. W. hYtOn, 
W. V. Goeddel, and W. 0. Hams, "Caramic-Csatea Particle Nuclea? Fuels," A/Conf.28/P/235, pager presented 
at the 3ra United Nations I n t e m t i o n a l  Conference on the Peaceful. Uses of Atomic Energy, Geneva, 1%; 
Final Report, Graphlte--Matrix Fuels Development for  the AVR, p. 8, USAD2 Report (34-4695, General Atmic, 
October 1963. 

bPeriodic thennal cycles were applied between 925 and 13U"C. 

d?lhorium-to-uranium ra t io  0.6:l.O. 
e m o r i u m - t o - ~ m  ra t io  2.1:l.O. 
%w-hyer coatings. ~ e i :  W. 0. ~ r m s  and D. B. muger, Fabrication Variables, Rdormance, and cost 

R. A .  Reuter, "Duplex Carbon-Coated Fuel Particles," mUcl. Scl .  Enq. 20(2), 21+226 (1964) C 

Considerations f o r  IM3R Coated-Particle Fuels, USAC Report ORNL-TM-1123, oals Ridge National laboratory, 
A p r i l  1965. Properties are described in Table 7. 

$ar t ic les  contain 8 Xt $ U02 and were prepared by the ORNL sol-gel process. 
%est terminated due t o  thermocouple failure. 
iTest s t i l l  In progress. 
'This test is described i n  a Later section of this report. 

accumulated a t  conditions indicated. 
About 9 months of irradiation U a S  



atable 7. Characterization of OR-= Coatings Deposited from 
Methane and Listed in Table 6. 

‘@ Sample Designation OR-138 OR-182 OR-201 OR-205 OR-206 OR-298 

!&pe of Fuel Particle 
Average Fuel-Particle 

Inner Layer 
Diameter, p 

Coating temperature, “C 
a f low rate, 0 3  min”cr2 

Coating thickness, p 
Outer Layer 

Coating temperature, O C  

flow rate, em3 m.in”’cmo2 
thickne s a, 

1400 
0.17 
40 

1700 
0.17 
72 

1400 
0.15 
55 

1800 
0.33 
45 

1400 
2.8 
40 

1400 
0.83 
50 

1800 1800 
0.27 0.17 
80 80 

UM) 

0.83 
35 

1800 
0.17 
63 

uo2 
302 

1400 
0.16 
70 

1900 
0.10 
65 

L 
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(5) the performance t o  substantlal burnup of coated (Th,W)C;! 
thorium t o  uranium r a t io s  up t o  2.1:l has been compable  t o  
larly coated UC2 W i c l e s .  

1 

C o a t e d  Oxide Particles. 

The highest burnup demonstrated, a t  tNs writing, fo r  

particles w i t h  

that of simi- 

loose caated 

oxide particles is 12 at. 
(experiment A9-2). 
cornpasison with resu l t s  from other tests i n  this type of fac i l i ty ,  the 

fission-gas release has been constant and very low. 
failure occasioned termination of a pevious sweep capsule t e s t  (experi- 
ment B9-20) on coated UOz particles after a burnup of 4.2 at. $ heavy 
m e t a l  a t  1370°C. 
resul t  of irradiation, and metallographic examination revealed only minor 
dcunage by wedge-shaped fractures, none of which extended beyond one-half 
the thlckness of the inner coating. 
8s U02 and coated with a two-layer coating have been irradiated at  1 2 0 0 ° C  

t o  a short burnup i n  experiment B9-19 and for  an extended t i m e  i n  the 
m loop No. 1. 

heavy metal at  W ” C  i n  a sweep capsule 
This test has operated for  about 9 weeks and, by 

Thermocouple 

None 0f the  coatings w e r e  ruptured i n  t h i s  test as the 

. 

SOP-gel (!L%,U)Oz particles containing 

Typical pbotomierographs of unirradiated and irradiated particles 
of both uraniun, aria uranium-thorium fuels are shown i n  Figs. 19 and 20. 

Fueled Graphite Irradiation Performance 

Sweep Capsule Tests. 

Evaluation of a reactor fue l  element must take into account irradi- 
ation test performance. 
reactor service, no suitable f ac i l i t y  yet exists for in-service tes t ing 
of RTGR fhels. 
evaluating spherical f’uel elements offer advantages for  instrumentation 
and control and for  measurement of fission-gas release as a function of 
irradiation experience, 

Poolside Facility, which provides the reference conditions, i n c l u i n g  
f iss ion power density, temperature, and a sweep atmosphere of helium. 
Other capsules i n  core positions have been used t o  obtain high burnup. 

Although it i s  desirable t o  t e s t  i n  actual p o w e r -  

The irradiation capsule and loop tests now employed i n  

Most ORNL capsule irradiations have been conducted i n  the ORR 
/ 
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Fig. 19. Pyrolytic- Carbon-Coated U02 Particles from Batch OR-201. 
(a) UnirradiateZ. 
Capsule B9-20. As polished. 

(b) Irradiated to 4.2 at .  $ U burnup at 1370°C in 
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The design of the,poolside irradiation capsule is shown in the schematic 
diagram of Fig. 21 and the irradiation test facilities have been described 
in detalle3 

Specially eqkpped hot cells are used for examination of the sphere8 
following irradiation. 

visual and photographic observations, dimensional measurements, crushing 

and impact strength measurements, burnup determinations, metallography, 
and radiochemical analysis of parts from the graphite structures. The 

apparatus and techniques used for the examinations were described in a 
recent publication. 

The examinations include a gross gamma scan, 

Irradiation t e s t s  of spherical fuel. elements such as that shown in 

Fig, 22 have been conducted principally to investigate the effect of 
fabrication variables. These findings have been s m a r i z e d  recently, 27 

and have been reported in greater detail in ORNL progress reports. 2g-31 

Operating conditions and fission-gas release during irradiation 

for the spheres used in several tests and representative of both uranium 

and thorium-uranium elements a r e  given in Table 8. 

only one sphere showed a ratio of fission-gas release rate to birth 
rate, R/B, significantly in excess of loo3. This sphere, GA-VS11-2, 
fabricated as shown in Table 8 showed evidence of excessively high 
temperatures in the matrix and probably operated at a much higher 

It is notable that 

temperature than was estimated because of lack of bonding and the 
development of a gap, which was observed in postirradiation examination. 

Relatdve fractional release of noble fission gases is illustrated in 

Fig. 23, which shows little difference between the molded aad machined 
shells. A somewhat wider variation is apprent for different elements 
having machined shells, however, this probably indicates variation in 

the effectiveness of bonding between the m23rix and shell, The shell 
bonding difficulty may not be inherent in the design, since these were 
all experimental elements, but this does represent an important problem 
area. Sphere 3M-VS16 showed, at the start, very low fission-gas release 

but the release increased steadily with burnup. 

attributed to progressive failure of monolithic-laminar coatings with 

increasing burnup (see above). 

This behavior is 

i 
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WlRfkCE TEMPERATURE 
T ~ ~ o u P L f S  

CENTRAL TEMPERATURE 
THERMOCOUPLE 

-STATlC SfCTON 
PRIMARY CONTAINMENT 

2.36-in. COATED- 
M T I C L E  SPHERE- GRAPHITE CONTAINERS 

SECONMRY 
CONTAINMENT FLUIM COKE 

ROROUS CARBON 
END INSULATMS 

- --- WEEP S€CTlW 
PRIMARY CONTAINMENT 

WEEP GAS IN- 

Fig. 21. ORR Poolside Capsule for Testing 6-cm-dim Fueled 
Graphite -Spheres. 
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d Table 8. Operating Conditicns and Rsoion-Cas Release Data for 6-cm-diam ORR-Irradfated me1 
Spheres Containing Coated CarbLde Fuel Farticles, Posleicle Capsules 

Shell h u p  Oper- Average Average Tem- 
Thick- (at, $ R t h g  PQUW pemtun, OC R/B 

Center 
Type 
of ness Insert Unbled Particle heavy %e Density 
Shell Sphere (cm) Fabrication Shell COatiW ma) (&yS) (W/Cm') SWfaC8 &timated *% 13%G 

Machined GA-VS11 

G A - V s s  

G4-VSlSa 

NCL-VS1 

om-Vs3 

Molded GA-VSl2' 

cA-vs12d 

3M-VSlSb 

1.1 Hot pressed at !&pe ATJ (2b,U)C2 Triplex 

0.8 Hot pressed at ATJ (pI ,U)C2  Triplex 

750aC, baked 
at 1800°C 

750"C, baked 
at  1800°C 

at 100'C, 
baked at 
18Oo0 c 

tdon baked 
at u 0 o " C  

at 16O"C, 
bakeh at 
100oo c 

0.63 Warm pressed Hot pressed at ( T ~ , u ) c ~  Triplex 
at 150°C 75n°C, baked 

at  1800' C 
0.63 Warn pressed Hot pressed et ('lh,U)C2 Triplex 

at 1800' C 
0.63 Not known Not known (Th,U)C2 Laminar 

0.8 Wtim pressed '%ypc ATJ (Th,U)Cz Triplex 

1.1 Mold injec- !Qp ATJ (Th,U)Cz Duplex 

0.8 %um pressed !Pype ATJ UC2 Jhplex 

at UO'C 750°C, baked 

3.2 

2.0 

2.3 

1.5 

1.2 

4.3 

2.7 

3.0 

27 

92 

96 

4SC 

62 

U6 

87 

U O  

30.0 

18.6 

18.6 

18.6 

16.0 

30.0 

30.0 

18.6 

930 

910 

920 

920 

85 0 

920 
I 
I 

940 
I 

910 

U70 1 tg 

Not de- 2.5 
temined 

43 

1370 2.0 

1320 2.0 

us0 0.2 

Not de- 3.0 
termined 

Not de- 2.0 
termined 

x 10-4 

6.0 

4.0 

4.0 

0.3 

2.5 

2.5 

1270 0.p t o  0.p to 
1 1 

c 
%/B increaseti steadily throughout irmiiation. 
'Similar sgheres. 

'Test terminated by leak in capsule. 
% i m I l a r  spheres. 
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23. 
in ORR Poolside Facility. 

R/B Values of 88Kr and 133Xe for 6-em-dim Fuel Spheres 
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No significant difference is apparent for the fission-gas release 
behavior of uranium and thorium fuels. 
quite satisfactory for pebble-bed reactor service. Observations concerning 

release of solid fission products have been more limited, but again no 

These release rates are considered 

difference has been observed between uranium and thorium-bearing coated 
particle f’uels. 

In-Pile b o p  Test of Thorium-Uranium Oxide molytic-Carbon-Coated 
Particle Fuel Element 

Perhaps the most significant test by 6Rm of thorium-bearing Fuel 

for 
The irradiation assembly designated as experiment U contains two cylin- 
drical fueled-graphite elements with loose coated particles. 

of f’uel element is of interest for advanced reactor designs.lg 

reactors has been conducted in a recirculating loop, ORR No. L 3  

This type 

The design of the fuel elements for experiment 14 is shown in Fig. 24. 
The two cylindrical Fuel elements are aligned one above the other in the 

loop. They differ in that the coated particles in the upper element are 
contained within an annulus between a tube and a rod of type ATJ graphite. 
The lower element, consists of a solid graphite rod with five longitudinal 
holes containing loose coated particles located symmetrical3y around the 

axis of the rod. The lower element is contained within a sealed stainless 
steel capsule ana the upper element is vented to the helium coolant in 

the loop via a porous nickel plug. 
wjlth nine thermocouples, one of which is located at the axial center of 
the -el. The lower capsule is uninstrumented, but the heat generation 

rcite is so low that its temperature is not much higher than the outlet 

gas temperature so no instrumentation is necessary. 

container is required to protect the fuel element from damage duriw 
insertion into and removal from the loop. 

The upper capsule is instrumented 

The stainless steel 

The fuel used in experiment U. is comprised of a m i x t u r e  of two 
batches of pyrolytic-carbon-coated particles fabricated at ORNL and 
designated 8 s  OR-205 and -206. The particles for both batches were 

prepared by the sol-gel technique. 

of pure ThOz, whereas those in batch 206 contain approximately 8 wt $, uo2 
The particles in batch 205 consist 
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Fig. 24. 

4 EQUALLY SPACE0 %4-&1. CHAM Cr-A! THERMOCCWPLES 
FLATTENED TO aWm. AND CU BRAZED TO FUEL CAN 

4 EOWLLY SPACED 0.040-in. MAM CI-AI THERMOCOUPLES. 
A 0.005-in. THICK VAPOR DEPOSITEO WWIIGSTEN COATING 
ON ONE THERMOCOUPLE 

MOLY CENTRAL Tf WELL. '/e in. OD I 0.016 in. WALL Wl"H 
AOOS-irr THICK VAPOR DEPOSITED W COATlNG 

'18 in. DIAM INCONEL SHEATHED W - 5 2  Re/W-26% Re 
THERMOCOUPLE 

ATJ GRAPHITE 

FUEL (SOL-GEL COATED PARTICLES 1 

8.0 PELLETS ('/a in. OlAM I 

SINTERED METAL FILTER (NICKEL) 

FUEL (SOL-GEL COATED PARTICLES, '&in OIAM HOLES) 

CLAD TUBE AND GUIDE 

I 0 4 2 
1 . 1  I I .  1 I I 

INCHES 

.- - * a  
Fuel Assembly for Experiment U in ORR Loop No. 1. 
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(938 235U). A detailed description of these coated particles i s  given 
i n  Table 7. The mixture w a s  prepared by blending 53.415 g from batch OR-206 
with 1Q.551 g frm batch OR-205; it was then poured into the individual corn- 
partment s. 

The fuel burnup i n  the (Th,U)O2 p r t i c l e s  i n  the upper vented region 
is  estimated t o  be 2.7 at. 
operation. 

i s  4.4 at. $. Burnup of fuel i n  the lcswer, sealed element which contains 
the same fuel but was in a lower  neutron flux is estimated t o  be 2.2 at. 
heavy m e t a l .  

heavy metal. after approldmately 9 months of 

Since i n i t i a l l y  only '7.a of the  heavy m e t a l  i n  these particles 
was 235~, the 23% consumption, i n c l w n g  fission ana conversion t o  23611 8 

" 

The temperature i n  the upper region has been maintained at 1370°C 
i n  the center of the me1  and 1WO"C i n  the surrounding graphite fuel 
support tube. 
i s  estimated t o  be 7OOOC. 

The f'uel temperature of the uninstrumented lower region 

4ui l ibr ium concentrations of noble gas fission products i n  the 
loop coolant have been nearly constant and Indicate R/B values for the  

upper region of approximately 

8 5 m a  1.9 x 10'5 

*7m 1.0 x 10-5 

l3 5 ~ e  1.5 x 10-5 

I 3  3 ~ e  1.4 x 10-9 

*8Kr 2.5 X 

The contaminant gases CO, C02, and H2 have tended t o  build up slowLy 
but continuously i n  the loop coolant, although the ra te  has decreased with 
time. The contaminants have been controlled by replacement of the coolant 
about once every 3 t o  4 week6 when the concentration of CO and C02 reached 
approximately I25 and 75 ppn by volume, respectively. 
was3 addedto the helium t o  luwer the thermal conductivity of the coolant. 
This has made it possible t o  maintain the central fuel  temperature i n  the 
vented region at  l37O"C defipite the high consumption of 235U. 

Approximately 30$ N e  

The element has been removed fram the  loop for postirradiation 
examination, but has not yet been opened. 
residual radioactivity of the loop did not increase measureably over 

It is significant that the 
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the period of t h i s  test ,  
Analysis of samples from 
the fuel element support 
fission products. 

as determined by external gamrma scanning. 
exposed surfaces n e  the compressor and on 
also indicate very low activity from meta3lic 

ELght-Ball Static Capsule Tes t  

The eight-ball capsule contakns eight 3.5-in0-diam spheres placed 
inside individual graphite containers and assembled ins ide  a graphite 
tube w i t h  end insulators. 
stainless s tee l  primary and secondary containment tubes; this tube 
assembly makes up the capsule which is tested i n  the F-l position of 
the ORR core. A f i f t h  and f inal  test of t h i s  type, F1-8B-5, has been 
irradiated t o  higher fuel burnup than any other ORNLtest of thorium- 
uranium carbide ETGR fuel elements. 
experiment are described i n  Table 9. 
c3psule was approximately 25 at.$ with approximately 45$ for 23gU 
during 9 months exposure i n  the OM. 
damage; overall linear shrinkage for spheres having machined shells was 
approximately 1% with approximately Z$ for moldd shells and elements, 
Observation of the coated particles Indicates performance about as 

expected from previous high burnup tests of uranium carbide particles. 

The graphite tube assembly is inserted i n  

The fueled spheres used in t h i s  
Eeavy metal fuel burnup i n  t h i s  

Hone of the,spheres showed visible 

Ijmited test data for thorium-uranium HTGR fuels at law thorium 
concentration or low burnup show no observable difference from uranium 
fuel performance for comparable irradiations. Overall performance for 
these coated particle fuels has been favorable when cmpared with reactor 
service requirements where release t o  bir th  ra t io  (R/B) of for noble 
gases has been considered acceptable. 
oxide fuels have been tested; results for  olddes, although limited, haxe 
been excellent. 

Both thorium-uranium carbide and 



Table 9. Description of Fueled Spheres and Average Operating 
ComXtions for  Eight-Ball Irradiation Capsule F1-8B-5 

Fuel Loading Unf'ueled Shell Average Temperature EstimBted Burnup 
Sphere Total U 235U Th Thickness !Pype Surface Center (at. 

Posit ion Designation (g) (8)  (g) (In.) ("a 

1 (top) 3M-S13-1Od 
2 GA-SU-2A 
3 NCF-S24-L3 
4 3M-S13-7 
5 NCF-S25-VlO 
6 3M-S13-l4 
7 GA-Sl4-3A" 
8 (bottom) 3M-Sl3-9 
BqC Specimens 

Top TE 12 
Top ?IE 13 
Bottom TE u 

1.58 
1.46 
1.58 
1.58 
1.58 
1.58 
1.46 
1.58 

0.29 1.CQ 
0.28 6.27 
0.29 1.00 
0.29 1.00 
0.29 1.00 
0.29 1.00 
0.28 6.27 
0.29 1.00 

0.25 
0.20 
0.00 
0.20 
u.00 
0.z 
0.20 
0.20 

molded 786 
ATJ 869 

902 
ATS 886 

854 
molded '841 
ATJ 808 
ATJ 773 

580 
590 
63 0 

973c 23 
25 
26 
27 
26 
25 
23 
22 

x lory 
3.3 
3.6 
1.5 
3.8 
1.5 
3.6 
3.4 
2.9 

?Fabricators: 

bCalculated on basis of fueled-core volume. ' 

%e she l l  of t h i s  sphere was cracked prior  t o  i r rad ia t ion  by dropping 24 times from a height of 

e 

GA, General Atomic Division of General Qynamics; 3M, the 3M Ccmpany; MCF, Carbon Products 
Division of Union Carbide. 

. 
Only the  top sphere had a central  thermocouple. 

4 meters on t o  B bed of 1.5-in.-dfam graphite spheres. 

C 

This sphere was dropped 25 times without cracking under the same conditione as (a). 

I 
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THORIUM-BASE MEfJ?AL FUELS 

i 

I 
1 

me potent ia l  advantage of high f u e l  density avai lable  with metal l ic  
fue ls  has long been recognized, but has not been exploited f o r  power re- 

actors  because f u e l  swelling and growth phenomena can cause fuel element 
failures at  r e l a t ive ly  l o w  burnup. As part of the  studies on t h e  use of 
nuclear reactors  fo r  desalination, a review of t h e  avai lable  i r r ad ia t ion  
data on uranium, t ho r im,  and t h e i r  a l loys  has been made. Recent devel- 
opnents i n  metallic fue l  technology, the lower f u e l  temperatures of 
in t e re s t  i n  such reactors; t he  low f u e l  cycle costs f o r  metallic fuel; 
and probable fabr icat ion economies with large reactor complexes suggest 
t h a t  metal l ic  f u e l s  should again be considered. 

There has been very l i t t l e  work reported on thorium and thorium 
a l loy  i r radiat ions.  However, qeveral experiments on thorium metal have 
indicated t h a t  it has considerably greater dimensional s t a b i l i t y  auring 
i r rad ia t ion  than'uranium. !Thorium, which has an isotropic  body-centered 
cubic c rys t a l  s t ructure ,  is not  subdect t o  growth ef fec ts  and the  attendant 
in te rna l  stresses t h a t  develop j r ~  the  anicotropic orthorhmbic c rys t a l s  
of uranium. 

.Early data  on thorium i r rad ia t ion  experimeiits are collected by 
Bauer -- et  a1.32 

uraniup a l loys  has been summarized by K i t t e l  e t  a1 33 who .irradiated 
s m a l l  specimens (0. %-in. dim x 0.875 in .  long) of a number of thorium- 
uranium.alloys a t  temperatures up t o  1OOO"C and burnups to 10 et. $. 
Swelling for a l l  a l loys increased from approximtely 1s per at. $ bwnu_n 

at  lower' temperatures t o  about 2.55 per at. $I burnup at 650'12. 
temperaturks the  swelling rate increased somewhat, reaching a value of 
bk'per at. $ buqnup at  800°C. 

An Argonne National Laboratory investigation of thorium- 

- -, 

A t  higher 

Volume increases were l i n e a r  with burnup 
and independent of uranium content. 
Specimens containing i n  excess of 25s U became warped and dis tor ted,  

The data are plotted i n  Fig. 25. 

'but  those containing 20$ U, o r  less, did not show signif icant  d i s to r t ion  
or surface roughness. In  a few.cases, excessive swelling was observed 
as. a r e s u l t  of l o c a l l y  high temperatures a t  the top  end of t h e  specimen. 
The authors attribute t h e  excellent behavior t o  the fact  t h a t  c h i l l c a s t  
specimens were used. 

fission products were largely trapped i n  the  thorium matrix. 

t 

Uranium par t ic les  thus xere very t h i n  so t h a t  
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+ Th-0.1 w/O U 
DTh-l.4W/OW 

- 
- a n-5.5 W/O w 
- 0 Th- 10, w/O U 

A Th- 15 w / O U  - 8 Th--20 w/OW 

-V Th-25 w / O U  
0 Th-31 w / O U  

0‘ 

MAXIMUM CENTRAL IRRADIATION TEMPERATURE. OC 

Fig. 25. EXfect of I r rad ia t ion  Temperature on t h e  Swelling Rate 
of Thorium and Thorim-Uranium Alloys. 
E f e c t s  of Irraditation on Thorium arid Thorium Alloys, U w R e g o r t  
ANL-5674, ’kgonne National Uboratory, April  1, 1963. 

R e f :  J. H. Kittel -- et.al, 

mta oc the swelUng of specimens OP cast and s w a g e d  Th-ll. wt $ U 
i r r sd ia ted  t o  1.5 at .  $ burnup at temperatures up t o  6!NoC were reported 
by & ~ , t t e l l e ~ ~  and by Atomics International.  35 Specimens Irradiated 
below 590°C decreased i n  density at the  rate of 25 per at. $ burnup. 
Specimens irradiated at  higher temperatures showed greater  density de- 
creases even at  burnups as low as 0.2$, but evidence of considerable 
overheating w.s a l s o  observed. Slugs of Tk-7 1/2 w-t $ U, 3/4 i n .  i n  
diameter and clad i n  s t a in l e s s  s t e e l  with a 25-mil-thick annulus of 
sodium, were used as f u e l  i n  Core I1 of the  Sodium Reactor Experiment.36 
The m a x l m u n  coolant ou t l e t  temperature was 490OC and maximum f u e l  cen t ra l  
temperatures w e r e  near 650°C. 
exposures of 5240 Mwd/tonne, and sat isfactory operatian was achieved, 37 
but no data on examination of t h e  fue l  are ye t  available. 

clad annular tubes (1.75 in. OD, 1.05 in. IE) of “h-2 1/2 w t  $ V.9 w t  $ Zr 
a l loy  i n  the ETR38 high-tenperatwe pressurized water loop. 

Thorium fue l  elements were operated t o  

Ihnford i s  i r rad ia t ing  three 8-in.-long test elements of Zircaloy-2 

Preliminary 
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data. a t  t he  maximum measured exposure of 9300 Mwdltonne show an 0.95 
volume increase. 
460 and 585OC, and specif ic  power between 45 and 69 w/g (ref. 39). 

i r rad ia t ions  are being continued. 

Maximum f u e l  operating temperatures have ranged between 

The 

From these data it is apparent that  thorium metal fue l s  arc  not 
subject t o  t h e  excessive "cavitation" swelling reported for  uranium 
metal i n  t h e  400 t o  550°C temperature range.4m2 
of fabrication var iables  and alloying o r  dispersion hardening are not 
knom. 
increases rapidly needs t o  be defined. 
fue ls  with possible lower cost cladding materials must a l so  be investi- 
gated. 

larly thorium-base fuels,  appears feasible, but the i r  performance w i l l  
depend on t h e  adtquate control of a number of variables. 
and developnent i s  required t o  define the requirements necessary t o  achieve 
optimum performance. 

However, the e f f e c t s  

In  addition, t h e  f u e l  temperature at which the  $&/at. $ burnup 
The c o m p t i b i l i t y  of t h e  metallic 

I n  general the successful u t i l i z a t i o n  of metallic fuels, particu- I 

Further research 

me ef for t s  of many people are represented i n  the  work reviewed i n  
t h i s  paper, and it is impossible t r .  give full cred i t  t o  each. In  t h e  
bulk oxide f u e l  i r rad ia t ions  program special  note i s  due t o  J. W. Ullmann 
and S. D. Clinton of the Chemical Technology Division f o r  preirradiat ion 
planning and calculations and f r o m  the Metals and Ceramics Division t o  
W. S. &nst ,  J. W. Tackett and R. W. McClung f o r  f'uel rod fabrication, 
welding, and nondestructive tes t ing;  E. J. Manthos for metallography; 
Y. Hirose, a foreign v i s i t o r  from the Hitachi, Ztd, ,  Japan, f o r  pos t i r -  
radiation calculations; and t o  W. e. Thurber and S. ,4. Rabin who super- 
vised most of the  early experiments. In the coated particle f u e l  irradi- 
at ion program three Laboratory divisions are involved. H. C. McCurdy, i n  
the Reactor Division, G. M. Watson, i n  the Reactor Chemistry Division, and 
P. Patriarca, i n  the Metals and Ceramics Division, supervised most of t he  
recent ef for t .  Special note i s  due t o  R. L. Beatty for coating studies,  

F. L, Carlsen for evaluation of spheres, C. 0. M t h  for impact studies, 
0. Sisman and F. R. McQuilkin f o r  i r rad ia t ion  tests, J. L. Scott for 
thermal conductivity studies, and E. L. Ung f o r  metallography. 



58 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

8. 

9. 

10. 

11. 

D. E. Ferguson, 0. C. Dean, and D. A. Douglas, "The Sol-Gel Process 
f o r  t h e  Remote Preparation and Fabricatbra of Recycle Fuels," paper 
presented a t  the 3rd United Nations International Conference on t h e  
Peaceful Uses of A t o m i c  Energy, Geneva, Switzerland, August 31- 
September 9, 1964. 
J. I,. Matherne - e t  -.I al Summary of t he  Kilorod Project - A  Semiremote 
10 &/day Demonstration of 233U02-~02 Fuel-Element Fabrication by 
t he  OIWL Sol-Gel Vibratory-Compaction Method, USAM: R e p r t  ORNL-3681 
( i n  press), Oak Ridge National laboratory. 
D. B. %auger, Same MaJor Fuel-Irradiation Teat F a c i l i t i e s  a t  the  
Oak R i d g e  National Laboratory, USAX Report ORNL-3574, oak Ridge 
National faboratory, April  1964. 
S. A. Rabin, pp. 102-128, Status and Progress Report f o r  Thorium 
Fuel Cycle Developnent for Peridd Ending December 31, 1962, U S E  
Report ORNL-3385, Oak Ridge National Iaboratary. 
R. G. Wymer and D. A. Douglas, Status and Progress Report for Thorium 
]Fuel Cycle Developnent f o r  Period fiding December 31, 196?, USAEC 
Report OWL-3611 (in press), oak Ridge National Laboratary. 
S. A. Rabin, M. F. Osborne, S. D. Clinton, and J. W. Ulknann, 
"Thorium. Fuel Cycle I r rad ia t ion  Program a t  the Oak Ridge National 
Laboratory,'' p. 643 i n  $ 
Gatlinburg, Tennessee, December 5-7, 1962, USAEC Report TID-7650, 
Bk 11, AEC Technical Information Division. 
S. A. Rabin, 6. D. Clinton, and J. W. Ullmann, "Irradiat ion of Non- 
s intered ThO2-UO2 and ThO~-PuO~ Fuel R o d s  f o r  Power Reactor Applica- 
tions," paper presented a t  the Symposium on Powder Eilled Uranium 

Dioxide Fuel Elements, Worcester, Massachusetts, November 5-6, 1963. 
R. G. Wymer and D. A. Douglas, Status and Progress Report for Thorium 

Fuel Cycle Developnent f o r  Period k d i n g  December 31, 1964, USAM: 
Report OWL-3831 ( in  press) Oak Ridge National Iaboratqy.  

W. D. Kingery, J. Am. Ceram. Soc. 4(12), - 617 (1959). 
S. A. Rabin et  a l . ,  I r rad ia t ion  Behavior of High Burnup Th024.45$ UO. 
Fuel R o d s ,  Oak Ridge National Lsboratory Report ( in  preparation). 

T. D. Anderson, "Wfects of High Burnup on Bulk U02 Fuel Uements," 

-- 

Nucl. Safety 6(2), 164-169 (Winter 196445). , = 



59 

z. J. R. MacEwan and V. B. Lawson, 5. Am. Ceram. Soc. 45(1), 42-46 rn 

(1962). 
l-3. S. V. K. Raa, Investigation of T h 0 2 - U O m  Canadian 

R e p o r t  AECE-1785, July 1963. 
J. A. L. Robertson, Jkde i n  Fuel Irradiations, Canadian Report 
cRx;I)-835, April 1959. 

15. M. F. Osborne and E. L. Ian& Jr., Post Irradiation Ekamination of 
Maritime-ORB lcloop IESrgeriments T9 7 and 8, USAEK: R e p o r t  ORNL-TM-921 
Oak Ridge National Laboratory, Oct. 1964. 

14. 

, 

16. V. 0. Hayxes, W. C. Thurber, and E. L Lor@, Jr., "Fuel Irradiation 
Tests," pp. 61-77, M a r i t i m e  Reactor Program Ann. Progr. Rept. 
Nov. 30, 1963, USAIEX: Report ORNL-3775, Oak R i d g e  National Laboratory. 

' 

17. Staff, oak Ridge National Laboratory, Conceptual D e s i g n  of the 
2 riment U W  R e p o r t  ORNL-TM-201, oak Ridge 

National Laboratory, M a y  1962. 
C. Cautius, "The AVR High-Temperature Reactor," Atom ltnd Strm, ;zJ, 

Design Study R e p o r t  for TARGE!P: A 1000-Mw(e) High-Temperature Gas- 

Cooled Reactor, USAM: R e p o r t  GA-4706, General Atcmic, March 1964. 

18. 
33-38 (Ma 1%). 

19. 

20. P. E, Reagan, F. L. Carlsen, and W. M. Carroll, "FissPon Gas Release 
from Pyrolytic-Carbon-Coated Fuel Particles During Irradiation," 
N u c ~ .  SCi. Ehg., JB(3) 301-308 (1964). - 

21. P. E. Reagan e t  a1 "Fission-Gas Release from Coated Particles," - -9 

pp. 115-l.26, GCRP Semiann. Progr. Rept. Sept. 30, 19" USAM: Report 
ORNL-3731, Oak Ridge National Laboratory. 
W. 0. Harms, "Carbon-Coated Carbide Particles as Nuclear Fuels," 
i n  Modern Ceramics - Same Principles and Concepts, ed. by J. Hove 
and W. Riley, John Wiley & Sons, Inc., New York ( i n  press). 

Particle Nuclear Fuels, '' A/Conf. 28/P/235, paper presented a t  t h e  
3rd United Nations International Conference on the Peaceful U s e s  
of Atomic Energy, Geneva, 196.4. 

22. 

23. R. W. Daytonp W. V. Goeddel, and W. 0. Harms, "Ceramic-Coated 

24. Final Report, Graphite-Matrix Fuels Developnent for the Am, p. 8, 
USAEC Report GA-4695, General Atomic, October, 1963. 



60 

25. J. C. Bokros, The Structure of Pyrolytic Carbon Deposited i n  a 
Fluidized Bed, USAEC Report GA-5163, General Atomic, July 1964. 

26. D. R. Cuneo, E. L Long, Jr., and H. E. Robertson,"Hot Cell Tech- 
niques for the Evaluation of Fueled Graphite Specimens: pp. 2456-256 

i n  Proceedings of the  12th Conference on Remote Systems Technologjr, 
American Nuclear Society, New York, 1964. 

27. W. 0. Hams and D. €4. 'Jkaugcr, Fabrication Variables, Performance, 
and Cost Considerations for W R  Coated-€+article Fuels, USAD2 Report, 
ORNL-TlCl-u23, Oak Ridge National laboratory, April. 1965. 

28. J. L. Scott - e t  -. a1 J "Preparation of Fueled-Graphite Irradiation Test 
Specimens," pp. 326-341; V. A. DeCarlo et al., "Irradiation Test s ,"  
pp. 344-354, CCRP Semiann. Prw. Re@. Sept. 30, 1963, USAEC Report 

ORNL-3523, Oak R i d g e  National Xaboratary. 
29. d. I,. Scott and C. Miehelson, "Preparation of Fueled-Graphite 

Irradiation Specimens," pp. 217-228; V. A. DeCarlo e t  a1 "Irradiation 
Tes ts , "  yp. 230-240; D. R. Cuneo - e t  a1 , "Postirradiation Barninations 
OR Fueled-Graphite Spheres," pp. 246+68, GCRP Semiann. Progr. Rept. 
Mar. 31, 19&, USAEC Report ORNE.3619, Oak Ridge National Laboratory. 

OIGI Poolside mcility,Ir pp. 58-70; D. R. Cuneo e t  a1 "PostirradJ - 
ation Examinations of Fueled-Graphite Spheres," pp. 78-95, GCRp 
Semiann. Prop.  Rept. Sept. 30, 1964, USAM: Report ORNG3731, 
Oak Ridge National Iaboratory. 

- * )  

30. V. A. DeCarlo and F. R. McQuilkin, ??ueled-Sphere Irradiatjons i n  

- -* 5 

- 

31. V. A. DeCarlo and F. R. McQuilkin, "Fyeled-Sphere Irradiation i n  

. .  ORR Poolside Facility," and D. R. Cuneo e t  al.,  "Postirradation 
Examination of Fueled-Graphite Spheres, 'I GCRP @Semiann. Prop. Rept: . 

Mar. 31, 1965, USAEC Report ORML-3807 ( In  press) Oak Ridge National 
Iaboratory . 

-- 

32. A. A. Bauer, M. S. Farkas, and V. W. Stoohok, Effects of Nuclear 
Reactions on Metallic Materials, WsAEcl Report REIC-29, b t t e l l e  
Memorial Institute, September 1963. 

J. H. Kittel, J. A. Horak, W. F. Murphy and J. H. Paine, Effects of 
Irradiation on Thorium and Thorium Alloys, UsAEx= Report m ~ x 7 4 ,  

Wgonne National laboratory, April 1, 1963, 

33. 



61 

34, J. E. Gates, C. E. Lamale, and R. F. Dickerson, The hamination and 
Evaluation of Irradiated Thorium-11 w t  Wranium Specimens, U S A E  
Report &MI-L3U, Battelle Memorial Inst i tute ,  April 16, 1959. 

35. B. R. Hayvard and L. E. Wilkinaon, Radiation Behavior of Metallic 
Fuels for ScdSum Graphite Reactors, U S N Z  R e p o r t  NAA-SR-3411, 
Atomics ?-ternational, August 15, 1959. 

36. E. N. Petwson, SRE Systems and Components Experience, Core If, USAEC! 
NAA-SR-MEMO-WO3, Atomics International, November 15, 1963. 
Atomics International-Quarterly Technical Progress Report - AM: 

Unclassified Programs, January-bbrch 1964, USAM: R e p o r t  NAA-SR-WOO, 

Atomics International, May 19, 1964. 
M. M. Hendrickson, and J. E. Greer, -- e t  al., Research ahd Developaent 
Programs Executed for t h e  Division of Reactor Developnent, Quarterly 
Progress Repart Aprilirune 1963, USAM: Report HtJ-78388, Iianford 
Atomic Products Operations. 
Hanford A t o m i c  Woddcts Operations - Wrterly Progress Report, 
Division of Reactor Develolpnent, AprPl-Cme 1964, USAEX: Report 
Mi--32998, Hanford Atomic Prodacts Operations. 

37. 

38. 

39. 

40. R. D. Ieggett, T. K. Bierlein, and B. Mastel, Irradiation Behavior 

of High Rwity Uranium, USAEC Report HW-79559, Hanford A t o m i c  
Products Operations, November 1963. 

41. R. S. Barnes, R. G. Bellamy, B. R. Butcher, and P. G. Mardon, "The 
Irradiation Behavior of Uranium and Uranium Alloy Fuels," 

MConf. 28/l?/145, paper presented a t  t he  3rd United Nations Inter- 
national Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1964. 

42. C. L. Angeman and G. R. Caskey, Jr., "Swelling of Uranium by 
Mechanical Cavitation, 'I J. Nucl. Mater. 18 (2) 182-96 (19%). 


