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Abstract 

Prepatation, fabrication, irradiation, and cvaluation of microspheres into the cladding. The scope of the 
program is outlined in Chap. 1 ,  and Chap. 7 presents a 
sunii-nary, conclusions, and recummeridatioiis. Publi- 
cations and other documeri ts of the program are listed. 

fast breeder oxide Eiiels are reported for  a five-year 
develolment program. Emphasis is on irradiation test- 
ing of sol-gel irranium-plutonium, panticularly fabri- 
cated by tlie Spliete-Pac loading o f  coarse and fine 

. .. 
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1 .  Introduction 

T O  advallce t i l e  tecillloic)gy of (U.PLI)O~ ;IS ;I f1tL.i I'W 

t l i e  Liquid-Metal Fast Breeder Reactor (LMFBR),  t l i c  
oxide f ue l s  deve lopmei i t  pi  ogi-alii was condiicted for ;I 
pei iod o f  five years .  Funding fo:  t h e  progi-alii w k i s  
tet-ininated J u n e  30. 1072.  The main objzctivcs o f  t h e  
oxide fuels dcvelopm2iit pi-ogi-am wet -e :  

I. to  establish t h e  perfoi-inance c l i a r x t e i  i s t i cs  :ind 
liinitatioiis o f  ( U.Pi.:)02 fttels I';ibricatcd b) different 
processes. 

7 .  t o  obt:iin :I furid:iriiental understanding of the  
iiiecli;inisiiis involved i n  t h e  iimdiation heliavior o f  
fuel eleiiic 11 t s i 11 corpo r;i t i iig tli ese fu el s. 

3 .  t o  develop Fabiic:itioii tecliniquzs t l i : i t provide bo th  
e c o ii oin y and a t'li e I wit li o p t  i n-lize d per fi) ri i iai i  c e .  

4. to develop analytical iiiodels adequate t o  opt iniire 
expcrimental design mid t o  piedict f d  2leiiiciit 

response t o  I J I F R R  conditions. 

1'11 e p r ogi-ani e ti1 ph asi/ed de t e r in i i i  a i i on o f  t It e 
propet-ties a n d  perfo~-~ii;iiice of  sol-gel-derived oxide 
fuels fabt-ica tcd bl. the Sphere-Pac 2nd pelletizing 
tzchiiiques. The pcrfoi-niance of  tliesc f u e l s  was cOii1- 

p i - r d  w i t h  tha t  o f  otlicr f u e l s  sitcli as pellets froin 
ii i  ecli :i i i  ic a I I y b 1 c I i d e d o I- c opre c i pi t ;i t e d ox i de . 

l.lie p ~ i - p s e  o f  t h i s  t e t  l t i i i i a l  i-eport is t o  siiiiiiii;ii-iLe 

tlie accomplishiiictits of the progr:im for developiiieiit 
of  I..MFBK oxide fuels. t o  set  forth the  s ta tus  of the  
ptugraiii a t  the  termilia1 date.  a n d  to suggest work tha t  
may be requit-ed i i i  t l i e  future.  

1.1 PROGR,.2Ril HISTORY 

' I l i e  pi-ogr:rm w:is initi:itcd late in fiscal year I967  
w i t h  tlic irtadiation of fuels iiiteiided p r i ina I i l>  for 
clie~r~ic:tl I-epi-ocessiiig s t  tidies. Substantial progi-ess W~IS 

niade t ona l  d the  object ives  oatl ined previousl> tlirougli 
;I piogrwii  t h a t  iiicluded fabiicatioii of fuel wit l i  
differelit s t ruc tures .  cliaracterizatiun of these stiitctitres 
bk oul-of-tr'actor methods. and iri-adi:ttioii irnder :I 

1.2 PROGRAM 0XG.INIZATTON 

2 
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The second task area, characterization of fuel, was :in 
important part o f  the program, sirice a thorough 
unders tanding of the chemical, therinophysical, me- 
chanical, and structural properties of the (U,Pu)02 
products and the effects of processing and Fdbrication 
procedures on these properties was deemed essential to 
the evaluation of their perfommance. Each fuel form t o  
be irradiation iested was fully characterized with 
complete niicrostructural, x-ray diffraction, and chemi- 
cal analyses to assure a better understanding of its 
irradiation perforruance. Substantial effort was m:ide to  
irnprove fuel characterization procedures and methods. 
']'lie underlying pliilosophy of the program was that, 
sirice chernical contaminants such as carbon and ab- 
sorbed gas and the ratio of oxygen to metal affect tlie 
compatibility of fuel and cladding, these must be 
thorouglily understood and accurately analyzed. An- 
other underlying philosophy was that, since porosity 
distribution, particle size, and in-reactor sintering ki- 
netics all have a marked effect on  tlietrnal conductivity 
iirid thus the ternpcrature distribution in the fuel, it was 
essenlial that these variables be understood. Therefore, 
the program placed a Large amount of emphasis oil 
out-of-reactor characterization of each fuel form to 
establish basic inforination for correlation with irradi- 
ation tests. 

t r i  the third tesk area, irradiation testing of oxide 
fuels, the purpose was to  compare tlie irradiation 
perforniarice of (lie various fuel f o r m  and obtain basic 
information on the effects of irradiation on (U,Pu)O, 
fuels and fuel-cladding interactions. The principal test 
facility utilized in the program was the EBK-11, the test 
data from which were used to develop and refine 
models of fuel and fuel element performance. The 
variables in t he  program included burnup, stoichi- 
ometry, smear density, void deployment, and cladding 
temperature. The irradiations in the EBR-11 were 
augmented b y  thermal flux tests in the Engineering Test 

Keactor (ETK) to  obtain high levels of burnup in a 
relatively short time. I n  addition, the Oak Ridge 
Research Keactor (ORR) was utilized to permit highly 
instrumented tests i i i  wtiich detailed measurement and 
adjustment of in-reactor test conditions could be 
accomplistied. Screening tests were also done under 
transient conditions in the transient test facility in the 
TREAT reactor. 
Lo the fourth task area, analysis of fuel element 

performance, tlie objective was to integrate mathe- 
matically the otlzer aspects of the FBK Oxide Fuels 
Uevelopiiient Program in such a way that fundament a1 
understanding of the behavior O F  LMFBR fuel elements 
could be obtained. The final output of this task was an  
analytical model that describes the performance and 
possibility of failure of the fuel pins under opemting 
conditions. The fuel element performance modeling 
effort was used in essentially two ways: (1) to  obtain an 
analytical understanding of tlie behavior sufficient for 
fuel elcinelit design, and ( 2 )  to assist in directing other 
task areas of the program in proper channels t o  answer 
pertinent and high-priori ty clues [ions. The attainment 
of flie model BS a tool for design was considered a 
longer-range objective. The model in its various stages 
was quite useful in tlie design and interpretation of 
irr:tdia tion experiments. 

1.3 CONTENT OF REPORT 

This report is organized to set forth specific tech- 
nology i n  the various technical areas in which develop- 
ment was accomplished. These include fuel preparal ioii, 
fiibrication develolment, fuel characterization, fuels 
irradiation, and fitel performance and economic evaiu- 
alion. In addition, it includes sections that discuss the 
work, pimerit cooclusions from it, and give reconinien- 
dations for future work. A section on publications and 
documentation of the program is also included. 

..a 



2. Fuel Preparation 

R. C,. Wymcr’ A. I,. Lotts 

Fuel material for the fast breeder reactor oxide fuel 
program was prepared by mixing UOz sols with PuO2 
sols to give the uranium-to-plutonium ratio sought. The 
mixed sol was then either formed into microspheres for 
use in Sphere-Pac fuel studies 01- dried t o  forin shards 
rrom which powder was prepared for  use in pellet fuel 
studies. In this chapter the processes used to  piepare 
sols. microspheres, and ceramic-grade powder for pellets 
are discussed. 

2.1 SOL PREPARATION 

W. T. McDuffee’ 

2.1.1 UOz Ssl  Preparation from Natural Uranium 

2.1.1.1 Process Description 

The I M natural urania sols used to mix with plutonia 
sols were prepared by the Concentrated Urania Sol 
Preparation (CIJSP)  process.'^ It is a batch process 
for preparing a 1 t o  1.4 M crystalline urania sol directly 
by solvent extraction. This process avoids the handling 
of solids, as required in some earlier urania sol 
processes. while eliminating or minimizing the sol 
concentration step inherent in tlie earlier solvent 
extraction process for the preparation of dilute sols.’ 
Further, it lends itself to closer control than can be 
imposed easily on the previous processes. In general, the 

~- .......... __ 
1. Chemical Technology Division. 
2. J .  P. McRride, K .  H. McCorkle. Jr . .  W .  L. Pattison, and 

R. C. Finney, “The CUSP Process for Preparing Concentrated, 
Cryatalline Urania Sols by Solvent kLxtraction,” N u d .  Techno/. 
13(2). 148-58 (February 1972). 

3 .  0.  C. Finney and P. A. Haas. Sol-Grl Proci:,ss ~ f:’rzgirieer- 
ing-Scale Dcinori stra tioii of’ High -Dei?sit>’ UO 2 Microsphcrc~ 
Preparutiorr. ORNL-4802 (in preparation). 

4. J. P. McBride (compiler). Preparation of UOz hficrospheres 
by Sol-Gel Technique, ORNL-3874 (February 1966). 
5. J. P. McBride, K .  H. McCorkle, and W. I,. Pattison, 

Production of Prdornina/ztly Crystalline Sol7 o f  Urania. U.S. 
Patent 3,629,133 (Dec. 21, 1971). 

sols prepared by the CUSP process have better repro- 
ducibility and longer shelf life than urania sols prepared 
previously by solvent extraction. 

In the CUSP process. a 1 M urania sol is pi-epared by 
continuously extracting nitrate a t  a controlled rate 
froin a U(1V) nitrate-forniate solution into an organic 
solvent of 0.25 il;l Amberlite IaA-2,6 a secondary arnine. 
in a mixed dilucnt of 75 vol 5% diethyl benzene and 2.5 
vol % H - C ,  pai-afi‘i~i.~ Following a prescribed con- 
ductivity-tempeI.~tui-e-tinie path produces stable -1 IV 
urania sol containing highly crystalline colloidal parti- 
cles with a high U(1V) content. The operating curve or 
path followed in preparing tlie sol is shown in Fig. 2.1 ; 
a typical chemical flowsheet is presented in Fig. 2.2. 

Nitrate extractions are carricd out at three different 
temperatures. An extraction is initiated by starting 
solvent flow and ended by stopping solvent flow. r h e  
first extraction is at 35 to 40°C; as the feed solution is 
heated from r o a n  temperature there is a slight increase 
in conductivity. Conductivity increases with both tem- 
perature and free nitrate concentnation. ?’he first 
extraction is continued until the conductivity is re- 
duced t o  about 25.000 rnicronilios/cni; then tile sol- 
vent flow is turned off. The soltition is heated to 57 
to 58”C, and crystallization o f  thz  U 0 2  t o  form 
colloidally suspended crystallites begins. The solvent 
flow is turned on and heating is continued until 60 to 
62°C i s  attained. and the second extraction is per- 
formed at this temperature. Crystalliration is accom- 
panied by a change in solution color from dark green to 
black. evolution of gas that is -85 vol 7% NO. and a 
conductivity increase. In 15 to 30 min the gassing 
abates, indicating that crystallization is essentially 
complete, and the extraction is continued until the 
conductivity decreases to about 20.000 niicromlios/cm. 

.................... ______ 

c 
6. Rohm and Waas Company. 
7. South Ilampton Company. .The C12 represents an average 

molecdar size of a mi:iture. 
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Pig. 2.1. Engineering-scalc CUSP operating curve. 

Solvent flow is then Lurtied off. The second extraction 
takes 45 to 60  min to  assure Ilia t the crystallization is 
complete. The soluiiim, which is a sol ai this point, is 
cooled to about 25"C, arid there is an accompanying 
decrease in conductivity to about 10,000 
micromhos/cm. Additional nitrate is extracted until the 
conductivity is in  the range 3000 to 4500 
micromhos/cin, which curresponds to a riitrate-to- 
uranium mole ratio of 0.11 +_ 0.02. 

It requires 3.5 to 4 11r to prepare a sol, and since 
nitrale is extracted for prescribed periods of time, the 
prep;iration time is independent of batch size. Certain 
precautions niust be taken in preparing the sol. The first 
nitrate extraction should take ;it least 90 inin to  allow 
time for the proper release of' nitrate; otherwise, the 
iiitrate-to-uranium mole ratio o f  the sol product will be 
too high. even though the coiitluctivity is in the proper 
range. There are conditions under wli ich gelation 
occurs, BS shown on Fig. 2.1, and care must be taken 
during the first nitrate extraction riot lo overextract in 
order t o  przvent thickening or possibly gelling the 
solution. During tlie second extraction, good oxidizing 

coriditions are present (elevated temperature atid NO 
being released); consequently, the time of the second 
extraction, while long enough to  assure complete 
crystallizaiion. should be no longer than necessary so 
that the oxidation of tJ([V) to U(VI) is minimized 

To prepare the feed solution for the sol preparation 
steps, water, concentrated uranyl nitrate solution that is 
stoichionietric in nitrate (NO,-/U niole ratio = 2) ,  and 
formic acid ;ire mixed in the proper proportions to give 
a solution that is 1 M UOz", 2 M NO3- ,  aiid 0.5 M 
HCOOLI (Fig. 2.2) and reduced with H 2 .  Frtrrni 1.3 to  
1.4 moles of ki2 is consumed per mole of uranium 
reduced, and the feed i o  the sol preparation equipment 
is 1 M U(IV), 2 M NO3-, and 0.5 M HGOOH. The first, 
second, and third extractions remove approxiinately 65, 
25: and 5%, respectively, of the original nitrate, arid the 
extraction times are controlled by regulating the solvent 
flow rate. The sol product is about 1 M U  that is 85 to  
88% U(IV), 0.1 I t 0.02 rZ1 NOi-;  0.5 iM COOH-, and 
3000 to 4500 niicromhos/cm in conductivity. 

2.1.1.2 Equipment and Procedures 

An equipment flowsheet for  the preparation of U 0 2  
sol by t he  ClJSP process is preseiitcd in Fig. 2.3. The 
order in which the equipment is discussed corresponds 
to  the sequence of process steps. 

Feed preparation. The ILJ(1V) feed i s  prepared in the 
batch slurry uranium reductor shown in Fig. 2.4. 'The 
uranyl rii trate solution ( 1  M UOz 2+, 2 ill NO3-, and 0.5 
ili IJCOOI-I) is reduced with hydrogen at  atinospheric 
pressure, w i n g  ii commercially available platinutn 
catalyst (PtO, , "Adanis Catalyst"). The extent of 
reduction is nionitored by tneasuring the U(iV)/U(Vr) 
redox potential, using platinum and glass electrodes. 
When the uranium reduct i i x i  is nearing completion, the 
slope of the graph of time against potent.ia1 decreases 
rapidly and abruptly approaches zero. Then the hydro- 
gen flow is turned off (Fig. 2.5). Vigorous agitation is 
required 10 assure uniform reduction. Continuing 
hydrogen flow in [lie abserice of uranyl ions produces 
ammonia. More than about 0.01 mole of arnmonia per 
mole of urariiiini promotes early gelation and falsifies 
the conductivity, which is tlie inajor process control 
variable in the extraction steps. 'To reduce 15 liters of 1 
M urariyl nitrate solution (-4 kg of UOz) requires 2 t o  
2.5 hr. 

After t.he reduction, the U(1V) feed solution is 
drained f rom the reductor, niid the catalyst, which has 
been reduced to metdlic platinum, is caught on the 
10-ym-pore stainless steel filter. 'Ihe catalyst is washed 
with water and 5 iM €%NO3. The acid wash maintains 
catalytic activity . 
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Fig. 2.2. Chemical flowsheet for preparing UOz sol by the CUSP process 
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Pig. 2.5.  Plot of redox potential against time for the 
reduction of a 1 ,lil UOz(NO3)2-0.5 M HCOOlI §Qhtioll. 

Sol preparation by solvent extraction. The sol prepa- 
ration equipment (Fig. 2.6) h a s  a 15-liter aqueous phase 
capacity (-4 kg of UOz ) and consists of a spray column 
nitrate extraction contactor. solvent reservoir, aqueous 
phase surge tank, centticugal pump, conductivity probe, 
hcat exchanger. differential pressure cell, and spray 
header to disperse the aqueous phase into drops. The 
aqueous phase is circulated at  3 to 4 liters/min 
cocurrent with the solvent down the contactor. During 
the extraction periods, the solvent flows continuously 
to  the nitrate extraction contactor. and the spent 
solvent is sent to the solvent cleanup and regeneration 
system. 

After the sol preparation, the sol and solvent are 
drained separately and the equipment is washed out 
with about 3 12.1 HNO, and then with water. Some 
solids accumulate at the solvent-sol interface, primarily 
during the crystallization phase. These solids tend to 
cling to  the  equipment during draining. As a result, 2 to  
4% of the ui-aniiim i n  the feed solution i s  lost t o  thc 
equipment wash solution and about 0.5% to the solven!. 
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Fig. 2.6. CUSP UOz sol preparation equipment (15-liter aqueous p l w e ,  4 kg of UO,). 

wash (dilute H N 0 3  ). The uianium can be iemveied 
f I om these acidic wash solutions 

Solvent cleanup and regeneration. Some uianiurn is 
pickcd u p  by the sulven~, piiinarily during the tirst and 
second nitrate extrdctions. This pickup is about 0.5% of 
thc uranium in The feed The uranium IS in the toini of 
cntiaried 901 and a colloidal suspension. These particles 
are well thspersed, carry ti \light negative charge, and 
cannut be removed by filtrdtion or adsorption on silica 
pel o r  activated carbuii rllere IF dso <i slight loss of 
diniiie (approximately 0 06 to 0.10 mole/kg of UOz 
prepared as ;I 1 M sol) during the sol prepaiation The 

amine car1 be satisfactorily maintained at an essentially 
constant concentration by periodic additions of Amber- 
lite LA-2 to the solvent storage tank. A three-stage 
solvent treatrneiit system consisting of two cleanup 
stages arid ;I regeneratioil stage was found to  be 
satisfactory (see Fig. 2.7). The solvent cleanup is a 1 i%f 
FINO,, 0.4 M HC21i ,0 ,  scrub and wafer wash, arid the 
regeneration is a 1 M Na,CO,, 1 icI NaOH scrub. 
Essentially dl the ui-aiiium in the solvent is removed in 
the cleanup acidic effluent, from which i t  ciin be 
recovered. 



10 

114 Liters 
0.25 M Arnberlite LA-2 
0.25A H N 0 3  
75 Y F D i e t h y l b e n z e n e  I 
2 5  v/o n - p r o f f i n  (Avg. C 
0.8 g/Iiter u 

I 

1 2 )  

29 liters 
I M H N 0 3  
O.hM HAC .... 

ORNL DWG. 70-2840-R1 

. . . .. . . .. . . 
114 liters 
0.25 - M Arnberlite L4-'2 

I 

1 .O M N o 2 C 0 3  I 
1 .O - M N o O H  WASTE I 

I 

I 

I 
I 

I 
29 liters 

17 liters 
1.7 M N o N 0 3  
1.3 % NoHC03-  

N-;;Co3---No0 H 

Trace U 

AC ID--WATER 
WASTE 

58 liters 
1.6 g l l i t e r  U 

* HAC - acetic acid 

Fig. 2.7. Chemical flowsheet for solvent cleanup and regeneration in the CUSP process. 

. >  I he solvent extraction contactors used' j ~ i  the solvent 
'treatment system are mixer-settlers of the typc shown 
in Fig. 2.8. Each mixer-settler is matk or  3-iil.-di:ini 
glass pipe to pel-mit observation of the process streams 
and the operating c1iar;rcteristics. I t  is divided into six 
conipartinents. each of which lias L mixing impeller; tlie 
six impellers arc inounted on a conmion shaft with a 
variable-speed drip-e. The aqueous and organic phases 
enter at the top and flow cocurrently down through the 
six conipartnicnts ti.) give tile effect of mixing vessels in 
series. This ai-i-angement ensures good stage efficiency. 
Tlie mixer is designed in such a manner that the 
aqueous phase i s  dispersed into the organic phase (the 
organic phase is maintained continuous to minimize 
emulsification). At shvtdown, the aqueous phase drains 
ou! of tlie vessel: consequently, only the organic phase 
is present at  stait-up. and the aqueous stream is easily 
dispersed as it enters. Each mixer is equipped with two 
U-shaped scclioiis of stainless steel tubing tlirougli 
which ho t  w ~ c ~  can bc ciiculated. 

Phase separation occurs in tlie scction located below 
the mixer. The position of the interface is controlled by 
adjustable weirs on bot11 tlie aqiieous and the organic 
overflow lines. Tlie nominal volumetric capacity of the 
mixing sectiort is 2.0 liters: that of the settler is 2.8 
liters of oi-ganic phase and 1.5 liters of aqueous phase. 

ORML DWG. 68-5897 R1 
A 

Fig. 2.8. Mixer-settler stage. 
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2 .  i .1.3 Discussion of Results 

Properties of typical 1 M UO, sols prepaied by the 
CUSP process aie presented in Table 2 I .  The repro- 
ducibility of the sols i s  very good. 253 to 255 nig/ml U, 
85 to 87% U(IV), 0.09 to 0 1 1  nitrate-lo-uranium mole 
i;itio. and conductivity ot 2910 to  3500 
micromb os/crn 

Fivrn cxperience arid number o f  material balances. we 
ebtimate that the sol recovery for ;I large number ot 
repetitive batches would be 92 to 95%. -1 he largest 
iirmiuni losses ate to the solvent acid and water sciubs 
and to the extraction equipment and so[veot acid 
washes. These are acidic solutions tiom which the 
uranium car1 be recovered easily. 

2.1.2 Plutonia Sol Preparation 

Plutonia sols eqtrivalent t o  5 kg of Pu were prepared 
1‘1om aqueous Pu(N03 Jil accoidirig t o  the staiidard 

ORNL ptecipitation pepti1ation Ilowsheet’ shown i n  

Fig 2 9. Sols prepared in this manner were typically 
stable over long periods nf time The cumposition of ii 

typical PuOz sol 15 as follows 

Pu, g/liter 300 
N03-/Pu (mole rdtio) 0 12 
NH3/Pu (tnole r‘itio) .‘o 01 

2.1.3 UOz Sol Preparation from Eiiriclied Uranium 

Uranis sols q i iva l en t  to 17.5 kg of U were prepared 
froin eiiriclied uranium by a n  adiiptation of the 

9. M H Lloyd arid K C, Hawe, “A Sol-Gel Proces tor 
Prepfling Dense 1 ormc of PuOz,” Nucl .4ppl 5, 114 22 
(1968) 

Table 2.1. Properties of typical 1 M U 0 2  sols prepared by the CUSP process 
............... .......... . ._ ___ ..... 

Conductivity Mole Ratios 
......... ....... ............. at 25°C: P H __ ~~ 

W V )  

(%I 
U content Run 

N ~ + / u  !rnicrom~ios/cm) NO;/U HCOO-/rJ N €i$/ U (mg/ml) 

I 253 86 0 10 0 40 0 0021 0 0053 3078 2.44 

2 254 87 0 I 1  0 40 0.0017 0 0023 2884 2 53 
r 3 253 85 0 09 0 47 0.0040 3010 2 53 

4 255 87 0 11 0.40 0 0025 0.0033 3471 2 57 

O H V L  D*q 69-5035 ................ 
NITRATE 
ADD I TI ON 

FOUR 3 - L I T E R  

NOf/Pu = 1.3-2.5 

- 0 5  L ITER 
T R A N S F E R  TO LVAPORATOR 

b 

- I CONDENSATE I I -4 L I T E R S  1 PUOZ SOL 
N O ~ / P U  = 0 1-0 2 

Fig. 2.9. Flowsheet for plutonia sol preparation. 



12 

REDUCTION 
0.5 M UOz(N03)z 
0 2 5  M HCOOH 
Pt  CATALYST 

ORN- 3 g  69-5034R 

-*:]-* CATA LYS I 
REGENERATION 

UtIV) SQLUTION 9 7 "/o 
FORMIC 

TO DH 7 5  

WASTE E L  E C T RO L I 'r FT 
U 3 ~ ~ U ~ ~ ~ V T Y  OF 

8 SUCCESSIVE 
Z--LITER WASHES ) - - ~ A T I O N - W A S H l N G  ........ 

0.01 M NzHq.Hz0 i l  100 MHO 
U(IV) HYDROUS OXIDE 

CAKE 

SOL FORMATION 
................... 

3 M HN03 NOY/U -0 15; COOH'7U -0 .20  

uo2 SOL 

Fig. 2. IO.  Howsheet for 1aboratory-sc:de preparation of urania sol. 

standard ORNL precipitation-pepti7ation flowsheet 
shown in Fig. 2.10. This process was chosen because 
batch sizes were limited to about 325  g o f  U for safety 
considerations. Thesc sols as prepared were stable for 
about two weeks and deposited little if any solids wlien 
stan ding. 

2.1.4 Preparation of Mixed (U,Pii)cB, Sols 

I n  the preparation of powders, U 0 2  sols piepared as 
described in Sects. 2.1.1 and 2.1.3 were either dried as 
prepared or blended with the appropriate quantity- of 
Pu02 sol to achieve the desired plu~onium-to-uranium 
ratio, and the mixture was dried. However. if' the UOz 
sol was to be blended with PuOz sol and the mixed sol 
convertzcl into dense niicrospheres, the  UOz sols were 
allowed to stand for about 16 hr and then decanted 
from any solids that had settled: the  supernatant sol 
was then extracted several times with n-hexanol t o  
reduce the formic acid concentration before blending 
witji the PuO, sol. The coinposition o f  a typical UOz 
sol as prepared and after extraction twice with an equal 
volume o f  dry 12-hexanol is given in Table 2.1. 

10. J .  P. McBiide, K .  ;I. McCorkel. and W. L.  Pattison, 
"Urania Sol-Gel Process," pp. 25-29 in Laboratory Slitdies of 
Sol-Gel Processes at f h c  Oak Ridgc National Laboratory, J .  P. 
McBride (compiler), OWL-TM-I  980 (September 1967). 

Table 2.2. Typical UO, sols 

%stracted successivcly with two equal volurncs ofr7-liexanol. 

2.2 ~ ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ E  PWEPARA'TION 

P. A .  Haas' W. 'r. McDuffeel 

?'he ORNL sol-gel process for the preparation of 
microspheres from oxide sols and information on the 
design and operation of the equipment have been 
previously reported.' I n  general terms, conversion 

1 I .  Chemical Tcchnology Division. 
12. C. C. Haws, B. C. Finney, and W. D. Bond, Krfgiivering- 

Scale Dcmoiistratioii of ihe  Sol-Gel t'rocrsr Prrparrlfion of I 0 0  
kg of TIi02-UO2 Microsplierrs at the Rate of 10 kg/Da.i', 

13. P. A. IIaas, Sol-Ccl Preparation of. Splieres: Design and 
Operation of Fluidized Bed C'olnmris, ORNL-4398 (Septcmher 
1969). 

14. P. A. Haas, "Preparation of Sol-Gel Sphere? Smaller t han  
200 Microns without Fluidization."Nz,cl. Teclrrzul. I O ,  283-92 
(March 1971). 

ORNL4544 (May 1971). 

* -  
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.. ... 

of :I sol irito dense spheie? requires six piiricipal process 
opeiations 

1 dispersion of the sol into drops, each of which 
contmis the amount of oxide h i t  wll be in a fired 
sgherc, 

? suspenvon of the sol drop in an organic liquid, 
usually 2-ethyl-I -hexailol (2kH), while water is 
extracted to cause gzlatiun, 

? q u i a t i o n  o f  gel microspheres from the ui y n i c  

4 recovery of the orgdnic liquid for reuse. 

5 drying 01 the gel spheies, 

6 firing t h e  diied spheies at contrdled conditions to 
ieinovc volatdcs, to sinter tu  a high density, dnd to 
iedi ice or cliemicdly convert 

Ilquld, 

The tiist four operations dre usudlly carried out in 
cuiitiiitious systems, whik the ldst Jwo ale batch 
opera ti 011 

7 h e  optiinum conditions for forming a sol into gel 
microspheres vary in a LompleY manner with the 
properties of the sol When a S U I  with specitled 
piopeii ier is fonned into pel spheres, the curnporitinri 
o f  1 he organic drying tnedium i s  tile principnl uperatiiig 
vdtiablc. 'The successful continuous opet a1 ion ot a 
bpliere-forming system reyuiies that the alcohol coni- 
position be controlled within satisfactory ranges 7 hi\ IS 

Idlgely empirical arid iequirer deinonstration in three 
st'iges (1) satisfxtoiy initial operation, (2) control 01 
srirfactmt depletion. a i d  (3) control of exczssive 
dCcUlnilldtlOIlS of 5iHtdctdnt degr.idation products or 
impurities 

l he  iorinatioii of d good sphere iequires that the sol 
drop be suspeiided uriiil enough W d k r  is extracted to 
came gelation. Ncarly all ut out successful operation 
wiih CUSP U02 sols l i , j \  been with 2FH containing 
Span 80 and Ethonieen S/ 15 as surfactdnts. Thc times 
i eqwred  fui  gdal toil caii be calculated from rndss 
tianstcr considci,itioiij k o i  ClJSP sols, t r o i n  4 to 40 
inin IS requiied to form gel spheres that will calcine to 
high-dciisity UOz bphere5 200 pin in diaineler, and 
from 10 to 100 niiti 15 requited to fo rm gel >pheres that 
will cdlcirie to S O O - ~ r n - d i m  UO, spheres The pi iiicipal 
variables dftecting the geldtioiz cune foi 3 given sol are 
the sphere dianieter, temperatwe of the 2EH, arid watei 
content ot the 2PH Hrghzi I k f i  ternperaturer gieatly 
reduce the gelation t i i i i e~  and often inipiove the sui face 
appearance of the gel spheies but EldY in( rease the 
miourit of clustering or cracking 

The two most troublcsoine operating problerns foi 
preparation of U02 spheres from CUSP sols are: 

1 iiicicasing amounts of sticking, clustering, or 
cualescence as column operdtmi is ( oiitiniied be- 
cause of a ~OmbiildtlOn o f  loss of Spari 80, sx- 
traclion ot torinic acid trorn die UO, sol into the 
2Efi. and accumulation of suitactant degradaliori 
pi uducts 

2 excessive cracking during drying aiid firing even 
though the clacking is not notice'ible it1 the gel. This 
cracking depends vety much upon the s i ~ e  of the 
microspheres pioduced Iligh surfacfaiit coricen- 
tiatrons i n  the 2FM, impurities 111 the 2EH, inferior 
sol properties aiid oxidatloti of the UCI2 all tziid t u  
increase the amoutit ot cracking 

2.2.1 Preparation of U 0 2  -PuOz Spheres 
in Fluidized-Red Columns 

Plutomci sol, iiiaiiia sol ;tnd mixtures of the two were 
foirtied inio droplels of the desired sire by use of a 
Iwu-tluid nozzll: (11 which the sul W A  forced as a jet 
stream into an aii i idus of X H ,  which was u e d  as d 

drying (gelling) sulvent The stieain of' droplets was 
introduced at the top of ;I tapered column t h o u g h  
which a recond stieain of 2EH passed up The second 
strcain mauntamed the droplets i n  a fliiidrzed bed, the 
depth ot which depended on  the dewity of the droplet, 
the sol feed late, and the flow of the fluidizing stredin 
As water was extracted from the dnopletg. the sol 
gelled continued extraction of water fioin the gelled 
droplet shrank it, haideucd i t ,  and increased its density 
By carelti1 adjustment of the flutduirig btieain flow, the 
sol droplets and gelled rnic,rosphcies were retairizd in  

the column until the gel niicrosplieres weie rrgd eiiougli 
t o  be handled betore being allowed to fall out of tlic 
column. Continuous upriation (wi th  feed and the 2F11 
fluidimig stream balanced) could be obtained with 95 
t o  9%% of the niicrospheres being sufticiently dry to 
support 2- t o  3-111 beds without noticeable distortion. 

To promote diopler foimatioii, to prevent dioplet 
coalescence. and to prevent sticking to the walls of the 
column, surfactants are added in sinall concentialion t o  
the 2EH diyitig solvent The watei cnntetit o f the  2EH 
also exerts dn effect. For the most part, to cuntrol these 
elfects bthorneen S i 1  S ( 3  condensed rfhylene oxide 
miiiic) and Sp in  XO (sorbitm nmiouleate) have been 
used Ctlionieeri Si15 reduces coale~ceiice, however, i t  
teiids to promote clusteiing of partidlly dried dropletb 
as well a i  .;ticking to  the column wdlls. Also, the effects 
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'I able 2.3 Fropertie\ ot  typical dense inicrosphercs 
- ~ _ _ _  ~ _ _  ~ 

PuO2 100 250 I 11.4 < I  2.00 150 

uo,8Puo.202 350 595 0.202 11.03 6.7 0.44 2.001 40 2 3 5  

o f  Etliomccn S/ 15 and Span 80 are ~ o ~ i ~ t ~ l i a t  antago- 
nistic to eacli other; that is, the effects of one can be 
offset by the other. Too miich of either is harmful; 
Etlioimeen S / l 5  may lead to pitting, while excess Span 
80 rised to control clustering promotes malforination 
and surfrice wrinkling. Recently, Pluronic 1.-92 ( a  
polyoxy propylene ethylene glycol manufactured by 
Wyandotte Chemical) has been used instead ot' 
Etlioineen S/ 15 and has  been very successfiil in per- 
mitting use of low surfactant concentrations. The water 
coii tent of  the 2EH controls the drying rate ~ high 
removal rates associated with low water concenti-ation 
tend to  promote malformalion and cracked micro- 
.spheres. while low rates proi-note sticking to the walls. 

Geneially. much less trouble is encountered in the 
foniiation of droplets and gel microspheres from Pu02  
sols t h x i  from PuO, -UOz sol mixtures. As a rule, only 
0.2 to  0.3 vol % Ethomeen S i 1 5  ( n o  Span 80) is 
required to f o r m  stable Pii02 sol droplets and gel 
niiciosplieres, contrasted with -0.1 vol T, Ethomeen 
S/ 15 and u p  to 2% Span 80 being required to form U 0 2  
o r  PuO, - U 0 2  mixtures without severe clustering and 
sticking. 

In addition to the  problems of sticking and clustering 
in the column during forming, a comiiioii difficulty- 
encountered with PuO, -UOz mixtures brit rarely wi th  
PuO, alone has been cracking of the inicrospheres; this 
sometimes occurs in the column during the forming and 
drying. but usually appears in later steps. l'his results i n  
a reduced product yield ;is well as in an inferior 
product. Tlie tendency of microspheres to crack de- 
pends principally on the nature o f  the sol arid to a lesser 
extent on other conditions. Fast drying and gelation in 
the foIi1iilIg column. becausc of the low water content 
of the  2EH as well as high surfactant concentrations. 
both favor cracking to some extent, biit final dryiiig 
:ind firing conditions exert ii greater effect. 

Tlie properties of typical dense microspheres prepared 
by the methods described above are shown i n  Table 2.3. 

2.2.2 Nonfluidized Preparation epf U 0 2  or 
uo* -PUO* Spheres 

Fewer problems aye usrtally encountered if  gel spheres 
are not fluidized during forination. Coalescence, stick- 
ing, and cliistciing are much less troublesome because 
of  the i n i i d i  lower particle coiicentrations and the 
absence of particle-to-particle inter 
the iioiitluidizrcl opelation is only practical for smaller 
spheres. Spheres of U 0 2  u p  to  200 p in diameter after 
firing were pi-epared driiiiig demonstration runs in a 
28-ft-higli iionfluidi7ed column.' ' Spheres of UOz 
smaller than 100 p in diameter were made in non- 
fluidi7ed systems iising turbulent operation of a two- 
fluid nozzle for sol dispxsion.'4 The UOz spheres of 
25 pin iiit'ai.~ diaructer for "U-fines" type of Sphere-Pac 
fabrication requirc avzrage sol drop diameters of about 
80 pi11 f o r  1 ill CUSP sols. Spheres o f  UOz-PuO, 
smaller than 44 ,mi were f o m e d  by use of thc same 
2EH compositions as fo r  larger spheres, but the 2EIll 
was usually I O  to 20°C warmer. 

2.3  PREPARATION (IF (U,Pu)O, SOL-GEL 
POWDER 

R. A. Bradley 

Sol-gel (U,Pu)O, powder was prepared for use in 
nuking the mixed oxide pallets described in Sect. 3.2. 
This powder was required to have the ratio Pu/( U + Pu) 
controlled to witliiri L0.005, to be homogeneous with 
respect to til-anium and plutonium distribution, and to 
be suitable for frihricating 83- to 937c-dense pellets by 
the cold press and siiitei iiig technique. 

The sol-gel pi-oces for making (U.Pu)02 powder i s  
illi-istrated in Fig. 2.1 I .  Sols of UOz and PuOz were 
blended, dried. t o  gel shards at  about 100°C. a n d  then 
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Sol-GEL 

Fig. 2.1 1 .  Plowsheet for the preparation of (U,Pu)Ol powder 
and pellets by the sol-gel process. 

ground to 325 mesh in 21 fluid energy mi11 Since the 
soas consist of  50- to 200-A crystallites o f U 0 2  or PuO? 
dispersed In ,in aqueous inediurn, an intimate inixture 
01 the 110, and PuO2 was easily obtained Alphd 
auioiddlogrdplly dnd election microprobe ana~ysls 0 1  

sintered pellets, discussed i n  SeLt 4 2 3, showed the 
distribution of uraniurn arid plutorilum to be uniform. 

Mercury porosimerry analyses of individual gel shal ds 
showed them GO have bulk densities 45 to 5OOh of 
tlrw.xetica1 with only 1 to 2% of the porosity penetrable 
by mercury at 10,000 psi. ‘1 he BET surface area of gel 
shards was 55 to 60 m2/g. From these analyses we 
conclude that the gel shaids are porous agglomerates ot 
50- to  200-A UO, and PUO, ciy5tallites arid that the 
inleiconnected porosity has openings smaller than 170 
A Grinding the gel sfiatds to 325-mesh powder in a 
fluid energy mill did not change the surface area 
signitiLdntly This itidicates that the porou5 dgglornei- 
atcs ot cryst:dlites are not destioyed during grinding, 
they are only reduced in site 

325-mesh powder was calcined at  about 500°C 
to remove residual H,C) dnd Other vokdtlles, t o  reduce 
ids surface area to ,jbout 10 m2/g, and to stabilize its 
oxygen-tometal ratio at about 2 I The atinosphere 
used during cd1cinatic)n was relected to yield powder 
suitable tor fabricating the particular type of pellcis 
required For nidkir~g low-density pellets (83 to 87% of 
theoretical), the powder was calclned 111 Ar 4% H2 to 
preserve the agglomeratrd nature of the sol-gel pdrticles 
For inteiinedlate- o r  hidi-density pellets, the powder 
was gven an oxidat lc , t~- iedu~t~ui l  tieatmcn t and soxrle- 
rimes b.tll-milled to destroy the dggloineiates ot crystal- 
lites. ‘The role played by these agglorneiates in pro- 
ducing low-density pellefs IS discussed 111 Sect 

(U,Pu)02 I> dlustratzd by the data in 1able 2 4 Two 
sdmples cJf edch of Y I X  b a t h e 5  of blended (LI.Pu)02 sol 

The 

The dblllty to control the rdtJo h / ( U  f h) ltl Sol-gel 

Table 2.4. Ratio of Pu/(U + Pu) in six batches of sol-gel (u,Pu)o2 
powder fur CXbK F1 replacemeril rod fuel pellets 

..... . ........ 
Ratio for various batches 

GAZA GAL& GAZC GALD GALE CA21’ 
,4nalysis ~ 

c__ __ 

_c cI ........ ....... ......... .... - 

Sample 2 O . l S J 6  0.1499 0.1594 !).I522 0.1512 0.1517 

Average‘(?() 0.2517 0.1497 0.1504 0.1520 0.1514 li.1516 
__........I__ _I _ ....... 

“ R ~ S C ~  mn an analysis of va!iance of these tjara, the 95% I:onfidence interval 
about tlis average is i 0.0004. 
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were analyzed for uranium and plutonium. The ratios 
of Pu/(U -+ Pu) for all six batches wet-e within the rang? 
0.150 to 0.152, compared with a specified value of 
0.150 0.005. These results are typical of all the mixed 
oxide powder prepared by the sol-gel process. 

2.4 DISCUSSION OF STATUS OF 'NCHNOLOGY 
AND RECOMMENDATIONS 

R. G. Wymer' 

A11 work directly aimed at  the developrneiit of sol-gel 
processes for preparing FBR fuels was terminated when 
support in this area was withdrawn. Related work has 
continued in support of HTGR fuel preparation. The 
need for urania sol is common to  both H7GK and FBK 
fuel preparation by sol-gel processcs, and the recent 
eogineeriiig demonstration' of U 0 2  sol preparation 
made under the HI'GR fuel program is potentially of as 
much usc in FER as in HTGK fuel preparation. 

Research and development has been carried out on 
sol-gel processes by ORNL scientists on assignment at 

the Swiss Federal Research lnstitute near Ziirich. 
Switzerland, and supported by the Swiss. 'This work is 
on FBR fuel preparation by the Sphere-Pac technique. 
Significant progress in pliitonia sol prepamtion has been 
made, such that if either FBR or HTGR fuel require- 
ments in the future include P u 0 2 ,  either alone or in 
admixture with UO, or TliO,, the PuO, sol prepara- 
tion process can be readily adapled to a useful 
engirieering scale. 

Many of the same techniques, people, atid pieces of 
eqiiipment are used for H-1'GK fuel preparation' by 
sol-gel proccsses as for FBK fuel preparation. Thus, as 
work progi-esscs on H K K  i'uels, it is i n  effect progress- 
ing on the FBK fuels, though with some significant 
exceptions, most importantly in the area of engirreet ing 
development and scale-up for preparation of fuel 
containing plutonium. This HTGK fuel work continues, 
though at a reduced level, since the short-term goals 
have nearly been reached, and work is not yet really 
started toward the next goals. 

___. .- . . . . .. . . . .. ... . . . ..... - 
16. Chemical Technology Division. 

17.  A .  L. Lotts. Nafional l lTGR Fuel Rccyclc Developrnerir 
PrOgrQiFZ PIGJZ, ORNL-4702 (August 1971). 
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3. Fabrication Development 

3.1 SPHERE-PAC FABRICATION TECHNIQUES 

K B.  Fitts A 1C Olwn 
R A Bradley J. Ko~iiatsul 

The high-density sp hercs pi oduczd in the sol-gel 
piocess are ideally m t e d  toi  fabrication into redctor 
fuel rods by a low-energy vibialoiy loading pioccss In 
the Sphere-Pac process, 11lustr:ited in Fig. 3.1, low- 
energy vibration of the zlddding tube is eniployed to 
:mpdrt energy to the microspheies, this dllows thein t u  
ass i im the prefeired closely pcke t l ,  higli-density con- 
figuration 'The purpose o f  0111 work on the Yplieie-Pac 
process was to estdblnh ttie fe:isibility ot loading fuel 
rods b y  this technique, tu define the vJr1dblt.s thnt riiust 
be controlled 1 0  yield rods wit11 repruduciblr densihes, 
dlld to develop the technology requiied to fabricdtz 

rods foi- irradiation tests. The use o f  this process with 
sol-gel riiicrosphe res o ffe rs a fabrication technique 
employing a minimum number o f  operations arid items 
of equiprnent. The elimination ol' powder processes and 
their attendan1 dust problems would gppear t o  be 
beneficial with regard to both equipmenl niairi tetiance 
arid inventory control. These factors are particularly 
important for remote fabrication. 

3 .  I .  I Sphere-Pac Development 

[Jsing sol-gel iI ' ti02 rriicrospheres, we have investigated 
loading procedures, equipi-nent requirenients, time cy- 
cles, and attainable packing densities. This investigation 
was based on the reported work of ~ t t i e r s ~ ' ~  and was 

2. 12. K. McCeary, J. Arn. C b ~ n r r ~  SOC. 44(10), 5 1 3  - -22 

3 .  1. E. .4yre and 1;. 1;. Soppet, J AWE. Cemm Soc. 48(4), 

~ _._. 

(1961). 

180---83 ( I  965). 

................................... __ 
I .  Visiting scientist fioin Jdpa~i  Power Reactor and Nucleai 

I:uel Development Corporation. 

CERAMIC 
C L A D  lNSUl ATQR 

R €  TA I N ER 

,PACKED 
ElED 

COMPLETED LOAD COARSE LOAD FINES THRU 
MICROSPHERES SCREEN FUNNEIL ROD 

Fig. 3. I .  The Sphere-Pal: p r o c c ~ .  
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directed toward providiug practical experience with the 
technique and ultimately toward producing fuel rods 
for irradiation testing. 

T o  determine general trends i n  the packing of spheres, 
we investigated mechanical blending of mixtures com- 
posed of 50% coarse and 50% medium spheres; Fig. 3.2 
presents these data. A definite increase in bed density is 
obtained with increasing sphere diameter ratios; how- 
ever, an unrestrained bed will begiri to segregate during 
vibration when the size ratio exceeds about 3.5. The 
blended bed density lacks reproducibility a t  higher 
diameter ratios. This effect is due to segregation during 
blendirig. 

Figure 3.3 illustrates our results o n  blended bed 
volume packing (Pv) as a function of the volume 
percentage c o m e  and medium spheres for three sphere 
diameter ratios. 'l'liese results agree well with those 
obtained by McGeaIy2 and extend them to lower 
diameter ratios and smaller size spheres. The data 
obtained from the maximum density point (-65% 
coarse and 3570 medium) on these ciirves may be used 
to calculate the efficiency ( P E )  of the medium size 

0RNI:DWG 68-2260 

1 2 3 4 5 6 7 E 9 i O  
OIAMFTER R A r l O  

Fig. 3.2. Volume picking for 5 0 5 0  mixture of two sizes of 
spheres and effect of vibration after nii\ing. 

ORNL-DWG 68-2259R 

i 00 80 60 40 20 0 

PERCENTAGE OF COARSE SPHERES IN MIXTURE 

Fig. 3.3. Volume packing of blended spheres of two sizes for 
various diameter ratios. 

spheres in filling the void available to  them around the 
coarsc spheres. To calculate this efficiency on a uniform 
basis we assutne an artificial packing efficiency for the 
coarse spheres of 63.5%'. This is the limit for packing 
efficiency of a single size sphere in a large tube as 
presented by A ~ r e . ~  Using this basis for the packing 
efficiency of smaller spheres in a packed bed of large 
spheres, the data in Fig. 3.4 were obtained. Some data 
from the work of hlcCeary and Ayre are also shown in 
this figure. The agreement is excellent for diameter 
ratios up to 8 or I O .  Above this range Ayre's work 
deviates significantly from our findings and those of 
McGeai-y. 

Using this information on blended bed densities and 
packing efficiencies we developed a graphical construc- 
tion that may be used to correlate and generalize all our 
infoiniation relating to the Sphei-e-Pac fabrication 
procedure. This is shown in Fig. 3.5. where the 
horiLonta1 axis represents the volume packing of 
spheres in a container or bed (packing efficiency), and 
the vertical axis i-epresents the void volume associated 
with this volume packing. If a 45" operating line is 
established between the two zero points of the axes, 
then the void volume associated with any packed 
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0 2 4 6 8 i O . 1 2 4 4  77 
DIAMETER RATIO (dt/de) 

bxg. 3.4. Packing efficiency of small spheres in a pxked bed 
of luge spheres. 

volume may be dztelnitiied by leading up and then 
m o s s  (line A-B-C) If w~ now construct line joining 
the volume packing efticiency of  J given sue sphere ("/o 
o f  dvailable void volume filled by spheies) to the void 
volume Leru point, the lio1imrltitl distance between thls 
line ~ n d  the operdting line is always propoi tional to the 
packing efficiency rnultiplied by the void volume 
assvciated with that packed bed denslty. Th lis the line 
A-D repiesents the packing o f  a single u e  sphere 111 a 
I C q e  tube or in a packed bed (according to Ayre) wliete 
the di,imeter of the spheie is lesr than approximately 

thdt of tlie sinallest sphere already iii  the packed 
bed. This curve may be used to illustrate the effect of 
seital infiltiations with spheres tidving d l  /dz greater 
than 25. We obtdiri 63.S%, packing wth the coarse 
spheres. If we then infiltrdte a small spheie a t  this same 
efficiemy wz would obtain, from point E ,  :in 87%- 
dense bed, dnd a second infiltration producps a 95%- 
deme brd This type of line must also be plotted 
sepdiately io1 the pdcking of spheres of different 

* 

diaineter ratios with respect to the bed. Such lines are 
shown dashed for spheres of '/4, '/, , and '/I the size of 
tlie spheres in the bed, and are obtained from the plot 
of Pt; vs cli/clz (Fig. 3.61, detennined as described later. 

We inay now see the effects of using ;I blended bed, or 
the ctfect of infiltration at less than the optimum 
63.57L packing efficieticy. I f a  dl/c12 ratio of 4.0 i s  iisetl 
l'or a blended bed, the bed density (volume packing) is 
increased to 72%, point F. Infiltration with spheres I/, 

the size of the iiiediirtn fraction produces a11 KX%-dense 
bed, point G. This is exactly the density that we have 
obtained atid reproduced by this teclitiique. We have 
also produced 86.S%-dense beds by infiltration OF a 
blended bed ( d l / d 2  = 3.4) with the l O / l  size ratio of 
rnediuiri to small. This is the density predicted by the 
graphical correlation foI these conditions. 

The above discussion shows that to pccduce a 
90%-dctise fuel we must use either a double infiltration 
with very carefully controlled sphere sizes or a blended 
bed at d l / d Z  of about 5.8/1, followed by a single 
infiltmlion. This requires investigation of the behavior 
of beds blended a1 this diameter ratio. They tend to 

We tesled a variety of vibration frequencies and 
m d e s  of' energy input. Frequency had little effect on 
final packing density, but 60 I-Iz provided the best 
loading rate. The most rapid and dense packing was 
obtained when a lawral component accompanied the 
axial vibration. We have obtained 84%-deIw! packings in 
9 niio using 0.230-in.-lD tubing with a 2-ft fuel column 
height. The effect o j  sphere size variations within a 
given screen size range appeared to  be minimal, since we 
found no variation in loading characteristics of 14 
different batches of microspheres with siniilar densities 
but different particle size distributions. The optimum 
coarse-to-fine particle volume ratio is approximately 2.7 
for these niicrospheres. 

We deterniiried the effect of the average coarse 
particle sixe on the coarse bed density. Coarse particles 
with riormal size distribul ions and average sizes ranging 
from 250 to 535 pm were vibrated into a 0.245-in.-ID 
tube. Figure 3.6 represents the coarst: bed density as a 
function of the ratio of lube diameter t o  average sphere 
diameter (D/d). Ayre and Soppet3 had shown that the 
packing efficiency of spheres of one size reached a 
maxinium and then flattened at D/d greater tliaii 10. 
However, as seen in Fig. 3.6, the packing of micro- 
spheres with a fairly wide size distribution continues til 
increase; no maximum w i t s  experienced for D/d up to  
40. 

To ecoriomically employ thz Sphere-Pac process in a 
fuel production line, the pin loading time niust be kept 
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O W N L - D W G  68-4634 

V O I D  PACKING EFFICIENCY (FE) 

Fig. 3.5. Analysis of Sphere-Pac beds. 

reasonable. Although the conditions affecting the 
coarse bed loading will influence the overall loading 
procedure. we felt that the infiltration of the fine 
fraction would be the time-controlling factor in the 
Sphere-Pac process, so we studied the factors that affect 
it. During initial infiltrations of fine microspheres with 
a size range of 25 to  44 pm, addition of all of the fines 
to the screen funnel at once caused nonreproducible 
packing and loading times. When loaded in this manner 

the small microspheres bridge, preventing penetration 
into all the voids. The bridging effect was minimized by 
loading the fine fraction in 2- to  4-g increments. 

The influence of tube diameter and bed height upon 
the fine fraction loading time was studied. Four pins 
with diameters ranging from 0.186 to 0.370 in. were 
loaded to  three different bed heights. The rate was 
no rmaked  by dividing by the bed volume to account 
for the difference in tiibe sizes. Figlire 3.7 shows that 



21 

... x 

ORNL-DJYG 70-2349 

.............. 

..... ........... 

the rate of' fill decreased as the fuel ieiigtli increased. 
Ilowever, the slope decreased as  the bed lrngth COP- 

tinued to  increase. Therefore, there is no  loading rate 
penalty for increasirrg the tube length beyond about 10 
in. No  appreciable effect of  bed diameter w a s  seen. 'The 
loading rates of short columns were more difficult to 
reproduce, probably because of the irifltience o f  stack- 
ing h i l t  variations in short iolumtis. 

A lightweight follower rod on top  of the fine-particle 
bed prevented the expansion of the coarse-particle bed 
during inliltration and incieased the packir~g density. 
For fabrication involving plutonia, where low contarni- 
nation r i  ilie upper part of the tube is desirable. we 
have iised a tuntiel with a screen in the bottom, as 
suggcsled by Ayre arid S o p ~ e t . ~  to  hold down the 
coarse heri du!ing tlic iiil'iltration of the fine fractjon. 

We did not a t t empt  to o p t i m i ~ e  all the variables i i i  the 
Sphere-Pac process. Densities of  82. ti.? 84% are readily 
attaiiied with two size fractions of spheres, and this is 
;qq>roximately the density range required for high- 
bu inup  LMFBK fuel, wliicll was ou r  iaiain concern. 

These studies !,E birrary packing gener:illy verified the 
resulis o f  earlier workers.2'3 prc)videti pi-actical evi- 
dence of the simplicity and tcp!uducibility nf itle 
binai-y Sphere-T'x beds, arid yielded saniples at around 
85% volume packing rlensity fur ch:iiacteriLation and 
in adralion testing. 

ORNL-D'ffG 70-2918 

............ ........... 
' 

FUEL BED-CJA-METER (in.) 

o 0.i 86 

44 46 18 20 22 24 26 6 8 10 

FUEL 3EG LFNGTH ( l n i  

Pig. 3.7. Effect of fuel bed Ic.n@h o n  Vdte of intiltratton of the fine fraction. 
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We also investigated the formation of Sphere-Pac fuel 
beds in the higher density range (88%' and higher). using 
more than two siLes of spheres. With the currently 
available sol-gel products, the use of three sizes of 
particles and sequential infiltration steps appears ini- 
practical, because the ratio of tube diarrie ter to  the 
diameter of the large size fraction and the subsequent 
size fraction ratios for each fiaction must be about 10 
for optimal packing in tlie beds o f  spheres. For the 
practical miniinum size of about 20 pm, the large 
microspheres ? ~ o u l d  have to be 2000 pm in diameter. 
which is about four tirnes our current maximum size. 

We examined the effectiveness of blending two sizes 
of large spheres to  foi-m the initial poured bed before 
infiltration. The blending studies were carried out by 
placing ahout 60 g of coarse and medium spheres in a 
3.5-cm-diani 120 .c id  bottle, rolling the bottle at 2'75 
r p n i  for times up to 5 min, pouring the blended spheres 
into a 1.07-cm-lD graduated tube, and packing the 
unrestrairied bed by vibrating for from 1 to 120 min. 
Blending was complete after about 1 min. and the 
pouted bed was fully settled after about 1 min of 
vibration on a Syntron vibrator. The conditions of 
vibration were 60 IIz with about 7g acceleration of the 
bed. 

The process development work has shown the Sphere- 
Pac: process t o  be a viable technique for bulk oxide fitel 
fabrication to obtain fuel loadings occupying at least 
80% of the volume. The use of blended beds to  raise the 
fuel coliimn t o  the 90S-dense range is an attractive 
approach, since it would eliminate the need for more 
than one infiltration step and be quicker and easier to 
control than a double infiltratioa appi-oacli. 

In pdhricating Sphere-Pac fuel pins for irradiation 
tests, we found that the smear density of the pin was a 
linear function of the coarse bed density, which varied 
as much as 576 between pins. We conducted a statisti- 
cally designed experiment t o  determine tlie source and 
magnitiidts of the variation in coarse bed densities. The 
experirnenl covered a coarse bed density range from 
57.6 to 6 1.37L of theoretical. An analysis of variance on 
the data led t o  the following conclusions: 

1.  We were more than 99% sure that there was a 
vari at i on be tween bat c he s of inic ros p he res. 

2.  There was not sufficient evidence to indicate a 
difference between operators nor between two samples 
from a particular batch. 

3. The standard deviation describing a single opera- 
tor's ahility to reproduce his work with the same 
sample of microspheres was 0.40%. 

4. The feed rate and the time and amplitude of  
vibration had no  significant effect on the density of the 
coarse bed. 

We believe that Iiiost of the observed variation in 
coarse bed densities was caused hy differences in the 
densities of the microsphel-es in different batches. 'fhis 
experiment showed that the density of tlie coarse bed 
from a given batch of microspheres can be reproduced 
within 1%' if the loading conditions are properly 
controlled. 

Since the density of the microspheres has the greatest 
effect on the density of the coarse bed and thus on the 
tiiial smear density. we conclude that altering tlie 
density of the microspheres is the niost practical way of 
controlling the density of  Sphere-Pac fuel pins. When 
we loaded 13 Sphere-Pac pins for the EBR-II. series 11 
irradiation experiment, we attempted to vary the miear 
density from 80 t o  85% of theoretical. However, since 
all the pins were loaded with microspheres with similar 
densities. all 13 fuel pins had smear densities between 
81.6 and 83.8%' of t l i eo re t i~a l .~  

3.1.2 Sphere-Rac Fabrication of 'Fuel Rods 

We have fabricated ahout 60 plutoniurn-bearing fuel 
rods by the Sphere-Pac process. They consist of 
fuel columns up  to  13'4 in. long in O.250-in-OD x 
0.01 5-in.-wall stainless steel or OS-in.-Or> X 0.035-in.- 
wall Zircaloy-2 tubes. Most of these rods have been 
irradiated in the ETR. the ORR, and the ERR-It. 

The principal itenis of equipment used to fabricate 
these rods were a Syntron vibratory feeder tilted at a 
45" angle to  provide lateral and axial vibration and a 
C-clamp modified to  hold the tube and funnel, as 
shown in Fig. 3.8. These were housed in a glove box 
along with (he equipment for welding the fuel pin end 
plugs under a helium atmosphere. 

The cladding tube - with bottom end plug and thoria 
insulator in place and protected by a plastic bag - was 
put into the loading box, the large microspheres were 
poured into the tube, the screen-end funnel was 
inseited, and the tube was clamped into the vibrator 
fixture. The tube was vibrated for about 20 sec to settle 
the large fraction before the finc fraction was intro- 
duced through the funnel. The follower rod was then 
inserted. and the assembly was vibrated for 2 min. The 
follower rod and funnel were replaced with the top 
thoria spacer, and a piece of outgassed Fiberfrax was 
inserted t o  prevent fuel movement during subsequent 

4.  I:. G. Kitts. R. B. Fitts, and A. R. Olsen. "SolXel 
llrania-Plutonia Microsphere Preparation and Fabrication into 
Fuel Rods," pp. 195-210 in hitrnz. Svrizp. Plutoriiurn FU:~IS, 
Tecltnol., Scottsdale, Ariz., IY67, Nucl .  Met. 13, ed. by K .  E. 
IIoi-ton, R. E.  Macherey, and K. J .  Allio. American Institute of 
Mining. Met:illurgical, and Petroleum Engineers, New York,  
1968. 
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haridlirig. The assrinbly was transferred to the welding nique. which detects variations of :k 1% of the average 
box, where the top end plug was TI(; welded in place. density. The results of these test rod loadings in Table 

The cornplcted rods were inspected, and the tlensily 3.1 show that, for the variety of fuels used and the 
variations werr rneasured hy a gamma-scanning !ect i-  difterent rnicrosptiere densities, the fuel c01uin11 

heights, densities, arid density variations are quite 
cniisisten t. 

3.1.3 U-Firres Sphere-Pac Process 

Fig. 3.8. SplirreYac loading apparatus 

U-Fines is ;I fo rm of  Sphere-Pac loading in which all 
the plutooiurn is cuntained in h e  coarse microspheres; 
the fine fraction consists o f  pure UOz. To illustrate the 
advantage of t h i s  process, a typical fuel pin design is 
shown in Fig. 3.9. As shown, the pin consists of .  a 
fueled cor2 with upper aod lower blanker regioris and a 
lung plenum. Any process f o r  loaditig these long tubes 
will have ;I riuxnbzr of difficulties. Adjustmerit of the 
core lengths requires Ihe use of shim pellets i I i  

pellet,-laadetl pins o r  very careful control of' quantity o f  
!he h i e  f rx t ion  in th:: cnnventiorul Sphere-Pac 
process. J h i a g e  to the interior surfacl ol' tile i:laddhg 
by slidiiig into it dose-fitting pcllets and screen fimriels 
o r  seating p i n s  that !nay be up to 8 f t  long is certainly 
possible, and great care must be taken during these 
oper";tioris. Weld zone contamination resulting f rom 
these operations will he a major problem. 'I'he U-Fines 
process is compared wil ti the conventional Sphere-Psc 
process in Fig. 3.  I O .  I n  the conventional Sphete-PaL: 
process, use O F  pellets in the blanket i-egiixis would 
require a means to ensure that the plutonium fine 
fraction would not sift down into the blanket. region. 

File1 sincar colilmn 
Irradiation Lest Kijd I uel Material Varial ion helgl,tc t a  t lwret ical  

oxide density)'L (% 1 p  (in.) 

84.8 
x4 7 
83 5 
84 0 
83 3 
83 3 
84 0 
83  H 
84.5 
83 9 
83 3 
Xh 1 
82.1 
79.7 
82 0 

2 6.67 
1 5  0.70 
2 6 69 
I 6 74 
1 6 6'1 
1 6 73 
2 3.15 
1 3.16 
1 3 1 3  
1 5  3 15 
8.6 13 4 
6 1  13.0 
2.3 13 5 
5 8  13 1 
8.1 13.5 

* 

_I......i......... ......... -....... ..... I 
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Table 3.1 (continued) 

Density f -  uel -_ ~ .._ 
colnmn I.'uzl snieiir b'uel Material Variation heigl, (0: the or e tical 

oxide dencity)a (7;. i p  (in.) 

Irradiatinn test Rod 

FBR-I1 sme? 11 OS-1 
OS 2 
OS-3 
o s - 4  
OS 5 
OS-6 
OS-7 
OS-8 
0 5 9  
os 10 
OS-11 
OS 12 
05-1 3 

ETK 43-99 7 
8 

d 
u0.80pu0.2002 

"0. * O P U 0 . 2 0 0 2 d  

43-100 9 U0.80Pu0.2002d 

43-1 03 
10 

12 
13 
41 u0.8SpL10. 1 S01.9?' 
25 
22 

14 UO2.0  2f 

43-1 12 

40 
28 

43-115 23 
32 
39 
16 

43-1 16 46 
51 
49 
50 

43-120 19-4-<' u0.83pu0.1?01.98g 

43-1 2 I 19-4-B u0.83pu0. I?01.99g 

ORK SG-I SG-IT "O.8SPuO.1 S o  1.99' 

u0.80p110.2001.99' 

19-4-f 

19-4-t 

SG- 1 B 
SG-2T 
SG-2B 

SG-2 

SG-3 A-3 u0.80pu0.2001.98g 

'Calculated f r o i n  height, weight, and inside di;!meter. 
bDctcrrnined by transmission gamma scan alons rod. 
'ETR IV group rods were '4 in. in diameter, all others, 
d93?henriched uranium. 
eIAow density due to  lowdensi ty  microupherex. 
f 2 ~ - e n i i c 1 w d  uranium. 
RNormal uranium. 
"Low density due t o  incoirect opeiator technique 

_l_. . . . ...... . -. - -. . . . . . . . . . . . . 

81.9 
82.4 
83.2 
81.6 
83.6 
83.1 
82.4 
81.7 
83.2 
82.8 
81.9 
83.1 
82.0 
76.0' 
75.8' 
75.9e 
75.9e 
74.0' 
7 3.0e 
74.0' 
78.9e 
81.2 
80.3 
73.8e 
82.1 
80.1 
79.9 
73.2e 
80.3 
81.5 
80.8 
74.6' 
76.2'' 
76.3" 
76.8" 
76.0" 
84.8 
84.6 
83.9 
85.5 
81.0 
81.0 
81.0 
82.0 
82.5 

1.0 
1 .0  
I .5 
1.3 
1.6 
1.5 
1.2 
1.3 
1.1 
1.2 
1.2 
1.5 
1 .5 
2.5 
1.0 

+4 
+ 5  
+4 
k3 

'4 in. 

13.3 
13.4 
13.3 
13.5 
13.5 
13.6 
13.5 
13.2 
13.4 
13.3 
13.6 
13.4 
13.3 

3.1 
3.1 
3.1 
3.1 
3.1 
3.1 
3.1 
3.0 
3.0 
3.1 
3.0 
3.0 

3.0 
3.0 
3.1 
3.0 
3.0 
3.0 
3.3 
3.2 
3.2 
3.1 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.1 

3. 0 
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I //0.250in OD x 0 015 
WAl I THICKNESS 

WITH PELLET 
BLAluKET 

W I I H  SPHERE 
E t  ANdET 

CONVENTIONAL SPHERE-PAC U-FINE SPHERE-PAC 

0 COARSE 
'3 F I N E  (Io? { 

Fig. 3.1 0. Comparison of convenlinnal and U-Fines Sphere-Pac prc>cesses. 

i. Y 
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The advaniages of the U-Fines process are as follows: 
1 .  Weld contamination is minimized. The loading of 

coarse niicrospheres is quite simple and should produce 
a miniinurn of contamination. 

2.  One infiltration is required for the core and the 
blankets. Tlie U 0 2  fine fraction can be loaded by 
infiltrating through the upper blanket to the core arid 
lower blanket. 

3. Loosely fitting UOz pellet5 can be used for the 
blanket regions. By infiltrating UOz fines around the 
blanket pellets, blankets denser than 907L of theoretical 
can be easily obtained. When the cT02 fines are 
infiltrated around pellets, they center the pellets in the 
cladding; thus mechanical interaction during opelation 
between the cladding and the pellets is minimized. Use 
of  loosely fitting IJOz pellets will also simplify loading 
problems and reduce blanket pellet fabrication cost by 
requiring lower tolerance of the pellets. 

4. Controlled sharp cutoffs between the core and 
blanket regions are readily obtained. Coarse micro- 
spheres can easily be poured reproducibly t o  within 
0.03 in. u t  the desired depth. In the conventional 
Sphere-Pac process, reproducible coincidence with the 
,fine fraction is more difficult. Pellet loadings require 
the use of shim pellets. 

5 .  The U 0 2  can be made in a cold facility, thus 
simplify-ing control of the fine fractioti. In  the conven- 
tional Sphere-Pac proccss, the fine fraction is dusty and 
contributes heavily to  plutonium losses. 

For the U-Fines process, the plutoniiurn content of 
tile coarse microspheres for a (U---20% Pu)O, core is 
less than 27% of tlie heavy metal. Fuel pin EI'K-43- 126 
fabricated for thermal reactor irradiation testing was 

loaded by the U-Fines process. This piil has a 20-in.- 
long fuel coliimn coinposed of Puo ,27Uo .7301 ,97  
coarse microspheres and 170,,,, fine microspheres with 
a smear deiisity 81% ot'theoretical. 

3.2  METHODS FOR PELLETlZXNG FUEL 

R. A. Bradley 

Tlie purpose of our pelletization studies was to 
develop techniques for fabricating fuel pellets of con- 
trolled density and stoichiometry from sol-gel-dzrived 
(U.Pu)O,. The irradiation experiments in which these 
pellets were to be used required pellet densities ranging 
from 83 to 95% of theoretical and oxygen-to-metal 
ratios of 1.94 to 1.98. The ratio ofPu/(U + Pu) and the 
uranium enrichrnent were varied to obtain the desired 
heat rating. so a different batch of sol-gel (U.Pu)02 
powder was usually required for each irradiation experi- 
ment. The powder composition, pellet density, and 
oxygen-to-metal ratio of pellets fabricated for irradia- 
tion tests on this program are summarized in Table 3.2. 
Fabricatirig pellets with such a wide range of densities 
from many batches of powder with their inherent 
differences in sintering behavior required an under- 
standing of tlie densification behavior of sol-gel mixed 
oxide. 

In describing tlie techniques used to fabricate sol-gel 
(U,Pu)02 pellets, it will be helpful to classify them as 
low density (83~--88%), intermediate density (88-92%), 
or high density (92--977&). In some cases, as in the 
pellets for tlie EBK-II series I I  irradiation test. it 
was necessary to make low-, intcrmcdiate-, and high- 
density pellets from 3 single blended batch of powder 

Tabla 3.2. Summary of powder composition, pelkt density, and oxygen-bn~etal 
ratio of pellets fabricated for irradiation tests 

Uranium Nominal OXpgeii- 
pellet 

density 
(% of theoretical) 

irradiation test Pu/(U + Pu) enr ichnien t to-mctal Configuration 
rat  io (%) 

TREAT 
ORR-Sti-3 
GGA P-9' 
GGA GB-I 0" 
ETK 43-120, 121 
EBK-I1 series I 1  

GGA 1-1  (Gl-G8)' 
G G 4  f ~ - I  (G9-G13)n 

0.20 
0.20 
0.12 
0.12 
0.20 
0.20 

0.15 
0.15 

Nor  mal 
Normal 
9 
9 
Normal 
9 3  

93 
93 

8 4 , 9 1  
83 
89 
87 
84 
84, 89. 95 

91 
88 
92 

1.98 
1.98 
1.98 
1.97 
1.98 
1.94 
1.98 
1.98 
1.97 
1.94 
1.57 

Solid 
Annular 
Annular. dished ends 
Solid. dished ends 
Solid 
Solid 

Annular. dished cnds 
Solid, dished e n d s  
Annul;ir, dished ends 

'l-sbricaicd fo r  the Gas-Cooled Fas t  Brceder Reactor Program 
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iu ellrninate :is many  souices o f  vaiiation as possible 
&‘e will dwxibe h e  the techniques developed to  
achieve each of tliese idngzs in density The adjustrilent 
of the oxygzn-ta-rnetal ratio wrll be discussed in more 
detdil in Sect 3.4 

T h e  (U,Pu)O, powder way prepared by llie sol-gel 
pioccss dcsciibed 111 Sect. 2 3 All pellets wzre formed 
by 1:niaxially pressing calcined (U,Pu)O, powder with- 
out binder. 11 is necessdry to  cdlcine the sol-gel 
( IJ,PLI)O~ powder t o  remove residual voldtiks, reduce 
t t s  surfdc-e area t o  dbmt  10 rn2/g, and to StabiIiLe i t5  

oxygtn-to-metal iatio ‘The conditions under which the 
powder war cdlcined arid the S ~ I I  t e r i n g  schedule were 
vaiizd to achieve llie required pellet densities 

3.2.1 Fabrication of Low-Density 
(83 88%) Pellets 

‘Tile agplomerated ndtuie of  the (U,Pu)02 powtle~ 
prepared by the sol-gel process is ideally suited foi  
f,.ibrlcdtirlg pellrts with stable densities in the ranat- 83 
to 8876 of theoreticdl. For use iii  making low-denslty 

pellets, thereiore, f h e  powder was calcined 111 WAI a 
rnmnei db to pieserve the dgglomerctled sol-gel partides 
(dggregdteb) 7 his was accamplislied by cdcining in ;I 

icducuig dtmospheie (AI  4% H2} ai  about 525°C ~ O I  4 
Iir The atrimsphere was changed tu C 0 2  duiing cooling 
to ambient tcrnperaiure to stabih/e the uxygen-to-metal 
ratio of [he powder dt about 2 I When ii pellet madc 
trom this powder is sintered the porous sol-gel aggre- 
gates hhriiik individually, creating nidcroporos~ty be- 
tween dcljxeiit p~ i t i c l e s  Tilt: t r ~ i c i o s t r ~ ~ ~ t ~ ~ e  ot the 
iesultiag pellet consists of veiy dense regions fhrrrizd hy 
the densificdtiori of indindud aggregates, surrounded 
by dn extremely porous rnatnu credted as ddjacetlt 
dggiegates shiitiE, away f r o m  one another This type 
niictos1iticture is shown in Fig 3 1 l ( a )  and h,is bt-en 
desc i ibd  elwvhere in more detdil ‘ Although most of 
the densificalion occurs witliiri the individual aggre- 
g&s, theie is suhcient sintering between ddJXerit 

5 W J Lackey And K. A Hiadley, ‘‘MiLrti5truLturt 01 
501 Gel-Der~ved ( I J , P u ) O ~  M i ~ r o s p l w s s  dIld Peilets,” N ~ c l  
I’echnd 14, 257 6 8  (1972) 

I_____ __-I_ ___- 



28 

aggregates to yield a mechanically strong pellet. The 
inacroporosity- between the dense areas is sufficiently 
large t o  be thermally stable at 1550°C for 24 hr, even 
with pellet densities as low as 83% of theoretical. We 
believe that pellets with this type of microstructure 
would also have stable densities during irradiation. 

3.2.2 Fabrication of Intermediaae-Derasily 
(88-9276) Pellets 

To render the sol-gel (U,Pu)02 powder suitable for 
fabricating pellets with densities greater than about 88% 
of theoretical. it is necessary to destroy the aggregates 
of crystallites that form the characteristic sol-gel par- 
ticle. Bard et a1.6 reported that ADU-derived UOz 
composed of aggregates of crystallites could be acti- 
vated by an oxidation-reduction treatment. They found 
that activation resulted from the separation. but not the 
reduction i n  siLe, of primary crystallites by the transfor- 
ination fi-om the cubic U02 t o  thc ortlioi-liombic U3 Os 
phase. 411 oxidation-reduction treatment similar t o  that 
described by Fuhrman et al.7 for the activation of UOz 
wds used to break up the aggregates of ciystallites in the 

6 .  K. .I. Bard. J. P. Beilino. and D 1.. Bunker, “Activating 
Uranium Dioxide,”I/id. Big .  C k m .  53, 1003- 6 (1961). 

7. N. Fuhrman .  L. D. Nower, Jr., and R. B. Holden. 
‘‘Low-Tlcmpt.iat~Irr Sintering of Uranium Dioxide,” J. Am. 
Cc,raf?z. SOC. 46, 114 -21 (1963). 

Fig. 3.12. 

sol-gel (U.Pu)O,. The effect of such a treatment on the  
density of sol-gel (U,lu)O, pellets is illustrated in Fig. 
3.12. Two sub-batches of powder from the same parent 
batch were calcined two different ways. Powder cal- 
cined in P,r 49, H, to  preserve the sol-gel aggregates 
yielded pellets with densities ranging from 80 to 88% of 
theoretical. depending on the forloing pressure, which 
ranged from 25,000 to  50,000 psi. Pellets prepared 
from oxidiLed and reduced powder and sintered under 
identical conditions as for the lower-density pellets 
obtained from powder aggregates had a density about 
91%’ of theoretical regardless of the toi-iiiiiig pressure. 
The comparison of the microstructures o f  the 84- and 
91%-dense pellets in Fig. 3.1 I shows that the oxida- 
tion-reduction treatment w a s  successful in destroying 
the sol-gel aggregates. 

iiy controlling the oxidation-ie~~uction treatment so 
that the sol-gel aggregates are only partially destroyed, 
one can make pellets o f a n y  density in the intermediate 
range. For example, the sol-gel (U.Pu)02 powder that 
was used to make pellets for the GGA F-I experiment 
(G9 G13 in ‘I’able 3.2) was r:alr:ined by heating in air for 
2 hr a t  450°C. then in Ar-4% 13, for 4 hr a t  SSO”C, 
and tlien cooled to ambient in C Q 2 .  As illustrated in 
Fig. 3.13. this powder yielded pellets w i t h  densities 
raiiging from 84 t o  9 170 of theoretical, depending on 
the forming pressure. Figure 3.14(a) shows the m i ~ r o -  
structure of the 88%,-dense pellets fabi-icated for the F-1 

(U,PU)O,. 
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FORMING PRESSURE (psi) 

Fig. 3.13. Relationship between forming pressure and sin- 
tered density of pellets made from powder given an oxidiition- 
reduction treatment to partially destroy solgel aggregates. 

replacement pins. Some of the sol-gel aggregates are still 
visible, but most of them have been destroyed. Com- 
pare the microstructure with that of the 84%-dense 
pellet in Fig. 3.1 l(a) and the 9l%-dense pellet in Fig. 
3.1 l(b). 

Another technique successfully employed in making 
intermediate-density pellets was to  completely destroy 
the sol-gel aggregates by ball-milling the calcined pow- 
der and then to intentionally incorporate porosity in 
the pellet during sintering. Pellets made from powder 
that has been calcined and then ball-milled to  com- 
pletely destroy the sol-gel aggregates sinter similarly to  
pellets made from ADU-derived UO, or from coprecipi- 
tated (U,Pu)02; that is, densities 93 to  97% of 
theoretical can be achieved by sintering in a reducing 
atmosphere such as Ar-4% a t  1550 t o  1600°C. To 
make intermediate-density pellets from such a powder. 
some means is needed to  retain porosity within the 
microstructure of the pellet. We accomplished this with 
ball-milled sol-gel (U,Pu)O, by sintering In a slightly 

oxidizing atmosphere. An oxidizing atinosphere pro- 
motes rapid grain growth, which causes pores to  be 
trapped within grains. These trapped pores are more 
difficult t o  remove during sintering, so a lower-density 
pellet results. This is an application of “rate-controlled 
sintering” as described by Palmour and co- 
workers,s- 1 O although heretofore rate-controlled sin- 
tering has been used to  increase density rather than to 
decreasz it. Figure 3.14(b) shows the niiciostructure of 
an 89.S”/o-dense pellet made from ball-milled (U,Pu)Oz 
and sintered in an oxidizing atmosphere (Ar-lO% 
COz). Note that the pore size and distribution are much 
different from those of the pellet with nearly the sane  
density shown in Fig. 3.14(a), in which a different 
technique was used to achieve the desired density. 

3.2.3 Fabrication of High-Density 
(92-97%) Pellets 

Pellets with densities in the range 92 to 97% of 
theoretical can be fabricated fi om calcined sol-gel 
(U,Pu)02 by ball-milling the powder or by using some 
other method of comminution to completely destroy 
the sol-gel aggregates. When powder was to  be used for 
hlgh-density pellets, it was given an oxidation-reduction 
calcination to assist in breaking up the aggregates before 
ball-milling. Pellets were pressed a t  20,000 to 60,000 
psi and sintered in Ar-4% H, at 1SSO”C for 4 to  8 br. 
The density can be varied over the range 92 to 97% of 
theoretical by varying tlie forming pressute and the 
heating rate. The microstructule of a 97%-dense pellet 
fabricated from ball-milled sol-gel (U,Pu)02 powder is 
shown in Fig. 3.1S(c). This pellet was fabricated from 
the same powder as the 89S%dense pellet shown in 

Fig. 3.15(b). 
The 89.5%dense pellet has porosity trapped within 

the large grains as a result of sintering in :in oxidizing 
atmosphere, whereas the 97%-dense pellet sintered in a 
reducing atmosphere has very srnall pores evident only 
on the grain boundaries. 

~ _ _  - 
8 H. Palmour 111 and D. R. Johnson, “Phewmenological 

Model for Rate Controlled Siritwing, ” pp 179 9 1 in Smtcwzg 
utid Reluted Phenomena, ed by G C.  KuczynAi, N. A Ifouton, 
m d  C r. Gibbon, Gordon and Wrecich, New York, 1967 

9. H Pdlinour 111, R A Bradley, and D R Johmun, “A 
Reconszderuhon of Stress and Other Factors in the Krt~ettcs of 
Denszfiwtron,” pp 392 -407 In Kinehcs of Rea( tions in Ionic 
Systems, ed by ‘I J Grdy and V L). Frechetti, Plenum Piebb, 
New York, 1969 

10 M. 1. Nuckabee and H. Palmour JII, ‘Rate Controlled 
Sintering of  FIne6rdmed A I ~ O ~ , ”  A m  Ceram Soc Bull 51, 
514 76 (1972) 
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Fig. 3.14. Microstructures of intermediate-density pellets. Top, as polished, 2OOX. Bottom, etched, 5 0 0 X .  (a )  Prepared from 
powder given an oxidation-reduction treatment to partially destroy solgel azregates (88% dense). ( b )  Prepared from ball-milled 
powder and sintered in oxidizing atmosphere to trap pores during rapid densification and grain growth (89.5% dense). 



31 

Pig. 3.15. Microsh-ucture of wl-gel 
and srnteicd 111 Ar 4% I t L ,  3-pm grain 
grain w e  (0 97'A dense, cdlcmcd by 
1 OOOX . Red11 cecl 12%. 

(U,Pu)Oz pellets for EBR-11 \erm 11 irisdintion experiment. (u) 84% dense, cdl~iiied 111 argon 
w e  (h )  89.5:C densc, ~,tlcrncd by ,,xid~tlon-reducti,,n m d  witcred in  AI 10 x CO2, 16-@in 
o\ i~ i t io i~- reduct ion ,  sintered in Ar 4% 132, 4-pin gram w e  Uppcr photos, 200Y, lower, 
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3.2.4 Fabrication of Pellets 
for lrradiation Tests 

Thc techniques described above were used to fabri- 
cate pellets for all the irradiation tests listed in Table 
3.2. The following examples will show the specific 
conditions used to  achieve the required pellet densities 
for two of these cxperirnents. 

The EBR-I1 series 11 irradiation test, described in Sect. 
5.6, required pellets with detirities 81, 89, 95% of 

theoretical from a single blended batch of powder. The 
tlowsheet in Fig. 3.16 shows the conditions used t o  
calcine the powder and the sintering conditions used to 
fabricate pellets of each of these densities. In this case 
the method of “rate-controlled sintcring” o r  “porosity 
entrapnieiit” was used to  produce the intermediate- 
density pellets. The microstructures of all these types of 
pellets are shown in Fig. 3.15. 

The replacement fuel pins (G9-Gl3) for the GGA F-1 
irradiation expeiiment required both 88- and !)%-dense 

. . . . . . . . . . . . . . . . . . . . 

~ 

A r - 5 2 O 0 C - 4 h r  

ORNL-DWG 74-45933 

C A L C l  N E 
A i r  - 3 8 0 ° C  - 1  h r  

L 
.. 

Fig. 3.16. Flowslicet for fabrication of pellets for E R R - I I  series a1 irradiation test. 
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pellels. The ilowslieci sl-towu in Fig. 3.l7 describes the 
calzination and sintering conditions used to fabricate 
these pellets. In  this case the interrnediate-densily 
pellets were fabricated from powder that Jiad bee11 
given an oxidafion-reduction trealmeot to partially sumrnari~ed in Table 3.3. 

tlestrc.Jy the sol-gel aggiegalos. The microstructures of 
these pelkt 

Powder calcination conditions a n d  sintering scliedales 
for  pe!lets faliricafed for  other irtiidiation tests are 

s'lowll in FiS 3.18. 

f. 
. I  

AI  R - 45CX .- 2 h r 
-470 H, -550°C--4hr 

47,503 psi - 
Fig. 3.17. Pellet fabrication for GGA P-l experiment replacement p~rrs. 
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Fig. 3.1 8. Microstructcre of pellets fabrkited for replacemcnt fucl pills for GGA F-1 irradiation test. Top: 88y;,-.-dcnse pellet 
fabricated from powder given an osidation-reduction treatment to partially destroy sol-gel aggregate. 13ottotn: 92:.;.-dense pellet 
hbricated from powder g v e n  a n  ouidntion-reduction treatment and then ball-nlillcd to completely destroy sol-gel aggreg;ltcs.  eft: as 
polished, 200X. Center: as polished, 500X. Right: etched, 500X. 



Ar 12s 1550 90 198 

1550 0 87 5 1.97 
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'ln ail cases the powder was cooled 'io ambient in C 0 2  to stabilize i t s  oxygen-to-metal ratio. 
bAfter being sintered the pellets were cooled from 850"C to ambient in argon to eliminate hydrogen retention. 
L'pellets heat treated after sintering (145O0(' for 4 . j  hr in Ar-4% H2 in presence of titmiitin getter) to reduce oxygen-to-metal ratio. 
dpellets heal trcated after sintering (1400'C ftor 4.5 h r  in Ar-4% Hz in presence oi" titanium getter) to rzduce ospgen-to-n?atal ratio. 
'Pellets heat treated afrer sintering (1550uC for 20 hr in carbon boat in Ar-i0% CO) to  rzduce oxygen-to-inetal ratio. 
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3.3 PRELMINAKY EXTRUSION EV.4LUATlON 
OF SOL-GEL MATERIALS 

K. B. Fitts 

The extrusion of ceramic bodies is common industrial 
practice, but little inforrnation is in the literature on 
extruding pure oxides.’ ’ The fact that extrusion is 
generally adapted to producing cerainic bodies with 
large length-to-diarneter ratios led to investiga- 
tions’ 2 , 1  of  standard ceramic extrusion techniques for 
producing oxide nuclear fuels and to recommendations 
that commercial production facilities be developed. 
7 hese recomrnendations were not followed, probably 
because the apparent ecoiiomic advantage did not offset 
the capital investment needed to replace existing 
equipment for large-scale pelletization. The recent rapid 
growth of the nuclear powet industiy and the coming 
need for processing recycle fuels mean that new 
t‘acilities wIll be needed, and such new facilities could 
be designed to take advantage of the high production 
rates of extrusion if a reliable process were to be 
developed. 

The sol-gel process developed at Oak Ridge National 
Laboratoiy produces high-purity oxides of various 
nuclear fuel materials.’4.- One product of this 
process can be a highly concentrated gel that has many 
characteristics of a natural clay and is therefore ideally 
suited to extrusion. We have devcloped a technique for 
extrudirig such a material’ into variously shaped 
ceramic bodies with controllable densities.’ 9,7.  This 
particular technique was pnrsi.ied because of the pros- 
pcct for economic advantage from applying sol-gel 
extrusion to fabricating small-diameter fast-reactor 
fuels.’ 932 1 

7he  initial development wotkZ0 showing the feasi- 
bility of sol-gel extrusion was carried out with sol-gel 
thoria and Tho ,  -~-80/0 U02. Thoria-base materials were 
uqed because they were the best developed and under- 
stood sol-gel materials at that time, and the initial 
techhique for production of the “sol-gel clay” was 
developed for that system. Thc sol-gel clay is fornied 
through concentration of the sols of  the desired oxide 
material by evaporation. precipitation. and tiltration. 
The utilization of  this material as  the principal ingre- 
dient in the extrusions permits the formation of an 
essentially pure oxide ceramic. 

The flowsheet in Fig. 3.19 illustxates the general 
pl-ocess for forming ceramic bodies by sol-gel extrusion. 
The plain clay or clay mixed with powder may be 
exiruded. The plain clay extrusions, when dried at 
room temperature and sintered at 1150°C in dii. yield a 

nearly theoretically dense cera]-nic body. Of more 
interest for nuclear fuel fabrication is the process in 
which grog - that is. crushed (-325 mesh) and fired 
powder is mixed with the clay before extrusion. This 
powder may be either recycled scrap, as shown in the 
figure. or powders produced by- the sol-gel process for 
this purpose. Bodies were obtained by this technique 
with good green densities and final densities in the 
range 70 tu  98?& of theoretical. controlled to 22%. The 
final density is a function of the amount o f  grog added 
to the clay before extrusion. An advantage of the 
process is that no other means of density control need 
be employed. A stable density- v m  obtained by firing 
the ‘1110, 1150°C for 1 hr in air, as subsequent firing of 
the extrusions a t  temperatiires up to 2000°C causes no  
significant changes in density or structure. 

The extension oi‘ the sol-gel extrusion process to  the 
urania and urania-plutonia systems, w!iich are the 
systems of interest for fast reactors, has only reached 
the preliminary stage. Greater problems are associated 
with the production of sol-gel clay in the urania system 
than in the thoria system. When a thoria sol is heated t o  
remove moisture. it goes from a vely liquid state. 
through a jelly-like state, to a clay, and finally to  a 
hydrated crystalline solid. The urania sols tend t o  forni 

_._____...-......._.....___I 

11. C. Myde, “Vcrtical I‘xtrusion of Nonclay Cumpovitions.” 
pp. 107 11 in Ceramic b’ahricatioiz Pracesces, ed. by W. L). 
Kingery, Wiley, New York, 1958. 

12. W. E. Bailcy, UO, Fabricatiori b.y Extrusion, CVNA-42 
(1:ebruary 1960). 

1 3. Fiiiul Report, Phase 111, 1;xtruded Ccramic :Vtrclcrrr Fuel 
Developvietit Progvazms, ACNP-62550 (June 15, 1962). 

14. 0. C. Dean et al., “The Sol-Gel Process for Preparation of 
Thoria-Base I.’uels,” pp. 519 4 2  in  Proceedi/zg.s of the ?koriurn 
bhel Cycle Syvzpusiiini, Gatlirihurg, I%nriess(y, December .5 ~ 7. 

15. J .  P.  McBride. Pveparatiori of’ (J02 Microsplierrr by a 
Sol- Gel Tech t7ique, ORN L-3 8 74 ( k eb r u ~ i  r y 1 9 6 6 ) , 

16. J .  P. McBride (compiler). I.oboratoq. Stirdilirs of Sol-Ge/ 
Processes at  the Oak Ridge ,VuiiiiriuI Luhomtory, 0RNL.-TM- 

17. P. A. Ilaas. C. C .  Ilaws. J r . ,  F. G. Kitts, and A. D. Ryon, 
Engirieeritzg Devclopmeiit of Sol-Gel Pvwesses at the Oak Ridge 
National Laboratory, OKNL-TM-I 978 (January 1968). 

18. A. B. Meservey, J. D. Scasc, and R .  8. k’itts, Method oj 
Fabricating Ceramic Nuclear Fiiel Product, ( t o  U.S. Atoini i  
Cnergp Commission). U.S. Patent 3,354,776 (Dei.. 5 ,  1967). 

19. R. H. k’iils. J .  D. Sease, and A. L. L.ottu. “Pi-eparation of 
Ceramic Nuclear I.‘ucls by Sol-Gel Extrusion.” Chem Erig. 
h.ogi. Symp. Scr. 80, 25--33 (1967). 

20. K. B. Eitts, H.  G .  Moore, A. K. Olsen, and J .  11. Sease, 
Sol-Gel ?%orid .k’xoxsfov2 ORNL-43 11 (September 1965). 

21. T. N. Washburn. A. L.. ILotts, and 1;. E. Harrinpton. 
Cuiiipaiative Evuluatiori of  Sol-Gel Furl Fubricatiorl Cvsrs, 
ORNI.-Tk1-1979 (September 1967). 

1962, ~1’11)-‘1650 (Jtily 1963). 

1980 (Sepleinbcr 1967). 
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ORNL-DWG 67- 534 7 liquid i o  rlie iequ~red  10 ill without gelling. However. 
i i i  ailid sols  were concenti dtcd sal ijiactonly b y  f rce~ing  
with liquid mtiogen and subliroing the moisture 'The 
fine iol-gel prjwdeir ( - 3 2 5  meah) added to the ddys  to  
adjust piuperties can also lit piepaisd by conipletely 
t rermdrying the sols. During these initid! si itdies we 
also made clays f i  oni chloridc-preparid sols. wliicl: d o  
not gel during conLentratiw as readi1y as tiu nitrate- 
piepareti sols 

IJxaiiia extiirsions iiave bteii  prepared in cuploidtory 
studies22 using both iiil rate- diid ckt~~iidt:-prepared 
nidterials. lising a 30 wt 76 powder addition, wz 
obtairicd bulk densirlei of  68 dl ld  72%) ot theoretical on 

clays, respectively, after tiring fo r  1 hi  at 1600°C i n  

hydrogen. Preriiitering Ilie chloride-prepa~ed extlusions 
iri steam Ai-  441 Liz <it IOU0"C' to1 1 hi reduced the 

cxpeiiineti tal ddficullier. cxpeiiencc 

iedinology in other systems. and our initial extr U S ~ O I I  

work i n  the tixmiuin sy\tem22,z3 itself' iridicate that 
this process Can be niitde ,ippltcable tu the I abncation 
of iir;iiiia-bisz reactor j w i s  The reaults o f  our mvzsti- 
gatton show that  tile sol-gcl extrusion t?chiIlqLlc off eels ;I 

combiriation of ddvantageq avdiiable in none of lliz 
other existing techniques f o r  ceramic nuclear fuel 
protluLtion These include. ( I )  ehi~iinatroa o f  oiganic 
binder> and plasticizers with their dssocialed impurities, 
(2) potentially low sinteiitig temperatures, 13) possible 
rcd uctioti o r  eliimna~ion of  grinding for  diametei 
conti 01, (4) ieduction in kmiclling dnd inqxxt iou  coytb 
due to  incredsed length of the pieces tormed in the 
extius~oti  process, and (5) z,buralcc V T  mgstrorn-scale 
fuel boiiiogeneity. 

CXtrLISlOtlS froni the Ilitr;it+ alld chl(JItdC-plepdt~d 

1 T O  1C.S th2ll 1 ppill. 
----I 

sol-gel extrusions, the 1Lnocvledge o j  
XTRUSION PRES 

7 
I 
1 

----JJ 

---I- 

__.-- 

pig. 3-19. blowsheet for sol-gel ovtriisiori process. 

these vaiious stages at  highel watei content, arid 

still too wet fui extrusion. Thus, the uiania-baae RATIO 
nidterinls require rnodificdtioii o f  t l x  tccbniques suit- 
ablr for thoria clay foirnatioii. Work with the uraiiia 
\ysrein is also complicated by the poss10lr neLesbity to r  
use of d n  i t~e l t  atinospheie t o  prevent the oxidation uf  Ilranium-plutonium tlioxidc fuel for LMl NR appli- 
cj(iv) to u(vr> cations is required to have an oxygen-to-meial ratio 

Qur 1nltial work22 on sol-g;l clay plepaiatioii in the riea~ 1.97. Foi sol~ie of  our lrradiatiori experimeiits 
ui;iiiid system showed thdt,  imlike nitrate-prepaied ralios as low as 1 .O4 are required. 11 IS not always easy 
thon:i sols, nitrate-pxeparcd uianid sols o t low molarity to achieve these oxygen-to-rnetal ratios; therefore, we 
(0.7 M) could not be Loncentrdred by wdporation of __I 

ciysiall~iie pieces begin to precipitate while the u r m a  is 3.4 ADJUSTMENT OF OXYGEN-TO-METAL 

T B Imdeiner2" I< 4 Bradley 

- _- - __ 23. C K Reese arid K A Bradlcy, Fuela urd Materiab 
22  J G Stradlcy, I< L Il.iarner, m d  J bl Kobbinb,Metals Developmerit Progrum Quart Progr Rep Jime 30, 1968, 

rirzd Lkrainics Drv .4rznzt B o p  Rep June, 30, 1967, OIINL- ORNL-4330 pp 10 1 
4 1 7 0 , ~  125 24. Now 111 ReaLtul 
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investigated the reduction of mixed oxide to the 
hypostoichionietric state. 

We theoretically analyzed the reduction of (U,Pu)O, 
in flowing hydrogen. The reduction process is ki- 
iietically controlled a i 3  limited by the rate at  which 
water vapoi can be removed from the furnace. Using 
Markin's' thernrodynaliiic data, the following equation 
was developed to predict the tiiiie required for re- 
d u c t i o ~ ~  to any oxygen-to-metal ratio. 

whc ie 
t = time required to reduce U,  p , y P ~ ~ , 0 2  to de- 

sired Vp,,. 
V p ,  = valence of plutonium, 

N = moles of mixed oxide, 

f =  flow rate of H2 in liters per unit tinie at STP, 

H = the average 1112/H20 during an increment of 

The integral 1, I " N dVpu has been evaluated as a 
function of Vpu and reduction temperature and is giveii 
in Fig. 3.20. The details of the kinetic analysis are 
described elsewhere.' 6 . 2 7  Using the knowledge gained 
in this study we have consistently obtained the oxygen- 
to-metal ratio required for various irradiation experi- 
iiie IL t s . 

We also investigated the reduciion of (U,Pu)O, by the 
C-CO-CO, system. In this system it is iinpoi-tant that 
the carbon be in close proximity to the mixed oxides; 
for example, less than 0.025 in.  The reduction is then 
controlled by the rate of the reaction C -1 COz 5~ 2 CO. 

The kinetic analysis and experiniental data show that 
reduction by the C-CO-C02 system is much quicker 
than by flowing h y d r o g e i ~ . ~  6 , 2  Also, much lower 
oxygen-to-metal ratios can be achieved than is practical 
by hydrogen reduction. For example. when we fabri- 
cated the pellets for the GGA F-l  replacement pin (see 
Table 3.3), we achieved an oxygen-to-metsl ratio of 

25. T. L. Markin, Chert1 Eng. Pro@. Syrlzp. Ser. 80, 4 3  
(1967). 

26. T. b .  Linderner and K. A. Bradley. Kinetic Models for the  
Syrithesb of (U,Fc~IU2 _p bv I ~ ~ d r o g r i i - R e d u c ~ i o n  and Carho- 
thher.mic Teclitiiques, ORNL-'IM-3358 (April 197 1). 

27. T. B. Linderner and R .  A. Bradley, "Kinetic Models for 
the Synthesis of (U.Pu)02 ,, by Hydrogen-Redu~tioii and 
Carbothermic Techniques," J. Nucl. Mater. 41, 293 -302 
(1971). 
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Fig. 3.20. Yaluc of integral as a furil.tiun of temperature for 
constant valeiicc o f  ( I J , P U ) O ~ ~ ~  

1.94 with no difficulty by using the C-Cc)-C02 system. 
On the other hand, the lowest oxygen-to-metal ratio we 
were able to achieve by hydrogen reduction was 1.96, 
eveii in the presence o f  titanium getter. 

3.5 PROCEDURES FQK REDUCTION 
OF somw GASES 

W. 11. Peehin K. A.  Bradley 

Specifications for nuclear fuels normally include an 
upper limit for the volume of gas evolved by the fuel at 
elevated teinpeiature. The current specification for 
(U,Pu)O, fuel for use in the Fast rest  Reactor allows 
not more than 0.09 cm3 of gas (STY) per gram of fuel; 
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tiowever: the upper h i i t  was 0.05 cm3/g at the time ORNL-UWrU 70-7769 

most of our fuel was fabricated.z8 Using a vacuum- 
extraction gas release technique2 at 1650°C on hypo- 
stoichiometric i nked  oxide fuel, we have often ob- 
served values in excess of  20 times the specified limit. 
The excessive gas conieiit was obse i~ed  in both low- 
density pellets aiid high-density inicrospheres and de- 
peiided on  the pas in which the fuel was cooled after 
reduction, the suri'ace-to-volume ratio. and the oxygeti- 
to-nietal ratio. 

Wypostoichioinettic fuel cooled in Ar---4o/'o 1-1, re- 
leased relatively large quantities o f  hydrogen on reheat- 
ilig, This evolution began at about 380°C and peaked at 
about 45O"C, then gradually decreased. When similar 
fuel was cooled in argon from 80OoC, ii retained 
zcmsitlerably less hydrogen. 'The average gas release of 
approximately 25 batches of(U,Pu)O, - microspheres 
arid pellets fabricated arid cooled in Ar--4% H2 was 
0.32 ct 0 . 1  0 ~ n i ~ / g . ~ ~ )  After changing the process so 

- 
R' 

2 

that  the fuel was cooled from 850°C in argon, the 4.95 4 .xi 1.97 i .98 i.99 2.00 

average gas release of more than 30 batches of similar OXYGEN-TO-METAL RATIO 

riiicrospheres arid pellels was 0.043 ? 0.010.30 The gas 
ieleased fiom fuel cooled in Ar -47% H2 coiitaincd 95 to 
!W;% H 2 ,  but that cooled in argon had 60 to 70% H,,  

Fig. 3.21. Effect of oxygen-to-metal ratio on gas release in 
,ow-density cooled unkAr ar-4'/"o H2. 

with the balance N, + CO, thus,  cooling in argon 
reduced the hydiogen content by about 97%. although 
the content of the othei gases was probably unchanged. 

c;ds release by (u,Pu)02 is quite diffeient from that 
by UOz, wbich is routmely sintered 111 dry hydrogel1 
without difficulty. The mectianistn ir, piobably associ- 
ated willi the plutonium and the hypostoichiomztiic 
composition of the fuel. Metallic plutoniuni combines 
with hydrogen to  iorni PuH2, which has the same 
Cal;,-type crystal structure31 a5 P u 0 2 ,  U 0 2 ,  and 
(IJ,Pu)02. The lattice parameter of PuH2 differs from 
that of P u 0 2  by only 0.7%, mdicating that hydrogen in 
association with plutonium fills about the same space ds 

oxygen. The reduction of (U,Pu)02 to  hypostoichlo- 
metric oxygen content has been shown to  proceed by 
the fotrriatiori of oxygen vaca~icies.~ We believe that 
when this fiiel is cooled in the presence of hydrogen, 

28. J.  F,. Rein et al., IMFBR/PI<Tb- Fuel Development 
Annlytrcal Chemistry pTugl.cIm (Phase II), LA-4407 (MarLh 
1970). 

29. W t1 PeLhin, Fuels n d  kfatetials Devsluprnent Program 
Qnmt. Bog Rep June 30, 196.9, ORNL-4440, p. 1 2. 

30. 9.5% contidcnce interval on the mean. 
3 1  0 J. Wick, The Plrtton~um Handbook, r2 Guide to the 

Technology, Vol I, Gordon and Breach, New Yolk. 1967, p 
208. 
31. I,. L .I. Roberts and T. L Mdrkm, "Thermodynainics of 

Non Stoichiometric Oxide Systems," Proc Brit Oram SOL 6 ,  
201 (June 1967). 

the hydrogen tends 1 o fill these vacancies, forming a 
CI-Pu-0-H solid solution The extent to  which th is  
process approaches completion would depeiid on the 
time 111 a fdvorabk temperature range, the hydrogen 
pressure, and the ieldtive surface area of Lhe material. 
Figure 3.21 shows gas release as a function o f  oxygen- 
to-metal ratio. The line indicates the volume of hydro- 
gen coriesponding to  complete fill iiig of oxygen 
v3cancies. The dala indicate that tlie magnitude of gas 
sorption is certainly comparable to the volume pre- 
dicted by the mechanism described above. 

3.5 DISCUSSION, CONCLUSIONS, AND 
RECOMMENDED FUTURE WORK 

K. A. Bradley J .  0. Sease 

The Sphere-Pac process was shown to be suitable for 
loadiizg microspheres into fuel rods to achieve a fuel 
colutnri m c a i  density coinparable to that required for 
the PFTF pellets. Stnear densities 82 to  84% of 
theoreiical can be achieved by a single infiltration of 
fine (<44-pni) microspheres into a bed of coarse 
(420 600-pm) microspheres. About 60 Sphere-Pac fuel 
rods with densities in the range 80 to  86% of theoretical 
were fabricated for irradiation tests on this program. 
Although higher densities are not expected to be 
iequired for fast-reactor applications, our development 
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work has shown that smear densities up to 88% of 
theoretical can be achieved by using a blend of two 
sizes of microspheres for the coarse bed. With recent 
developments in the fabrication of sol-gel microspheres 
of closely controlled size and narrow size distribution, 
the blended bed approach is certainly practical. 

The rod-to-rod variation in smear density of the fuel 
rods listed in Table 3.1 was primarily due to three 
sources: (1)  batch-to-batch variations in the density of 
the coarse microspheres, (2) batch-to-batch variations in 
the size distribution arid shape of the coarse micro- 
spheres, and (3) operator errors in loading tlie Sphere- 
Pac pins. With high-density spherical inicrosplieres of 
controlled size, such as the 'Tho2 microspheres being 
made by the sol-gel process. the smear density of 
Sphere-Pac rods could be controlled to  about +I$%. 

The biggest objection we found to the Sphere-Pac 
process wds the spi-cad of contamination due to the 
handling of plutonium-bearing fine microspheres. 'The 
U-Fines Sphere-Pac process eliminates this problem by 
incoiporating all the plutonium in tlie coarse fraction 
and using fine microspheres containing only U 0 2 .  This 
approach is particularly attractive in remote reprocess- 
ing of fuel, where many of the dusty operations 
associated with pellet fabrication svould he objection- 
able. 

Methods were developed for fabricating pellets of 
controlled density in the range 83 to 97% of theoretical 
froin sol-gel-derived (U,Pu)O,. Sol-gel (U,Pu)02 pow- 
der, being coniposed of aggregates of crystallites, is 
suitable for fabricating 83- to 88%-dense pellets. The 
microstructure of ihese pellets consists of a very porous 
matrix with open, surface-connected porosity and 
regions of very dense material dispersed throughout the 
matrix. 

Pellets of higher densities (88-~97% of theoretical) 
can be made from sol-gel powder whose propeities have 
been altered by an oxitlation-reduction treatment. 
'These pellets contain a more u n i f o m  distribution of 
porosity typical of that obtained in coprecipitated or 
n~echanically mixed powder. 

The sol-gel process permits the fabrication of 
(U,Pu)02 pellets with lowei densities than can be 
achieved with coprecipitated o r  rneclianically mixed 
powders. In addition. it permits one to  obtain pellet 
microstructures with a high percentage of large open 
porosity. This type of microstructure might be bene- 
ficial in solviiig tlie fuel densification problem presently 
being experienced in LWRs. 

,411 analysis of the reduction of mixed oxide fuel t o  
the substoichiometric state led t o  the conclirrion that 
the process was kinetically controlled. An expression 

was derived to  predict the time required to  reduce a 
batch of fuel of known wejglir to the desired oxygen-to- 
metal ratio. After this model was developed, we were 
able to  achieve the desired oxygen-to-metal ratio in fuel 
for irradiation tests with no difficulty. For oxygen-to- 
metal ratios of less than 1.96, reduction by the 
C-C0-C02  system was used because times requircd to  
accomplish the reduction with the 1-1, -PI2 0 system were 
impractical. 

WC found that  substoichiometric (U,Pu)02 retained 
hydrogen when cooled in an atmosphere containiiig 
hydrogen. This hydrogen was released on reheating and 
contributed significantly to the gas released in vacuiini 
at 1600"C, thus causing the gas release values to exceed 
the maxiiiiuin permitted for fast-reactor fuels. Cooling 
from about 850°C to ambient in argon decreased the 
total gas release by an order of magnitude to  an avcragc 
value of about 0.04 cm3 /g. 

Conduct of additional fabrication work based on 
sol-gel-derived (U,Pu)O, mateiials depends on the 
outcome of the in-progress irradiation program and the 
comparison of these results with mol-e conventional 
fuels. Should it develop that the performance of sol-gel 
fuels indicates additional interest in the future, it will 
be necessary to  conduct work in additional areas to 
place the fabrication development in a propcr conditiori 
for pilot-plant-scale work or for commercial applica- 
tion. For loading Sphere-Pac fuels it would be necessary 
to further optimize the particle distribiitions to acceler- 
ate the rate of loading individual fuel pins. In  addjtion. 
for semiremote or rernoie application, it would be 
necessary to  design and develop suitable devices for 
handling and accurately dispensing fuel niicrosplieres. I t  
is notable that a great amount of the technology being 
developed in the National I-1TGK Recycle Development 
Progi a m  would be applicable t o  this particular need, 
since in both cases the problems are halidling, dis- 
pensing, and control of a rnicrosphere product. 

Should an interest develop in sol-gel-derived pellets, it 
will be necessary to conduct additional studies of 
pressing and sintering phenomena in order to determine 
the optimum procedure for fabricating ( U.Pu)02 pel- 
lets. The object of this work would be to  optimize such 
a piocess from the standpoint of economics and t o  
obtain a niicrostiucture that is stable under normal 
conditions. 

It is highly recornmended that when low oxygee,n- 
to-metal ratios are required (O/M < 1.96) atten- 
tion be given to tlie use of the CO-CO, system 
for adjusting the oxygen-to-metal ratios and that 
an inert atmosphere be used for cooling substoichio- 
metric fuel to ambient temperature. 



4. Fuel Characterization 

J 1)  Sc,ise W t1 Perliiii 21. A Bradley 

ical tiirnacc d s u  has ;I ccrairiic tube. 
Six sarnples are analyzed sirruiltaneoilsly. These are 

arranged in  :I line in the analytical furnace s k i  [hat most 
siliiiples are subjeztcd c o  a gas whose coixiposition may 
t i p i e  bceti altered by the s;linples upstream. 'Fins fact 

did the quw"I[oii of whether the position 
of a pellet in ttlc productinn siiitering furnace Itad an 
effect on its O/M. 'T'herefore, we pcrfori-ned a statisti- 
cally tlesigncd cxperiinent"' to deterniitic the effect of 
all o i  these factors: and to determine the consistency of 
thc malysis l'rorn day to day. 
-____..__ __.--_c_ 

I .  Analytical Chemistry Division. 
2. W. 1,. Lyon,  17ic Mwsiirenierzt a/' OxyXen-to-Mefrrl Rario 

in &lid Solutions of Urm2i24ni arid Hurtmiurn Dioiitles, 
CEAP.-4271 (May 1963). 

3. R. A. Bradley arid 'T. 8. Liiiderner, f,Ml;'BR Furl Cycle 
Stttdiiis k ~ g r r s s  Rcpt. JUPIIIUJ~ 1971, ORNl.-'l',li-3312, p. 64. 

4. W. J .  Lackey, K. A. Bradley, W. H. Pechin, and T. L. 
Hcbble. -'Precision and Source of Variation of' Oxygeri-tu-Metal 
Detzrminatioris for (U,Pu)Oz," .Mtcl. Techrtol. i3(.1-). 105 - 7  
(April 1972). 
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CUblUI ATIVE % 

Fig. 4.1. k'robdbility distribution of error in the analysis of oxygen-to-rnctal ratio of (U,Pn)02 ~. 

The experiment demonstrated that positon i l l  ihc ana- 
lytical furnace and position in the production furnace 
had no  effect on the result?. However, on one of the six 
days involved in the experiment the results were signifi- 
cantly lower tlian average. As we could not isolate the 
reason for the day-to-day variation, we adopted a 
strategy in which three samples arc analyzed from each 
sintering batch. Each sample is analyzed 011 a differcnt 
day, and any individual result that deviates from the 
average for the three by more than iO.01 Ojhl unit is 
discarded. 

l h e  data on 175 saii~ples representing about SO 
batches of pellets confirmed the results of the cxperi- 
inent deccribed above. Figure 4.1 shows the distribiition 
of the error for these 175 samples. The error was esti- 
ina ted from tile difference of each sample result from 
its batch meail. About 80% of the samples followed a 
normal distribution whose standart1 deviation was about 
0.003 O/M unit, while the remainder of the samples 
deviated significantly froin this distribution. 

_- 

4.1.2 Moisture Analysis 

Our moisture analyses were performed with ;I coin- 
niercial ins t ru inc i~ t ,~  which utilized a current integrator 

5. Operafion and Mairitenance Manual 99221 2-0010 for  Type 
26-321A Moisfure Analyzer, Bell and Howell, I EC/Analptical 
Instcuinents Division, 1500 S. Shamrock Avenue, Monrovia, 
Calif. 91016. 

011 a P,O, electrolytic cell. Moisture was carried to the 
cell by dry nitrogen sweep gas, wliicli passed over the 
sample in the furnace. 'l'lze instrument can be operated 
from room temperature to 1000°C. The norinal sample 
weight is I g. We found that whcn the instrunieni was 
loaded in air the scatter in the resiilts was quite large. 
I'he standard deviation was 12.6 ppin for samples aver- 
aging 33 ppin. By enclosing the instrument and s a ~ ~ i p l c  
bottle in a plastic bag purged with argon, we ieduced 
the standard deviation to 3.2 ppin on samples axraging 
I8 ppin moisture. We have now equipped the moisture 
analyzer with an air lock, which is purgcd with dry 
nitrogen and prevents the entrance of air as the sample 
is loaded. 

A inole basic problem with the inoisiuri analysis was 
concerned with the condition of the mixed oxide being 
analyied. If ( U , P L I ) O ~ . ~  is cooled from a temperature 
of 850°C in an atmosphere containing hydrogen, it will 
form6 the compound (U ,PU)O~. ,€~ ,~ .  This hydrogeii 
from this compound will be evolved at  about 380°C if 
the fuel is reheated in a hydrogen-free atmosphere. With 
the type of moisture analyzer used, the plesence of 
hydrogen in the gas stream causes an erroneously high 
moisture value. Figure 4.2 compares the results ob- 
tained on samples cooled in Ar - -~4% H, with those ob- .- 

6. W. 11. Pechin and R .  A.  Bradley, Fuelr and i?4rtcrials 
Dcvclopnmt Program Quart. Progr. Rept. Dec. 31, 1969,  
ORNI,-4520,pp. 20- 21. 
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tig. 4.2. bffect uf cooling atmospllere a i d  teinpcratuie on moidure evohi tion. 

t 3 1 r d  on sdrnple? cooled 111 Argon 'The h~inplca Idbeled 
t31 I 1 in Fig 4 2 weie prepared frorn the s.~rlle powcler 
dS rhose labeled HI  10, the two batches of pellets llad 
tliz MII: density m d  O/M, but HI 10 hdtl  a tneasured 
g ~ ,  cuntent of o 03 L11i3/g,  while 111 11 coiitained 0 4c) 
~ 1 1 1 ~  1:: 

4.1.3 Sorbed Gas Content 

Our or ig i id  syster i l  for measuring solbeti gas Loritent 
of (U ,Pu)O, Eiicls Ltxisistcd of a iuizgsten crucl\)lc ?US- 

pcnded in  a quai t L  tube .ind he'ited by lrttluction This 
system had poor temperature control and a bevere dis- 
.~~lvdiitage in that it had to he opcried to add the b,inlple 
after {he bdckgiound w ~ s  medsuted Tlus procedure re- 
sulted iii high b d q g o ~ ~ ~ ~ d  values and pool rcprocltlL1- 
bllity between samples ftoin the \dine batch of mateiial 

For these leasons the quaits sainplc ct~~trnbei arld 
tungsteri ciucil)lc weie replaced with J Sllldkl A1201 
tulle A> shown 111 big 4 3 the heat was then supplied 
f r u m  a caibun subceptor outside the sample chdntbel. 
The new cquipoient incllidcb ' t  deviLe for addlrrg 
sarnples d t e i  the system is hiought to temperature arid 
a1 le i  the bdckgrouind level i\ measured. ?he  dpparatlls 
Indudes two simple a i  ins, which allow four samples 10 
t ic me,wied  d u r ~ n g  each hedtlrlp cyde .  The ples5Lire 111 
the sy\tein is iecortled at wtervals f u ~  about 20 mull. 

The evolved g,ts is puinped uut  of the evolution icct lot l  
:uid s,iinplccl Lor ma>\ speLtrogi ~ p h i c  andlysls. The 
p[chent sysceni has ii bnckground e q u ~ v a l e ~ ~ t  to 0 001 to 
o 005 cm3/g, Lornpared with 0.20 i o  0 30 cm3/g wth 
rhc former dzsigrl 

ORhL-UWrJ G9 - 3bBU 
ODTICAI. t L A T  

Fig. 4.3. Apparrrlu5 wth  small A 1 2 0 3  tube for W11plC 
chamber for measuring gas release irom (U,Pu)Oz fuel. 

Typical ( U,Pu)O2., samples analyzed with this appa- 
ratus evolve 0.5 t o  over I .O an3  / g  if cooled in Ar- -4% 
1-12 after sintcriiig aiid from 0.001 to 0.004 cin3/g i f  
cooled in a hydrogeri-free atmosphere. The Itlass spec- 
trograpllic aIlalysis indicates that the evolved gas is OVCI 
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90% H, for saniples cooled in the presence of  hydrogen 
and about 60 to 70% H, for sample$ cooled in the 
absence of hydrogen. 

4.1.4 Actinide Analysis 

Most of tlie fuel prepared in this program had  a nomi- 
nal plutonium content of 20% by weight of the total 
actinides. Both the uranium and plutoniurn contents 
were deterinined by controlled-potentiol coi.rlometric 
t i t r a t i ~ n . ~  ‘This method appears to be completely ac- 
ceptable. Data from duplicate determinations of ura- 
nium and plutoniur~l indicated a standard deviation of 
0.1% for the ratio of plutonium to total actinides. 
These were complete duplications made on separate 
samples from a single batch. 

Tlie isotopic composition was deternnitle~.l by mass 
spectrography - in most cases from a sample prepared 
from the same dissolution made for the uraniuni aiid 
plutonium deterriiinations. Tlie results of multiple de- 
tei-ininations of uraniuni and plutoniunl isotopic corn- 
positions indicate standard deviations as listed in Table 
4.1 for tlie major uranium and plutoniuin isotopes. 
Again this represents separate samples and dissolutions. 
For the determination of actinide hoinogeneity we 
inadc a detailed comparison of results from alpha auto- 
radiography, gamma spectroscopy, and the electron 
inicroprobe. 

7. ORNL Master Analytical Manual; TID-7015, Method 
1-2 1 9225. 

. _  1 able 4.1. Precision of mass spcc t ropph ic  isotopic analysis 

Standard deviation 
Element Isotope (Z of amount prewnt) 

.- .................. 

....... . ................. 

Plutonium 239 0.06 
24 0 0.52 
21 1 0.90 
24 2 2.12 

(enriched) 2 35 0.18 
236 0.62 
238 3.0 

Uranium 234 3.22 
(natural) 235 0.24 

236 9.09 
238 0 

Uranium 234 1.6 

- ........... .. ....... 

W .  J .  Lackey R. A.  Bradley 

- 1 he anticipated importance of fuel microstructure to 

such properties as creep, fission gas release, swelling, 
tlier~nal conductivity. and cxtent of restructuring led to  
the extensive microstructural characterization of sol-gel 
(U.Pu)02 rniirospheres a n d  pellets described in  this 
section. Knowledge of the fuel microstructure serves 
three purposes: (1) it helps ensure that high-qiiality fuel 
is being fabricated, (2) it reveals information concerning 
the effect of Fdbrication variables on pore morphology 
and grain size, and (3) it aids i n  the iiiterpretatioii of 
irradiation tests by providing a coinparison between the 
unirra di a t e d and t l i  e i Tr adi a t e d Cuu~1I. AI t hougli t 11 c 
iniciostrrictuie of any particular batch of material will 
depend on the exact conditiolis of its preparation and 
theriiial treatment, most sol-gel (U,Pu)02 can be char- 
acterized by the following typical microstructures. Fab- 
rication atid characterization data for thc fuels shown 
are surninarized in Table 4.2. 

Optical microscopy, replica electron microscopy, clec- 
tron microprobe analysis, and alpha autoradiography 
wcrc used to  characterize the microstructure of the sol- 
gel (U,Pu)O, specimens. Each speciinen was iiiouiiteil 
in epoxy,8 polishedj and photographcd in a previously 
described metallographic facility for plutonium-bearing 
r n a t e r i a l ~ . ~ ~ ’  The etched structures were obtained by 
immersion at room temperature for 60 min in a 
(U,Pu)02 etchant.’ We used the two-stage carbon 
replica electron microscopy technique developed by 
Padden.’ 1.0 investigate plutonium and uranium hom- 
ogeneity, the Pu MO and U Ma: x-ray iiiiensities were 
simultaneously measured, and alpha autoradiographs 

.... 

8. Araldite, ClBA ProJucts Company, Summit, New Jersey. 
9. R.  J. Gray and B .  C. Lcclie, “An Alpha Metallography 

Laboratory a t  Oak Ridge National I.aboratory,” pp. 226-57 in 
Tecfinical Papers of  the ZZiid Metallographic Group .Qleeting. 
Held June I Y - Z I ,  1968, Gulf General Atomic, Inc., Sun Diego, 
Californiz, CONF-680614 (Lkceinber 1971). 

10. R. J .  Gray and B. C. Leslie, “A hletallograph for Glove 
Box Operations.” pp. 119 -25 in Proccediiigs, First Aniiiial 
Technical Meetiiig, lnternatiorial Metnllog-aplzir Society, Inc., 
A‘oveii2D-r 11, 12. and 13. I968 - Denver, Colorado, [J.S.A.. 
ed. by K. A. Johnwn and J. H. Bender, Inter~~at ional  
Metallographic Society, Inc., Los hlarnos, N.M., 1969. 

1 1 .  F. M. Smith, S. J. Mayhan, and R.  V. Olson, .Metallo- 
graphy 2, 179 -89 (1969). 

High Bui-nup Reactor b‘uclr, WAPD.-?‘-1595 (August 1963). 

- *  

12. T. R. Padden, Polyvinyl Chloride Replica Technique for  - -  



'r'able 4.2. Sintering conditions, grain size, and oxy-gen-to-rnetal ra t io  for wiol-gel (U,Pu)Cl2 micrusphcres and pellets 
__ . ....... __ 

Batch  

C 20 

c 20 

c 20 

c' 20 

c 1 4  
c L5 

I: 2(J 

1 3  
1' 20 

P 20 

P 20 

I' 

P x 

Sintering cotidithiis 

I400 
I480 
1100 
1100 

1450 

1 LO0 
1450 

1.551) 

15so 

1550 

10Ob 
'I 8 

2 
2 

6 

2 
4 

6 

2 

:$ 

5 10 1.98 

2 6  1 9 6  

1 3  2 0(J 
1 L.4 2 OD 

1 1 4  1'18 

2 -  20 2 00 
1 2  1 9 8  

3 I 9 6  

16 J .98 

4 197  

_..-........_I . II I__ __I _II 111 I .. .............. 

wcie p Iep rcd  by pldcuig cellulose iiitr'itc f i l n ~ ~ ~  I n  
di[E;t writact with the polishcd specrrneri for dppoxi-  
inately 5 sec and thcii developing in 6 iV NaOH at 50 lo 
55°C for 3 1111~1. 

4.2.1 Coarse Microspheres 

the inosl porous sphere chservad was 95.4% <IT thzurel.- 
ical, atid that of t h e  most dense spherc was 99.1%. The 
average density was 96 to 9'7% f o r  this batch of 
rriicroiphcres. Nearly all of the porosity in tire i m s t  
porous sphercs was ]oca ti>d ai gi-ain boundaries; but  that 
i o  the dense spheres was trapped w i t h  the grains. 

[ri each batch of microspheres tha twe exainined, tkic 
grains were equiaxed arid their s i x  W H S  relatively 
unil'orni within a sphere; however, the grain size ol'te~i 
v:iried froin sphere tu sphere, dependiiig on porosity. 
'This: is apparent in Fig. 4.4, where the average grairr 
diarncter of the more porous sphere w;is 1.7 f 0.2 pin 

and that of the i m s ~  dense spticx wx; 3.2 i- 0.4 pin. 
'These grain sires are typical f o r  sol-gel inaterial, but 
microspheres with ail averag:: grain size ;is largc as 40 
pin have lxen prepared by variaticxi of the sintering 
con di [ions. 

Optical and electron nticrcigr;iphs of (U,Pu)02 coarse 
________ ~. microsphet-cs inade during tlii: p i s t  several years f u r  

irradiation tests are shown in Fig:;. 4.5 and  4.6. The 
quality o f  the inicrosphfrcs, ii i  terms of roimdiicss and 
the number of cracks o r  Largc voids, for these six 

1 3 .  Kodak spedal  film type i06-0 l -A,  Easttiinn Kodsk 
., Compaily, Rochester, N.Y. 

[,+, O,Ial,~imet 8, ,Tn3gr: Analyzin,~ c ' ~ ~ ~ ~ ~ , ~ , ~ ~ ~ ~ ,  ,io 
Kobcrl Pitt Drivc, Moiisey, N.Y. 
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Pig. 4.4. Coarse U0.8Pug.20,  microsphcres. Hatch P.LI-1 IC, (a) Optical micrograph. ( h )  0ptic:;il inicrograph of a dense sphere. 
(c) Electron micrograph of a dense sphere. (d)  Elcctron micrograph of a porous sphere. In the electron micrographs, pores appear 
dark areas and cast a light shadow. 



47 



Fig. 4.6. Microstrinctlrres of (U,Pu)@2 coarse microspheres. (a) Batch SPL-80/35. ( b )  Batch M-3785. (c)  Batch 99C. 'The 
high-magnification views show microstructural extremes in (a) and (b )  and compare as-polished and etched rnicrostiuctures in (c). 
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Fig. 4.8. Inhomogeencnn~ micruspheres of Uo,8Puo,2Q2. 29X.  (a)  Photomicioarapli. ( h )  Alpha autoradiograph of wine field. 
Electron-probe results: 

Sphere 1 2 3 4 5 8 9 10 11 16 

Pu/(U + P u )  15.0 4.7 7.3 19.3 20.3 22.6 29.5 10.7 22.7 33.9 

4.2.2 Fine Microspheres 

Photomicrographs of representative fine microspheres 
are sbovm in Fig. 4.9. The fine microspheres are 
screened to less than 44  pm in diarlieter. Because of our 
inability to separate {lie shapes of the fine micro- 
spheres. th is material typically contains some aspherical 
particles. Approximately 2 to  3% of the spheres shown 
in Fig. 4.9 were hollow. Except for the i id low spheres, 
electron microscopy showed the sph 
dense, perhaps esceeding 99.5% of tlicoretical. The 
grain size for this batch of microspheres was uniform 
within a given sphere and varied only slighity from 
sphere to sphere: the range was 1 .O t o  1.4 pin. 

Material as dense as the microspheres shown i n  Fig. 
4.9 i s  unusual for single-phase, high-purity sintered 
ccrmiics, but is typical of the fine (IJ,Pu)B2 micro- 
spheres. Even denser material is shown in Fig. 4.10 for a 

second batch of fine tiiicrospheres. For this batch the 
grain size varied from sphere to sphere over the range 2 
to 20 pin” For the coarser-grained spheres only two to 
four grains were interscctcd by the polishing plane, as 
show1 in Fig. 4.10(d). 

Frequently, replication of the void created when a 
microspherc i s  pulled out of the mount during inetallo- 
graphic preparation reveals details of the tnicrosphere 
surface. Exatnples of this are growth spirals, such as the 
one shown in Fig. 4.10(d) and the “orange peel” 
texture shox.vn in Fig. 4.1 1.  Growth spilals were 
observed only for one batch of microspheres, but the 
“orange peel” texture is typical. The similarity in s i /e  
of the surface features in Fig. 4.1 I witti the grains 
visible in the intergranularly fractured region shows that 
the “orange peel” texture results from grooving along 
the grain boundaries caused by thermal etching during 
sintering. 
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Fix. 4.9. Fine Un 8 Y u n ~ z 0 2  microspheres. Batch PM-111.. (a) Optical micrograph ot typical spheres (b)  Elecrron rnicrogdph o f  - _ _  . 

typical spheres showing high density and srnall grain size. 

4.2.3 Pellets 

Optical and electron micrographs of a cold-piesscd 
and sintered pellet 84 4 1% of theoretical density are 
shown in Fig. 4.12. On the basis of the amount and 
morphology of the porosity, lhree different types of 
niicrostructure are seen i n  the pellet?. First i s  a veiy 
porous matrix coatanuiig elongated, iiregularly shaped 
pores interconnected w t h  the surface uf the pellet. 
Dispeised througliout the inntrix are veiy dense areas as 
large as about 40 pni in diainetei. Finally, about 5% of 
the pellet consists of ueas ,  frequently its large as 75 pni 
in diameter and occasiunally larger, with an inter- 
mediate amount of generally spherical poiostty, whlch 
15 probably not inteicorinected with thc surface of the 
pellet These observahons agree with results of analysis 
by rrieicury porosunetry, w h c h  show that riearly all the 
porosity is open. 

This triplex rnicrostructuie results from the process 
used to prepaie powder for pcllc!ic.ing The sol-gel- 
derived (U,PU)O, shard is a 50%-dense agglomerate of 
50- to 100-kf U 0 2  and PuOz crystallites Grinding t o  
-325 mesh powdei in a fluid energy mill does not 

destroy t l te porous shard particle, it only reduces its 
sue. A dense area in the pellet results from the mte i ing  

of d single piece of -325 mesh shard Most o f  thc 
nutrix porosity surrounding the dense ai eas results 
froin the shiink%e necessary for the porous shard to 
become fully dense. The electron micrographs in  Fig. 
4.12(b) and (c) show that the densc areas are very 
riearly theoretically dense and are surrounded by a 
network of po’es. Mouriting rnateilal 111 the pores i n  

Fig. 4.12(b) shows that dicsc pores are s~iiface con- 
nected. Duitng the grlndlng process the extreniely fine 
fraction of the powder is separated by the collection 
system from the bulk of 325 mesh inalenal. After 
grinding, the fines are combined with the bulk of the 
material. The large aims with rrttei mediate porosity 
shown In Fig. 4 12(d) restilt from agglomeration o f  the 
fines befoie they are recoinbitled with the bulk of the 
ilia tenal. 

Tlie gains in the dense areab vaned fruin I to 2 prn In 
didme ter, with I .7 pm being typical. The grain si& of 
the matrix was difiicult to nieasure because of the 
shaduws cast by the numerous pores, but it was slightly 
less thdri that of the dcizse areas. The giains in the areas 
formed by aggloiiieration of t l i e  Ones weie about 0.8 
pni i i i  diatneter. 

The rnicrosttuctuie of the 84-, 89-, and 97%dense 
sol-gel (IJ,Yu)02 pellets prepared according to the flow 
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Fig. 4.10. Fine U O . ~ ~ P I I ~ . ~ ~ ~ ~ . O O  microspheres of crsentially theoretical density. Batch DS 13. 16. The grain size varied f rom 
spherc to spliare. (0) Typical spheres, unetched, 200X.  (b )  Typical spheres, unetched. (c) Fincr grained spheres, etched. (d) Coarser 
grained spheres, etched. 
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di:igrarni o f  Fig. 3.16 is shown i n  Fig. 3.15. This fuel was 
used in t h e  EBK-11 S ~ I I C S  [I fuel pins. The nriciostruc- 
turc of the 84‘h-deiise pellzts coiisistetl of a very porous 
tnatrix wiih open. surfacc-ccmriected porosity iegioris of 
almost theore tic& dense r i i~ te r in l  dirpcrscd thi ough 
ilie inatrrx, aiid regions with a11 in t c i rned~ te  amount of 
cloced porosty.  Thic stiuctuie is typical of low-dcnsrly 
pellets produced tiorti sol-gel ( U,Pu)02. The average 
grain s i ~ e  of these pellcts WQS abou t  3 prn. 

The 89- and 97’$,-densc pellets, which were m:ide 
fioin powder whose properties had been altered by art  
oxid~ition-ieductioii treatinenr, contained a inore uri i -  

lorin hatrtbution of porosity. ‘The 80%-dense pellets 
contained coiisiderahle closed porosity t r q p e d  inside 
grains in addition to porustty on llie grain boundaries 
The trapped porosity wa\ a result of rdpid graii i growth 
during m t e ~ i t i g  n-t dn oxidiLing atmospheie. ‘r’he 97% 
dense pellets, whiLh we1 e made froin the same powder 
as the 89%de1i>e ones hit mte ied  in d ieduciiig 
at!nosplizrc, had very tine porosity (MI the giiliri 
boundxiec and d reldtivicly sinal1 riurnber of la~ger  pores 
scattcicd uniformly throughlucic the peilel. ‘bhc srnall 

gram w e .  about 4 pin, and la& of trapped porobrty ale 
attributed to the ieducrng atinuspliere. 

This work has sliuwn that smteiccl (IJ,Pu)02 inicro- 
spheies and pellets piepdizd by the sol-gel technique are 
typically siiigle phase aid of homogeneous composi- 
tion. The grain sue IS usually 111 the iange 1 to 5 pin. 
‘I ypically, the coarse microspheres have deilsitzes 
greatel h J 1 1  c)sv, of theorcticai The firie iniciospherei 
itre esseritially theoretically dense. Low-density cold- 
presscd-and-sintered pellets have ,z triplex micros1 iuc- 
tule consistmg of higli-den\ity and medium-density 
r:laiids in a porous iriatiix. fligii-density pellcts have a 

more uoiforin pore disti~bution. Re la t io~~  of rrizcrosiiuc- 
tule to the powder preparatrun process allows control 
of tile pellet niicrostructuies by vdrlation of the extent 
to which the shards are g o u n d  before pressing arid 
siriteiing. ?‘his w w k  has been reported ’ 

-_I_._-- - 

15. w. .f Lackey dnd 12. ’4 IlrddkY, “~~Jcro~trl lLtule  o f  
S~l-C;el-lki~~t!d (U,Pu)02 Mi,ilcrosphcrci and Pellet,," Nud  
ferhrtol 14,251 68 (June 1972). 
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Fig. 4.12. Cold-pressed and sintered u ~ . 8 P u ~ , 2 0 2  pellet. Hatch ET3N. (a) Unetched. ( h )  Mounting material is apparent in the 
clongated pores surrounding the high-denTity rcgions, 3320X.  Unctched. ( c )  High-density region Furrounded by porous n1atris. 
Etchcd. (d )  Medium-density region. Etched. 

. -  



Tabb 4.3. Analyses currently in  use fot characterization of fuel, blank, and insulator materials 
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bl<csolulion currrnily obtained with alpha autoradiography is 1101 sui'ficienr for examination of fine 

CGartrma spectroswpy for IJ/Pu ratio m r r e n t l y  applicable only to coarse microspheres conraining enriched 

spectrographic analysis for  impurities. 

tnicrosphzrcs. 

uran iu  1x1. 



Table 4.4. Typical fuel analyses 

C'oarsc Fine Analysig Pellets microspheres mici-ospheres 

Uraniiiiii 

U isotopic 
2 3 4 ~ 1  
2 3 5 ~  

2 3 h U  

Plutonium 

Pu isotopic 
2 3 * P U  
2 j 9 P u  

24  I Pu 
2 4 2 P U  

2 3 8 "  

240pu 

O/M ratio 

Carbon 

Nitrogen 

Surface area 

A1 
B 
('1 

Fe 
M n  
M 0 

Nl 
Pb 
Si 
Sn 
'I i 
v 
Zr 

69 91'4 

0 064% 
0 809% 
0 001 7 % ~  
99 I 8 1  

16 89'1 

<O 06'1 
88 83% 
9 89'4 
1 178'0 
0 099 / r  

I 9 7 5  

40 pprn 

23 pprn 

<(I 1 m2/g 

SNI ' 
SNI  
SNF 
SNE 
S N k  
S Z F  
SNI 
SN I 
SNF 
SNI 
SNE 
SNF 
SNF 

6 8.26% 

0.0097% 
I ,09656 
0.0034% 
98.89% 

16.70% 

<0.08% 
88.775, 
9.93% 
1 . 1 9 3% 
0.1 03% 
1.980 

<21) ppin 

72  ppni 

0.14 m 2 / g  

SNF 
SNE 
0.001'.; 
SNF 
SNF 
SNF 
S N t  
SNF 
SNF 
SNI; 
S N F  
SNF 
SNF 

7 0.24 X 

0.0054% 
0.7 3 6% 
0.0014% 
99.26%' 

16.67:);. 

0.0 3 7% 
88.78% 
9.933% 
1.188% 
0.1 01°C 

1.986 

57 ppm 
53 ppm 

0.17 in2/g 

SSF 
SNF 
0.004% 
0.0 19% 
SNI- 
SNF 
O . O O 6 %  
SNF 
S W  
SNF 
SNF 
SNF 
S N k  

'Sought. not found. 

4.4 DISCUSSION, CONCLUSIONS, AND 
RECOMMENDATIONS 

J .  D. Seasc 

In the oxygen-to-metal ratio determination, we were 
never completely satisfied with the gravimetric tech- 
nique. Submitting duplicate samples in a statistically 
designed manner to  eliminate randoin day-to-day errors 
in the results was always a source of concein. The 
gravimetric analysis can be made to give acceptable 
result$; however, the gravimetriz process is not a direct 
measure of the oxygcn potential in the fuel; it  is subject 
to error caused by furnace leaks and weighing errors, 
and i t  is extiemely time consuming. We would rccom- 
mend that a galvanic cell-type oxygen detcrinination be 
pursued, becauFe this determination will nieasiire the 

actual oxygcn potential in  the fuel and should be fast 
and relatively cheap. 

We have developed equipment and techniques for 
accurately detcrinining both water content and other 
sorbed gases. In dcveloping the equipment for measur- 
ing both of these, we showed that ai1 airlock system was 
needed t o  obtain an adcquately low background lcvcl in 
the measuring apparatus. The specification of sorbed 
gas and moisture levels for mixed-oxide fuels must take 
into account the fact that any moist!ire present will 
unavoidably contribute to the sorbed gases in ;i higli- 
temperature gas release test. In sorbed gas detcrmiiia- 
tion, water that i s  present in the fuel wiil react with 
the substoichiometric fuel t o  form hydrogen, which will 
not be removed by a water trap in the gas analysis train. 
Conversely, in moisture analysis the presence of hydro- 
gen as a sorbed gas can contributc very substantially to 
the iildicated moisture con ieni. 

Trace element analysis is an area that can be w r y  
difficult. Because of the danger of cross con tainiiiation 
from other sainplcs, the halide analysis needs to be 
performed in an area completely isolated froin other 
analyses. In  deteriiiiiiing iiietallic impmities the saiiipie 
preparation is exti-ernely importaiit. Althoi~gh a spark- 
excited mass spectrograph is a rapid and convenient 
nieails for deteniiining iriany tiace element impurities, 
the results from ii direct analysis of sniall solid sainplcs 
are ilot satisfactory, because inetallic impurities can 
form inclusions in the oxide solid solution, causing both 
high and low results. We fccl that mass spectrographic 
analysis should be run on a solution of the sample 
rather than on a solid fragment. The solution sample, 
however. must be prep;rred extremely carefully t o  
p~.eclude a n y  contamination tha t  inay be introduced by 
the crushing, grindiiig, and dissolution steps. 

A gamma-ray spectroscopic method was developed to  
determine ihe variation of nraniiim-to-pliJtoniuin ratio 
froin microsphere to microspherc. The method was as 
precise as microprobe analysis. With microspheres 500 
ptn in diameter, it could detect variations in thc ratio 
Pu/(U+Pu) with a standard deviation of !:2%. 

Metallographic facilities and techniques were devel- 
oped for the examination of (U,Pu)02 by light, 
scanning, and transmission electron microscopy and by 
the electron micropiobe. By these analytical techniques 
the pore size, pore morphology, and grain size of the 
sol-gel fuel were correlated with powdcr handling and 
pellet forming and sintering procedures. Typically the 
sol-gel material is lroinogeneous in coniposition, a i d  the 
grain size is usually between 1 and 5 gin. Coarse 
microspheres have densities greater than 95% of theo- 
retical, and the fine microspheres approach 100% of 
theoretical density. 
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The test pins in these irradiations and their status as 
of July I ,  1972, when ORNI,  work was phased out, are 
presented iii Table 5.1. The results of these tests are 
discussed in tlie followii~g sections. which have been 
grouped into thermal and h s t  flux tests and those of 
siinilar design. Each section includes a sunimai-y of the 
objectives, design, and principal results together witli 
some discussion of the evaluation of these results. The 
final section recapitulates the principal findings of these 
tests and correlates the various observations and conclu- 
sions as they- apply to the specific areas o f  fire1 pin 
Q4 c~ ormance. 

5 .1  ESR TESTS - NONINSI’MIIMENIED SERIES 

4. R. Olsen 

5.1.1 Experimental Plan 

I‘he noninstrumented thermal flux series of‘ irradia- 
tion tests was initiated in 1966 before any irradiation 
experience on sol-gel-derived (U.Pu)02 fuels was avail- 
able. The initial plan included a series of irradiation 
capsules to investigate the effects of fuel form (pellet, 
Sphere-Pac, Vi-Pac, and extrusion) and pi-ocessing vari- 
ables on fuel rod performance as a function of linear 
heat rate and burnup. The extrusion process was never 
fully developed, and irradiation tests of pellet and 
Vi-Pac fuel forms were being conducted by other sites, 
so the scope was reduced to  limited comparison of 
pellet and Sphere-Pac forms, with emphasis on the 
Sphere-Pac performance characteristics. The primary 
performance characteristics determined as a function of 
linear heat rate and burnup were: 

1. fuel restructuring, 

2. fuel swelling, 

3. fission gas release. 

4. actinide redistribution, 

5 ,  fission product migration. 

6. fuel-cladding mechanical interaction. 

7. fuel-cladding chemical interaction. 

The use of a thermal flux test reactor for these 
irradiations resulted in both advantages and disadvan- 
tages. The validity of tests in all the available test 
reactors was evaluated and discussed in a previous 
report.’ The principal disadvantages of tlie thermal flux 

1. A. R. Olsen. R. B. Fitts, and C. M. Cox, “Analysis of the 
Validity of Fast Reactor Fucl Tests in Existing Test Reactors,” 
pp. 127 ~ 5 0  in National Symposiurn on Developments in 
Irradiation Testing Technology Hrld at Sandusky. Ohio, Sep- 
tettiber 9-11. 1969,  CONF-690910. 

tests are the lack ( i f  concurrent irradiation damage and 
swelling of the cladding and, because of self-shielding, 
radial fission rate distributions unlike those in a fast 
reactor. I hese drawbacks are offset by the advantxges 
of available test space and the fact that depleted 
uranium can bc used in the fuel at all linear heat rates 
of interest. Hie iise of depleted uraniuni. so that all 
fissions occur in  pluioniuni, is of particiilar importance 
because the fissioii product yields arc typical of 
coniriieicial 1,MFRR fuels. Thus, the redistribution of 
these fission products and their influence on fuel 
coriipositioris and oxygen potentials as a function of 
burnup. together with the effects of these changes on 
fuel swelling. thesmal conductivity. and fuel-cladding 
chemical interaction can be tested without bias. With 
the exception of the first four pins irradiated, only 
depleted uranium was used in these tests. 

The total group of 1 1  uninstruinented capsules tested 
in the ETR is listed in 1 able 5.2 together with the peak 
operating conditions in each capsule. Experiments 
43-99 through 4 3 -  1 ! 5 were irradiated primarily for 
performance analysis. Experiments 43- 1 16 through 
43-123 were. and are being, irradiated to provide 
short-cooled irradiated fuel for reprocessing studies. Il.” 
will discuss only tlie FIX capsules irradiated for perforni- 
ance an;rl y sis . 

The capsules were designed t o  be irradiated in 
X-baskets i n  the ETR. A number of locations in this 
reactor will accommodate such X-baskets, each with a 
different peak flux and all with cosine axial flux 
distribution. A typical flux distribution and piii arrange- 
ment are shown in Fig. 5.1. Thus a single design would 
permit tests over a range of  peak linear heat rates, with 
two positions (2 and 3) being comparable. Specific 
capsules were relocated to  higher flux positiuns t o  
maintain specified heat rates despite fissile depletion. 

The capsiile and pili designs are shown scheniatically 
in i i g .  5.2. Each capsule contained four pins mounted 
in tandem and immersed in NaK-44. The fuel pin 
cladding was annealed type 304 stainless steel tubing 
0.252 in. OD with a 0.010-in. wall thickness for 
experiments 43-99 through 43-1 16 and type 3 16 (20% 
cold worked) 0.230 in. OD with a 0.015-in. wall 
thickness for experiments 43-1 17 through 43-123. Each 
7.5-in.-long pin contained a 3.I-in. fuel column with 
T h o 2  or U 0 2  insulator pellets at each end and a 
3-in.Aong gas plenum filled with S i02  -AI2 Os fiber. 

For the performance analysis tests, 20 pins were 
loaded by the Sphere-P~c  teclinique to 84 * 0.57h 
volume fraction. Each bed was made up  of two sizes of 
microspheres ~~ a coarse bed of 300  to 600 pm diam 
and fines below 44 p diam. The three Sphere-Pac 

.- 
- -  



59 

Table 5.2. Noiunstrumerlted thermal flux tests of (Upu)O2 fuels -----_---- 
Numbei Peak Peak linear 

~. oi b uriinp k i t  rate T. uel 
E uperiinen t 

Perm Cornpjrition rod\  (% L . I M A ) U  (w/Lm) 

2 1 5 6  1640b 

3 5 6Y0 

~J0.80pu0 20O2.00 
235 

235 
43-99 Sphere-Pac 

7 43-100 Sphere-PaL {Jo 8 0 h l  2002 .00  I 1 4' 1470' 
4'3 103 Sp her e-P.it~ u 0 2  o2(20R 2 3  U) 

Pellet u02 00(20:/0 235u) 1 

U02,02{201 2351J) 1 
238 3 0.7 500 47-112 Sphere-PdL UO 8SP"0. 1 5 O 1  97 

3 11 3 480 43-115 Sphere-PaL ' 3 8  U O  8Sp"0 1 5 0  1 57 
U 0 2  02(20% 2351J) 1 13 8 

Sphere -Pa L 3 6.5 600 2 3 8  

YpheIC-PdL 4 1 jC 600' 

4 8 I)' 430" 1 1 K pellel\ 

[IO 85pu0.1501 97 43-115 
UO2.02(20'% 2 3  1 

170 85pu0 l S U l  9 7  

u0 7Sp"0 2S01 98 

u0.75pu0 2 5 0 1  98 

UO 7 5 p"0.2 5O I.  98 

GO 75pu0 2 5 0 1 . 9 8  

238 

238 

238 

13-1 16 
4 2 S' 430c 43-1 17  ETK pellets 

13-1 18 
43-1 19 
43-1 23 

R pellets 238 4 10.0" 4 30" 

PTR pellet5 4 -%.or 430' 
_--1_ 

238 

I__. __I-- - .____._ll_l_ 
"kl\mnL per mittd actinide rnetni atom 
"RW~S f a l e d  111 reactor irorn ovarpoweririg 

rargzt deugn vdluey 
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B 
x 
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e 
c 
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Fig. 5.1. Typical flux distribution for X-basket irradiation. 
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ORPIL- UWG 66- 7325RA 

END SPACER 

,,-NaK ,VOID SPACE 

END SPACER M1DDL.E SPACER 

i 

Z r - 2  CAPSULE ‘ FUEL. ELEMLNT 
(0.500 OD X 0.035 WALL) 

‘SPRING 

IRRAOIA-TION CAPSULE ASSEMBLY 

EXTRUDED Tho2 
INSULATOR (76% 1-U) ,/ FUEL 

GAS PLENUM 
(FIBERFRAX) 

\304 STAINLESS STEEL 304 STAINl-ESS STEEL CLAD 
(0.250 OD X 0.040 W A L L )  END PLUG 

FUEL ELEMENT 

Pig. 5.2. Capsule fur ETR tests. 

fuel compositions were U 0 2  (20% U), ses. Thus they include ailj i  variations in reactor flux 

the Sphere-Pac fuel preparation and pin fabrication are 
reported elsewhere.2 I n  addition, one capsule contained 
one pin with pelletized I.J02 (2OyO U) made fro171 
ADU powder. 

procediires to assure both pin and capsule integrity and 

3 s ~ u o , z  02, and u ~ .  8 s ~ u o .  Details of e n v i r ~ n m n t .  
2. F, G. Kjtts. R ,  B, Fitts, and  A ,  p,, 0lsen, ;*sol.~el 

Urania-Plutonia Microsphcrz Freparation and Fabrication into 
Fuel Rods,” pp. 195 210 i n  Intern. S y m p .  Plutonium Fuels 
I’echnol.. Scottsdalc, Ariz.. 1967. Nucl. Mef .  13, ed. by K. E. 
Horton. R. k. Malcherey, and R. J. Allio, American Institute of 

1968, 

_...___ 

pins ‘Iatie wi th  quality Mining, Metallurgical, and Petroleu,-,l Engineers. New York, 

good postirradiation characterization of the  com- 
ponents. particularly the fuel material. 

5.1.2 Results of Irradiation Tests 

The results of these tests have been reported as they 
became available both in progress reports and a t  various 
meetings.3- Detailed summary reports are in prepara- 
tion. However, the tests can be briefly surrii-narized by 
breaking thrni into three categories: low burnup, 43-99, 
43-100, and 43-1 12; intermediate burnup 43-103 and 
43-1 15;  and high burnup, 43-1 13. The fabrication, 
operating data, and some postirradiation results for all 
pins are given in Table 5.3. It should be noted that the 
operating data reflect the actual operating Gonditionr as 
deteririined from the history and postirradiation analy- 

3. A .  R. Olsen, J. D. Sease. R. B. t i t t s ,  and A. L. Lotts, 
Fabrkutmi  urd  Irrudiatioii Trsfing of  Sol-Gel Fuels g f  Oak 
Ridge Na‘aliotral Ldbo:aror.v, ORNL’TM-1971 (September 1967); 
also pp. 321 67 in Sol-Gel Processes far the Prodtrcriorz of 
Ceramic Nuclear Fuels, Comitato Nazionale Energia Nuclcare, 
Rome, 1968. 

4.  A. R .  Olscn, C. M. Cox, and R. B. Fitts, “Low Burnup 
1rradi:ition Tests of Sphere-Pac Sol-Gel (lJ,Pu)02 Fuels” 
(summary), Trans. Anier. Nucl. Soc. 12(2), 605 -6 (1969). 

5. A. R. Olaen, “Intermediate Burnup Irradiation Tests of 
Sphere-Pac Sol-Gel Fuels” (summary), Trans Amw. Niicl. Soc 

6 .  C. M .  Cox. R .  B. Fitts, A. R. Olsen, and A. L. Lotts, 
“Irradiation Performance of Sol-Gel (U ,Pu)02  Fuels for Breeder 
Reactor?,” pp. 359 73 in Syinposiurn on Sol-Gel Processes und 
Reactor Fuel Cycles, Cutlinhiirg. Tennessee, Mu.v 4~- 7, 1970, 

7. A. R. Olsen, “1Iigh-Burnup Irradiation Tests of Sphere-Pdi 
Sol-Gel Fuels” (summary), Ih7ns. Anier. Nucl. Sac. 15(1), 
181-82 (June 1972). 

13(1), 3 2 -  3 3  (1970). 
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5.1.2.1 Low-Rurnup Test Results 

The first two capsules irradiated, ORNL 43-99 and 
ORNL 43-1 00, contained two elements each of 
2 3 5 U o . ~ P u o . 2 0 2  fuel at  76% siriear density (weight ol' 
fuel divided by volume as determined frorn the inside 
diameter of  tlie tube) and of T l io ,9sPuo ,0502  fuel 
(also Sphere-Pac) a t  84% smear density. The (Th,Pu)O, 
pills will  not be discussed here. These tests were 
intended to  operate at a calculated inaxirnuiir cladding 
surface temperaturz of 475°C and linear heat rating of 
650 W/cm. These tests were to  be compared with fast 
reactor irradiations of the same (U.Pu)O, fuels t o  be 
con di IC t e d b y A rgnnne National 1.. ah or a t  o ry . 

The ( U7Pu)O2 pins were inadver!ently operated at 
excessively high powers. The hottest pin (approx SO 
kW/ft) in each capsule failed during a return lo power 
following a reactor sliutdovm after 16.5 days of 
continuous operation a t  the peak lieat rates. Subse- 
quent examination revealcd that molten fucl had 
penetrated tlie center of the upper T110, ilisiildtor 
pellet and that the cladding failed in the plenum region. 

There was sonx evidence of a fuel-cladding reaction 
,in these high-heat-rate pins. which had calculated 
cladding temperatures as high as 1000°C. but no gross 
incompatibility was observed. Transverse microstruc- 
tures of one pin that operated at 35 kW/ft and did not 
fail can be seen in Fig. 5.3(a).  The fuel has resti-uctured 
so that only tlie siriallest microspheres around the 
periphery can be identified. 

The next experiment. 43-1 12, operated a t  moderate 
heat rates (8 to 14 kW/ft) to low butiiup to verify tlie 

revised power analyses. Postirradiatiori examinations 
showed n o  change in fuel column heights, no cladding 
deformation, and ]io fuel-cladding reactions. In l:ig, 
5.3(b) and (c), ty pical restructuring of the Sphere-Pac 
fuel is shown. These lowburnup tests showed no 
macroscopic evidence of fix1 sintering for lieat rates 
below 9 kW/ft. However, at  the higher lieat rater we 
saw definite evidence of coliimiiai grain growth, and the 
unique structure gave clear evidence of the vaporiza- 
tion-coiidensatic,n mode of restructuring. This can be 
seen iii Fig. 5.4. The test results confirmed our methods 
of tiesign and provided coniimation of our temperature 
calculations as well as information on grain growth, all 
of whicli indicated that Sphere-Pac performance was 
similar t o  that of pellet fuels. Microprobe analyses o f  
actinide distributions in Fig. 5.5 showed that uranium 
inoved pi-eierentially down the tempei-ature gradient in 
the coluiimar grain regiilii. 

5.1.2.2 Intermediate-Burnup Test Results 

The two capsules, 43- 103 and 43- I  IS. irradiated to 
moderate burnup ( 4  to  65% FIMA) contained five 
UO,-fueled pins and three (U,Pu)02 pins. Semi] pins 
were fabricated by the  Sphere-Pac process and one pin 
contained pellets made from AUU powder. I'he irradia- 
tion conditions for both capsules were more stririgeiit 
than expected in that both the fuel biirnirp analysis arid 
the fluence measurements by cobalt activation in the 
stainless steel components indicated that the actual flux 
was 15 to 30%' gieater than anticipated from previous 
E'IR flux measurements. This resulted in high lineal 

R-51301 

Fig. 5.3. Transverse cross sections of Sphcrc-Pac fuel pins after irradiation to low burnup. (a) U o ~ 8 0 P ~ ~ o ~ 2 0 0 2 , 0 0 ;  3s kWjft to 
1.4% 1:IhlA; 7b'/r Tinear density. ( b )  Uo.~sPL10.150~.97;  10.5 kW/ft to 0.6% FIMA; 807b S I I I ~ ~ L T  density. (c) U ~ ~ s 5 P t ~ o ~ 1 5 0 1 ~ 9 7 ;  13.6 
kWjft to 0.7:L f'lhfA; 81% smear density. 
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Pig. 5.4. Fuel deposits on the inner wrface of inicrospileres located at the periphery of the Y!:!*!FT pin-growth region. 20OX 
Reduced 37% 

heat rdtcs, pariiculdrly for tlie two ceritial pin pusitionr 
( 2  and 3). The highest time-averaged Iizat rate of 25 9 
kW/ft was developed in the pellet pin 103-2 A 
cuinpardble heat raie would have becn achieved in the 
adjd(,ent Sphere-Pac pin 103-3 cxcepI for the lowel 
smear density. This low smear density IS tlie result of 
low sphere density in these early pioduction ~ndtenals, 
not low volume packing of the spheies ?lie tabulated 
tune-averaged h e a r  heat idles ale less than ihz peak 
heat ratzs at start of irradiatrun, so some melting 
occuned in the cent id  pins of both capsules, at least 
early 1ri the I I  iddidtion history. The inedsured fission gds 
release idtes ale typical f o r  oxide rue1 irradiatzcl in a 
ihermd flux to 5 to 6 at. 7~ buinup 'The cladding 
diameter measurements after irradiation showed 110 

significant changes from preii radiation measure inent~  
The f%l central melting atid the use of low-deiisity 

IhO2 ~nsulaiors produced soine interesting fuel move- 

men t phenomena. The postiirddldtion gamma S a n s  of 
the two CdpSukS ale shown in Fig 5 6. The axial llux 
distribution is highest in the centei and chops off d t  

edch end. Fuel shunping is apparent in three of the pins 
the UO, pellet p in  (103-2) m one cJpsule dnd both 

the UO, (115-2) and (U,Pu)02 (1  15-3) pins iri the 
second capsule Normal burnup dtsi I ibutiosis Are shown 
for it12 top atid bottom pins ii i  both capsules Foi all 
four of the hottest pins. theie is also evidence oi fuel 
above the uppei Tho2 insulator, with gamma activity 
depressions d t  the rnsuldtor locations, indicating that d t  

least some of the 'rho2 is still present Fuel penetration 
through these insulators and into the Ftberfrax filled 
gas plenuni i s  more dearly diown III Fig 5.7 tr1 the 
neutron radiographs of capsule 33-1 15. A central void 1s 

shown in dl four fuel pins, and hiel LS above tlie upper 
insulator In the two center pins. In addition, i t  is 
rateresting to note that flux pzdlung at the fuel coluinri 
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0.4 0.2 03 0.4 0.5 0.6 0.7 

FRACTIONAL FUEL RADIUS 

Fig. 5.5. Variation in plutonium content with radial position 
for U ~ . 8 5 P u ~ , 1 ~ O ~  after irradiation at  a linear heat rate of 13.6 
kW/ft to d burnup of 0.7% FIMA. 

ends has resulted in greater fuel restructuring with 
consequently larger diameter central voids. 

Figure 5.8 shows typical transverse sections for the 
three pins with the highest heat rates. The central void 
diameter is inversely proportional to the original fuel 
smear density, and the extent of columnar grain growth is 
proportional t o  the linear heat rate. The only significant 
difference between the Sphere-Pac and pellet fuels is 
the fact that some spheres remain at the fuei-cladding 
interface, even at 5% burnup and the high linear heat 
rate of 22 kW/ft. Analysis of the extent of restructuring 
in the rods with lower heat rate indicated that the 
effective thermal conductance of the Sphere-Pac beds is 
equivalent t o  that of pellet fuels with similar density, 

‘The unique structure of the Sphere-Pac beds provided 
clear evidence of the fact that uranium-rich vapors 
migrated down the temperature gradient in the 
(U,Pu)O, pins in these tests. This is shown in Fig. 5.9. 
This figure shows the microstmzture, alpha autoradio- 
graph, and beta-gamma autoradiograph of pin 115-4. 
The absence of a ring structure in the beta-gamma 
autoradiograph clearly indicates that  there was no fuel 
melting in this pin. l‘he most interesting features are in 
the alpha autoradiograph. The typical increase in 
plutonium activity near the central void, usually seen in 

pellet fuel irradiations, is apparent. What i s  unique is 
the appearance of spherical islands of higher plutonium 
concentration in the cooler regions of the columnar 
grain growth structure. Migration of U 0 2  -enriched 
vapor from the higher temperature center resulted in 
the apparent pliitoniurn enrichment in the highest 
temperature region. The U 0 2  -rich vapors condensed in 
the cooler regions aiicl filled the voids around the larger 
microspheres. At intermediate temperatures. diffusion 
can provide homogenization, but at  the lower tempera- 
tures near the periphery of the columnar grains, even 
3000 hr was insufficient for homogeriization. This was 
later confirmed by microprobe analysis of these regions, 
which showed the distinct changes in plutonium con- 
tent at sphere surfaces. 

No evidence of fuel-cladding chemical interaction was 
seen in any of these pins. However, some evidence of 
microstructiiral changes in the cladding of the pellet pin 
103-2 is shown in Fig. 5.10. Comparison of the two 
cladding structures shows that significant carbide prc- 
cipitation has occurred at grain boundaries where the 
cladding temperature was above 500°C. I’his precipita- 
tion under irradiation occurred at a temperature ap- 
proximately 80°C below the out-of-reactor precipita- 
tion temperature range. At the time, we suggested that 
such precipitates might provide the paths for fission 
product migration and the type of intergranular attack 
reported by other experirrienters. Some out-of-reactor 
tests t o  investigate this proposed mechanism were 
initiated.’ 

5.1.2.3 High-Burnup Test Results 

Only one capsule in this series was taken to a high 
buriiup level. Capsule 43-1 13 was irradiated for 61 1 
effective full-power days of reactor operation. The 
capsule was moved twice to  higher flux positions in the 
reactor to compensate for tlie decrease in the linear 
heat rate with bumup. 

I’he greater fissile content of the UO:, (20% 2 3 s U )  
tended to maintain a more constant heat rate. This pin 
started at a linear heat rate of 14.3 kW/it and was 
operating ai approximately 8 kW/ft at the end of the 
irradiation. ’I’he (U.Pu)O, pin in position 1 started at 
10.6 kWjft and cnded at approximately 7 kW/ft, while 
both pins 3 and 4 ended irradiation at approximately 6 

8. R. H .  Fitts, E. L. Long, J r . ,  and J .  M.  1-citnaker, 
“Ohserwitions of Fuel-Cladding Chemical Interactions 3 9  Ap- 
plied to  GCBR Fuel Rods,” pp. 431-58 in Proc. Conf Fasr 
Reactor Fuel Elemeni Technology, cd. by Ruth Farmakes, 
American Nuclear Society, Hinsdale, Illinois, 1971. 

* -  

. -  
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Y-100483 

SP (UPU)O2 SP (UPU) 4 SP uo2 SP (UPU)O2 

Fig. S.6. Postirradiation gainma scans of clcysult>s 43-1 03 and 13-1 15. 
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3 

Fig. 5.7. Neutron radiogaphs of test pins from capsule 43-1 15. 

R- 5130’2 

- -  
Fig. 5.8. Transverse cross sections of fuel pins after irrsdiatinn to moderate burnup. (a)  U O , ~ ~ P U O , ~ ~ O ~ . ~ ~ ;  20 kW/ft to 6YL 

FIMA; 82% snieai- density. ( b )  Sphere-Pac 1302.02 ;  22 kVJift lo S.5% FIM.4; 73% smear density. (c) Pelletized UOz,o0; 26 kiV/ft to 
5.7% 1:thZA; 84% stnear density. 

1 -  
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Pig. 5.10. Appeara~~ce of type 3 0 4  stainless steel cladding after 3000 hr irradiation at inner surfact: Lernperatures of (u) 470°C 

arid (b )  540°C. 



68 

kW/ft, even though they started at  14.7 and 12.5 kW/ft 
respectively. The effects of initial fissile content and 
deplction are seen in the burnup values. which for thc 
(U,Pu)02 pins are tending toward a common value 
despite variations in initial linear hcat rates, and tlie 
[IO, with the higher fissile content h a s  achieved the 
highest burnup. The rate of change of the fission rates 
as a result of depletion appears to have affected the 
integrated fissinn gas relcase rates. Although with thcse 
limited data we can oiily hypothesize. we know that the 
more rapid drops in fission rates for pins 3 and 4 from 
depletion resulted in extended operation a t  lower 

overall fuel temperatures. Therefore. milch of tlie 
fission gas created in the later stages of iri-adiation was 
trapped in the cooler fuel. thus giving lower integrated 
percentages of gas release. 

The neutron radiographs shown in Fig. 5.1 1 ,  together 
with the gamma scans on these pins, clearly show no 
overpower operation. The Tho2 insulators are intact. 
Central voids are still present in all pins. roughly 
proportional to the start-of-life heat rating and increas- 
ing with decreasing initial smear density, so fuel swelling 
has riot coiisuiiietl tlie available fabrication voidage. In 
fact, the fuel columns showed a decrease in length of 1 

PIN 2 U Q p  

Fig. 5.1 1. Neutron radiographs of pins from capsule 43-1 13. 

t 
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t u  4%, and LfIis decredse \vas dlbi) greater, the smdller 
the initial smedr tlensily. 

effect of tht, peak 1ine;ir 11cal rate or1 restructurrng 
2311 be seen 117 Fig. 5 12, where {he extent crt columnar 
gldlrl growth 1, proportional tv the highest linear heat 
~ i l t e ~  at start  o l  lite even though the extent of the more  
0 1  solid cote reglon, dx defined by the circiiriiteren- 

tially oirer~ted Lr;Lck, h d S  been exterldzd to essentially 
the same radid posit ion on both plos by mole 
lime-dependent sintering proccbses. 

Some of thc graln s t l i ~ c t u ~ e \  III 12111 1 13-1 are shown 
111 Fig. 5.13 A t  the r n a g n ~ i ~ c a t ~ o l ~ x  dvalldble wrth the 
melallograph, tllrtrrlcl grdins z i m  ‘De seen out to the 
circurnlelential crack Note a140 lhc shoi t length 10- 
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Fig. 5.1 3. Etched fuel structures iin pin 43-1 13-1. 

diameter ratio of the columncr grains, indicating grain 
refinernelit during the extended burnup. The columnar 
grains also contain sirbgrain boundaries with voids or 
bubhles on them. With the termination of the program 
we have not investigated the details of these structures 
with electron rnicroscopy as we did with earlier 

The general darkening of the structure 
near the cladding is the result of increased sensitivity to 
the fucl etchant, makirn the structure difficult to 
photograph. The section to the left of the composite 

9. A .  R. Olsen, R. B. Fitts, and W. J .  Lackey, “In-Reactor 
Restructuring Temperntures and Kinetics for (U,Pu)O2,” pp. 
519-  602 in Roc.  Conf Fast Reactor Fuc/ Elrrrietil Tech  
nology. ed. by Ruth Farmakes, American Nuclear Society, 
Hinsdale, Illinois. 1971. 

10. W .  J .  Lackey, R. A.  Bradley, and C. hi. Cos. “In-Reactor 
and Out-of-Reactor (U,Pu)O2 Grain Growth Kinetics” (ah- 
stract) ,  Amer.  Ceram. SOC. RulI. 50(9). 788 (September 1971). 

1 1 .  W. J .  Lackey and F. J .  Koman, “Porosity cind Actinide 
Redistribution, Grain Growth, and Desintering in (U,Pu)02” 
(abstract), Arne?. Cerain. SOC. Bull. 51(4), 387 (April 1972). 

shows the unetched fuel and etched cladding. Here it is 
apparent that material has accumulated to fill tlie space 
between spheres. This was true for both U 0 2  and 
(U,Pu)O2 fuels, as can be seen in Fig. 5.14. When these 
structures are etclied, one can clearly see the original 
coarse and fine microsplleres in a more heavily etched 
matrix in the regions adjacent to the cladding. 

We attempted to identify this matrix material by 
microprobe analysis. Such analyses were hampered by 
the significant background caused by the activity, even 
in sections as thin as ‘4 in. We found most of the 
high-yield fission products, including Ra, La, and Zr, 
but no  definite evidence of any particiilar accumula- 
tions other than Cs and Mo. Figure 5.15 shows some of 
the microprobe data for the peak-burnup jU.Pu)O, pin 
113-3. On the bottom is plotted the Pu/(U t Pu) ratio 
as a function of radial location from tlie central void to  
the cladding. There is a distinct increase in the ratio 
near the central void. The distinct peaking in plutonium 
content just inside the  norrilal dip in plutonillm content 
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Fig. 5.1 4. Compmtivc microstructures of two fuets, as polished. 

ai the edge of the culumndi grairi region IS minoi but 
real a r ~ d  w;is conf'iiined by several traverses dong 
dll'ferent radii. With the exception 01 tlus 11i11i~r peak, 
the dlstribution is what one would noirnally obtain 
froin U02-enrizhed vapor rrngraliori down the tempeia- 

tule gradlent dulitlg start-of-llfe rcstructunng. There 15 

no evtderlte of a change in actlmde dlstrlbutlot1 as a 
result of the change In the Luzl oxygen-to-metal ratlo at 
these high burnup levels Certalrlly the oxygen-to-metal 
ratio in the furl shoultl be greater than 2.00 at this 



burnup.12.13 Some of the effects of this change in 
oxidation potential can be seen in the two fission 
product analyses shown in the center of the figure. 

We measured the molybdenum-to-rutheniulii ratios 
for at least ten metallic inclusions at  selected radial 
locations and attempted to measure the relative molyb- 
denum and ruthenium content of the oxide adjacent t o  
each of these ingots. ‘The ruthenium analyses ip the 
oxide were masked by the activity and therefore are not 
reported. Both the ratio numbcrs and the relative 
molybdenum intensity readings clearly show a migra- 
tion of molybdenum down the temperature gradient. 
The lack of metallic inclusions in the colder regions 
may indicate a nioveriient of ruthenium up the tempera- 
ture gradient or a lack of segregation at the lower fuel 
temperatures. The increasing molybdenum content in 
the oxide clearly indicates a change in the oxidation 
potential, with the molybdenum oxidizing in the cooler 
regions. 

In summary then, the high-burnup thermal flux tests 
of Sphere-Pac fuel have: 

1 .  

2. 

3. 

4. 

confirmed that columnar grains are limited to the 
regions of active vapor transport and that extended 
exposure simply refines the columnar structure 
while extending the area of the time-dependent 
sin tei-ing : 

provided indirect evidence that fission gas release 
depends more on fuel temperature than on burnup 
(this has also been indicated in data reported by 
others’ 4); 

provided clear evidence of molybdenum migration 
down the temperature gradient and its incorporation 
into the oxide phase in the cooler regions; 

clearly shown that Sphere-Pac fuels can achieve very 
high burnup with essentially no mechanical inter- 
action between fuel and cladding. 

Additional work needs to  be done to define the 
composition of the matrix material found in the cooler 

12. J .  M. Leitnaker, J .  P. DeLuc-a, and R.  B. Fitts, “Influence 
of Burnup on Reactivity of Oxide Fuel with Cladding” 
(summary), Trans. Amer. Nucl. SOC. 14(1), I77 (June 1971). 

13. A. R. Olsen, R .  B. Fitts, and C. M. Cox, “Analysis of the 
Validity of Fast Reactor Fuel Tests in Existing ’Test Reactors,” 
pp. 127-50 in National Symposium on Developments in 
Irradiation Testing Technology Held at Sanduskv. Ohio, Sep-  
tember 9-11, 1969, CONF-690910. 

14. J. B. Lambert et al., “Performance of Mixed-Oxide Fuel 
Elements - ANL Experience,” pp. 517-33 inProc. Conf: Fast 
Reacror Fuel EIemcnt Technology, ed. by Ru th  Farmakes, 
American Nuclear Society, Hinsdate, I l l . ,  1971. 

. .. ... . .. 

Fig. 5.15. Radial variations in composition for pin 43-1 13-3. 
Between thc phirtoiniuograph and the plutoniurn ratio tracing 
are molybdenurii-to-rullienium ratios tncasured in mctallic 
inclusions at various locations and relative niolybdsnum con- 
centrations in adjacent oxide. 

fuel regions after high burnup, and electron microscope 
examinations should be made to establish the mode of 
gas retention in the cooler fuels. 

5.2 ORR THERMAL PERFORMANCE TES’TS 

R. B. Fitts F. L. Miller’ 

5.2.1. Experimental Plan 

The OICR instrumented thermal perforniance tests 
(SG series) were conducted to  determine and compare 
the effective thermal conductance of low-burnup 
pellet’ and Sphere-Pad (U,Pu)02 fuels with similar 
smear densities and operating conditions. In addition, 

15. Mathematics Division. 
16. R. A. Bradley, Fuels and ,Waterials Development Progrcitn 

Quart. Progr. Rep. Sept. 30, 1969,  ORNL-4480, pp. 6 4; see 
also Sect. 5.2 of this report. 

17. F. G. Kitts, R. B. Fitts. and A. R. Olsen, “Sol-Gel 
Urania-Plutonia Microsphere Preparation and Fabrication into 
Fuel Rods,” pp. 195-210 in Intern. Symp.  Plirroniuni Fuels 
Technol., Scortsdale, Aiiz. ,  1967, Nuci. Mer. 13, American 
Institute of Mining, Metallurgical, and Petroleum Engineers. 
New York, 1968; see also Sect. 3.1 of this report. 
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Fig. 5.16. Capsule SG-3 operahng sequence. 

t h e  tests weie used to examine the ten1per:iture- 
i t  riictiiie ~elatiunslup 111 tlte fuels and the c’rierrtical 
mteractioris between the f u ~ l s  aiid claddings 

r h r e c  capsules were irradiated in this sere\  Ench 
coiit,iiried two fuel pins foi ditect conipansoii ol‘ their 
performance ‘ ~ i e  first cdpsu~e (sG-I)’ * wds used to 
eva1u;ite the capsule design, the ~ c c o n d  c‘ipsule 
(SG-2)’ Q,’’ was opeidted at [uw powei (-12 IcWjft) to 
Pxiiinine Sphere-Pac fuel stiuLturr:s a t  czritial tempera- 
iureb hrlow I sOO”C, ,tnd the third capsule20 - 2 2  

(Xi-3) Lompated Sphere-Pac and pellet fuel pins dt iuel 
c e n ~ r ~ l  terripzratures up to 2000‘ C 

5.2.2 Design and Operation 

The SC; ~rracliation capsules were opeiated in  the 
Poolside Facility2 ’ of the Oak Ridge Icesearch Keactor, 
wiietc tlrz highly iusttuniented capsule can be moved so 
;is to cqierate at any decircd hedt generation idte Up t o  
20 kW/ft a t  any t ime  duririg the tesl A typical 
operiitiiig scquence IS plotted in big 5 16. where the 
tile1 ceritial ternperatuie w a 5  held constant tor periods 
r.iiiging f iom 15 inin to 3 days. with the l o ~ g  holds 
occurring dt each new nuximum temperature 

‘rhr capsule design is shown in Fig 5 17 for SG-I aiid 
-2, in w l k h  the lower fuel pin contained <j tluminy 
thermocouple well. Cap~ule  bG.3 contained ari active 
iiiermocouptr: in bot11 h i d  pins. Each cdpsule con1 ained 
two (1J,Pu)02 fuel pins clad 111 titanium-niudified type 
304 a imless  steel rkie fuel pins operated one above the 
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S G  1 1 Sphere-Px 15 1 9 9  81 120u ,>I800 d 15 
2 Sphere-Pdc 15 1 9 9  81 1200 e d 1.5 

S G 2  3 Sphere-Pdc 20 1.99 81 1763 I500 72 12 
4 Spherc P I ~ L  20 I 9 9  82 1763 t? 7 2  12 

SG-3 5 Sphete-f'dC 20 1 9 8  8 2  2180 2000 35 I6 
6 Pelletf 2 0 1 Y E  82 2180 2000 120 14.5 

- - __ _I- -__ 

UCI;jd with titaniurri-inod~fied type 304 \t,iinleis b t 4 ,  0 375 in OD X 0 015 in w4l 
b I ' u ~ l  denatty hctweeti central thermocouple m d  chid ing  inner amfare 
'-Manmu i n  fuel Leiitid1 temperature 
%t dcternuiizd. 
'Ngjt recorded, 110 centrnl theitnoioupic 
Il'cllzt W A ~  8 3  5:: dense, pellet-c~addlrlg r a d d  grip was 0 0014 in., pellet OD - 0 3423 in 

ORNL-WG 74-6024 

+ W A R D  REACTOR 

+ W A R D  REACTOR 

SCTlON 5-B 

Fig. 5.18. SG capsule instrumentation. 

5.2.3 Kesults 

The SG capsules performed very well in obtaining the 
desired experinizntal data The only difficulty was the 
kiilurc III rhe first capsule (SG-I) of the inolybdeinim 
she,itli uscd on the BzO-insulated W 3% Re vs W 25% 
Re fuel center-line t h e r ~ n o c o u p l e . ~ ~  This was remedied 
in subsequent capsilks by using a W-i)6a/C l ie sheath m 
place of rnoiybdznurn The three tuiigsten-rheniurn- 
sliza thcd tungs t en - rhen~m tliermocouples  sed in the 
fuel jn cdpsules SG-2 arid -3 perfot m e d  satlsficlorily, 
but detailed postirradidlion exdmitiatiori of the as- 
semblies revcalcd dzgratiation of the tungsteri-ilieriiiinl 
components bvzn though the thermocouples did not 
tail. the piesence of this degradation, probably material 
traiispott by tin oxidation mechanism,24 indicdtes a 
need fo r  irriprovernent of the l'rierniocouple system f o r  
long-tcnii applicauon. 

5.2.3.1 Fuel Restructuring 

The post11 radiation exdinmation of the fuel s t~uctures  
t i  om the SG capsules ievealed the teriiperature- 
str iictuie relationsliip developed dux ing irradiation. 'The 
appedidnce oi the Sphere-Pac fuel up to IsOO"C (from 
- _- __ - 

24 K I3 Fitt?, J L Mlilel rr , and E L. Long, J r  , 
Ohrevvalions on rungstrn Rhenii M Therrriocairplrs UAed In 
Reactor zn (U,Pu)O, F ~ r d  l'ina, ORNL-TM-3617 (F ebrudry 
1972) (See also Proceed~iyri of Sth Sympoiium on Tempera 
ture. Its Meahurenient and C<~iitrol in Science and Industry, 
W,thngton, D C., June 1971 ) 
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Fig. 5.19. Appearance of Uo.8Puo,201.99 fuel after irradiation to  low burnups. 

capsule SG-2) and of both fuels up to  2000°C (from 
capsule SG-3) is shown in Fig. 5.19. The 2000°C fuel 
central temperature was developed in the pellet fuel at a 
lower heat rating than in the Sphere-Pac fuel, and this 
fact accounts for the lower cladding surface tempera- 
ture on the pellet fuel pin. Both fuels restructured 
completely above about 1650°C (columnar grain 
growth region), and equiaxed grain growth is observable 
above about 1300°C. We also observed an increase in 
the fuel-to-cladding gap in the pellet fuel pin from 1.4 
mils before irradiation to  about 3 mils after the test. 
This increase may be evidence of in-reactor densifica- 
tion of the pellet fuel. 

5.2.3.2 ‘Temperature Analysis 

From the thernionietry data from the SG-3 capsule, 
we conclude ?hat the fuel surface was hotter in the 
pellet fuel pin than in the Sphere-Pac fuel pin, despite 
the cooler cladding surface on the pellet pin. This 

condition i s  illustrated in Fig. 5.20, where the average 
temperature profile at maximum operating condition is 
superimposed on the postirradiation fuel structures. 
The temperature scales were computed” from ?he 
measured fuel center-line and cladding surface tempera- 
tures and heat generation rates using reported data2 
on thermal conductivity of 82%-dense (U,Pu)02 fuel. 
The calculation, therefore, assumes only that the 
conductivity is the same for pellet and Sphere-Pac fuel 
of this density. Using the indicated fuel surface tem- 
peratures and the measured cladding surface tempera- 

.... ~ ~ - 
25. C. M. Cox and F. J .  Homan, PROHL ~ A One-Dimen- 

sional FORTRAN I V Program for  Computing Steady-State 
7emperature Distrihution in Cylindrical Ceramic Fuels, ORNL- 

2 6 .  W. E. Baily et al., “‘l‘hermal Conductivity of Uranium- 
Plutonium Oxide Fuels,” pp. 293 -308 in Intern. Symp. 
Plutonium Fuels Technol., Scottsdale, Ariz. ,  I 9 6  7, Nucl. Met. 
13, American Institute of Mining, Metallurgical, and Petroleum 
Engineers, New York, 1968. 

TM-2443 (March 1969) and Addendum (August 1969). .- 
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t u res  we eVd\LIdkd the biirfaCe heat trarister coefficient 
(gap conductiince) between 1 lie1 and c l d d h g  for  the 
two fuel forms The gap coiiductdrice is 0.73 W cnC2 
(“C) for the pellet fuel. which is conahten1 with the 
results of similar andlyscs.27 ,md 1 93 w (‘C)-’ 
tor the Speie-Pac fuel, which IS consibtenl with andly- 
=s2’ nl translent irradiations ol Sphere-Pac f u e l  The 
only alteindte explanairon f o r  the piuduclion of tile 
Same cenlral temperatuie in hotti fuels a t  d~ffcreril heat 
riltings (14.5 kW/ft I n  the pellets and 16 kW/ft in the 
SpheiePac) iequires the coincident a%unipttori of (1) 
iowei fuel theirnal conductivity toi the pellet fuel and 

21 C N Craig et a1 Hwt Tmnsfrr Coeffiurnts Rr, twen 
Furl arzd Cluddznh. In Oviclr I%rl Rodr LEAP 5748 ( I  96Y J 

28 c‘ X I  Cox, D R Cuneo, arid E J Mdntho\, “Perform- 
ance ot Spiiere-PdL and Prlletlred (U,Pu)02 During Severe 
Overpower Transients,” pp 701 24 in & o r  Couf  Fu;irrf 
Koactur hurl Lletneiit Ter f i rmlog) ,  American Nuclca  SoLiciy,  
Hlnsdde, Illinni.i, 1971 

__-__- _I_ -- -- 

(2) J~)wer restructuring tempetaturex foi  the pellets. 
Since the tl~ei-rnal conductivity used III the tenipei ature 
calculd tions W ~ I S  that  published for pellet fiiels, a i d  

othei wurk’ has also indicated similai 1-cstruct tiring 
temprratures for both fue! Lorins. we believr that t h e  
correct explanation is (fie luwer gap coriductaricc and 
the iesulting higher fuel suifacr remperature with the 
pellet fuel. 

5.2.3.3 Fuel-Cladding Chemical Iiiteraction 

One lurtlier result obtdmetl from the postirradiation 
examiiiatioii of the SG-3 capsule was the observation of 
fuel-cladding ci!eniical inlei action in the pe l le t  fuel pin, 

__ __ .......-. 
29. A. K. Olsen, R. B. Firts. and W. J .  l.ackey, In.-Heacfor 

Hestr i~lsrr ing ?‘~mperutirrcs and Kinetics for (UJ’ii) 0 2 ,  ORNL- 
%?~1-3187 (July 1971). (See also pp. 579 --GO2 in Prroc. Lbjif 
F ~ I J I  Kr*acror F’~ce1 Elernen[ Tochrzology, American Nuclear 
Society, Hinsdalc, Illinois, 1971 .j 
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Fig. 5.21. Comparison of interactions of (U -20% Pu)O2 fuel with type 304 stainless stcel cladding a t  about 5% FIMA. At left is 
sol-gel Sphere-Rc fuel with cladding inner surface that had been above 650°C for 430 hr. At right is sol-gel pellets with cladding that 
had been above 650" C for 265 hr. 

but n o  evidence of any such interaction in the 
Sphere-Pac fuel pin. The fuel-cladding interface from 
both pins is illustiated at higher magnification in Fig. 
5.21. Three localized regions of attack were found in 
the pellet pin. Two were very minor, consisting of less 
than 1 mil penetration of the cladding over a length less 
than 5 mils along the interface. The third and most 
severe area is shown in Fig. 5.21. Here the maximum 
penetration was about 5 mils over an area 50 mils long 
located below a pellet-to-pellet interface in the fuel 
column. Reaction product layers visible on the cladding 
and on  the fuel are similar t o  those observed by 
others.30 No  attack occurred near any of the other 

30. R. 13. Fitts, E. L. Long, Jr., and J. M. Leitnaker, 
Observations of Fuel-Cladding Cheniicul Interactions as  Applied 
lo GCBR Fuel Rods, ORNL-'l'M-3385 (May 1971). (See also pp. 
431 --58 in h o c .  Conf: Fast Reactor Fuel Elernen! Technology, 
American Nuclear Society, Hinsdale, Illinois, 1971 .) 

eight pellet-to-pellet interfaces examined in this pin. 
Grain boilndary porosity shows clearly in the cladding. 
Surface layers of reaction product metal or oxide 
phases are visible along the reaction zone, and two 
particles of fuel are adhering t o  the cladding. The 
smaller one i s  surrounded by reaction product, and the 
larger is mixed with reaction product on the cladding 
side and overlaid with a small amount of reaction 
product on the side toward the bulk of the fuel. 

A shielded electron microprobe was used t o  examine 
the reactioii zone and adjacent fuel. Neither the 
porosity in the cladding grain boundai-ies nor the areas 
of grain boundary delineation or reaction contained any 
detectable arrrount of fission products. This may be due 
to the low burnup in these fuel pins. The delineated 
grain boundaries were depleted in chromium and iron 
but not in nickel. The mottled or large reaction product 
layer on the cladding consists of alternating iron-rich 
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arid chroInium-ricli ldyer:, coil tainitig traces of nickel 
The layer oi renction product aiour~d the fuel pal ticks 
atlhciing to the cladding IS predomrnan tly iroii, and the 
laye) adhering to ttie surface of the bulk fuel is 
principally chromium, either rnztal or oxide. A Lrace of 
niickel is also found in these layers along wlth a t r x e  of 
chiomiurn in the iron-rich layer. The metdic-appeanng 
iizateiial fuurid i n  the pellet-to-pellet interface and in 
the poiosity within the tuel i s  piirnarily iron A Sfndller 
ainouiit of chioni~~tm-rich m a t e r d  perhaps an oxide, is 
als~) pieserit at  these locations. 

Thth structure ot these fuels shows that ttie heal 
geiieiatioii was approximately 8% off-center. This con- 
diliun exists in d1 tests iiradialed in tacilities uutside a 
ieactor core. r k  plietiomenon leads tu  a hot side on 
each fuel pin, and tlie theiniocouple nieasurements of 
dadtlirig kmpeiatures supported this obseivalion. How- 
ever, AS wab discussed h o v e ,  the fuel surface tempera- 
ture was dso higher in the pellet fuel pin than in the 
Sphere-Pac pin These data are given in Table 5.5.  and 
tlie operating times at selected thermal coridi tions are 
given in Table 5.6. The average and hut-side theelma1 
coriditiotis were determined liom the measured varw 
tion u f  the claddiiig temperalure dnd heat flow and the 
g a p  contluctailce found for the aveiage coriditioi~ a 
deSclibed dbOVZ. 

‘Table 5.5. Operating temperatures in SG-3 
fuel pins at 2 0 0 0 ~ ~  file1 

central temperature 

Table 5.6. Approxiinate operating time 
at various conditions for 

Sti-3 fuel pins 
.- I.__ 

5.2.4 Discussion 

Operating tiinr (hr) - 
I_ 

Cladding inner wrface 
over 650‘C 

Hot-side fuel surface 

Over At or ovcr 
I’uel pm 

Average flot side 800OC 900OC 
II_._ 

Pellet 0 26 5 550 60 
Sphere-Par 120 430 20 0 
I 

5.2.4.1 Thermometry Data Analysis 

The f i d  detasled analysis3 1,33 of the ttierniometiy 
data from the SG-3 capsule produced d statistically 
valid qumtified <omparison of the relatiorlship between 
fuel central temperature and h a t  geiieration rate with1ti 
the two fuel pins The techniques developed for this 

and the results are both s ~ g t ~ ~ f ~ c a n t  and are 
described below. 

The operating sequence (see I ig 5 Io) of the SG-3 
capsule wds designed to yield data ovei most of the 
operating power-temperature rdnge at intervals through- 
out the operating period Thi p ~ r ~ a c l i  permits an 
analys~s of tlie effects of time and history on [he 
response of the experiment. Wc sampled the 12 
ihermocouples with dn automatic recording system for 
3 inin every 2 h r  and whenever we made a change III 

operncrng conditions. ‘This procedure yielded 44,500 
data sets o r  over one million iecorcled tliermocouple 
readings Analysi? or t h i ~  amount of data.  of course, 
requiied ieduction to d snidller repiesentatwe sample. 
\Ye therefoie obtained nverage values foi the data from 
each thermocoupie during each 3-inin period ot 
simpling, wludi  yielded 1550 sets of averaged data We 
then selected at least one sample from every teinpera- 
ture hold aild more samples fiom the lorigei holds Thl5 
selection provided 261 of tlicse averaged sets l o  
examine in detad 

7his set of data fo i  the Spheie-PaL hiel pin is shown 
iii Fig. 5.72 7 i f ~ e  fuel czntidl lenipcrdtture m d  the 
cladding tempeiature (proportional 1 o heat generallor1 
rate in the fuel) are related, bui conssderable scdttcr 
sliuws. We relined the data by analysis ofresiduals. This 
IS an effective technique foi isolating and identifying 
the vdrious populations in  a laige datd set, thereby 
permitting the foimation and analysis of tneanmgful 
groupngs of the data A quddratrc fiiriction of aveiage 
cladding temperature (or in other c r l m  a quadiatic iti 

dveiage heat geneidtion rate) was fit b y  least squaies to 
the fuel centrdl lernperatu~e, and llien the patteins in 
the residudls weie analyzed The rewtts for the data in 
Fig 5 22 ale shown in Fig 5.23 The residuals, plotted 
in this case against the order in which the data weie 
collected, showed pcriocls of excessive deviation during 

-.-..-.___...___I_ 

31. R. B. Fitts and F. L. Miller, “A4nnlysis and Performance 
of Instruinented Fuel Pins,” Th7n.s. i l m r ~ .  Ntid. SOC. I5(1). 180 

3 2 .  F. L. Miller and R. E. Fitts, Stufisfical Analysis of‘SG-3 
(June 1972). 

Data, ORNL-TM-4034 (in preparation). 
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CLADDING THERMOCOUPLE TEMPERATURE ("C) 

Fig. 5.22. Measured temperatures in SG-3 Sphere-Pnc fuel tests, 

.- 

Fig. 5.23. Difference between measured fuel central temperature and thosc calculated from quadratic fit of all data. 
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Fig. 5.24. Sphere-Pac fircl central tenlperatirre rn S G 3  as a function of  heat generation rate. Only steady-51dte data included. 

initid start-up and twice ti 111 ing r q i d  shutdown after 
opsrdtioi? a t  high hiel tenipcrd lures 

The sle,idy-state tidta. with thebe shutdown o r  tran- 
slerit ddta removed, arc showii i n  big 5.24. In this C & S ~  

we show itre fuel ceni [a1 tcmpeiature cinelatzt l  with 
dveidge h u t  generation late in  the fuel pin. The scatter 
in the darn IS greatly reduced by eIimindtion of the datd 
j i om iiansient periods, and a reasonable relatiorid~ip 
desLrihmg all of these data can be obtained Ilowever, i t  

wc looh again a t  big 5 23 we see shdrply tlroppirig set 
oi d&i rieiii the middle r>T the lime perrod These data, 
although not greatly diffeient, were dbsociated with 'I 

period in which an experiment w:ii, installed i n  a!, Tidjd- 

cent test  porition. nrid up011 dose inipeci i o n  of Ihcse 
ddt.i, we found :I shift i n  the  pdttzrii c3f hzdt  f low from 
the cxpcririient Thew ddta  p,in:s were ttit,relore t l i ~  

, : a d d  as not l y p d  of the bulk of the , t edy-s td te  ienr- 
pemiiiie darn and weie ret ~ i d z  10 he analy/ed sepa- 
~ a t e l y  T h i \  produced l t i e  find dais 5ct tii>pl;lyed 111 Fig 
5 25, where the rehtiondiip bctween Spheie-P;ic. fuel 

cc l~ t ra l  lei~ipeidture a d  heat geiici niioii i d t e  at ,texiy- 
st,ite iondii ion i s  d ~ o w n  

Ilie same procedure was followed l o  i r i m  the pellet 
fuel pin datn The trill dal;i set I S  displayed 111 Fig 5 26 
The sc:rtlei I\ woise in the pellet pin data. b i ~ t  aridlys~s 
ot residuals showed mudz of tht scattet to be associated 
with the same time periods ds 1r1 the Sphere-Pac pin 
data The reilried 5te'icly-state d a h  set tcri the pellet pin 
IS  shoivu on Fig 5 27 'Ikwre I!. still inole scat 
ihese data t i im  in f l i t :  Splier~-Pdc pin data The greatel 
sc:ltler piohahiy reflects cl greater sensrlivnty r o  the 
foiriiation arid tiealing of  li-i!:rmal-sIie~s-iiiduct:d C I  acks 
witliin this type of fix1 

The iesults for  both pim arc curnpd~cd in f lg S 28 
This malysir showed that at the 99% corificlence level, 
the ceii tral temper<itiire of thz Spticie-Pac fuel wrt5 

always I 1 7 L 1 2% cooler than t l u t  c)i tliz pellet fuel at 
any given stzdciy-state ~IC;LI. generatron r:lte This renrlt 
15 Irnpoitdnt, not s o  roui;h becaiise of Ifle lower 
temper~lures  in rhe SphcrePac tuzl, brit becauhr: there 
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Fig. 5.25. Spherc-Pac fuel central temperature in S G 3  as a function of measured Ineat generation rate refined data 

. *  

. .  
HEAT GENERATION RATE (kW/ft)  

Fig. 5.26. Measured pellet fuel central temperature and heat gencration rates from capwle SG-3 - all data included. 
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big. 5.27. Measured pellet fuel Lentral ternpcrature and heat generation rates trom capsule SG3 refirled data. 

have been indications from both experiment and 
calculation that angular pal ticulate (VpPac) fuels mlght 
have lower tliernial conductance than solid fuels, and 
this lesult had bzen extrapolated to predlzt poor 
thermal conductance for Sphelc-Pac fuel. 

In addition, the SG-3 theimomz try data have yielded 
quditative informat~on on the etfects of powel cycling 
on the two fiiels Powei cycling significantly affected 
 lie fuel pili central tetnperatule In both fuel plris the 
cential temperature at 8 i o  13 kW/ft was about 250°C 
higher upon initial return t o  power aftel a reactor 
shutdown than it was at the same heat rate durlrlg 
steady-state opetdtion. The tluiatlon of this fluctuation 
was a function of the operatlng conditiorls and fuel 
form, with ttie pellet fuel requirirlg about 3 111 and the 
Sphere-Pac about 1 hi to  recover. 

E inally, the abnorrnallties detected 111 these data, 
related to reactor shutdown and reactor milfiguration 
or loading changes, mdlcate that the destgn of in-reactor 
experiments should provide foi such effects. Thls n ~ a y  
be acconlpllshed tliiough frequent replrcatiori of test 
coritbtions or, as in this experiment, by very csretul 

ORNL-OWG 72- 1500 

0 

HEAT GENERATION RATE (kW/ft) 

pig, 5.28. Final relationsl,tp hn.lween fuel temperature analysis ot the data collected in highly instruinetlted 
and power for capsule SC-3. tests. 
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5.2.4.2 Cladding Attack 

The fotni of attack on the cladding observed in the 
pellet fuel pin js consistent with the oxidation mecha- 
nism reported3 3 3 3 4  earlier for tlzis phenorncnon. The 
following differences in fuel form and operating condi- 
tions could be invoked to  explain the lack of reaction in 
Sphere-Pac pins and existence of the localized reaction 
observed in pellet pins: 

1. localized composition variations, 

2. cladding temperature differences, 

3. fuel surface temperature differences, 

4. cladding hot-spot temperatures, stresses, or both, 

5 .  differences in gas phase access to  the internal fuel 
structure. 

The chemical interactions between fuel and cladding 
can be affected by local variations in fuel composition. 
Fuel inhomogeneity and pellet surface contamination 
during fabricatioli and fuel pin loading are likely 
sources of such variations. However, both pellet and 
Sphere-Pac sol-gel fuels have consistently shown ex- 
cellent homogeneity, and both fuels were made from 
the same starting sol. Since no  significant chemical 
cornposition differences and no  metallographic evidence 
of surface contamination was found on the pellets for 
this test, we believe that local composition variations 
played no  part in our observed results. 

The cladding temperatures, both average and hot-side, 
were highest on the Sphere-Pac fuel pin; this should 
have caused the reverse of the observed different 
compatibility behavior. “Therefore, this factor will not 
explain the results. Some cliemical interactions might 
have been expected in both fuel pins, on the basis of 
cladding temperature, if longer operating times had 
been employed in this test. 

The fuel surface temperature has not been previously 
considered as a controlling factor in fuel-cladding 
chemical interaction. This is partly due to  the difficulty 
of measurement and uncertainty in calculation of the 
fuel surface temperature for an operating fuel pin. 

33. R. B. Fitts, E. L. Long, Jr., and J. M. Leitnaker, 
Observations o f  Fuel-Cladding Chemical Interilctions as Applied 
to GCBR FuelRods, ORNL-TM-3385 (May 1971). (See also pp. 
431 -58 in h o c .  Conf Fast Reactor Fuel Elemenr Technology, 
American Nuclear Society. Hinsdale, Illinois, 1971 .) 

34. J. W. Weber and E. D. Jensen, “Effect of O/M on  
Irradiated Mixed-Oxide Stainless-Steel Cladding Compatibility,” 
Trans. Amer. Nucl. SOC. 14(1), 175-76 (June 1971). 

However, an interesting possibility has come to light as 
a result of the analysis of this experiment. The pellet 
surface temperature is higher than the Sphere-Pac fuel 
surface temperature and, a t  its maximum, is ap- 
proaching what one would normally expect3’ in 
LMFBR-type fuel pins,3 where reactions have been 
observed at cladding temperatures above 650°C. On this 
basis the present results are consistent with earlier 
work. 

Another explanation of our observations may be 
based on the effect of higher surface temperatures for 
pellets than for Sphere-Pac fuels coupled with short- 
circuit heat transfer at the contact points in the 
pellet-cladding interface. Such contact points (see Fig. 
5.21 for an example involving chips of fuel at the 
interface) should cause both localized stress and hot 
spots in the cladding. Both factors would increase the 
probability of fuel-cladding chemical interaction. I t  is 
worthy of note that such hot spots were observed37 
in-reactor in TREAT tests of stainless-steel-clad fuel 
pins. Such severe localized contact i s  miniriiized in 
Sphere-Pac fuel operating under normal conditions, 
however, because many points of contact between fuel 
and cladding exist in a Sphere-Pac fuel pin. 

A final contributing factor that may be important in 
the difference in fuel-cladding compatibility in Sphere- 
Pac and pellet fuel is the difference in porosity 
configuration in the two and il consequent difference in 
oxygeri and/or fission product activity at localized 
surface areas. I n  the low-burnup Sphere-Pac fuel the gas 
phase communicates directly, and by a short path, 
between the fuel surface and the hotter fuel away from 
the surface. I n  pellet fuels some regions of the fuel 
surfaces adjacent t o  the cladding have poor gas phase 
communication with the fuel away froni the surface. 
Several mechanisms of oxygen redistribution are appar- 
ently operative in the mixed-oxide fuels.38 For nearly 
stoichiometric fuels, wliete the gas phase is continuous 
and well distributed within the fuel pin, the oxygen 

35. One predicts a fuel surface temperature of around 920°C 
at a cladding outer aurfacc: temperatuie of 650°C on an I M F H K  
fuel pin opcrating at  13  kW/ft with a surface heat transfer 
coefficient of 1 w cm-’ ?C)-’. 

36. K. J. Perry and C .  N. Craig, “Austenitic Stainless-Steel 
Compatibility with Mixed-Oxide Fuel,” Trans. A mer. Nucl. Soc. 
12(2), 564-65 (1969). 

37. L. Harrison, R. C .  Liimatainen, and F. 1. Testa, “Fhoto- 
graphic Studies of Metal Clad, UOz-Core Fuel Rods in 
TREAT,” C’heni. Eng. Div. Semiannu. Rep. July-Decernbzi 

38. E. A. Aitken, “Therrnal Diffusion in Closed Oxide Fuel 
1966, ANL-7325, p. 160. 

Systems,” J. Nucl. Mater. 30, 62-73 (1969). 
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less severe claclduig hot spots or  bttesses with Sphere- 
Pac fuel, or (3) bettei access of gases t o  the fwl-  
cladding interface in the Sphzrz-Pac luel a t  low briiriup 

6. The pcrtoimance 01 the W -26%, Re-clad W 3 %  
Ke vs W 25%, Ke fuel center-lint. tlierniocouples uscd 111 

these tcsis w'is s a t i s f x t ~ t y  for the time-temperature 
regimc of tliese leits, however, we identitied chcmicdl 
cl-tmger that could pose pio1)lems [or long-term hjgh- 
teniper,itnre use 

5.3 ETR TESTS lNSTRUMbNTED SERIES 

A .  K. Olseri 

5 3.1 Experimental Plans 

Thr  plans for  instrtiniented irr.idialiotl tests in rhe 
ETK called for  Iwo seiies uf tests i i t i l img J sr!nildr 
cdpsiile destgn ?[he wries 1 te\ts were t o  provide a 
direct coinparison o f  the perforrnrtnce of  pellet > r i d  

Sphefc-Pdc fuel jo in is  in i h ~  s j n i e  cqxule  The series I1 
tests were designed for J siixn1,ir conipariwn but with 
extentied hie1 wlurnn lengths to inveitigatr the effect< 
o f  length or1 fuel pi11 pel formance and also to tneasiire 
t t s s i m  gap piessiiies d ~ t i  irig !rradiar iun 

Sen<s 1. consists oi' two c'ipsules, 43- I 2 0  and 4 3 I 2  1 
hacfr capsule coiitauied foul file1 p u ~ s  wifh two thcrmo- 
couples on the dadding at tlte furl niidlength ot caLh 
pin Thc fuel column length iii each p ~ n  was 3 in 'lliese 
testb were designed to inveiiigate fuel bwelling and 
tuel-cladding chenitcal inteixlion\i of Sphere-Pac and 
pellztlrrd {U,PII )O~ fuels ovci  a range of claddlng 
lernpeiatuw i i p  to d iilaYlI?l(iiti oJ 650°C Both 
cdpsriics have conipleted li isir  I r radrat icm exposures. 
Capiule 43-1 21 was discliaiged 011 Januaiy I O ,  1972, 
and carsiile 43 120 o ~ i  May 9, 1971. Only capsuie 
43-1 21 was returned to ORNIJ tor postimr,~thdt~br1 
exanination With tlie lelrl i l~ldtlort  of the progiani, 
cdpstile 43- 120 WJS tiansfer red to ANL for e r m i n a -  
tiun 

Tire Leties 11 group w a  originaliy planned to include 
thiee c ,ipsuIes Each c:ipaile w a s  to  mntain ': single fuel 
pin with a 20-in -long fuel cohunn Each p in  wah i o  be 
instrumented with a piessi i ie Lransdisccr L o  measure gas 
pressure :n the plenum ieplori durtng i r rad id t~un and 
nine thCmrlcJcOLlpks to inemire claddmg teinpzrdtuies 
:it ,elected locations d ~ i g  ihc fuel ~ o l u m n  d n J  iii tlie 
g a  ~ ~ P U I J I I I  rcgioii Orit cap'ule vi'i:, to  cuntain FTR- 
rype pellet> o r  Ltie higliesi pzcniissible density (947!1 of 
theorettcd), tile heco~id ~ m s  io c~111211i FTK pellets of 
the lowest pcrinirsrble derisily (Xk% of t l ieoret id) .  diid 
the third was to cotitLiiii d packed btd  01 Sphere-Pac 
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U-Fines In the U-Fines fuel, all the plutonium is 
contained in the coarse fraction (about 400-pni-diam) 
microspheres, and a fine fraction (<44-pni-diam) of 
depleted U 0 2  microspheres is infiltrated into the coarse 
bed. The primary objective of these tests was to 
determine the rate of release of fission gases during 
irradiation as a function of operating conditions and of 
the method of void deployment in the as-fabricated 
fuel. Secondary objectives included investigations of 
both chemical and mechanical interaction of fuel and 
cladding, restructuring of the different fuel types, 
comparison of fission gas data obtained during tests 
with those obtained during postirradiation examination, 
and evaluation of the performance characteristics of the 
Spitere-Pac U-Fines fuel. 

The two capwles containing the low-density FTR 
pellets and the Sphere-Pac fuel are partially fabricated. 
We have been instructed by the AEC t o  store these for 
possible use by others. 

5.3.2 Design and Coiistruction 

The design of the series I capsule is shown in Fig. 
5.29. The outer shell of the capsule is a I-in.-OD, type 
304 stainless steel tube with a wall thickness of 0.06.5 
in. Within this shell there is a 0.5-in.-OD, type 304 
stainless steel sleeve tube with holes drilled near the 
bottom, tack welded to the bottom end plug of the 
capsule, and with a flared top protruding above the 
NaK heat transfer medium level. This sleeve centers the 
fuel pin assembly in the capsule and subdivides the NaK 
into two narrow annuli, thus reducing the possibility of 
thermal convection loops developing. The fuel pin array 
is shown schematically in Fig. 5.30. Only the top and 
bottom pins are shown, but the two central pins are 
similar. Each fuel pin is 81/1 in. long, including the two 
end caps. The 3-in. fuel columns have two 0.25-in.-long 
' T h 0 2  insulators at each end. The fuel columns are held 
in place by lnconel X springs in the plenum region. Tlre 
cladding on these pins is annealed type 316 stainless 
steel 0.250 in. OD with a 0.016-in. wall thickness. 'I'he 
bottom two pins in each capsule (Nos. 1 and 2) contain 
sol-gel-derived pellets and are arranged with the plenum 
o n  the bottom. 'I'he two Sphere-Pac pins (Nos. 3 and 4 )  
are loaded with the fuel on the bottom. The eight 
thermocouples are strapped to the pins before assembly 

and are brazed through the thermocouple seal bulkhead 
at the top of the capsi.de. 

The design o f  the series 11 capsules is similar. The 
sleeve assembly is fastened to the top of the capsule and 
ventilated with holes above the top  of the NaK fill. The 
pins, one in each capsule, at-e approximately 32  in. long 
and contain a 20-in.-long fuel column. The insulator 
material was depleted U 0 2 ,  and both the upper and 
lower insulator sections are 2 in. long. The gas plenum 
contains a stainless steel sleeve 3/16 in. in diameter X 
6'4 in. long and an lnconel X spring. The cladding 
material is 20%-cold-worked type 3 16 stainless steel, 
0.230 in. OD with a 0.015-in. wall thickness. The 
instruinentation includes a pressure transducer con- 
nected to the pin gas plenum by a capillary tube. A 
report containing the design details, safety analysis, and 
status of fabrication of the series I1 capsules has been 
~ r e p a r e d . ~  

The capsules both have similar thermal analyses, 
so only the analysis for the series I group is shown in 
Fig. 5.31, This analysis was made with our GENGTC44 
code, assuming pure radial heat transfer, which is quite 
accurate for the thermocouple locations at the centers 
of the fuel columns. 

Since only the series I group has been completely 
fabricated and irradiated, only the preirradiation data 
on  these eight pins are complete. 'These data are 
pi-esented in Table 5.7. Before irradiation, a series of 
calculations was made t o  determine the desired irradia- 
tion conditions at  different levels of burnup. These 
conditions were a peak unperturbed (2200-1i1/sec) flux 
of 0.9 X 1014 neutrons cm-* sec-' for the first 3% 
burnup. 1.1 X 10l4 neutrons cm-? sec-' for the next 
3% FIMA. and 1.23 X 1014 neutrons till-' sec-' for 
the final 4% of the total burnup. Because of the need 
for bending the instrumentation lead tube and other 
restrictions, we chose two positions in the ETM core, 
which coiild provide two levels o f  flux rather than 
three. Capsule 120 was placed in position ClOSW with a 
flux of 0.9 X l o L 4  neutrons cm-' sec-' . The adjacent 
position, CIOSE, had a measured peak flux of  1.45 X 
10' neutrons cm-? sec-' , which was too high, but we 
did not plan to step this capsule. Capsule 43-121 was 
placed in position C11SW a t  a flux of 0.9 X 10l4 
neutrons sec-' . The adjacent C11SE position had 

43.  A. R. Olsen, R. A. Bradley, arid E. J .  Manthos, Fabrica- 
42. J. D. Sease, R. A. Bradley, C .  R. Reese, W. 14. Fechin, tion and Safety Analysis of (U,Pu)02 Instrumented Capsules ~ 

and A. L. Lotts, "Sphere-Pac and Pelletization of (U,Pu)02 ," series I I  (in preparation). 
pp. 323-41 in Symposium on Sol-Gel Processes and Reactor 44. 11. C. Roland, GENGTC, a One-Dimemioned CEIR 
Fuel Cycles, Gatlinburg, Tennessee, May 4 -  7, 1970, CONF- Computer Program for Capsule Temperature Calculations in 
700502. CyEinJrid Geornetrjz. ORNL-TM-I 947 (December 1967). 
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ORNL-DbG 63-13973 

(MICROSPHFRES 

Fig. 5.30. Fuel pin array in ETR series I instrumented capsule. 

ORNL-OWG 74-13886R 

Fig. 5.31. Temperature distribution in ORNL-43-120 and ORNL-43-121. 

Table 5.7. Preirradiation data for ETR instrumented tests 120 and 121 
. . . . . . . . . . I __~  __._ __ ~. ........_I._... ..._ ~ -__... 

Weight Height 
Fuel Type of of Smear Wall 

(5% of TD) (mils) 
ID thickness OD 

Material Pu 
Tube of density O/M batch 

pin fuel fuel (R) (%) fuel 
(s) (in.) 

. 

0.2491 

120-2 19-10-A P 16.22 2.973 81.5 1.985 ET-3N 16.67 70.24 0.2492 
0.2495 

120-1 19-9-A P 16.34 2.985 81.1 1.985 Er-3N 16.67 70.21 0.2496 

120-3 19-4-C S-P 17.144 3.02 81.8 1.980 P U M - l l C  16.89 69.91 0.2491 0.2174 16.1-15.5 
1.975 PUM-11-F 16.70 68.26 0.2495 0.2174 

120-4 19-4-F S-P 17.057 3.01 84.6 1.980 PIJM-11C 16.89 69.91 0.2472 0.2171 

121-1 19-11-D P 16.32 2.995 81.0 1.985 ET-3N 16.67 70.24 0.2485 
1.975 PUM-11-F 16.70 68.26 0.2496 0.2171 16.1-15.6 

0.2494 
121-2 19-9-C P 16.27 2.976 81.2 1.985 E'T-3N 16.67 70.24 0.2493 

0.2495 
121-3 19-4-B S-P 16.866 3.00 83.9 1.980 PIJM-11-C 16.89 69.91 0.2491 0.2175 

121-4 19-4-E S-P 17.055 2.98 85.5 1.980 PUM-11C 16.89 69.91 0.2490 0.2171 
1.975 PUM-11-F 16.70 68.26 0.2495 0.2175 16.1-15.5 

1.975 PUM-11-F 16.70 68.26 0.2495 0.2171 16.2-15.6 
_.. ..__ .._.._I__... -... ~ . . . -_ I__ . .___ I  ._.-_.. 
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a iiicasured peak flux of  1.3 X I O i 4  iieutrons ciii 

sec arid we planned to i n w e  the capsule tu this 
position when the burnup would permit, thus making d 

single large srep instcad of two smaller steps. 

burnup of 7.6% f.1MA. The ckatige 111 linear heat rate 
for capsule 43-120 was again not as large a5 expected. 
In  fact. the peak linedr heat rate ciiariged only 14% 
going from 12.8 io 13.8 kW/fr.  From the flux measure- 
merits before i i  radiation, an incre~se  of approxinidtely 
70'% was aiit~clpated 'l3kis change in [he flux distribu- 
tion is rlot abnormlll tor the varying loading sequence 1n 

Roi l i  series 1 capsides btaited their iiiadlation In May the b7'R There Is llc) evrdellce a drltt ,lie 

5 3 . 3  Irradiation History 

1 ~ ? 0  The operJtirlg conditions ncai the start of rile t l lermocouples  caPsule since I)roglain 
madiatton period 4re shown in 'I able 5 8. Butt1 the te,minatjng and ,lie desired lugii Lladding 
s i r  cp-chart recordulgs and thl: thrice-daily manual read- could be maintailled, tills was 
mgs of the tht.rm>co!iples showed some variations, with drscilargeti or, May 9. 19Y2 Tiie 
the piiniary vaiiaiiixi resulting from contiol rod move- was 391 ~ F P D ,  and tile calclllated burnup was 8 2% 
nienls ( ~ l ~ l t i ~ g  any ()lit: r e n c t ~ r  cycle As c x ~ e c ~ e d ,  the F ~ A ~ A  coml,utel was written to colrelate 
I m e ~ '  fieat 1 gradl1alb chJnged due f d e  t lLe dally tliermocu,lple readlrlgs and tfle reaclor p,--wcr 
depletion. A f t e l  seven reactor cycles, a total exposure history t o  provide a graphical history of ti iadiatioti foi 

O f  295 effective fUIl-Powel ddYs (EFPD), the Peak kxample5 of this for the 
dadding inner surface Leinpei atures tiad fallen to highest heat-gate pins in each of  the capsules are glvetl 
approximateiy S N ' C  lor c a p ~ l e  43-120 a t ~ 1  550°C (01 

111 Figs 32 and 5.33. 
Cdpsule 43-121 was returned to QRNI, for post~i-  ~:tpsule 43-1 21 A t  t h t  tirile capsule 43- i 21 was moved 

io the higher flux position Thls transl'er did not radiation examination, and capsule 43- 120 was sfupped 
to Los Alamos for postirradtatlon examination undei produce che dnticrpated inciease 111 ikslon rate, so ihe 

the auspices of Argonne National 1,abordtory. peak cl,idding temperat (ire r ~ s e  only ti:, 585'C COIW 
queritly, we decided to dischdrge capsule 43-121 at the Although a complete coniparison o f  the pellet and 

Sphere-Pac 1 uel performance in i hese capsules ciinnot next reactor shutdown and niove capsule 43-120 to Its 

be made until 43-120 is examined, the data trom tiigliei f luu  pocitiori Tor continued irradid tion. Capsule 

43-121 have been vety informatne. A topIca1 repori 43-121 was dlschaiged from the redctor on  January 10, 

concerning the rrladration o f  boih capsules arid the 1972, after 335 EFPD of irradratlon at a calculated 

p o s t i r r a d i a h i  exarninatioii of 4.3- 12 1 IS in  prepara- 
ticin." 

ladiatlon 

I,lJl 111 eac.l c,lpsule 

rlie Izighligltts are included here  
rable 5.8. Operatmg cotiditions for cays~ules 

43-120 ,itid 43-1 21 at b t a r t  ot irradmtiun 5.3.4 Results 
I _- ~- 

remperdturc 01 
inner wrid(,L Heat r.ite 

Pin Thmnocoupk ~f cLtldmg (kW/t t) 
( O C )  

4 3- 120-1 1 595 16.0 
2 5 1 5  15 4 

~- 

43-1 20-2 3 625 17.0 
4 6 30 17.2 

43-1 20-3 5 59.5 16 0 
6 5 45 14 5 

43-120-4 7 440 11.0 
8 380 9.5 

43- 121- 1 

4 3- t21-L 

43-1 21-3 

43-1 21-4 

5 4 s  
545 
5 65 
610 
415 

407 
407 

L l  

14.5 
14.5 
25.0 
16.4 
12.1 

10.0 
10.0 

il 

'71noper~t~ve therrno couple; lost durlng slnpinent 

Before capsule 43-121 w a s  dismantled, I t  was scanned 
foi ganinid activity distributions Ilie fuel columns were 
intact, and there was no evidence of any pin failures. 
Two unusual peak& in the gamma sc:in weie located 
nedr the bottom of  the fuel coh~nins for the pins vat11 
the two higliest lieat rates (121-2, a pellzt fuel pin, and 
131-3, j Sphere-Pac fuel pin) These peaks were 
sssocidted with what appeared to be metallic ingots in 
the neution radiogi aphs. T h e  nelItr(Jn radlograph5 also 
showed some fuel bridging i n  t h t  central voids, partic- 
ularly for the pins wrth the two highest hedt iates 
Figure 5.34 i s  s composite of the gainina scan, neutron 
radiograph, and sectioning diagram for fuel p1i1 

43- I2  1-2. showirlg thesz feduies.  The sections for 
nietallogiapliic examlnatlon were selecied to inve3tigate 

45. A R. Dlsen and K. A Buhl, Comparatlvr resf? nJSnl-f;el 
Pellel and Sphew Pa6 ( U , h ) O ,  F u ~ h  iri instrunte~~trd Thermal 
fihtx Tesrr (in pieparation) 

-- - __-__ -_I 
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ORNl-kDWG 72-13637 

NEUTRON ~ A ~ I ~ ~ ~ ~ ~ ~  

MOTE: DIMENSIONS IN 
INCHES rcur NO 3 

I i I  I r CUT NO. 4 

- \  I I A-LONG MET 

j _ _  - -2!5-- 16 C - T R A N S  MET 
1 8-EURNUP 

- 3 s  ___ D - L O N G  MET 
E - ro ANL PER 7/7/72 REQUEST 

SECTIONING DIAGRAM 

Pig. 5.34. Postirradiation gamma scan, neutron radiograph, and sectionirig diagram For se1ic.s II ETR instrumented capsule pellet 
pin 121-2. 
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- 0.25 in b R-60280 

Photom icrcgraph u-Autoradicgroph 

Q. 5.35. C r o s  section of peUet fuel pin 121-1 irradiated to 9.3% FZMA with a peak linoar heat rate of 15.7 kW/ft. 

these phenomena. An example of the riietallic ingot can 
be seen t i l  Fig. 5.35, and metallic irigots a d  luel 
bridging can bt: seeii in Fig. 5.36. The rnet~llogiaphic 
exiiniriations coniirin the piesence of metallic ingots 
within the central void regions of both pellet pins 
(posttiorix 1 and 2) and one Sphere-Pac pin (position 3). 
Adjacent to  these ingots we have found a two-phase 
cast structure con ng o f  d matrix of (U,Pu)02 with 
b,mtim in the second phase. A ?i~~i i l ; l r  stiucture was 
scen pieviously in a Fast Cas-Cooled Breeder Reactor 
t r s t  fuel piri 46 h i 1  of the coluniner gram region 
surrounding this structure was relatively free of metallic 
particles. 

irlie general stnictures of all four pins can be seen in  
kigs. 5.37 and 5.38.  Sirice these structures indicate the 
possibility of peak power excursions near melting, we 
exarniriecl the daily log sheet date on the thermocouple 
rwdings to see i f  there liad been :I slinrl peiiod of very 
high-power opelation that had been overlooked. None 
was found. However. the peak power levels during the 
labt cycle of iriadiation, in which the capsule had been 
moved to  llie higher flux position, weiz veiy close to 
[he niaxiniurn recorded at anytime during the  i[ radia- 
tioii history. A change in calibiatiori of the thermo- 
couples during iriadiai ion could mean they saw Lkiejr 
peak power operation a1 the end of life. The low power 
readrngs do not substantiate this postulate. 

The most likely explanation of thr; center melting, 
which liad to occur during the ldter stages of irradia- 

.....____.__I .̂........_....... 

46. R. B. Fitts, E. L. Long, 
Rt-uctor Program Semiatznir. 
OKNL-4589,1>~.  80-91, 

Ir., and D. R. (ltneo, Gas Coolpd 
Prop Rcp Mat 31, IY70,  

tion, can be ascribed to a variety of causes, each 
contributirig to the final result, ? l e s e  are: 

I. The therrnal conductivity of the fuel is changed 
Recently Moore4 has calcuiatetl. the effects of hwoii 
products i n  solid solution in UOz. Ne predicts an 
i n c r e w  in thermal resistivity of 0 37 W ’ cm (“C) at 
all ternpeiarures for each 1% FIMA. Thus. the nieaii 
thermal conductivity in these fuels at 10% FIMA would 
be iedticed approximately lV6.  

2. The fuel melting point near the cential void has 
been ieduced by tikc higher conceritiat ion of plutonium 
111 this region and the migiation of bsnum up the 
tcniperature g t a d ~ e i i t . ~  

3. The fission la te  radial distiibution In these tuels 
has beeu changed by both a reduction 111 sel t-shielding 
and the radial change in plutonium concentrations 

Thus, at  a hrreai heat rate near the start-of-life peak 
heat iale, which resulted from the movement of  the 
capsule to  a Inghei tlux pusition, some central hiel 
melting is likely The effects of self-shielding will riot be 
sigriifrcant in ;I fast flux, so the exaiiiination of the 
EBK-I1 serie? I test pi is  discussed 111 Sect. 5.5, which 
also received a step in flux after achieving it buriuip o f  
appioximately S% FlMA, should provide additional 
~rifoi mat ion on this phenomenon. 

__ - 

47 J P Moore, OKNK,. private minmuniLatioii on Nov 13, 
1972 
48 M Conti, M MuLhnino, And F K Lohmitz “Posririadia- 

tion Observations u t  Mixed Oxides with Inktml Addition of 
Fissron Product Eleineiits,” Nucl Te~linoI 16( 11, 143 55  
(October 1972). 
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Fig. 5.36. bngitudirnal scction a t  bottom of fuel co1umn in Sphere-Bac fuel pin 121-3. 

Table 5.9 is a siimniary of the available operating and 
postirradiation data on both capsules. The data on all 
pins except 43-12 1-3 were consistent with preirradia- 
tion calculations. One of the thermocoiiples on this pin 
failed during insertion of the capsule into the reactor. 
Since there is a flux gradient across the capsules, the 
average of two tlierniocouples is needed to define the 
linear heat rate. It was apparent froin the difference ii2 

the calculated and measured burnups on  43-121-3 that 
the thermocouple on the low-flux side of the capsule 
was operative, so the apparent linear heat rates and 
cladding temperatures for this test pin were all low. 
Assulning a consistent flux gradient and adjusting all 
heat rates by the ratio of measured to calculated 
burnups (1 .15) .  the peak heat rates and cladding 

temperatures were calculated, and these are the values 
reported in the table. These corrections seem to be 
thoroughly justified by the fact that the other three 
pins have calculated and measured burnup levels within 
5% of each other. The power distribution in the nearby 
43-120 capsule rilso indicates that 121-3 operated at a 
higher power than the thermocouple was indicating. 

The metallography clearly shows fuel-cladding cheini- 
cal interaction for three of the four pins. Typical 
micrographs of the fuel-cladding interfaces are shown in 
Fig. 5.39. With the exception of the pellet pin in the 
SG-3 ORK instvuniented test (see Sect. 5.2), we have 
not seen this type o f  attack in our  irradiation tests. A 
comparison of the depth and type of attack on the two 
pellet pins shows the total attack depth to be equal at 
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0.05 in 

Fig. 5.37. As-polished microstructrrres from pellet p h  (a) 121-1 and (6) 121-2. 
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-- 
Fig. 5.38. As-polished microstructures from Sphere-Pac pins (a) 121-3 and (b)  121-4. 

Q.85 in 



Table 5.9. Fabrication and operating conditions for capsules 43-1 20 and 43-121 derived from in-reactor thermocouple data 

11.1 35 1 106 
595 605 505 11.0 35 1 106 
615 615 5u5 9 7  35 1 106 
395 480 160 7.3 35 1 106 

120-1 Pellet 81.1 1.986 15.7 1 6  9 13.6 575 610 510 
120-2 Pellet 81.5 1.986 1 6 6  16.8 1 3 4  
120-3 Sphere-Psc 84.8 1.977 17 0 17.0 13.4 

121-1 Pellet 
121-2 Pellei 81 2 1.986 16  1 17.3 16.8 
121-3f Sphere-Pdc 83.9 1.977 15.2 1 6 5  16.2 
121-4 Sphere-Pac 85 .5 1.977 1 0 2  1 2 0  12.0 

120-4 Sphere-Pac 84.6 1.977 11.1 12.5 12.5 
81.0 1.986 14.4 15.7 15.7 535 57s  570 9 2  9.3 81.2 335 79 

585 625 610 10.3 9.8 99 3 33s 79 
565 b05 6F0 5.2 9.5 55 3 335 79 
405 460 460 6.7 6.7 74.9 335 79 

3 

O.L. -- start of life or the first t ime  the reactor reached the 175-MW power level. 
ccn moved 'E.0.L - end of hfe or the last time the reactor was at 175 MW before the capsule war rcmoved. Note rhi5 was obtamed for the pins after the capwle had b-- 

'Peak burnup was calculated on integrated heat rates derlvcd from the thermocouple readings using an energy of 180 MeV per fiwon and using the ieactor power history 

dPeak burnup was  measured by the anal!+\ir of the l4'Xd fission product. 
eThe number of power cycles is the number of times the reactor power went from greatcr rhdn 5 0 8  ot fnli power to les5 than S O 4  of full powcr durlng the irradidtlon. 
fOnlyoiit. thermocouple wasfu11efion1np on this pin. so all data are less reliable than for the other scven pins in the two capsules. Peak linear hcat rates were deri>ed by mul- 

to d higher ilu\ position for the last c y d e  of uradiation 

for interpolation 

tiplying the thermocouple data by the ratio of measured to calculated burnup. Claddlng temperatures are reported for the adlusted heat rateF. 
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R-40286 

SPHERE-PAC 

121-38 605OC 121-4A 

Fig. 5.39. Fuel-cladding intcrface micrographs? showing intergranular attack at various peak cladding inner-surface temperatures. 

0.0054 in.; however, the distribution of the two types 
of attack is different, with matrix attack being greater 
at the higher temperature. The extent of attack on the 
Sphere-Pac pins is significantly less. However, because 
of the nncertainty in the true cladding temperature on 
pin 121-3 this conclusion will need to be verified by the 
examination of the pins from capsule 43-120. That 
examination should provide the best comparison of 
pellet and Sphere-Pac fuel-cladding chemical. interac- 
tion, as can be seen from the comparable operating 
conditions summarized in Table 5.9. Additional discus- 
sion of the fuel-cladding chemical interaction phe- 
nomena is presented in Sect. 5.8.6. 

A limited amount of  microprobe data was obtained 
on transverse sections from pins 121-1 and 121-3 at 
ORNL. Similar sections from pins 121-2 and 121-3 
were sent t o  Argonne for additional metallography and 
detailed microprobe analysis. The actinide redistribu- 
tion found on pins 43-!21-1 and 43-121-3 waq typi- 
~ a l , ~ ’  with more uranium movement in the pin 
with the higher heat rating, as can be seen by comparing 

Figs. 5.40 and 5.41. Ruthenium was the only fission 
product found in the large metallic inclusions at the 
central void. .This centrally located two-phase oxide 
structure contained large amounts of barium and 
detectable amounts of cerium in the second phase. 
These fcatures can be seen in the electron-beam 
scanning images in Fig. 5.42. Similar scanning images of 
the fuel-cladding interface can be seen in Fig. 5.43. 
Tellurium and cesium, in small concentrations, were 
found at the oxide-metal interfaces. The metallic 
stringers in the oxide were iron and chromium from the 
cladding. We tried t o  detect fission products in the 
intergranular attack areas of the cladding. None were 

49. A .  R. Olscn, K. B. Fitts, and W. J. Lackey, In-Reactor 
Restructuring Temper~lures and Kitretics for (U,Pu)O,, ORNL- 
TM-3387 (July 1971). Also pp. 579-602 in Roc.  Conf Fast 
Rcactor Fuel Element Teclinology, ed. by Ruth Earmakes, 
.4meric;in Nuclear Society, Winsdale. I l l . ,  1971. 

50. W. J. Lackey, I:. J. Homan, and A. R. Olsen, “Porosity 
and Actinide Redistribution During Irradiation of (U,Pu)O2 ,” 
Nucl. Tcchnol. 16(1), 120 42 (October 19’72). 
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0 m 400 6cQ 800 1ooo 4200 1400 1693 rax, 
RADlAC DISTANCE FROM CENTRAL WID ( p m )  

Pig. 5.40. Heavy-nletd distribtitiori in sample 43-121-IA. 

ORNL-DWG 72-43633 

0 200 400 600 800 (00 4200 (400 4 6 0 0  
RADIAL DISTANCE FROM CENTRAL WID (pm) 

Fig. 5.41. Heavy-metal distribution in sample 43-121-3B. 

found. Because of the high activity of these metallo- compounds such as carbides or oxides. More informa- 
grapluc-size samples, minor amounts may have escaped tion on the fission product dist ributioiis should be 
detection. The noticeable decreases in the cfadding derived from the thin sections specifically prepared for 
pnmary coiistitutents iron, nickel, and chromium microprobe analysis at Argonrie. 
in the intergranular areas suggest they are filled with 
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Fig. 5.42. Elcctron-beam scanning images of metallic structure (43-121- I A. MX-4668). 

Y-114324 
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Fig. 5.43. Electron-beam scanning images of fuel-cladding interface (43-121-1 A, h4X-4668). 
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5.4 MECHANICAL INTERACTION TEST 

13. Fleischer R. L. Senii’ 
R, B. Fitts J .  A. Conhi’ 

5.4.1 Experimental Plan 

The possibility of failure of fuel pins thrc~ugh mechan- 
ical interact ion between fuel arid cladding has become 
an itnportant question in assesmg the life of metal-clad 
pellet fuel pins s2-54 The objective o f  the mechanical 
irtteraction serieb of tests was to tnvestigite this 
phenomenon with Fast Test Reactor (FTR) and Liquid- 
Metal Fast Breeder Reactor (LMFBK) type fuel pins. 

Our gerieral test plan included ai1 iriitial experiment, 
Mechanical Inteiaction Test-1 (MINT-l),  to  develop our 
hasic test equipment wtiile also attempting to evaluate a 
“tygrcal” FTR fuel pin. Typical was defined a5 a pin 
whme dimensivns and makeup were 111 the middle of 
those allowed by FTR specifications. An operation 
power level of 17 kW/ft in the thermal flux Oak Ridge 
Reactor (ORK) was selected to inntch the fuel center- 
line teinpeiature with that expected in the peak-power 
FTR pin with hot channel factor added (see Fig 5.44). 
The operation plan also included an c~ccasional 205% 
overpower condition and rapid shutdown t o  sirnulate 
reactor scrams. Heat-up to  power for each cycle was 
done at  a rate selected to  achieve full power (17 kW/ft) 
in 2 to 3 hr. The amount of time at power was variable, 
depending upon the experimental tnfortnatioii desiied 
and the manpower availability fot shutdown. Sliutdowii 
to zero power was done in 2 min by continuously 
retracting the capsule from the face of the reactor. 
Because of high gamma heating rates in the caprule 
instrumentation causiiig higliei than acceptable temper- 
atures in the delicate instruments, we were unable t o  
cycle at the 20% oveipower condition. 

5.4.2 Design and Constriction 

The conceptual design of Ihe capsule for the first of 
this test series is presented In Fig 5 45. Tliis design 
provides foi in-test measurement of fuel column and 
cladding length changes, internal fission gas p r e w r e ,  

- - 

51.  Reactor Division. 
52. G.  Kjuerheim and E Rolslad, “In-Core Study of the 

Mechanical Interaction between Fuel and Cladding,” .%krc/. 
A p p l  Techno1 7, 347 60 (October 1969) 

5 3 .  3 F Giovenyo, I n  Pile Drmeiisiunol Changes of T h O t  
UOz Fuel Rods with Non-i+er-Standm$ Clndding (LWBR 
Development Progpam), WAPD-1M-986 (November 1970) 

54 17. R r h t a d  and K. D. Kriudsen, “Studies o f  1.uel-Cldd 
Mechanical lnterdction and the Resulting Ititefactlon Fdilule 
Mechanism,” N d  Techno2 13, 168 76 (bebruary i972). 
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and temperatures as shown. Motion of the fuel and 
cladding was determined with variable permeance differ- 
ential transducers (VPDT's). Motion was detected by 
movement of the transducer cores, which were attached 
to a pushrod that responded to  fuel column movement. 
The upper transducer coil, which was fixed with respect 
t o  the bottom of the fuel column, measured fuel 
column movemeilt. The lower transducer coil was 
attached to the cladding above the fuel column and 
moved with the cladding. It therefore measured the 
difference between movement of the fuel column and 
the cladding. 'The movement of the cladding could then 
be deduced from these two measurements. The capsule 
also contained instruments and equipment for in-test 
calibration of the motion transducers. A flux monitor 
tiube was included for periodic determination of the 
axial flux distribution. 

5.4.3 Results 

The MlNT- I  capsule was inserted into the ORR in 
November 1971 and removed in June 1972, having 
accumulated 1.7% FIMA exposure. A total of 32 cycles 
to power included 6 cycles at  low power (5 10 kW/f t )  
during start-up, 17 cycles to 14 kW/ft. 4 cycles to  16 
kW/fi .  2 cycles to 17 kW/ft, and 3 multilevel cycles 
between 10 and 1 7  kW/ft. 

MIN~T-  I was instructive in identifying some !,roblems 
in the design and apparatus. In addition, it provided 
useful insight into gas release behavior for FTR proto- 
typic fuel and confirmed tlie expansion behavior 
expected for dished fuel pellets. Details of the experi- 
ment are reported elsewhere.' ' The specific conclu- 
sions and recomrnendatioiis are itemized below. 

1. No evidence of significant mechanical interaction 
was found. 

2.  The cladding length was governed by its average 
temperature and normal thermal expansion. 

3. The fuel column expansion during power tran- 
sients wds controlled by temperature changes near the 
outer surface of the FTR dished pellet. The thermal 
expansion was in the range predicted on the basis of 
out-of-reactor thermal expansion data and the fuel 
temperature at the outer surface and a t  the inner edge 
of the dish. 

4. The fuel column was shortened each time tlie fuel 
pin was operated at any new liiglz power level above 10 
kW/ft. probably due to  irradiation-enhanced creep of 

55. R. B. k'itts, B.  Fleidier ,  and R.  L. Semi, Fire/-C/udding 
Interaction and Gas Presriire Buildup in as Shortened F'TK l :ype  
FuclPin. ORNL-4875 (June 1973). 

tlie fuel. This phenomenon appears t o  be accelerated by 
operation at higher fuel linear heat ratings. 

5. The fuel column expanded slightly during constant 
power operation. probably due to burnup accumula- 
tion. 

6. 'lie net fuel column length change after operating 
15.783 kWhr to  a burnup of 1.7% FIMA at power levels 
from I O  to 17 kW/it was a shrinkage o f 6 1  mils for the 
9.6-ii1 .-long fuel column. 

7. Fission gas release for prototypic FTR fuel was 
continuous with respect to time at power and did not 
significantly depend upon power cycling. 

8. The fission gas release rate increased with increas- 
ing operating power level. At 13.5 and 14 kW/ft the 
estimated steady-state release at low burnup was 30 and 
36%, respectively. The total gas release after 1.7% 
FlMA witii ilii end-of-life heat rating of 16.6 kW/ft was 
56%. 

9. Most of the adsorbed gases were released froiii the 
fuel at  low power (4 kW/i^t) and quickly reacted 
and/or diffiised out.  thus having an inconsequential 
effect upon internal gas pressure. 

10. Futuie capsule designs incorporating VPDT's 
should provide for their use in cold regions t o  avoid 
effects of thermal gradients and minimize chances of 
damage by theii-nal cycling. 

1 I .  Future capsule designs should provide better 
centering of the fuel elements and sufficient supports to 
prevent bowing o f t h e  element. 

EACTOR TESTS - EBR-I1 
ENCAPSULATED PINS 

A.  R. Olsen A. Jostsons' J. 0. Stiegler 

The fast flux irradiation tests were all planned for 
irradiation in the Lxperimental BKeeder Reactor-I1 
(ERR-11). rhese tests were designed to obtain data in an 
environment where the fission rate distributions in the 
fuel would be coniparable with those in commercial 
LMFBK fuels and where the fast flux effects on the 
cladding material would be occurring concurrently. The 
tests were subdivided into three series. The series I 
group involved enriched uranium and fuel. pin encapsu- 
lation; the series 11 group, enriched uranium and no  
encapsulation; the series 111 gmup, normal uranium and 
no encapsulation. Both the series I and series 11 tests 
were carried to the point of irradiation, and these are 
discussed respectively in this and the following sections. 

. .- 

- -  

5 6 .  On attachment frorii the Australian Atomic Encrgy 
Commission Research Establishment. 
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The series 111 tests were pioposed in March 1971 and 
prehmtnary design work was completed. These tests 
would have provided the most iealistic tests of  LMFBR 
conditions in that they would have operated at typical 
design temperatures and heat rates, and the fission 
product yields would have been only from plulonium. 
’Ttiis way their effect on oxygen potential would have 
becn similar to that in commercial LMFBR fuels, aiid 
the fast-flux-to-fission ratio would have been essentially 
the same as in commercial fuel pins, rather than 40% as 
much, which is typical of enriched uranium fuel tests in 
the EBK-TI. Apprctv;il-in-pi inciple was withheld because 
of the termination of the ORNL program, so the test 
design was not completed and no fabrication was 
initiated. 

5.5.1 Experimental Pian 

The series 1 oxide fuels tests in the EBR-11, as 
ortgnally proposed. would have included both pellet 
and Sphere-Pac fuels. However, since othei sites were 
also proposing tests of Sphere-Pac (notably the Babcock 
& Wilcox Company arid Argonne National Laboratory), 
and there w a ~  n o  experience with such fuels in a fast 
flux environment, the AEC suggested the test series be 
reduced to a limited number of pins containing only 
Sphere-Pac with secondary encapsulation. These pins 
would then serve as lead experiments to unencapsulated 
pin tesls. which could be run in larger numbers in the 
EBR-I1 with companion pins containing fuel from the 
other processes for comparison. Five encapsulated pins 
were fabricated in 1968 and inserted into a LOW 4 
position in the reactor. 

The primary purposes of the series I tests were: 

t o  establish the effects of fast flux irradiation on the 
performance of fuel pins fabricated by the Sphere- 
Pac process from fuels derived from the ORNL 
sol-gel process, 

to provide assurance that pins containing Sphere-Pac 
fuels would riot fail prematurely, so that a larger 
number of unencapsulated pins con1 aining Sphere- 
Pac fuel could be irradiated in the EBR-I1 with other 
pins containing different fuel forms foi comparative 
evaluation, and 

to  preirradiate two of these pins for subsequent 
transient testing in the TREAT reactor. 

The first purpose includes the collection o f  data on the 
effects of Fast flux irradiation on fission gas release, fuel 
swelling, in-reactor restructuring, fuel and fission 
product distribution, and fuel-cladding chemical and 

mechanical interaction. The second purpose was fully 
satisfied with the Initiation of the unencapsulated series 
11 irradiations in June 1971. The ttiiid purpose was 
incorporated because of some evidence that particulate 
fuels (Vi-Pic) might be more susceptible to power 
transient failures than pelletized fuels.’ ’ Subsequent 
tests of unirradiated Sphere-Pac fuels’ summarized in 
Sect. 5.7 showed this was not the c s e ,  so transient 
fe\tmg of preit radiated fuel was deferred in favor of 
normal postirradiation examination of both the pins 
removed at the 5% FlMA burnup level. 

5.5.2 Test Capsule Design aiid Fabrication 

Details of the expennicnt design and fabrication have 
been reported.jg,f“-‘ A schematic drawing of the cap- 
sule and fuel pin is shown in Fig. 5.46. Each pin was 
fabricated with a 13.S-in.-long fuel column of 
U, 8Pu0.201 y 8  microspheres. The uraniuni was 93% 
enriched. Two Tho2 insulator pellets were located on 
each end of the fuel column. A nickel reflector rod was 
located above the uppet insulators. All pins contained a 
springloaded extensometer lo prevent segregation in  
the packed fuel bed by providing axial restraint during 
preirradiation handling and ti:, indicate the maximum 
fuel column length reached during testing. The gas 
plenum was designed to be approxiniately equal to the 
volume of the fuel at 100% density and to  accornmo- 
date 100% release of the fission gases at a peak burnup 
of 1 1 %  FlMA. The cladding was 0.250-in. stainless steel 
tubing with a 0.016-in. wall thickness. Two pins, 
identified as S-I-A and S-1-3, had type 304 stainless 
steel cladding and three. S-1-42, S-1-D. and S-I-E, had 
type 3 16 stainless steel cladding. Both claddings were in 
the annealed condition. The bottom end plug in each 
pin had a threaded length, which was designed for use 
in the remote assembly o f  the transient test capsules. 

57. G. R Thomas and J. H. F:ield, “Transient Perforrnance of 
Mixed Oxide Powder Fuel with Up to 60% hfeltmg” (summary), 
Trunr. Amer iVud SOC. 12(1), 343-44 (1969) 

5 8 .  C M. Cox, D R. Cuneo, and E: J. Wanthos, “Perform- 
ance of Sphere-Pac and Pelletized (U,Pu)02 During Severe 
Overpower Transients,” pp. 701 24 in Proc Corif Fast 
Reactor Fuel Element Technology, ed by Ruth Farmakes, 
Ameman Nuclear Society, Hinsdale, Ill., 1971. 

59. A K. Olsen, hxperiment Descrtprion and Hazards Evaba- 
tlon f o r  fhe  Series I ORNL Oxide Fuels Irradinrmn in LiER-Il, 
ORNL-TM-2635 (April 1970), A. K. Olsen and F. J. Homan, 
ORNL-TM-2635 (supplement) (June 1970). 

60. W. L. Moore, M. K. Preston, dnd J D. Sease, Fabricufzon 
of ORNL Sene& I Irrudrutton Test Gupsules for Experimental 
Breeder Reactor I l ,  ORNL-TM-2922 i July 1970). 
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Fig. 5.46. Capsule and fuel rod for series I ORNL oxide fuels tests in EBR-11. 

The pins were encapsulated with static sodium in a 
modified ERR-I1 Mark 111 capsule of annealed type 304 
stainless steel. The capsule and end plugs were supplied 
by the ERR-TI project and inspected by ORNL before 
use. The adapters on  each end of the capsule were 
incorporated to  permit sodium loading after the pin had 
been installed in the capsule tube. 

The Sphere-Pac fuel beds were made up of  two sizes 
of microspheres. 'The coarse spheres (420 to 595 p m  in 
diameter) were loaded first. The resulting beds were 
then constrained and infiltrated with the fine spheres 
(<25 pm in diameter) t o  attain the final packed beds. It 
should be noted tliat these fuels were produced in 
laboratory-scale equipment early in this process devel- 
opment with enriched uranium sols, and the tests were 
initiated before all the current fuel characterization 
procedures were developed. The product microspheres 
were not perfectly spherical and did contain numerous 
pits and some fragments. The lack of sphericity was not 
considered serious in its effect on the performance 
characteristics, so, in view of the scheduling delays that 
would have been encountered otherwise, this fuel was 
used. 'The shape factors and the fragmentation un- 
doubtedly contributed to  the variations in final packed 
bed densities achieved. The varjations can be seen in the 
summaiy loading data presented in Table 5.10. 

5.5.3 Test Results 

All five capsules were designed for irradiation in a 
standard EBR-I1 A-19 subassembly. 'The predicted heat 
rates, based on advertised EBR-I1 fission rates for a 
subassembly in one of the highest flux positions in a 
row 4 position, were to  be bctween 12 and 16 kW/ft. 
depending on  the location of the capsules in the 
subassembly. With the givcn subassembly loading, the 
predicted start-of-life operating conditions for the 
capsules were calculated as shown in Table 5.11. 

Subassembly X 050  was inserted into position 4C2 o f  
the EBR-II grid on February 23, 1969. The subas- 
sembly was irradiated continuously during runs 3 3  
through 42 and discharged on  May 18. 1970. During 
this period the reactor gerierated a total of 11,706 MWd 
of energy. This irradiation included 64 reactor power 
cycles from greater than 50% of  maximum t o  less than 
1% of maxirrium. The operating histories for the two 
pins (S-I-A and S-I-E) removed for destructive examina- 
tion are summatized graphically in Fig. 5.47. The 
calculated burilups for all five capsules at  the time 
subassembly X 050 was discharged are a150 listed in 
Table 5.1 1 .  Capsulcs S-I-B, S-I-C. and S-I-D were 
incorporated in subassembly X 119 for continued 
irradiation u p  to  a target peak buriiup level of 11.8% 
FIMA. 
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Table 5.10. Summary of prerrradiation data 

Capsule S-14% s-r-H SI-(’ s-I-D S-1-6 -- 
Fuel pin 14-27-E 14-23-A 17-1 174-A 17-4 

Type st:ilnless <tee1 304 3 04 316 316 316 
cladding fo r  fuel piu 

Fuel 
Lot 
Ratio 01 oxygen to meld 
Weight, g 
Red height, in. 
Density 

Smear, $L of theoreticd 
Variation (by gamma scarrj, 

04 (av) 

100 100 100 101 100 
1.99 1.99 1.Y9 1.98 1.99 
76.84 77.18 73 97 70.76 73.09 
L37/16 13344 13’4 137/,, 132y/,4 

83.28 86.10 82.66 79 71 82 02 

r 8  6 ‘6  1 t 2  3 +5 x t8  1 

Cluygen in sodium, ppm (av) 16 18 21 12 16 

Table 5.1 1. Series I Sphere-Pdc U ~ , ~ P u o . ~ ~  I.y8 
capsules irradiated in EBR-I1 

-- _____I- 

Peak tempernture Peak b urriup 
at inside surface 

o f  clddding 
(% Flhlh) 

Cur ien th  rarget 

Peak lineara 

OLW/ft) 
Capsule heat rate 

(OC) -- 
S-I-A 14 570 
s-I-u 14 600 
s-I-c 14 590 
S-1-1) 13 5 80 
S-I-E 14 590 

“Calcuhted with ERR-11 fission rate5 
bCalcul.ited through EBR-I1 run 42. 

5 9  5.9 
6 0  11.8 
6.2 11.8 
6.1 11.8 
6.0 6.0 

The results of the postirradiation exaniination of the fission gas sarriple from pin S-I-A in postirradiation 
two encapsulated pins S-I-A and S I-E have been examination, but the 80% release value for S-I-E is 
presented previously6’ and a complctc report is in siniilar t o  release rates reported by others.63 The 
preparation.6 The data trom the two pins examined medsured fluerice seen by the cladding shows very good 
are summariLed 111 Table 5.12 together with the agreement with the predicted fluence, xcoiding to data 
Lladduig type and fuel smear density. 

Pin S-I-A was slightly larger in diameter (0.254 
instead of 0.250 in.) and had a higher sinear density 
(83% instead of 82% of theoretical). These differences 
explain the higher linear heat rate foi S-I-A with 
equivalent peak inner cladding temperatures and a 
lower bur rup  in the same irradiation time. We lost the 

.4. K. Olaen, “Sol-Gel Sphere-Pdc (LJ,Pu)& Fuel Perform- 
.mce 111 bBR-11 Irradiation Tests” (~urnmary). Trans Amcr 
NUCZ SOC 14(2), 596 98 (1971). 

62. A. R. Olsen, Sene;\ I So1 Gel Sphere Fuc ( I J , P u ) O ~  Furl 
Perfor rnance in EBR-II Irradution Test.s ill I?iiermedrure Burn- 
up, ORNL report in preparJtion. 

.-...--I_ 

6 1 

supplied by the EBK-I1 operaticxis group. Although 
S-I-E was located slightly closer to the core center, it 
was In an interior position in the subzssenibly and 
therefore may have seen a somewhat softer neti tron 
bpectrum. There was i~ndoubtedly smie  flux suppres- 
sion within thir subassembly. We measured the burnup 
by radiochemical analysis of fission products and 
ctimges in the actinide isotopic analysis as well as the 
1 4 8 N d  analysis reported in the table. The vaiious 

63 J D. B Lambert e t  d.. “Performmce of Mixed-Oxide 
Fuel Element& - ANL Experience,” pp. 5 17 54 111 Proc Cnnf 
East Reactor Furl Elcnient I’eilrnolngy, ed by Ruth Farmakes, 
Amerimn Nuclear Society, Hinaddle, I11 , 1971 

- -_ __ 
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Table 5.12. Fabrication and operating data for EBR-H series I 
Sphere-Pac Uo gPuo 2 0  .98 tests“ 

-_I 

s-I-tz S-I-E 

Cladding, stainless steel 304  316 
Outer dmneter, in 0.254 0.250 

Fuel sinear density, % of theoretical 83 8 2  
Linear lieat rate, kW/fl 

Peak 13.7 13.5 
Average 12.2 12  0 

1 2  7 12.5 
570 570 

End-of-life. pedk 
Pe:ik claddmg inner hurtace temperature, ’C 
Peak cladding iluence, neutrons/cm2 

Total 4 2  X 4.0 Y 
3 0  1 MeV 3.6 x 1 0 2 2  3.4 r: 

Averaga 4.56 5.12 

Fuel burnup, 75, FIMA by I4’Nd malysis 
Peak 5.11 s .74 

Awon gab release 80 
Peak ch id ing  dlnmetral change, % 0.71 i. 0 16 0.40 * 0.08 
Peak c.lpru1e dlamctr.d change, 50 0 29 0.32 

aP in~  removed after 234.1 effective full-power days rhree wnilar capsules dre 
continuing irradiation in subasembly X 119. 

analyses agreed reasonably. but the averages were 8 to 
14% below the values predicted from the BBR-I1 
published fission rates f o r  ihis core position. 

More information on diametral changes for the fuel 
pins is presented i n  Fig. 5.48. Here we have plotted the 
mean diametral change as a function of axial location. 
T h e  fueled region is located in the 1- t o  14.5-in. section 
of this plot. A statistical analysis of the data indicates 
i h t  any change greater than roughly 0.0005 in. is 
s~gnificant. Thus, all dimensional changes plotted in the 
3- to 15-in. range ale significant. The dimensional 
changes for h e  type 304 stainless steel clddding (S-I-A) 
are approximately twice the changes for coinpalable 
positions with the type 3 16 stainless steel (S-I-E) 
cladding. This difference agrees qualitatively with CE 
daia reported by Craig et al.64 

In an effort t o  define the source of these dinietisional 
chmges and to investigate the effects of the tempera- 
ture gradient across the cladding on void swelling, 
sections were examined from near the bot tom, peak 
burnup region, and top of the fuel column. The fuel 
was removed and the cladding cut into small samples. A 
jet  polishing technique was used t o  obtain specimens 
for trasnlissiori eiectron microscopy froin areas within 

64. C. N. Craig et al., “Steady State Performance of 
PuOz-UOz Fast Reactor Fuel\,” pp. 555-78 in h o c  Conf 
Fast Reactor Fitel Element Technology, ed. by Ruth Farmakes, 
American Nuclear Society, Hinsdale, I11 , I97 I .  

_- 

0.001 in. of the inner and outer surfaces of each 
section. 

In a11 locations except one, the microstructtiral 
features reflected the variations in temperatures across 
the cladding. At the hotter inner surfaces, voids were 
larger but fewer, and carbide precipitation in  the grain 
boundaries was more inassive and continuous. The 
exception was the section taken from near the peak 
flux position on the type 3 16 stainless steel cladding of 
pin S-I-E, where no significant variation was found. 

Void swelling was calculated from the measured void 
diameters and concentrations and compared with quan- 
tities calculated from current empirical correla- 
tions6S966 for both types 304 and 316 stainless steel. 
111 both cases measured values of the swelling are only 
about half the calculated values. Otherwse most of the 
trends found in ocher studies are followed. Type 304 
stainless steel swells appreciably more than does type 
316 stainless steel, mainly on account of higher void 
concentrations. In general, voids are larger in type 316 
than ia type 304 stainless steel. In the type 316 
stainless steel cladding, measured void coricentratians 
and sizes are botb slightly less than calculated values, 
but in the type 304 stainless steel cladding, measured 

65 I+. R. Brager st al., “Irradiation Produced Defects in 

66. H. R. Brager, Westinghouse Hanford Company, to J. 0. 

_c___.-. 

Austenitic Stainlesb Stee1,”Met. Trans. 2,  1893 (1971). 

Stiegler, ORNL, private communiwtion, August 1972. 
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Fig. 5.48. Comparison of diametral changes for pins clad in type 304 QI 316 stainless steel. 

concentrations are much lower and measured sizes 
slightly larger than calculated. 

These differences between measured and calculated 
values could reflect variations in composition of the 
steels or in the initial microstructures. Significant 
heat-to-heat variations in void concentrations and sizes 
but not in swelling have been noted.67 We do not now 
attach any significance to the differences in void 
concentrations and sizes. 'The differences between 
measured and calculated values of swelling are outside 
our experimental erior and must be considered real. 
The fluences may not be as high as we have estimated. 

67. E. E. Bloom, "Nucleation and Growth of Voids in 
Stainless Stecls During Fast-Neutron Irradiation," pp. 1 30 in 
Radiatioii-Induced Voids in Metals, ed. by J .  W. Corbett and 
L. C. Ianniello, AEC Symp. Ser. 26, CONF-710601, US. 
Atomic Energy Commission Office of lnforrnation Services, 
April 1972. 

Since in this temperature range the swelling appears to 
increase with fluence at  a rate faster than linear. the 
correction would be appreciably less than the ratio of 
measured to  calculated values of swelling would indi- 
cate. Alternatively, the temperatures may be in error. 

'The measured volumetric changes duc to void forma- 
tion will not account for the nieasiired changes in 
diameter of the cladding. IJsing the approximation that 
diameter changes are one-third the volumetric changes, 
we find the cladding diameter measurements also show 
a changc twice that calculated from the volumetric 
changes. 'This difference could be explained by small 
amounts of plastic defamation in the cladding during 
irradiation. This deformation might also account for the 
differences in void concentrations and sizes between 
these specimens and those used to  develop the empirical 
formulas. A detailed study of the dislocations in these 
specimens may help resolve this question and will be 
conducted under another program. 
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rr-------0.25 in- R 550’37 

Fig. 5.49, Tramverse metallogrcphic sections from pin S-I-E. (a) Sectlot) .4, bottoru: ( b )  section H, center; (c) section D, top. 

Fuel iestructuring was siinilar to  t h a ~  111 the thermal 
fiuv irradiation testb of Spheie-Yac fuel. Eigtrre 5.49 
shows t i  ansverse mctallograph~c sections from pin 
S-1-E taken froin rhe bottum, center, arid top of the 
fuel colurnn. The5e are also typical of smiilarly located 
seciions froin pln S-I-A. All the szctio~ls show the 
uiiresli iictured Sphele-Pac bed surroundlng a columnar 
p r ~ i n  gruwth regmn arid a central vold. Section D from 
the top of ttie fuel column is unusual i n  that no tine 
spheres are in the iiniestruclured region. Because we 
faled to add sufficient fine material i n  loadlng these 
pins. ‘I distinctly low-density bed was formed 111 the top 
2 in. This low-denaty region was shown in preliradid- 
tion gamma-densitometry measuremenfs arid very 
clearly i n  the postirradialiun gamma scans and neutron 
radiography in Fig. 5.50 Here we h v e  oriented the 
gainina scan tiace and the neutron radiograph wth the 
destructive exarninatlori sectioning diagram. It can be 
dearly seen that section D was taken from the top of 
the pin, where a dip c~ccuried in the gammd activity, 
and tlle neuti on radiograph shows a sudden increase in 

the ceiitral void d~ainetei 
The open stiucture of the fuel bed in this area would 

provide an easy path for volatile fission products to  
migrate 10 rhe fuel-cladding interface. Nevertheless, as 
we can see i n  Fig. 5.5 1 ,  there i s  no evideiice of either 
gross uniform attack of the cladding or of intergranular 
perietration at the peak-heat-iate section with the 
cladding inner surface at  550°C or at  the low-demity 
fuel legion wheie the claddlng temperatuie was u p  to 
570°C. A similar lack of attack was seen on the S-1-A 
pin with type 304 stainless steel cladding. 

Microprobe analysis confirmed tlie absence of fissioi~ 
product3 from the c1;iddIng but did show concentrd- 

tlotis o f  Cs. Te. sortie Mo, and a little N d  in tlie depos~t  
011 the cladding surfdce We looked for (but did not 
find) a co~~ceiitration of uranium in the interface aiea 

The postirradiation fuel structure analysis also p r e  
vided some c~r~f i rma to ry  evidznce for a high fuel- 
cladding gap conductance. ‘I’he miciost riictural featuies 
in the fuel are shown in Fig. 5.52 together wiih a 
temperattirz scale calculated by the PROFIL6 * code. 
Tlie columnar gram region has d density o f  96% drld is 
achieved at  all temperatures above 1700‘C By use of 
the fuel thermal conductivity values repoited by Dally 
et a1.,6’ the calculated radli of the central voids and 
columnar grain growth regions were matched tu the 
measured radii This could not be done untd the fuel 
outer surface temperature wxs estJblished by assuming 
a gap conductance of 1.9 W cm -’ (“C)-’ ‘Thi:, high gap 
conductance value IS ttie one derived f‘roni the OKR 
instrutnented tests Although this is not concrete 
evidence for high gap conductance with Sphere-Pac 
fuels i t  does stiongly support the other data. 

The tcsults of the exarniiiation o f  the first two 
Splieie-Pac fuel pins exainincd aftei irradiatlot1 in a fdSt 
flux enwroninent have confirmed the evidence of good 
petfoimance seen in thermal flux Irradiations. They 

68 C M Cox and 1:. J Hornan, FR@Fit, - .4 OneDimen- 
rional F(bRTR4N I V  Program for Computing Steady State 
Temperature Dirtriburrons wi Cplina‘ncal Ceramic Fuels, 0 RNL- 
TM-2443 (Match 1969), Addendum, ORNL-TM-2443 (August 
1969). 

69 W F. Bady et a1 , “Thermal Conducl~vity of  Uranium- 
Plutoniuni Oxide Fuel\,” pp 293- 308 in lnfern Syrnp 
Pllrtontum Fuels TeLhnol , Scoitwkle, Arizonu, I 9 6  7, Nucl 
Met 13, American Inst~lute of Mlning, Metallurgical, and 
Petroleum Engineers, New York, 1968. 
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Fig. 5.50. Postirradiation gaarnma scan, neutron radiopaplr, and sectioning diagram for pin S.1-E. 
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Fig. 5.51. Maximum degree of chemical interaction obscrvcd bctwecn fuel. and cladding in fuel pin S-I-E. 



111 

R - 5 5 7 5 3  

C .- 
ul 

0 
9 

Fig. 5.52. Microstructure and calcdated temperatures in peak-heat-rate section G ,  pin S-I-E. 

have sl1own little if any filel-cladding inechanical 
Interaction a i  burnup levels in excess ot Sgj FIMA, ;i 

dlstlllct ]a& 0 f' fuel-cladding chemical interaction at 
telnpel atures UP io 570°C. and additlonal evidence 
indicatrng a high fuel-cldddlng gap conductance f o r  the 
Sphere-Pac fuels. 

was a coordmated elfort between the BdbcOck &L 

Wilcox Cloriipany and OKNL. The ovzrdll test plan is 
deslgrled to provide cornpdrdttve pelformance data 011 a 
variety of fuel forms, derisi ties, and oxygen-to-inetdl 
ratlos. 

All fuels are (23sU-20% Pu)Oz The ORNI, pirls 
con tam sol-gel-denvetl fuel, while the Ddbcock 81 
Wilmx pins contained pellets and Vi-Pac shards proc- 
essed fiom coprecipitated powder. The tests have been 
coordinnted to provlde data fot : 

1. the evdluauon of particulate Ciiels (Sphere-Pac and 
Vi-Pac) for LMFSR use, 

3,. the conipar1sorI of perforrilance charucteristlcs of 
pellets Cabncated from coprecipltated o r  sol-gel- 
deiived powders. 

5.6 FAST REACTOR TESTS - EBR-I1 
UNENCAPSULATED PINS 

A. K Olsen 

5.6.1 Experimental Plan 

The H3R-11 series I1 test pins are designed fa 
Irradiation in a 37-pin subassembly The test program 

.__....._. -. 
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l'ahlc 5.13. Number of test pins of various fuel forms 
in test subassembly X 112 

Sphere-Pac (SP) Sol-gel 1.98 4 4 6 14 
Sphere-Pac (SPL) Sol-gel 1.91 2 1 I 4 
Pellet (PEL,) Sol-gel 1.98 2 2  4 
Pellet (PEL) Coprecipitation 1.98 5 5 
Pellet (PELL) Sol-gel 1.94 2 1 3 
Vi-Pac (VP) Coprecipitation 1.98 6 1 7 ...... - . 

Totals 14 11 10 2 37 
...... ...... 

The emphasis in these tests is 011 the effects of fuel 
form aiid void distributiori on the release of fission gas, 
fission product redistribution, and mechanical and 
chemical interactions of fuel aiid cladding, A linear heat 
rate of 14 kW/ft, cladding temperatures of 550 to 
650"C, and burnup levels to 100,000 MWd/metric toil 

are planiied. 
The initial plan7' was to  discharge the subassenibly 

twice during its irradiation period for interirii nionde- 
structive examination and replaceiiiei~t of selected pins. 
Thus, all fuel variables were included in the initial 
subassembly loading, as shown in Table 5.13. 

Initially, Rabcock & Wilcox was to  supply 18 pins for 
the subassembly plus I O  replacements, while ORNL was 
to  fabricate 19 pins for the initial subassembly plus 1 1  
replaccmcnt pins. With the termination of the ORNL 
prograin we fabricated 19 pins plus 1 replaccinent, 
while Babcock & Wilcox produced 18 pins plus 16 
rep I ace me n t s b c for e t h ci r p r og r a 111 was t e r mi n a t e d . 
Thus, the original plan for 58  pins was reduced to  54 
pins, and some fuel forms will not scc all of the 
proposed irradiation conditions. 

The initial irradiation schedule7* also had to be 
modified to coinply with EHK-I1 regulations on gas 
plenum  pressure^, which required a move of the 
N-37-type subassembly from a row 6 position to a row 
'7 position after the i~istallation of the stainless steel 
reflector in the EBR-11. Since not all of the Babcock & 
Wilcox rcplaceirrent pins passed the preirradiation qual- 
ity control iiispecthn, only a teiitat,ive replacemeiit 
prograin could be proposed before the prograin respon- 
sibility was transferred to ANI, in July 1972. This 

70. A. R. Olsen et al., Preirrudiufion Data for ORNL Series I I  
and B & W Oxide Fuel Tests in EBR-It, ORNL-TM-3446 
(November 1971). 

- .... ................... 

Table 5.14. Pins to be replaced after first 
incremental esposiure 

Pin rcnioved Pin installcd Subassembly 
position Number kuel" Number Fuel' 

6 OS-8 SP-82 D-39 SP-78 
8 D-9 PEL-83 .- 11-42 PEL-8 3 
9 OP-5 PEL4 6 OP-4 PEL-84 

26 D-18 VP-78 D-5 3 VP-78 
_. ...... ..... .............. 

'I- tiel designation dcfines fabrication form ~ smear density 
(as fabricated). 

proposal is showii in Tables 5.14 and 5.15. 'Uie 
inspection defects of the pins that will require repair 
work before they can be irradiated are alsn given in 
Table 5.15. 

Only two replacement sequences are proposed on the 
assumption that the second incremental exposure will 
be approved to B lead pin peak burnup of 8.7 C 0.2% 
FIhlA. rhis limit on the second increineiital exposure is 
required because the calculated peak plenum pressure 
will be approaching the 1000-psi linii t for uncncapsu- 
lated pins in an N-37 subassembly. 1Jnless this pressure 
liiiiit is changed by the end of the second iiicieniental 
exposure, continued irradiation of the reinaining pins 
aiid thc second group of replacements will require a 
change in type of subassembly. We have not included 
this situation specifically in our proposal. However, 
with the inclrision of a spare pin in the test series, two 
groups of  19 pins each will be available for irradiation 
in two Mark E 19E subassemblies. 

I t  should be noted that the four pins to be destruc- 
tively cxaiiiined after t,he initial increment of exposure 
include both sol-gel-derived and coprecipitated fuels 
and all three fuel forms. They have been selected froni 
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Table 5.15. Pins to be rephced after 
second incremental exposure 

...__ 
_I I._._ __ -_I-. ___ 

Pin installed Pin defects‘ Subassembly _--.-!%E?%‘renx,vad __-__ 
position Nulllber ~~~b~ I W  w u i r i w  repair 

_c_ -I __I_. 
u-2 SP-78 D-44 SP-79 A 

12 D-10 SP-78 D-35 SP-78 A 
14 os4 SY-83 M3 SP-79 A 
15  D22 VP-78 wo VP-78 H 
17 DZ1 VP-78 u-37 vp-78 

25 D-19 SP-78 0-52 SP-79 B 
OS-3 SP-83 D-54 VP-79 

1 
10 oP-3 PELL-80 D50 PEL-83 

z(i D-17 PEL-83 I238 PEL-85 

27 
29 ..-&1)-27 SP-79 -<. .. 1136 SP-78 
30 11-4 PEL-83 U-41 PI<L-82 

D51 PEL-8.5 Spare 

“Defect types: A . injufficient weld penetration (>20% porosity); H -- weld 

J> 

Spare D34 VP-78 A, 11 

___. _I _I.-._^--cI 

is nversiec 

cmtral  pisitions in the subasseirlbly where the peak 
cladding tcniperat til-es are highest. lhus, they will give 
information c m  the fuel-cladding cheiilical interaction at  
the liigtier temperaitire. 

5.6.2 Design and Construction 

Although h e  pins hbricated by each of thc sites 
varied slightly in details to aczoininodate different 
methods of introducing the xt‘rioii tag gas, they ;Ire 
quite similar. Each pin is 0.250 in. in diameter and  has 
an overall length of 40 in. Detailed drawings atid 
as-fabdcated data are included in the original data 

A nominaI tzst  pili description is given in 
‘Table 5. [ t i .  ‘The piti design will allow kradiation in 
three types of standard ERR-I1 subassemblies, N-37, 
5-37, a n d  E 19E. 

5.6.3 kradiation Results 

‘The initial group of 37 pins was irradiakd in an  N-37 
subassembly (X 112) in two row 6 positions. ‘This 

ernbly was inserted into position 6-B-2 during run 
49 and moved to the desired higher flux 6-E-3 positioii 
for irradiation during r u m  SO through 55. Thus, the 
initial iricrcmental exposure W;IS l-or 10,600 hlWd of 
EBR-II operation. The lead pin calculated peak burnup 
was 3.8% FIMA. At this burnup the calculated peak 
pleriurn gas pressure was 470 psi,just below the 50o-psi 
limit imposed by the EBK-II operations 011 unencapsu- 
lated pins in this type of subasseiubly for positions 
adjacent to control rod 01- safety rod thimbles. All row 
6 posilions are adjacent to such thiiiibles, so the 

‘I’able S.16. Nominal test pin llescriptiorl 

Outer dc:imetcr. in. 
Inner diaiiictci, iri .  

Wall tliickncss, in. 

Insula tor pcllcls: 

hlateridl 
L.en$h, in. 

Ulankcr pellctc: 
Material 
1,cngtli (of stack), in. 

Shield rod: 
MI tcrial 
Length, in. 
Diameter, in. 

Ucd retainers: 

Ma tcrial 
Plug 

Spring 

Pleniirri liner: 

Material 

Outer diameter, in. 
Wall thickness, in. 

Pacts : 
Material 

(U,PU)O~ 
0.20 -+ 0.01 
0.93 
0.90 
13.5 
10.90 at  1 .98 ouygcn-lo-mctal ratio 

Vaiidble (80 to 90% of theoretical) 

‘I’ype 31 6 stainlesi steel (solution 
treated) 

0.250 f 0.001 
0.21 8 i li.0lil 

0.0 I 5 

OI<N L, 

TllOz 
1 

+ 0.0015 
- 0.0010 

I102  
-6 

Nickel 

0.21 2 

ORNL 

2 ‘4 

Type 3 I 6 
stainless s tee1 

Inconel X 

ORNL, 
Type 304 

0.188 
!).020 

slaiJlltw stecl 

B % W  

2 3 R ~ ~ ~ z  

1 

B & W  

Nonc 

Type 302 
ctaiiilcss steel 

B & W  
Typc 31h  

0.187 
0.0 I4 

stainless stecl 

subassembly was discharged. No detailed data 011 the 
iiitzrim examination ai-e available, but 110 failures o r  
unusual behavior characteristics were noted. 

The variations in coulant channels in the subassernbly 
lead to two peak cladding temperature groups. Pins 
located in the central regions operate a t  peak calculated 
cladtlirig temperatures approximately 100°C higher 

.:: ...: . ... . . . . .- . . .... . . . . . . . . . . . . . 
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Fig. 5.53. Parametaic analysis of tlic cffects of changing fisicm rates and wbassernbly coolant flow rates 011 thc mauimnm 
claddiilg inner surface temperature of pin OS-12. 

than t h e  piiis i n  pet ipiieral locations. The control of this 
tcniperaiurc for central pins tliiis establ ishcs tlie total 
subassciiibly coo1;iril flow rate. W i t h  the  initi:il TOW b 

fission iates w e  requested a flow of  45 gpiij to limit the 
stai-t-of-life pe:ik iladcliiig teriipcr;iiiin, to 650"(~. The 

so tlic stait-oi-l ife peak cladding tcii ipcrati~rc w:is 
Io\I?LII.cCl IO 630°C :md had fa l len  to thc  hotto11i of the 
desired ~ a n g e  (650 to 630°C) a t  the c i i t l  o l ' 1 L l l i  55. 

I112 1-ecoiistitiitc'd subassembly X I 12A i s  schcd~ilctl  
for irriidiation in ;I I-ow 7 posititxi. where the plenuni 
giis pi-cssiiie h n i t  is I000 psi. l'his riiave wil l  also result 
in lower t'issioii fates.  so a pilrarnotric study was m d c  
t o  define the effects of coolaiit flow on peak cladding 
tcnipci-aturc. h e  1-esults of this s tudy  arc' shown in Fig. 
5.53. Tlic fission rate allowance included in points 4 
aiid 5 in [lie figure arc fioiii EBR-II data and represent 
the liricertainty extreme. Because of subassenibly ~ o o l -  
arit outlet t e n ~ p ~ r a t t i r e  Iiiiiit:itioiis, tile il i i i i init i i i i  allow- 
able flow rate t i i  tlic X I 1 ZA subassembly is 1 1  ..? gpm. 
llie subassembly is t o  be orificeti to provide a flow rate 
betwceii 47 x i d  44 gpni. This will keep the peak 
cladding icinpcratiire for the  ceiiti-;il p i n s  in  t h e  desired 
rangc during the second increinental irradiation period. 

All postirradiation exaiiiiiiation data and f i i r ther  test 
results will be provided by Argoiine National 1-abora- 
tol-y. 

Iiie:isurcd f 1 0 ~  rate 1.01 sLibassc1rlbly X 1 12 \viis 49 gprli, 

.. 

I -  

5.7 Yfi \MSIENT TESTS IN TREAI. 

C. h l  Cox7 '  F J .  h l m t h o s  

U iideri tiin ding tlie bel1 av i o r  of fuel pi ri s Li 11 del- t r a m  
cient operating coirditions i s  i i i iport i lnt  i n  rictcriiiiniiig 
t l i c  ovei-p~)weI alluwaiicc of fiiel clement dcsigris. in  
predic tjiig the ilifluc'1ice of tciiipoi-;iry abnorinal condi- 
t ions  c)ii i'iitiii-c pin lifctiiiies and safety margiiis, i i nd  i r i  
predicting t h e  initial consccjueliccs of pili failures. 1 llcrc 
is 110 facility i l l  which the temperature or powt" 
ti-ansreuts liypvtliesi/cd 1'01- LMFRK accidents c;tn be 
iiiiposed on a (IJ.Pu)O, fuel pin operating at ty-pica1 
stead\,-sta te c:onditiotis. Ikjwever. transients froiii ~ c r o  
powei- typical of  ii ina,jor coii trol rod ejection accidcrit 
can be  rcasoii;il)ly well s i l ida tcd  in the Transient 
Reactor Test Facility (TKFiAr). The objective of the 
OKNL T R E A I  c?ipei-illlcnt W ~ S  to coiiipare tire be- 
havior of iiiiiiradi:rted sol-gel-derived (U,Pu)O, Sphere- 
Pac and pellet fuel piiis during severe power transients 
causing varioirs aiiioiiri ts of Fuel niclting. The priiicipal 
test variables weie fucl smear density ( X I  and 88% of 
tlleoretical) and file1 fabrication form (pellets and 

71. Now at  Hanford Engineering Developnicnt I.,aboraioiy, 
Richland, Wash. 



vihratoxily conipac tccl microspheres from the Sphere- 
P:ic proc~ss) .  Details of the analyses performecI ill 

cmjunction with chis e~peri~iieti  I have been previcmsly 
yublishcd.7 ,7 3 

transicnfs, arid therniocouples were adjacent to (he litel 
pins a t  various circumiererrtial positions in the capsuics 
at  thc  fuel co lumi  !nidleagths. Each fuel pin had an 
8-iri.-long fuel cr)llurrui ;iiid wx,  clad with 0.254-in.-01) 
X O.01G-iii:wall typ: 304 staiulcss steel tubing. 'k 
fuel colimins were par t ia l ly  restrairied %mially with a 
spring-loaded exterisometcr, which a1 lowed i.ip tu '4 (, 
i n .  h e 1  length increase. Keacior data are given in 'Table 
5.17 iirid r'iiel fabricaiion data i i i  Table 5.18. Twci 
c01~111ii.i s appczr in 'Table 5.1 '? for TR- 1, bewusc this 
capsiule was initially subjcctcd to 3 calibr;ition tr:insicn t 
to verify the dcsign techniques. 'This verification w;rs 
based ori excellent agreemetit bctweeri calculatctl and 
measured Leinperatures in the sodium anaulus aroi.iod 
the i'iicl pins. The calculated maxiniunl fuel center-lirre 
teiiipei-atiir!: was about 1 ~ O O " C  for tiiis caIibraticn 
transient. I'hc test trarisicrits were dcsigned to melt 
apprc:)xhiatzly .oric-fourlli oi' thc fuel ill the peak powcr 
rcgioii uf llie first c:ipsuPe m d  half foa the S C G O J - I ~  

c;1psule {'m-2). 

Capsule TR-1 
_I__________ ... 

'TREA'I transient 1293 

Initial reactor pzrisd, msix 630 
fe;ik reactor power, MW 29.8 
Integrated reactor power, MWsec 88 
Pulse width at  half max power, sec 3.5 

fh t e  10-29-69 

TK-1 TR-2 
..- .___I_ 

1294 129.5 
10-30-69 10-31-69 
2ir4 200 
202 LO 2 
140 172 
0.78 0.85 

lablc 5.18. Fabrication data for OKNL TREAT 
capsules 'TK-1 a i d  'I'K-2 

Fuel pin 7 I l - l A  'TK-18 'I'll-1C TK-2A 'l'K-2B TR-2C 

Fuel fabrication fi.)riiP P S P S S P 

O/M 1.983 1980 1.991 1.980 1.980 1.9Y0 
Gas release, crn3/g (S'l'P) 

at 1 6 0 0 ' ~  0.67 0.14 0.23 0.14 0.14 0.19 
Fuel sinear density, %of theoretical 88.9 80.9 79.7 82.0 80.9 80.2 

Fuel length, in. 8.03 8.00 7.98 8.01 8.00 8.10 

t nel-cladding diaine trnl gap, 
mils 5 5 

Gas plenum volume, 
cm3 (SI'P)' 1.1 1.3  1.5 1.3 1.3 1.4 

I__-.- 

: d i d  yellcts; S = Splwre-Pac. 
'Natural I?. 
CIncluding all porosity. 
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5.7.3 Resitits adsorbed gas cimteii t. Although appreciable rcstruc- 
turing in these two pins w a s  apparent, there was no 
iiitlicatim 1 ti31 the titel I-iad ix1eltcd except iiear t h e  ends 
of the piiis, wherc flux peaking was evident? as shown in 
Fig. 5.59. Aftkr bciiig etchctl: the t i ie l  pins were 

ndnetl fot  lie extent of nicltirig and grain growt.hJ :IS 
.&own in Fig. 5.60 For pili 2M. Ooly  tlie two pitis with 
llic highest energy release, 2A and 28, were itieiitified 
as having nreltcd a t  thc fuel ii-iidpl:me. I t  also appears in 
Fig. 5.60 that Sphere-Pac fuel, after appreciable clt 

ca t ion  tlur-ing i.hc transient, slirnnk. ;iway f ro in  tlie 
cladding (leaving a gap). The chevion-sliapetI Ir:iw- 
density regions observed on t h :  iieu troii radiographs are 
shown i l i  Fig. 5.6 1 to have been t i t ie to the forination 
of voids 2s the fuel nicltcd arid t h e  to axial rcLocatioI1 
of the !,xitic ftiel. 

Figures 5.62 and 5.63 show the postirradiation visaal 
:rppearmx of the pins h t n  thi: two TREAT capsules. 
As car1 tx seen, the pins are it] excclicrit condition, 
ind ia t i i i g  t h a t  c tn i  rraciiated sol-gel Sphere-Pac (U,Pu)O, 
t'uel pins cart acconunoda~e severe TREAT-type tran- 
sients. which c a m  fuel volume ~xielts u p  to at least 50% 
with out f'ailiiig, 

x 
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i 8C 
ORNL-DWG 71-3035R 

T - - - - - - - - - T T  , .. .. .. . . . . 

95% 
FUEL CONFIDENCk 

TR- 1 A 8 
1-H- i B 5 
l H - 1 C  7 
TR - 2 A  6 
T R - 2 B  6 
1 H-2C 

PIN INTERVAI. % 
-_Î  _. 

T R - i C  

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 

.ri M E (SEI 

Fig. 5.55. Tirnc variation of heat rate at fuel column rnidplanes. 
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Fig. 5.56. Postirradiation neutzon radiographs of capsule TR-1. 

Fig. 5.57. Postirradiation neutron radiographs of capsule TR-2. 
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-6---------- 8.25 in.- R-54832 

TR-1A 

PEAK HEAT RATE (kW/ft) 175 
ENERGY RELEASE (calh)  390 

TR -2A 
PEAK MEAT RATE (kVJ/St) 180 
ENERGY RELEASE (ca)/g) 5 2 5  

TR-IB 

155 
380 

TR-PB 

165 
498 

TR-IC 

12Q 
290 

TR-2C 

165 
315 

Fig. 5.58. Transverse sections taken from the inidlengths of fuel pins irrndiated in TREA?' experiments and fueled with 
u0.8pu0.201 .98* 
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Fig. 5.61. Gross restructuring of U O . F $ U O . ~ O J . ~ ~  microsphere fuel irradiated ab a peak heat rate of 165 kMr/ft (TR-2B-1-3). 
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Fig. 5.63. Postirradiation visual appearance of TR-2 fuel pin% 

5.8 DISCUSSION OF RESULTS 
OF I r m A D I A n o N  PROGRAM 

A. K. Olsen F. J .  kloinan W. U. Fitts 
W. J .  Lackey E .  I,. Long. Jr .  

The fdlowing discuqsion of the resiilts of irradiation 
testing has been organized to discuss individual 
pcrforinance areas and the data derived froin all of thc 
tests as applied to each area. 

5.8.1 Thermal Performance 

The integrated thennal conductance of a fuel pin is 
important if the inaximuin operating power of a fuel 

pin is based 011 a fuel temperature limit below niclting. 
This thermal coiiductaiice is made up of two major 
parts: the fuel tlierrnal conductivity and the fuel- 
cladding gap r:ontiirctance. The oxide fuel tlierinal 
conductivity is sciisitive to temperature, porosity, and 
composition, all of which change during irradiation. 
The thermal resistance of  the gap betwecn fuel and 
cladding is a functiun of gap dimciisions, gas composi- 
tion; and the surface cliaractcristics and mechanical 
properties of both the fuel and cladding. 

Although none of thew tests provided ;1 direcl 
~neasureinent of fuel tlierrnal conductivity, they have 
provided indircct evidence that tlic fuel fabrication 
farin has no significant effect on this conductivity. The 
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higli-buriiup tcsts discussed in Sect. 5. I .3.3 provided 
soiiie qualitative data on the degriidatiu~~ of  fuel 
thermal conductivity with burnup.  Additioiial qwli ta-  
tive t1:ita on this pheiiornenon without the additiond 
vari:tbli: of  self-shielding Sh(idd be avaiiable from tlic 
series I E13R-Il tests (Sect. 5.5) stjll in the re;+ctor. 

On the other hand, the ii:strurnciitect tests in the OKK 
poolsldc facility (Sect. 5.2) have provided data on the 
iiitcgratcd J'uel thtxnisl per'L'orm:ti-ice that have per- 
mitted an  analysis of' f~ id  conductivity ;3od gap con- 
tluc tance. 'These tests ineasured siinultaiicously fuel 
center temperatures, cladding outer surfrice tempera- 
t!lres, m d  heat ra te .  The results of these tcsts are 
suriirnarized in Fig. 5.64, where the fuel ceriter tetiipera- 
ture i s  piotted against heat rate fur a pellet and a 
Sphere-Pac fuel pin, both with ;I fuel sriiear density 825% 
of  1,hcorctical. Thc tlasht:d line, identified as calculated, 
i s  based on the GE tliermal conductivity equations for  
the coinbincd with a gap conductaiice of I W 
criiC2 ("C) . Stat ist ical  aiialysis oE the n a n y  thuosaiids 
of datd points obtained f r o m  these tests clearly indi- 
cates :I lower central kniperati ire for the Sptiete-Pxc 
fuel ;it any given lincar heat rate. Assuniing equivalent 
f u e l  Iestructuririg teiripm Lures for  both pius a i d  nu 
significant clifferelice in f u e l  conductivi~y, tile diffcr- 
ci~ct's Ill center tcrnperatures can be accoimted Tor by 
diLfcri:nces iii gap conductance. An:tlysis of the data 
indicates the pc l le~  fuel ~v-itti ;I sinall iriitial radial g;q) 
(0,0015 in.) had a gap cotiductarice of 0.73 &' c ~ i i - ~  
("C)--' , while the Sphere-.Yac gap cont~uct:ince was L .93 
W c ~ i i - ~  ("C)-' . Thcse conductances would yield the 
nicasi.irc?d fuel kniperaturcs shown in Figs. T.64 a i d  
5.33. Indirect subst;intiation o f  the high gap ccincluct- 
a w e  for  Ihe Spliere-Pac l'd wiis ob tairicd rtoni tfte 
series 1 ESli-11 tests (Sect. 5.5). Since these were 
uniostl-ornentetl tests, we h;id 1 0  use fuel strricl itre ;is a 
imipesaturc indicatsr. 'The wrnpersturc distributiuns 
given in Fig. 5.52, which are norinalized to ;i 1700°C 
Liniit f o r  columnar grain growth, coiild only bc obtaiiied 
by using a Ii igh gap cot~d~.tct:~~ice of 1 .c) W crii -.' ("C, . 

'Thus, the d a h  obtaiiied indicate th:it the g:ip con- 
tiuctance for Sphere-Pac fuel at lincar heat rates up to 
I O  k\lW/Ft arid at burriup levels ~ t p  to  69, FIMA is 
approxiiiiai.ely twice h a t  of pellet pins nridei- similar 
conditions. This would permit operation o f  Sphere-Pac 
1'iiels a t  1 10% of the linear heat rate of pellet fuels while 

74. W. E. Baily et a]. ,  "Tircrmal Conductivity of Uranium- 
Plutonium Oxide Fucls." pp. 293 - -~30  in / ) i tern. S.y/rip. P l t i z o -  
tiium F i d s  l'richnol.. Scotrsdiile, A r i z . ,  196 7, NLicZ. Met. 13, 
American Institute of Mining, h.letallurgica1, and P~tro1i:um 
Engineers, New Yurk, 1968. 
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Pig. 5.64. Vnriatioii of calculated and measured fuel and 
capsule teniyeralures with heat gericratiorr rate iii capsule SG-3. 

mainiaining 111c smie fuel center tempera tures. 'The 
lower fi.icl surf'act: ternperar iires may also affect fuel- 
clatlcling chemical interaction, which will be discussed 
later. 'I'he data d t  higher b u r n u p  lcveis :ire not yci  
available. The macrurcopic appeiiranw of  the fuels 
operating a t  iiiocler;lte linear heat  rates of lcss than I 2  
kW/ft (Figs. 5.38 and 5.28) indicates that this high gap 
conductance inay prevail to a t  least 10% FlitlA. 
HoweveI, a t  hjghcr h e a r  heat rates the iiiel near the 
cladding interface appears to be similar for both pellet 
(Fig. 5.37) atid Sphere-Pac [Fig. 5.38[a)] . For steady- 
state operations the lineal- heat rati: iu a pin generally 
dccrtxses with burnup, so decreases in the gap conduc- 
tivity should not be  significaii t. iJnder accident or 
overpower conditions at  high buriiup, the gap conduct- 
ance should not be worse in Sphere-Pac fuel thari in 
pellct tiiels nndei- similar conditions and may still be 
better. A transient test of a t  least ixie o f  Ole series I 
EBK-11 tests still in ilie reactor was planned and should 
still be conducted to  irivestigatc this possibility. 
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5.8.2 Fuel Restructuring 

As indicated in the previous section, fuel restructuriiig 
has appreciable effects on fuel operating tcinperatures. 
The Sphere-Pac fuel tests have provided a unique 
structure for the visual observations of the meclianisms 
of fuel structural changes. A general discussion of these 
mechanisms and a qualitative evaluation of these has 
been A ~natlicniatical model for predicting 
the chaiigcs in structure and actinide distribution was 

I h e  primary mode of restructuring at high tempera- 
tiires was clearly defined a s  a vaporization-condcnsatiori 
mechanisin, as shown by the photograph of fuel at  the 
outer pi-eiphery of the columnar grain stiucture (Fig. 
5.4). With the instrumented tests (Sect. 5.2), we were 
able to  define the temperature h u t  for coluiiinar grain 
growth at  1650°C. No definite teinperature limit could 
be established for grain growth in the cooler regions. 
Grain growth was iiieasured, and the results, as dis- 
cussed in Chap. 6, were fit io thc classical plieiiomeno- 
logical model involving time and temperature. 

The kinetics of restructuring have not been fully 
defined, although the tests have shown a distinct time 
dependence, as can be seen in the structural evolution 
with time shown in Fig. 5.65. The structures shown are 
fr 0111 i 11s tr uine 11 te d and u nin s t ru me n te d thermal flux 
tests and show that under these conditions (2000°C at 
thc surface of tlie central void) restructuring is not 
complete i n  28 days of irradiation. The rate of 
restructuring for the coluinnar grain growth regions is 
controlled priniarily by the linear heat rate as it affects 
fuel temperatures and teinpei-aturc gradients and by  the 
initial oxygen-to-metal ratio in the fuel and secondarily 
by the plutonium content of tlie fuel. The rate of 
resti-iucturing increases rapidly with increasing tempera- 
ture and oxygen potential arid decreases slowly with 
increasing plutoniuin content. These same phenomena 
affect the actinide redistribution in the fuel, as  will be 
discussed later. 

Although the principal structural chailges are asso- 
ciated with early life, some structural changes occur at 
higher burnup levels. At moderate end-of-life heat 

_ _  

75. A .  R .  Olsen, R.  B. Fitts. and W. J. Lackey. Itz-Rcac~tor 
Rcstrrcctitring f?mpcraticres and Kinetics for  (L7.P1c)OZ, ORNL- 
ThI-3387 ( J u l y  1971). (See also pp. 579-602 in Proc. Conf: 
Fast Reactor Fuel Element Technology, ed. by Ruth Farmakes, 
American Nuclear Society, IIinsdale, 111.. 1971. 

76. W .  J. Lackey. F. J .  Homan, and A. R. Olsen. Porosity and 
Actinide Redistrihufim During Irrudiaiion of  (C',Pzi)02, O R N L  
I'M-3762 (August 1972). 

rating (less tliaii 10 kWjft), the densified fuel in the 
original columnar grain growth region shows grain 
refinement, with short colurmiar grains and radially 
elongated porosity in the grain boundaries. Additional 
sintering of sphere to sphere in Sphere-Pac fuel is seen 
in the cooler regions, and the fuel in this rcgion is 
heavily decorated with spherical pores or bubbles, as 
can be seen in Fig. 5.13. A distinct subgrain structure is 
developed. The distribution of inetallic inclusions in the 
microstructures also varies with burnrip. More will be 
said on thi\ in discussing tlie observations on fission 
product distribution. A t  higher end-of-life linear heat 
rates and burnup levels near IO% FIMA, the general 
structural features are similar, with the one difference 
being the possibility of additional structural changes 
near the central void due to limited-volume melting, as 
discussed i n  Sect. 5.3. 

One macroscopic effect of restructuring is the obser- 
vation of in-reactor fuel diinensional changes, which 
may be attributed to sintering i n  the cooler regions of 
the fuel. Sirice i-nost of our work involved Sphere-Pac 
fuel, there is very little infor~n;rt.ioii on diametral 
changes. The one diainetral change recorded is for the 
low-burnup pellet pin in tlie ORK instrumented tests 
(Sect. 5.2), where the pellet-tc-cladding gap a p p m n t l y  
increased from 0.0014 to 0.003 in. This was n diametral 
shrinkage of approximately 0.5% a t  approximately 
0.5% FIMA in a pellet that had a starting density 
approximately 84% of theoretical. Better inforinatiori i s  
available 011 fuel column length changes. The best data 
are from the instrumented MINT pin (Sect. 5.4), where 
the fuel column length decreased approximately 0.58 
during the initial period of irradiation (57.0 hr at 10 to 
13 kW/ft). This capsule was irradiated at  several power 
levels, and the length change was first definitely seen on 
going to 10 kW/ft, with subsequent definite decreases in 
length 011 later going to 15.5 and 16.3 kW/ft. Fuel 
coliiinn length changes for the series I EBR-I1 Sphere- 
Pac fuel pins, which operated at 15 kW/ft t o  a bumup 
of approximately 6% FIMA, were derived from neutron 
radiographs. These data are less feliable, and the 
apparent changes were both positive and negative, with 
the maxiinum for the 13.5-in.-long coluims being 1 .5%. 
At high burnup (1 070 FIMA) the fuel colurniis in 
capsule 113 (Sect. 5.1) all showed a measurable 
dccrcasc in length, ranging from 1.2 to 4.2%, with the 
amount of shrinkage being roughly proportional to 
peak linear heat rate (teniperatiirc) and decreasing with 
initial fuel smear density, as would be expected for a 
sintering process. Insufficient data were obtained to 
define the extent or kinetics of this process. 
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2 days 

174 days 

Fig- 5.65. Effect of irradiation time on restructuring of (U,Pu)O2 fuels with a center temperahrre of approximately 2000°C. 
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5.8.3 Actinide and Fission 
Product Redistribution 

- 
1 he movcii~eiit of the actinides and the fission 

products in the fuel can have significant effects 011 thc 
performance characteristics of the fuel. As we have 
stated previously, there was clear evidence of the 
preferential iiiovciiient uT uraniuiii down the teinpera- 
tiire gradients in the columnar grain growth regions 
(temperatiires greater tlian 1650°C). This led to the 
formatio~i of regions depleted in uraiiiiim and thus 
concentrated pII.1toniuni in the  regions iicar the central 
void. rhat increased the fission 1ie;rt generation rate 
there and sirllultaneously lowered the local tneltilig 
poin t .  This could lower the permissible linear heat 
rating7‘ by as iniich as 2.5 kW/ft. A secondary effect of 
this change iii actinide distribution has been seen in fuel 
reproccssjng ~ t u d i c s . ~  The C~iels with higher plutoniuni 
content arc less solirblc in nitric acid and  may require a 

oridal-y clissolu tion step with a fluoridc additjoii to 
the solveiit. The kinetics of this redistribution as well as 
thc limits of plutonium enrichment are priiniirily 
controlled by the oxygen-to-metal ratio in  the  initial 
fuel. This 1i;ts been discussed in detail,75 and a 111otlel to 
prcdict the actiriide redistribution is discussed in Chap.  
6. 

Concurrent with the actinide redistribution, oxygen 
redistributes. This can affect the form of fission 
product incllisioii in the fuel structure and the fuel- 
cladding clieinical interaction. The effect of the oxygen 
potential oil the foi.131 of the fission produi:i molyb- 
deri~un was clearly seen in the uninstrumeiited tiigll- 
buriiup tests and the ERR-I1 series 1 tests, where the 
molybdenuii~ concentration in the me t a l k  inclusions 
decreased with distance from the center of the fuel to 
the cladding. ‘I’hcrc was evidence of iiloly bdenuin 
~ I I ~ ~ I - ~ I ~ ~ O I I  down the temperature gradient, but it was 
incorporated in the oxide at  the lower te~nperatures, 

Distinct accumulations of barium and ruthenium in 
the higher-temperature fuel regions were found, particu- 
larly in the ETR instcurneiited tests, where the barium 
in the oxide fuel may have lowered the melting point. 
Distinct accuinulations of molybdenum, cesiiim. and 
tclluriuin in the fuel adjacent to the cladding were 
found. Thc buffering effect of- the i i iolybde~i~lrt~ uii the 

77. W. T. Sha, P. R. Iluebotter. and R. K. Lo. “The Effect of 
Plutonium Migration on Allowable Power Rating and Doppler 
Bioadening,” Trans. Amfr.  Nud.  Soc. 14(1). 183--84 (1971). 

78. PerSondl  coriimuniidlion from J .  H. Goode of ORNL 
Chemical lechnology Division on Nov. 30, 1972. 

oxygen potential7‘ has been recognized but not fully 
explained. .i-hc cesiuni and telluriuni concent ra t io~~s  
may have ii significant effect on the fueI-cIacLding 
chcinical iriteractior~ rate.sO.s I Additional iiivcstiga!ion 
of thc extent of concentration of thc ccsiuiii and 
tellurium as well as  ideiitificatio~i of the disiributiori 
and oxidation states of the n io lybdea i i~n~  and rare- 
earth fission prudur:tss3 was planned. 1)at;l OII this 
should coine f rom the ERR-XI series I1 tests cui-rclitly in 
thc reactor. Since the type of atom fissioned will 
signiiicantly affezt the fission prodllct invcntory, w e  

began earlys4 tu take this into account. In [act. the 
thcriiial flux test providcs the best siiiiulatiorl of 
LMFB112 ~ o ~ n p o s i t i o n  changes, bccausc the only fissilc 
mateiial is the plutoniuln, while in the tests in  he 
ERR-[I, 2 3 s  U is usually incorporated to obtain ilic 
desired fission rates. 

5.8.4 Electron Microscopy of 
Irradiated (U,Pu)02 

Replica electron microscopy of irradiated (U ,Pu)02  
was conducted to improve our understallding of restruc- 
turing, fuel swelling, and fission gas ielcasc. We e x a m  
iricd fuel irradiated in the ETK to b u r n u p s  of 0.7 and 
4.2% FlMA with cladding inner surface tcmpcratures oi’ 
325 to 370°C a t  tirile-averaged linear heat rates of 13 to 
14 kW/ft. ‘Ihe h i g h - b u r n u p  fuel is shown in Fig. 5.66. 
Thc rnicrostructurc of both fuels inimedj;~ tcly adjaccrit 
to the cladding was unchngcd from tha t  of the 

~ 

79. K .  E. Spear, J. M. Leitnaker, m d  N. Engel. “~L’hermo- 
dynamic C~lcnlations: Chemical Fffects o f  Nuc1e;rr Burnup 011 

UPuO2 Fuels,” Fuels arid Muterilils Drvrlopiizent Progiurn 
Qiiarf. Pragr. Rep. Jiirw 30, I 9 6 9 ,  ORNL-4440, pp. 18- 22. 

80. E. A. Aitken et al., “Transport and Reaction of 1:ission 
Product9 with Stainless-Steel Cladding Out-of-Pile Thermal 
Gradient Testing.” Trans. Arnri.. Nucl. Soc. 14( 1 )  176&77 
(1971). 

81. W. E. McCoy-, J r . ,  J .  H. Shaffer, and B.  McNabh, Tr.. 
“Intergianular Cracking of Material% Exposed to Several Fission 
PKO~UC?S and Sulphur.” Mciais and CPrrrmics Div. A r z i i i i .  Prog?. 
Rep. Ji4m30, 1972. ORNL4820, pp. 118-19.  

82.  J. hl. Leitnaker and F.1. Hornan. “Milolybdenuln Concen- 
tration Distribution in Fuel Pins.” Fuels and Materials Develop- 
ment Progruin Quart. Prugr. Rep. Dec. 31, 1971, 0RNL.- 

83. J .  M. Leitnaker, J. P. Del.ucn, and R .  B. I’iits, “Influence 
of Burnup on Reactivity of Oside Fuel with Cladding.” h i 1 . s .  

Ainrr. iV1rc.l. Soc~. 14(1), 177 (1971). 
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unirradiated material. l’liis is strong evidence tha t  
iiitergraiiular pores as large as 0.2 prii in dimietcr do 
no t  disappear during irradiation. This is not to say that 
;I 1:irgc niiriibci of considerably smaller fission gas 
bubbles do not disappear by redissolving. There were 
indications that fission gas bubble niigratioii and coales- 
cence  were iiifluenccd by moveiiient of cduiiiiiai- gr;tin 
bouridai ies pqc i id icu lar  to the  theriiial gradient as 
well ;IS by tlie presence of suhgrains I to 3 pm across 
within the cquixxcd grdiii rcgion. The bubbles or pores 
located within the  four grains sliowii in  tlie lower lelt 
micrograpli of Fig. 5.66 are locatcd on subgrain 
boundaiies. 

5.8.5 Fuel-Cladding Mechanical liiteractioris 

Two types of fuel-cladding interactions can liave a 
significant effect oil fiiel pin failure. These are iiiechani- 
cal and chemical interactions. Mechanical interaction 
may occur: 

I .  as a result of differcirtial thermal expansion betwccn 
tlie fucl and the  cladding, particularly under start- 
of-life conditions, or wlien there is a suddeii increase 
in pin linear heat rate because of a change in reactor 
loading, 

2. as a result of fuel volurne ciiariges resulting from 
fission product accumulation a t  liigli bumup. 

Our experiments to datc have not  provided any 
evidence for significant mcchaiiical defoi ination that 
can be attributed to fuel-cladding inechanical interac- 
tion. This is not surprising, since most of thc fuel pins 
have had sincar densities less than 85510, a n d  the 
majority of the burnup levels l m e  been less than 
50,000 MWd/ton - a coinbination of conditions under 
which General Electric investigators’ have also re- 
ported no sigiiifican t mechanical interaction. 

We noted two cases in which the claddiiig has 
plastical!y deformed. In  ilie transient tests on unirradi- 
ated Sphere-Pac fuels6 there was metallographic evi- 
dcnce of spheres having been forced against the 
cladding, as  seen in Fig. 5.67, by the differential 
theriiial expansion during the rapid power excursion. 

85. C. N. Craitr, et a]., “Steady-State Performance of PuOz- 
U 0 2  Past Reactor b‘uels,” pp. 555-75 in Pro[.. Conf. Fast 
Reactor Fuel F’Icvrzenr Technologi~, ed. by K u l h  F~irmakes, 
American Niiclear Society. Hinsdale, 111.. 1971, 

86. C. M .  Cox, D. R. Cuneo. and E. J .  Manthos. “Perform- 
ance of Sphere-Pac and Pelletized (U,Pu)02 During Severe 
Overpower Transients.” pp. 701 -24 in h o c .  Cotif: Ehst  
Reactor Fire; Eierner?[ Twliriologj, ed. by Ru th  Farmakes, 
American Nuclear Society, Hinsdale, Ill. ,  1971, 

The second o b w v a t i o n  is not clearly dzfiiied, since it 
dcrivcs froni a coiiiparison of predicted diametral 
changes a n d  measured changes for the ERR-11 series 1 
pins as discussed in Sect. 5.5. 

Tests curreiitly under irradiatioii ili the EKK-I1 
iiiclude higher-density fuel and will go  t o  higher 
buriiups so that additional data on iiiechanicd iriterrrc- 
tion will be available lroili iliein. 

5.8.6 FrraLCladdiag ChcmicaI Interactions 

Chemical iiiterrtctioiis between the fuel and sta in less 
steel cladding !iave beeii repeatedly observed by a 
iiumber of experimeiiters’ at cladding temperatures as 
low as 500°C (certainly a t  temperatures above 550°C) 
and buriiup levels in excess of 3 to 576 FIMA. These 
reactions have been recognized as  a potential limiting 
factor oil operating Londiiions and attainable burnup. 
Yhe fact tliat oxidation of the cladding is the primary 
reaction has also bccii established.83~s Two types of 
oxidation have been seen: (1)  a general or matrix 
oxidation, with ttic biiildup of a sigiificant surface 
oxide layer and a iiiore or less uniform reduction in wall 
thickness, and ( 2 )  an intergranular attack. which ib  

often only in IocaliLed areas bu t  which proceeds to 
significant depths. some times greater than 50% of the 
0.0 16-in. tube wall thickness. I h c  intergranular attack, 
which usually shows some fission products such as 
cesium in the  grain boundaries, is tlie source of grcatest 
concern, since it lias been seen most often in the 
irradiatioii tests coiidiicted to date.8 

The intergranular type of attack has occurred at  the 
lower teiiiperatures with penetrations u p  to 0.00c) in. at 
temperaturcs near 600°C. Significant general iiiatrix 
oxidation is usually not seen until the cladding surface 
tcinpcratures are well above 600°C. Figire 5.68 shows 
the compilation of the data as of November 1971 with 
the O R N L  data from the tests reported in Sect. 5.3 
added. l’he bulk of the postirradiation data a t  that time 
lay in the cross-hatched area in the lower left of this 
plot and a t  temperatures below 500°C. 
__.- - ...... ~ ....... ~ 
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Fig. 5.67. Point of contact of large microsphere with claddirig during irradiation. 
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Pig. 5.68. Summary of stainless steel attack 111 miaed oxide fuel pins. 
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Fig. 5.69. Type 316 stainless steel oxidized a t  925°C for 500 hr in Ar 4% Hz-4000 ppm HLO.  

The inechanisins of the attack have not been defined, 
although a nurnber of hypotheses have been pro- 
posed .83~s8 ,90~91  Most of the hypotheses have been 
associated with the effects of fission products. particu- 
larly cesiam, on the attack with a recognition of the 
strong effect of oxygen potential in the fuel and a 
distinct teinpersture dependence. Early work suggested 
that fission products were responsible, in that inixed 
oxides out-of-reactor did not show extensivc cor- 
rosion” and that the extent of attack was proportional 
to the ternperati~re.’~ Still othersg4 fclt that low- 
density fuel would lead to more concentration of the 
fission products at  the cladding interface and increased 
reactions , 

The out-of-reactor oxidation studiesE8 conducted as 
an adjunct to the ORNL irradiation program showed 
that both types of attack could be developed in the 
absence of both fission products and fuel, as seen in 
Fig. 5.69. There was evidence of a threshold teinpera- 
ture for soine cladding microstructural changes (see Fig. 
5.10) in the uniiistiuinented therinal flux k s t s  we ran, 
but even at  ternperaturcs above this threshold we did 

not see intergranular attack with the Sphere-Pac fuels in 
the uninstrumented tests (Sect. 5.  l ) ,  the thermal 
performance tests (Sect. 5.2), or the series I EBR-11 
tests (Sect. 5.5). The EBK-11 tests also failed to show 
any density effect, even at  fuel smear densities as low as 

90. C. 6. Johnson, 1 .  Johnson, and C. E. Crouthamel, 
“I:uzl-Cladding Chemical Interactions in UO2-20 wt % PuOz 
k’ast Reactor Fuel Clad with Stainless Steel,” pp. 393 410 in 
hoc. Conf. Fast Reactor p i i d  Element .Techrtologv ed. by 
Ruth Farmakes, American Nuclear Society, Himdale, Ill., 197 1. 

91.  P. S. Maign, “Interaction of Volatile Fission Products 
with Austenitic Stainless-Steel Cladding Alloys,” Tram Amcr. 

92. K.  J .  Perry et al., “Fuel-Cladding Reactions Observed in 
Stainless-Steel-Clad Miued.Oside Fuel Fin Irradiations,” pp. 
41 1 29 in Proc. Cot1.f: Fast Reactor Fuel Blernerit Technology. 
ed. by Ruth Farmakes, American Nuclear Society. Hinsdale. Ill., 
1971. 

93. C. E. Johnson and C. E. Crouthamel, “k:uel-Clad Inter- 
actions in Mixed-Oxide U02-Pu02  Fuel,” ;Tr~ns. ,4mer. h’iicl. 
SOC. I W l ) ,  173 (1971). 

91. J .  W‘. Webber and E. D. Jensen. “Effect of O/M on 
Irradiated Mixed Oxide Stainless-Steel Cladding Compatibility,” 
lhid.. 11. 175. 

N u c ~ .  SO<. 14(2), 599 (1971). 
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7676 arid very high teiiiperatures up to 1000°C in tests 
to low tu  intcrnicdiatc burnup.’ ’ 

‘The orily sigriiricanl fuel-cladding chemical interac- 
tion with Sphere-Pac fuels seer1 to date was in the 
high-bur~iup instririneiited thei-inal flux series 1 lests, 
;md l~ei-e the Sphere-Yac fuel showed approxiinately 
one-iialf ttie e ~ t e i i  t o f  attack seen in a companion piti 
with pellet fuel. A similar result with no :ittack f o i  
Splserz-Pac fuel and some attack for  pellet fuel was sccn 
in the O[iK thermal per‘Corniance test, Sect. 5.2. 
Atidi1,iixial data 011 low I-ati‘s of c1iemic;il interact.ion 
be t w e e n  Splierc-Pac fuel and claddirig bavr: been rc- 
ported by N e i ~ n a r k , ~  who also reported both matrix 
arid iii tergrmular aitack iri conipaiiion fuels in the mi ie  
EBK-I1 subassembly. 
$11 thvugti tlie irriproved per formnce  of Sphere-Pac 

h : l  with respect 10 fuel-cladding chernical interac tioiis 
has not. bee11 pzoveii iiicoi-itrc)vcri.ibly, the evidciice 
ovi:rwhi:lrtiingly supports this conc~usion. 111 every test 
cxainiiied IO date the Sphere-Pac fuel 1 ~ s  s h o ~ ~ i  less 
reacljori. Exiniination of the pjns from llic second 81’K 
jrxjtrumentcd capsules (Sect.  5.3) and from EBK-I1 
serjes I ?  lests (Sect. 5.6) sboi.ild provide coriclusive 
evidence. 

The EHR-11 pins should also help in defining tlie 
rcasoiis f o r  this iinproved k~chavior~ because the ViPac  
fiicl pins, which liavc ii different porrlrsity distribution, 
will retain open paths For gas phase cc,mmunicatioti 
between the lucl surface and the hotter fuel. TJILLS, ;I 

zornparisun of the chemical interactions tor the Vi-Pac 
and Sphere-Pac pins should help t o  define the role of 
this incchanism in the rates of iriteractioti. It sho~ikl be 
pointcd o u t  liere that of all the possible cxplanations 
presented in the discussic.~ii in Sect. 5.2.4.2, the gas- 
phase oxygen trailsport argurnent is the least likely, 
becsuse of the high rates of cheii-rical interaction seen 
by otliers” in Vi-Pac fuels, ani1 because in our series I 
ETR instruoieiitctl cests (Sect. 5.3) the Sphere-Pac 
porosity g j ~ s  paths at  high burnup w c ~ e  plugged with 
f’ission product oxides, but still the cxtcnt of inter- 
aciion w;is less than in the adjacent pellet pins. 
most. likely sources of jtiiprovcd perforinaiice are the 
better gap conductivity and possibly the rediicctl 
claddhg stresses with Sphere-Pac ruels. 

One adtli tional finding in  the area of chemical 
interaction t tiat has conic to  light during our  investiga- 

95.  C .  h.1. Cox, A. R. Olsen, R. U .  Fit ts ,  and F:. L. Long, Jr., 
“Fuel-Cladding Chemical Iriteractiotis in Low-Lknsity (U,Pu)02 
Fuel Pins,” [bid.. pp. 173  -- 75. 

96. L. A. Neiniark, “Fuel Elenienf Performance,” Arzonrw 
iVafionul Luborutory Reactor Devclopnienr Prograni N.ucp Rep. 
.Iurw 1971. A N L 7 8 3 3 ,  pp. 5-1 3 15. 

l__l____l_._._ __ 

lions is the fact that the ititergr;inular forin of’ attack 
docs not increase rnonotonic;illy with teinpcmturc but 
in fact has ii peak at intermzdiate teinperatures. I I ie  
data presented in Fig. .5.@ show an apparent p e ; k  in 
the extcrit of rcaction in thc 540 to  6 10°C range. This 
peak we believe is assxiated with the kinctics of 
carbide piecipitation in the grain boundaries of  the 
siaiiilcss steel. 

Eviderrcz to support, this hypothesis was developed in 
aiiot~ier out-ut-reactor adjunct test’ o f  uxidation in  
the absence o f  both fuel and f‘ission prodircls. Lri a series 
of cxper’iincnts, solution-tucareti type 3 16 stainless steel 
tubing was exposed to tlowirig AI 4% H, with cum 
trolled inoisturc ~;anients of 4000 or 40 ppm to control 
the oxidation potzrttial. A krnperaturc gir <I d’ le111 was 
nui~itxined along each 1 U-in~-long tube. Two gradients 
were uscd: 450 tc.) 6 5 0 ” ~  and 500 t o  7  IO"^. 111 all, nine 
tubes were testccl in three groups of three tribes each. 
The ent.irc length of each tube was n~)iidestruc;tively 
irispectcd for wall thickness with ai1 eddy-currelit 
tecIiniyire.‘* ‘Two tests were conducted t o r  SUO h r  each 
and one f o r  I000 h r .  All nine tubes showed a11 q ipa rcn t  
wnll thickness reduction: which was localized in the 560 
to 650°C range, with the iii:r.xiinuni cliangc ;it 58.5 IO 
605°C. In the 1OOO-hr test witti the higher- oxygen 
potcntial, it second and grcater cliaiige in wall thickness 
was indicated above 660°C. The effeci. of oxidation 
potenti;il is shown in Fig. 5.70. wtiiie the effect of t ime 

i s  sliowrr in Fig. 5.7 1. 
Stariclard rrietallographic examinations of the tests 

show i i o  sigii ificant charkg in the gconictric wall 
thickness. Although lliere are otl ier inc tallugrapfiic 
differences, the rnost proriouiiced observatiori is the 
distinct iricrcased sensitivity ti, etching (-glyceuia regia at  
room temperature) of all scciioris cut i‘rom the 000°C 
regiorr. The gi ai11 boundaries are most rapidly attacked; 
this effect is less on sections froin higher or lower 
temperature rcgions. 

Thinned sections f r o i n  one tube in the 500-hr test 
with 4000 ppni 1 - 1 2 0  were exarniiied by transinissioii 
elcctroii iiiicroscopy . ~ I i e s c  samples, one fioi-ii the ’ 

650°C r e g o n  and one f m i i  tlie 615°C region, showed 
only Mz 3 C 6  precipitate in the structure. However, the 
morphology cjf these precipitates was  distinctly differ- 
ent, as showti iii Fig. 5.72, with thin sheetlike precipi- 
tate covering most of the grain boundary in the lower 

97. A. R. OIsen, J .  M. Leitnaker. and R. A. J3ulill “(lladding 
Chemical Reactions.” M m l v  rrnd (-‘mimics Diu. i l r inu,  Progr. 
Rt’p. J ~ n c  30, I972 ,  ORNL4820, pp. 59 --61. 

98. C. V. Uodd and W. A. Simpson, J r . ,  Tiric,kizess M e a w e -  
m m t s  Cking k‘ddy-G‘frrverrt Tr~,liniqucs. OKNL-TM-371 2 (March 
1972). 

___ ---.. __ ~ 
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Fig. 5.70. Effect of oxidatinn potential ieaction of stainlcs stctrl with Ar-H,-H,O in 500-hr tests. 
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Fig. 5.71. Effect of time at constant H 2 0 : H z  = I O - ’  on reaction of stainless steel with Ar-l-12-H20. 

temperature section and thicker, separated, agglom- 
erated precipitate in the higher temperature section. 
This observation is in excellent agreei-neiit w i t h  the 
findings of Stickler and V i i ~ c k i e r . ~ ~  These same authors 
report a iiiaxiiiiiiiii in intcrgranular einbrittleineiit after 
exposure to Strauss solution for samples heat treated in 

99. R.  Stickler and A. Vinckier, “Morphology of Grain- 
Boundary Carbides and Its Influence on Intergranular Corrosion 
of 304 Stainless Steel,” I?u-ans. Atner. Sor. Metnls 54, 362L80 
(1961). 

the range 565 to 650°C. In another experiment in a dry 
cnvironnicnt, Pickering, Beck, and Fontana’ report 
or1 corrosion tests in thc range 93 to ‘760°C with NaCl 
with and without the presence of oxygen. Oxygen was 
required for both matrix and intergranular attack. Also, 
the reaction occurred most rapidly with M2 jC6 com- 

100. W. W. Pickering, F. H. Beck, and hl. G .  Fontana. “Rapid 
Intergranular Oxidation of 18-8 Stainless Steels b y  O x y g e ~ ~  and 
Dry Sodium Chloride at Elevated Temperatures,” 7rans. .4rner. 
Soc. Metals 53,793-  803 (1961). 

-..__ __._ ___ __ 



Fig. 5.72. Morphology of precipitates in stainless steel tubing herteetl in Ar -4% 142-4000 pprr~ $ 1 2 0  fnr 500 Rr. (a)  615"1' 
region, ( b )  650°C' region 

pounds. 'The salt led LO the production of N a 2 C r 0 4  
instead of ii protective chromic oxide. Matrix attack 
producing large amounts of' surface scale occurred o d y  
a t  704 to 760"C, wfiereas intergranular attack was very 
proiiouIw.d at  5?>3"C. 

1 h i s ,  the work of orliers on intcrgr:iniilar corrosion 
1 1 ~ y  help explain our noridestructive test results iii 

staiiilcss steel heat treated in a pure oxidizing atnios- 
l>kiecc. The postulated reaction f o r  the apparent wall 
thiikness reduction tneasured by the cddy-current 
tcchniquc is the fornia tion of  thin iritergrarli~lar oxide 
lay-ers wttere the thin iiiterconaccted sheets of M 2  :)C6 
;jfe forincd i i cx  6OO"Cl. Agglomerated carbide at  t1ighi.r 
t,:iiiper;itures does not provide a corLtinuous path,  so 
less penetration occuIs until the matrix oxidation rate 
increases and a thicker corrtiiiuous u r b i d e  precipitate is 
formed at  thc highest temper:itures of our tests. The 
irif.ergrarralar oxide would electrically irrsulate the grains 
aiid iiicrcasc the resistivity, thus causirig ail apparent 
reductiori in wall thickness. 

'Uhe presence ol' fission product cesium in the grain 
hundar ies  of intergrariularly attacked cladding 011 

irradiated oxide fuel pins may- also be the result o f  the 
formation of compounds of cesium, chromium, aid 
oxygen by reinoval of  carbon from thc $1, >c6 precipi- 
tate ;IS CO. This would yield a surface area relatively 
frce ( i f  carbide, ;is we have noted irr soiiie ol' our  
high- te I nper atii rc terisile tests of pi-cviousl y heat-treated 

. ?  

typc .I I O  staiii!ess si.:.el."  he postuIatt:d reactiuus 
req uire ;t dd i t iunal expe r i m e  11 t :11 p r  oir f. The kn o ~ i i  

of neutron irradiatioii on carbide precippitatioii 
kinetics' O 2 , l  O 3  may lower the ternperaturc range to  
the 5 4 0 " ~  sei:ri in Fig. S.t>K. 

'I'hus, the irr:idiation tests in this prograin togethzr 
with the simple ou L-of-Ieactcir oxiciatiun study tests 
have sliowii that  the oxygen activity is the primiry 
variable in fuel-cladding icactioiis, th ;~  t ternperiiture is 
iinpottarit p:irticularIy for tlic iiitergraiiular f o r m  of 
;)ti ark,  ;md finally that thc cladding i s  a very importatit 
part o f  the reaction, with intergranular attack varyiiig 
frcjln one lot to  anotlrer tlependiiig on as yet uudefii-led 
variations in coinpc.)sition and tibrication history. They 
have also shown that 1.m any. giver] lot of tubing !he 
Sphere-Pac fuels appeitr t o  bi: much lcss reactive than 
pclle t firels. 

_II _c_.- -..- I__ 

101. J. M. Leitnaker and H. Mateer, Fuels ~ ? ? d  Muterials 
Development Program Quart. Progy. Rep. March 31, 1 9  72, 

W. Barker, and R. L. Fish, "The 
Lion on the Mechanical Prnperties 

and Dimensional Stability o f  Stainless Steel," Nucl. Appl .  
Techml. 9 ,  10 ~ 23 (19'70). 

103. P. I. Barton, Some Ohservulioris on the  Structure and 
rerisilr Properties of.41SI Type 316 Steal as 12 li'unction ofb'ast 
Kwctor Irradiation Temperalure, AERE-R-6435 (June 1970). 
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5.8.7 I~ecummeiidations for Further Work 
on lrratliatioii Effects 

Following ai-e the salient recomi~iendat io~is  of this 
prograi i  for work in tlic near future: 

I .  An esperiinent siiiiilar to  the SG-3 experiiiieiit 
should be conducted. The pellet aiid Sphere-Pac fuel 
pins w)uld be brought to  power over about 10 h r  (in a11 

at tempt  t o  duplicate a typical power raiiip for a 
coiniiiercial power reactor) a n d  held at constant power 
througliout the test. We would of course be constrairied 
by tlic cycle durations of the test reactor, bu t  cyclic 
da ta  would also be useful. '1 lie center-line and cladding 
thermocouples would then inoiiitor the  kinetics o f  
sintering, restructuring. and gap conductance changes. 
111 this iiiaiiiier data applicable to LMFRR safety 
aiialyses would be obtairicd. It  would be desirabit. t u  
coinpare pellet aiid Sphere-Pac fuels aiid t o  investigate ;i 
range of  initial densities and  fabrication techniqiies. 
2. Traiisierit testiiig shotild be conducted on selected 

EHfi-I1 series I I  pellet and Sphere-Pac pins. These tests 
werc pl,iiined to siippleinent o u r  transient testiiig oil 

unirradI;itcd pins but were not conducted because o f  
the pi ogi-am tcriiiiiiation. 

3. EBR-I1 tests should be conducted wit11 plutoiiium 
and natural or depleted uranium. As is pointed o i i t  in 
the sectioii 011 tliermodynamics in Chap. 6, t h e  aiiiouni 

of oxygen iisr:d by oxidc-forinirig l'issioli products is 
sigriificantly grcaler for ' j 5  11 fuel tJiari for p ~ u t o r i i u ~ n  
f11el because o f  the  importaint shif t  iii fission product 
distribution. Since d l  EBR-I1 fuel pins have contailled 
eiirichcd urania, the chetiiicd interactioI1s between fuel 
a n d  cladding could be substaiitially reduced. A request 
for Approval in Principle for  such EBX-II tests w i ~ s  
submitted t u  the UShEC sliortll, before a1inot111ce1iie11t 
of prvgr alii tcriiii na  t i  o i l .  

4. The o (I t-ot- re iic t ( )r  clie 111 ic a1 in t er;i c t i on s t ti die s 
iiiitiatcd in this progra~ii sliould be followed up to 
investigate the influence of cold work arid cladcli~rg 
coinposition 011 the results. This type of' ewpcrimeiita- 
tion is iiicxperisive and c a n  shed valiu;rhle light on the 
~iicclianisiiis, tciiipcraturi: I-aiigcs, aiid magiiitudes o t  
both uii i for  111 a t  tack an d i 11 t e rgr a11 II la I p i  e t r :I t io 11. 

S~ifl'icient inforilia tion could be developed to  specify 
claddiiig coinposition aiid iiic t;illiirgical prucessiiig vari- 
ables to iiiiiiiiiii~e cl~ddiiig-fiie1 clieiiiical in t e i x  tion. 

potei i t ia l  perforiiian~:c ;rdv;ititagcs f o r  Sphere-Pac fuels, 
bo th  in  regard t u  ~iicchaiiic;~l iiiter:ictioii bet?h;c:ii Itiel 
and cladding, and cheiliical compatibility. r h e s c  poteii- 
tial advantages should be pui-siicd both cxperiiiicnt:Jly, 
to establish the liiiiits of  superior-iiy, 'iiid analytically, 
t o  d e h e  the iiiechaiiisins t h a t  lcad t o  better perl'oriii- 

5. 'The results of the p l -og l -~ l l~ l  have showll soiiic 

~ll lce.  

. 
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i n  tlie i-riodel ;IS the sum of  a condiictance term froin 
solid-solid contact (when the gap 113s closed from 
d i ffe ire 11 t i  a1 tlie iin a1 ex p an sio ii o I- lii e I swe I I i  rig) an d 
fi-om lieat transport acrms a gas pliase separating the  
fuel and cladding. Azconiinodation effects ai-e con- 
sidcwcl. as well as ttie changing conductivity of the gas 
i i i  tlie gap  from the introduction o f  fissioii gases inti) 
the plcnum dllrijig irradiation. 

The mec1ianic;il niodcl uses :I generalized plane straiii. 
finite difference approach. The code user can supply h i s  
O W P  plasticity equations arid creep eqaations to de- 
sci-ibe both thermal and iriadiatiori creep of the  
cladding. The rneclianicril model is applied t o  the fuel in 
a somewhat d i f fe i -en t  manner than to the cladding. 
because of the extreme plasticity of tlie central portioii 
o f  the fuel and hecause of the  cracks t h a t  torm in the 
cooler fuel regions. ' I  lie iuechanical model lias been 
iiicurporatt-c! into a fue! cracking model. svhicli is 
described in Appendix F of ref. 2.  Tlie details 0 1  the 
riiechanical riiudel are given in Appendix E! o f  r-ef. 2.  

i'he chemical model desclibes till: transport of  oxy- 
geii. ~ i i - a i i i ~ ~ i i ,  and plutonium during irradiatioii. 
'fiicrniodynamic considerations are employed in these 
calculations, and the results are extremely sensitive to 
the initial oxygen-to-metal 1-atio of tlie fuel. 'Ilie details 
o f  this model have recently been p ~ b l i s l i e d . ~  Cunipo- 
nerit redistribirtion is vel); ilnportant in a perfoi-man;e 
model because of the  influence of plutoIiiui1i content 
and stoichiometry on thermal conductivity. thci-ilia1 
expansion, the melting temperature, and the  creep 
cliaracteristics of mixed oxide fuels. Failure to account 
for tliese changes will result in a model that does not 
properly compute teniperature cliangcs with i t  radiation 
and can lead to serious errors in othei- perfoi-iiiance 
cliaractei istics. 

The general appi-oacli used in F.tlODEJ. is to divide 
the iiiel pin into a user-specified number of axiai 
regions. with each axial region further divided into 
conceiiti-ic bigs. 1 lien the perfoririance o f  each region 
a t  311 axial node located in the  axial center of the region 
is calculated. rl'he irradiation history of interest is 
broken down into components or 
performance of each axial node i s  calciu 

le. Tiiis process is repeated unti 
been completed. Tlius two noding systems are required 

~ axial and radial. Storage locations are required to 
store tlie performance calculations from one axial node 

.- 

5 .  W. J .  Lackey, F. J .  Hornan, and .4. R. Olsen, "Porosity and 
Actinide Redisiribution Dui-ir~p Irradiation of (U,Pu)02 ," ac- 
cepted f o r  publication i l l  i'V~tc/mr TeL.huologr Alco :t.ailable as 

ORNL-Thl-3762 (August 1972). 

while calculatiorii a te  hziiig perforiiied on other nodes. 
At the  end of eac11 le I Ii e per fo i - i m  iic e i n f o  r m t  t ion 
can be Llutput for aniinatioi-i. The code user h a s  
complcte co i i t ru i  ot ' t i i c  aniouiit  of inforiiiation cjutpui. 

Pcr1orni;iilcc zaicuiations a t  a given axial node besin 
with tlic tenipei-attire distribiition in [lit.  fuel a n d  
cladding. based OI! tile1 and cladding geonieti)' arid 
i-eactor o p c i ~ ~ t i ~ l g  conditions. Mechanical :ind phq 
pruperties ai-e theii determiiied for each fuel an 
CI addi ng  i i  ode I h :i je d o i l  tli c t eiTi pe rat I I re. porosity , 
grain size. and oiiiel- p:ir;liiietcrs lor the fuel or cladding 
a t  that nodc. Tlie tzmpcr:itiires and lpi iqxri ics  calcu- 
l a l e d  aJe ; M U J I ~ I ? ~  to 1'eiiiaiii cniistant fol- a time period 
At" The length o f  A( is tinder the control o f  the  code 
user. Tlie coiitinuously changing real-life situation can 
be appioxiniateti more closely by making At sniall, biit 
;I penalty is paid i n  greater computer time requirements. 
Uiiliilg any At both tiit, fuel and cladding will be 
subjected to various t >  112s ol' s t r e w s .  Both will liave a 
tenipelmture gradient. fission gas pressure. arid perhaps 
p re ssi I I-e due t o  fi le I -c' 1 add i iig me c 11 a nic al in t e r ac t ion, I 11 
addition. both will swell. tlie cladding because of void 
formatioii and the fuel because solid fissimi pi-oducts 
and retained fission gas accumulate in its lattice. Tlie 
geometry clianges bi-ougli t about by ~-esponsc tu the 
fuel and cladding st resses are calculated at the end of 
each time period. and the teinperat!ire distribution is 
re c a1 c i t  I ate d . TI1 en t I i  e ph y sic al R t i  d niecha n ical p r o  pe r- 
lies are redetermined and the proccss repeated until the 
entire t ime period of.interest lias been covered. 

Clianges in power are modeled as occurring stepsvise. 
A liiicai- !,owe!- I-amp is replaced by a series of vertical 
stepa. followed by lioiizontal periods of constant 
power. i-he niimbcr of such steps in a given power 
change is under- the control of the  user. Tlie code has 
been designed to follow tlie broad changes in re 
power history with the characteristics of each 
input. However. if tlie detailed power history is to be 
followed. it is inore convenient to merely read in the 
reactor power as a function of time ar,d write a small 
routilie to generate the other necessary 
istics. See Appendix H o f  ref. 2 for a description of the 

Several assumptions and simplifications are inherent 
in thc FMODEL code. A listing and brief discussion of 
each is Eiven below. 

1 e characteristics r eq I I i  re d. 

I .  The heat transfer analysis considers heat f low iii 
ttie radial direction oiily. The axial length is divided 
into a user-specified number of regions, for which the 
calculations representing the entire region are per- 
formed for the axial midpoint of tlie region. Axial heat 

r- 

e -  
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flow near tlie ends of the rod probably causes a 
temperature distribution in those regions soniewhar. 
diffcrenr than that calculated with tlie cjrie-diniensiooal 
analysis a t  the region midpoint. This effect is ignored in 
the present version o f t h e  code. 

2 .  ‘The claddirig mechanical analysis assumes circum- 
E., ciLntial .n 

effects of cladding bowing due to asymmetrical distri- 
butions of neu trixi flux and coolant temperature are 
ignored. Similarly, the stress effects due to the presence 
of wire wrap or grid spacers ari: ignored. Friction forces 
hetween fuel and cladding are also ignored. 

3 .  One sirnplicaticjn used in the code is to neglect 
time-dependent cladding w ige. This is sorriewliat 
difficult to treat analytically, because the nature of 
jntergranular penetralioti of  fission products at the 
cladding inner surface is such t h a t  the cladding strength 
may be lost. bu t  its volume is still present to influence 
tiiel-cladditig niec:b anical interaction. In addition, swell.- 
j,ig and plastic strain art: being accumulated as functions 
of time and radial position across the cladding. If 
cladding nodes are “disappearing” because of wastage, 
it is difficult t o  keep [rack of these quantities. 
l’hereforz; our present position is that because of the 
lack o f  data and understanding concerning this effect. it 
is better to make allowances For wastage in the initial 
cladding thickiiess than to attempl, to describe the 
wastage phenomenon as a time-dependent event. 

4. Cladding creep and tensile properties are presently 
~ r e a t e d  in the code its independent of plastic strain and 
irradiation. It is well-known qualitatively that annealed 
claddings harden and  cold-worked claddings soften 
i ‘ r ~ ~ i i  irradiarion, and it would be a simple matter to 
substitute quantil.ative rela~ionships to describe the 
changes when such relationships are available. 

5. F u ~  creep is expressed in tlie code 2s a function of  
tctnpeiature, porosity, stress, and grain size. Equations 
for IJ02 developed b y  5okiaboy6 are used for fuel with 
density greater than 92% of theoretical, and by Clauer7 
[(:)I- fuuel with densities below this value. Again, it is 
well-known qualitatively that the fissioning event, 
substit irtion of‘ plutonium for uranium, stoichiometry, 
porosity form, and plutonium concentration will in- 
fluence creep streng1.h in the fuel, and it is a simple 
matter to use suitable equations Cor the fuel under 
cousitle rat ion when such quantitative relationships a re 
available. 

syrniiietry as well as plane strain. Thus the 

____.._ ___ 
6 .  P. E. Boliaboy e t  al., Cumpressive Creep Chnructerirlics i?f 

Stoichinmefric Urnfiitinz Dioxide. GE.4P-10054 (1969). 
I. A. H. Clauer et al., Progress Report on Developinerit 0.f 

Muterials and Technok?gy fix Advuiiced Ilructor.Y, .fntiuUry - -  

,b?‘(l~h 1965,  BMI-1862, P. C-22. 

The FMODEL, fuel pin performance code has proven 
t o  be a valuable tool for plantiing and design o f  
irradiation experiments and interpretation of data from 
the experiments. ‘rhe cock contains models to describe 
inost of the phenomena known to occur in an operating 
fuel pin. Some of t.he models are derived from f‘irst 
principles, whereas others are empirical or semiempiri- 
c d .  The overall calculational framework is logically and 
efficiently laid oui so that individual models can be 
replaced when inore sophisticated niodels are available. 
?‘lie code has been able to reasonably reproduce 
experinienial measurements without the iisz of adjust- 
able parariieters to Force fir code predictions to experi- 
mental observations. The code is flexible, containing 
many user options to atlain the degree o f  analytical 
detail desired. The code requires about 300 K of core 
storage on  the [UM 360/9 1 ccmipciter, and running 
times are under 10 min for most cases 01- interest. Most 
o f  the exes 11111 to date have included 9 axial nodes, 20 
fuel nodes, 5 cladding nodes. and 2 t o  5 time cycles. 
Running times could be substantially reduced (to less 
t h i n  1 min) for cases with fewer nodes and cases where 
hiel and cladding do not mechanically interact. 

6.1.2 Comparison of Code Results with 
Experimental Results 

The veracity of ariy model is of course determined by 
comparing its predictions with measured behavior of 
the red-kfe system being rnodeled. Each of the indi- 
vidual models (rneclianical. thermal, and chemical) 
contained in the FMODEL code has been tlioroughly 
confirmed by comparing prediction with experimental 
measurertierit. I t  should be emphasized at t h i s  point 
that FMODEL contains no adjustable parameters for 
artificially “fitting” predicted perforniarice tci measured 
pwformmce. Predicted performance depends only on 
the fabrication data and irradiation conditions input, 
the thermophysical and mechanical properties of the 
fuel and cladding, ;ind the validity o f  the models. I f  
agreement with experimental results is not satisfactory, 
the reason is sought in  erroneous data, faulty as- 
sumptions, or omission o f  an important factor from the 
motlel. 

Measured perf‘ormance of fuel pins irradiated under 
fast flux conditions is presently limited to what can be 
observed during postirradiation examination. This is 
because instrumentation is vzry limited in the EBR-TI, 
the only fast reactor in this country in which a 
substantial nuniber of mixed-oxide pins have been 
irradiated. In-test data can be obtained from irradiation 
tests in several tliermal flux facilities. Although it is 
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recognized that thermal flux tests are generally unsuit- 
able for proof tests of fast reactor fuel elements, such 
tests can be valuable for understanding cei-tain aspects 
of fuel performance. Pending tlie availability of instru- 
mented test data from fast reactors, we have utilized 
thermal flux test data to  test the accuracy of our 
thermal performance models. Fast-flux test data were 
used for the comparison between predicted and meas- 
ured diame!ral expansion. 

Comparisons between predicted and measured per- 
formance are divided into the five areas ( I )  diametral 
expansion of the pins, ( 2 )  fuel radial porosity distri- 
butions, (3) diameters of central void. columnar. and 

eqiiiaxed-grain legions. (4) fuel center-llne tempera- 
tures, and ( 5 )  uianiurii dnd p iu ton~um redistrlbutlon 

6.1.2.1 Diametra? Expansion 

Permanent diametral cupansion of an irradiated iiiel 
pin is due to cladding density decrease froni void 
foi-mation. plastic strain accumulated throughout irradi- 
ation, and elastic strain present a t  room temperature 
due to fission gas pressure and cladding swelling 
gradicnts. Predicted diametral expansions are scnsitivc 
to the assumed cladding strength and pjn fabrication 
and opera t i  ii g conditions. 
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Fig. 6.1. Postirradiatinn profiloineter traces for five fuel pins from General Electric F-2 series 
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Figure 6 1 surnniari7es some carly FMODF I, analyses 
on diarnetral expansions of  several pins iron1 {lie 
General blectric F-2 wries I I I  adlation euperirrietits* in 
iiiz EBR I1 Trradiation-enhanced m e p  01 the cladtlirig 
was not considerztl in the calcul'itiuns rzflected in  this 
figurti, and the August l960 vexsioi1 of the WARD-PNL 
{Lidding swelling coirelation" W ~ X  used Mechaoicdl 
iirter;iction on stait-up due to ditfeieiitial thernidl 
expansrorl between f~ ie l  and cladding w'ri predicted f o r  
FZQ and F211 Notice that tftc giratest rtieaiured 
diametral expanSIOJ1 fo r  both these pins I)CCIJI red at the 
cold end (bot tom), wlieie the fuel dtid cladding ditfeied 
niosr in the1 [lid1 eupansiori. 

Two of the pins shown in Fie 6 1 ,  FLZ and F2H, 
were induded 111 the tnodeling round-iobin exercise ' (' 
Tix measurzd and piedicted dianietral expaiibions for 

Figure 6 4 co~iipires predicted dnd ineawred diarn- 
etral eupdiisions tor fuel pin F2S *Illis pin is particu- 
larly iritereji ing, bec'iuse tlie fabricated smear density 
and heat rate were high, the tud  was axially iestrained, 
and tlic clddding was 30 mils thick. The postiri ,ididtion 
piotilornetei tiaLe foi FZS indicates d greatrr diametral 
expansion d i  the hot end o f  the pin than at the cold 
end Recall h i t  this opposxre to  he obseivations 
made f o r  F2H and F2Q I t  has been suggested' ' -that 
tliz a l a 1  i e s t rd i i i t  at the top of  F2S prevented any axial 
movenierit of tuel i n  thdt poltion ot the pin wherza> 
the fuel at ihe bottom of  1 tie pin, beiiig moie iei~lote 
froin the restrarrrr, may have been freer to move a x ~ l l y  

P 
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Our analysis supports ihis hypothesis. Two sets of 
xisumptions were made in calculatirig the predictions 
plotted in  Fig. 6.4. First, we assurned that thermal 
expansion and swellirig of  the fuel occurred isotropi- 
cally ; j lien we assumed complete axial restraint in all 
regions of the pin. Good agreement between prediction 
and measurernenl was achieved at the bottom of the 
pin> using the isotropic assumption, and at the top of 
the pin, using the axial restraint assumption. 

All comparisons between predicted and ineasured fuel 
pin diametral expansioti are summarized graphically in 
Fig .  6.5. Each point of the plot represents oiie axial 
position Cor the pin indicated. The measured values are 
the average of the 0 and 90” profilo~neter traces. ‘The 
predicted values are those plotted on the previous 
figures, with the exception of F2S. The predicted values 
f b c  this pin were based on tlie isotropic assumption ;It 
the botroni of the pin and the axial restraint assump- 
tion at  the top of the pin. With the exception of piii 
F2H, where the actual operating coadi tions were 
uncertain, agreenient is excellent. Even in this case the 
agreement was within 30%. Exact agreement for ariy 
pi0 must be considered fortuitous, since the cladding 
density changes generally accounted for a t  least half the 
predicted diametral expansions, and the data from 

which the swellti~g correlations were derived have a 
wide scattei band 

6.1.2.2 Fuel Radial Porosity Distribution 

FMODEJ, utilizes a continuous, time-dependent fuel 
restructuring model adapted‘ ’ from Nicliols’ equa- 
tion‘ .’ for pore motion by a vaporization-condensation 
mechanism. One measure of tlie validity of such a 
model is the comparison of predicted and measured 
void diameters aiid diameters o f  the columnar and 
equiaxed-grain regions. However, a difficulty with such 
comparisons is that axial movement of  fuel will 
influence the measured diameters arid thus distort the 
comparison. In addition, columnar and equiaxed grains 
are not exact indicators of the porosity present in a 
given fuel regioii. ‘Therefore, actual comparison of 
predicted and measured radial porosity distributions in  
lhe fuel provides a much sounder basis for judging the 
usefulness of this model. Unfortunately, few systernatic 
nieasureinents of radial porosity distributions of pins 
irradiated under fitst llux conditions are reported in the 
literature. Lackey and Kegley’ rneasured the radial 
porosity distribution for a Sphere-Pac fuel pin operated 
at 13.6 kW/fl to about 0,776 FIIvIA i I t  the Engineering 
Test Keaclor. A postirradiation metallographic cross 
section of  this pin is shown i n  the center portion of Fig. 
6.6, and their porosity distribution data are shown in 
the upper portiori of‘ the figure. The solid curve shown 
on the upper portion or‘ the figure is the porosity 
distribution predicted by FMODEL. The agreement 
between prediction and experiment here is excellent, 
except that FMODEL overpredicts the size of the 
central void at this axial location by about lo(&. 

ORNL-DWG 7f-3349 

6.1.2.3 Actinide Kedktribution 

The model to describe actinide redi>tribution is  

laiterrelated with the porosity redistribution model. We 
consider an ‘ixtal aegmcnt of the fuel pin of unit length. 
Af  Ler cdlcUl3tlOn of the radial ternperatuie profile, it 
dnd the oveiall ouygeii-to-metal ratio of the fuel dre  

used to calculate the oxygen-to-metal distribution 

0 1 2 3 4 5 

MEASURED CLAOOING ADlrnils) 

Fig. 6.5. Suinmary of comparison between predicted and 
measured cladding diametral expansions. 

12. F. J. Hornan, “Uevelopment of a Fuel-Restructuring 
Model,” LIWF~~R Fuel Cycle Studies Progress Report for 
Deceirrher 1970, No. 22, ORNL-TM-3281, pp. 5 6 - 4 2 .  

1 3 .  F. A .  Nichols. “‘lheory of Columnar Grain Growth and 
Central Void Formation irr Oxide Fuel Rods,” J. Nucl. Muter. 
22,214 (1967). 

14. W. .I. Lackey and 7‘. M. Kegley, Jr., “Microscopy of 
( U , h ) 0 2  Fuels,” LiWFBR Fuel Cycle S t d i e s  Progress Report 
fiJr October 1970, No. 20, ORNI,-TM-3217, pp. 79--82. 
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according to  a previously proposed irreversible thermo- 
dynamic approach.’ s Next. the porosity of each radial 
increment at the end o f  a short time period is 
determined from knowledge of the initial porosity and 
calculation of the movement of pores, or equivalently 
the movement of material, into and out of each radial 
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Fig. 6.6. Comparison of measwed and predicted porosity and 
Pu/(U t PM) profiles. 

increment. Similarly, since the initial Pu/( U + Pu) ratio 
for each radial increment and the amount of hiel 
transported into and out of each increment are known, 
the Pu/(U + Pu) ratio of each increment at the end of 
the time period can be calculated if the composition of 
the transported vaporous rnaierial is known. This 
composition was calculated’ by equilibrium thermo- 
dynamics a? a function of the temperature. oxygen-to- 
metal ratio, and Pu/(U + Pu) ratio of the solid fuel. 
Repeating the calciilations for a series of time periods 
spanning the irradiation time can give the porosity, 
actinide. and oxygen radial profiles at  any desired time. 

Predicted and ineasuied actinide redistributions for 
the fuel pin discussed previously are compared in the 
bottom portion of Fig. 6.6. The agreement is very good, 
supporting the validity of the models used to make this 
calculation. 

6.1 2 .4  Diameters of Central Void. Columnar, and 
Equiaxed-Grain Regions 

As mentioned earlier, another measure of the validity 
of any fuel restructuring model is the conipai-ison 
between predicted and measured void diameters and 
diameters of the colurnnar and equiaxcd-grain regions. 
Altl-iougli this comparison is not as iiseful as one 
betwecn predicted and measured radial porosity distri- 
butions, considerably more data are available. Pre- 
dictions with lneas~~re i~ len ts  reported8 for General 
Electric F? series irradiations are suiiimarized in Fig. 
6.7. The beginning-of-life heat rates for the pins 
considered ranged from 9.7 to  17.4 kW/ft, and the 
fabricated fuel densities ranged from 53.8 lo 98.2% of 
theoretical. I t  should be emphasi7.ed that FMODEL 
does not predict columnar and equiaxed regions as 
such. Rather, it predicts porosity distributioixs. The 
columnai- region ha5 been arbitrarily assigned as any 
portion of the fuel with less than porosity. 
Sirnilarly, the equiaxed region has been arbitrarily 
assigned as the region between the columnar region and 
the region of as-fabricated density. 

Ihe  results preseoted in Fig. 6.7 indicate that 
FMODEL somewhat overpredicts fuel restructuring. 
This conclusion is reached through the observation that 
most of the plotted points lie above the diagonal line, 
and it i s  in agreement with the discussion and resi.ilts 

15. W. E. Baily and E. I.. Zebroski, Sodi~rm-Cooled Reacrors, 
Fast Ceramic Reactor Devdopmeni Program, Tl i i r t j~-Seve t i th  
Q~rarterly Report, Novrtriber 1970- Jatzuarjv 1971, GEAP- 

16. W .  J .  Lackey, F. J.  Hoinan. and A. R. Olsen, “Porosity 
and Actinide Redistribution During Irradiation of (U,Pu)O:! .” 
accepted for publication in Nirclear Technofogy. Also available 

.. 

10028-37, pp. 38-40. 

3s OKNL-Thf-3762 (August 1972). 

.- 
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H E A S U R E C  DIAMETERS (,n) 

Fig. 6.7. Sunmisry of conrrp;irisons betweon predictrd dianie- 
(I:Ys Cor cc:otral void, columnar, and equkixed-grain regions. 

presented in the seciion 011 radial porosity distributions. 
8r:call that in r l x  upper porkion of Fig. 6.0 the 
predicted ceniral void was some 10% larger than the 
expeiirnentally measured void. 

We feci that the preserit xnodel is a significantly better 
apprQKltn~ltk>J’i of fuel restructii ring than the three-zone 
empirical niodel we have used in the past.’ The ability 
‘io pi-edict t i re1  restructiiring on a time-dependent basis 

p:irtizularly necessary when related i o  the need tf.i 

dctei-rnim fuel-claddiiig rneclianical in1 eractioris due to 
differential rherrnal expansion during start-up. Using 
thri earlier three-zone model we would assume that 
rcstrlrci II ring occurred “ ins t ;~n~anco~~s ly”  ;ind would 
thereby undeaest.inratz the therrrial expansion of the 
f 1 ~ : 1  arid plastic de tbrniatioli o f  the cladding. 

6.1 2 . 5  Fuel Center-Line Tenlgeratures 

i i-radiation experiments in which fuel center-line 
lerriprratirres are n-ieasuretl have not yet been con- 
ducted with (U.RI)CP, fuel pins in the litnited instni- 
rrieiited fxilities available in the EX3K-11 ‘Therefore, w e  
have used tlierrrial reacior data to test t h e  heat 
grner;, tion and transfer portion oi’ the F’MOLIEL code. 
Fitis’ recerlL1y coinpleted irradiation in !he O R K  of 
an i ~ i s t x u ~ ~ ~ e n t z d  capsule that contLiinet3 8%Y;-smear- 
density (,f.J,Pu)02 Sphere-Pac and pellet f i i e l  pins in 
tandcm. W;irIablc hear rates werc actnievctl by rnoving 
ilie capsule to differznt tlux psi t ior is  withtn the ORK 
pool.sitle facility. Fuel centey-line temperatures. clad- 

ding surtice temperatures, and fuel pin heal generation 
I a  t e s we ye c on t inu ousl y nieasii red a i d  i a x r  de d during 
the IO9 days in-reactor. 

Data points representing the entire range o f  lieai rates 
from 0 to 16 kW/ft were selected randornly for each 
pin, Using ilie rnessui-ed claddilig surface iernperatures 
and a radial power distribution predicted by the ANlSN 
nei.liicin transport code,’ we calculated Fuel center-line 
tempcr‘atures with FMODEL i o r  both the Sphere-Pac 
d n d  pellet pins. Cjlculated ;ind rneasursd fuel center- 
line temperatures are compared in Fig. 6.8. 

Examination of Fig. 6 3  reveals that, in general, good 
agreement between predicted and measured fuel center- 
line ternperatui*s wiis achieved for  rhe Sphere-Pac fuel. 
However, several measured data p i n t s  be tween 14 and 
16 k\iv/ft appear to be low on the ternperature scale. 
7‘he agrcemeni between predicted and measured pellet 
ceii ter-line tempeuai ures above 9 kW/fi is poor. Because 
of this poor agreemeri t ,  and because Fitts” susprcteci 
that one o r  niore of the four calorimeter thermucouple 
pairs used 10 m e w w  the heat generation rate may i iave 
been giving C~I -OXICOIIS  readings arid thereby at-fecling 
the average k i t  generalivn rates plotted, it rigorour 
statistical axialy~sis was perrormed on the SG-3 data to 
see if any of thc data points can be justifiably 
disc;utlcd. The tezlioicjues and results of  the statistical 
analysis have been reported in several sotic 
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Fig. 6.8 Comparison between predicted and measured fuel center-line temperature variation with heat rate for pellet and 
Sphere-Pac pins in capsule SG-3. 

In the SG-3 experiment. thermocouple readings were 
automatically recorded for 3 min every 4 hr and 
whenever a change in power was made. This procedure 
yielded 14,500 data sets or over one million recorded 
thermocouple readings. ' lhe temperature vs heat rate 
plots shown in Fig. 6.8 were generated from randomly 
selected Sets of data. The statistical analysis mentioned 
earlier revealed that much of the data taken during 
start-ups, shutdowns, power changes, and periods when 
the SG-3 experiment was being markedly influenced by 
adjacent experiments did not follow the same trends of 
center temperature vs heat rate that were observed 
during extended periods of operation at constant lieat 
rate, When these data are eliminated from consider- 
ation. the center temperature vs heat rate relationships 
for the pellet and Sphere-Pac pins from the SG-3 
capsule are as shown in Fig. 5.28. Notice the excellent 
agreement between the FMODEL predictions (solid 
lines in Fig. 6.8) and the statistically verified center 
temperature vs heat rate c i i i ~ e s  shown in Fig. 5.28. I t  

should be emphasized that the analysis shown in Fig. 
6.8 was done in March 197 1, and the statistical analysis 
culminating in Fig. 5.28 was not completed until 
February 1972. This demonstrates graphically onc of 
many instances where use of FMODEL, rendered great 
assistance in the interpretation of the data from an 
irradiation experiment, 

6.1.3 Discussion sf Individiral Models 

The individual models contained in the FMODEL 
code are complex and have been well documented. 
Therefore only bricf descriptions will be provided here. 
with references to more detailed accounts. 

6.1.3.1 Porosity, Actinide, and Oxygen Redistribution 

'lhermal-gradient-induced redistribution of  porosity 
and fuel components during irradiation of (IJ,Pu)02 
will sufficiently alter the radial heat-generation pro- 
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file,26 fuel c o ~ i d u c t i v i t y , ~ ~  - 2 9  melting p ~ i t i t , ~ ~ . ~  ‘ 
oxygen activity,j ’ j 3  and inecfianic;iJ properties to 
sigriificandy intluence fuel pin performatice. Accord- 
~ilgly. wt: have ~neasiired radial porosity and actinide 
profiles of irradiated fuel pills. Further, analytical 
models, which should prove useful in design and 
atialysis o f  tMFRR I‘uels, were developed for predicting 
d i a l  profiles o f  porosity, Pu:(U t. Pu), and oxygerr. 
There models have been incorporated iuto FMODEL, 
permitting deterrriination of the consequences of i‘uel 
compolient redistribution o t i  the thermal and niechani- 
cal performance o f  (U,Pu)02 fuel pins. 

The interrelated porosity and actinide redistributioo 
r-niidels itre kinetic and based on the evaporation- 
condensation mectianisrn. An axial segment of the fuel 
pin o f  unit length is divided into 30 radi:il increments. 
After calculation of the radial temperature profile, it 
and the overall oxygen-to-inetai ratio o f  the fuel are 
used to calculate the oxygen-to-metal distribution 
according to  a previously proposed irreversible thermo- 
dynamic ap [3 roa~h?~  Next, the porosity of each of the 
radial increments at  the end of a sbort time pzriod is 
determined from knowledge o f  the inilial porosity and 
c a ~ c u l a t i o n ~ ~  ot. the tnoveineri t of pores ( o r  equiva- 
lently inalerial) into and out o f  each radial increment. 
Simjlarly, since tlie initial Pu:(U t Pti) ratio for each 
radial iiicrernent and tlie amount of  fuel transporced 
__II__..._ ~ 

26 .  W. 1‘. Sha, P. K. Huebotter, and K. K. Lo. Trans. ilmer. 

27. R. L. I;ibby.J. N t i d  Mater. 38, 163---77 (1971). 
28. R. L. Gibby, The Ejjrc.ct ofOxygcw Stoichiornervy on f h e  

?‘ilerinal LIif~irsivit,v and Corzditctivity of Oo,7sPuo, 2502-x, 
RNWL-727 (January 1969). 

29. General Electric Breeder Reactor Dcvelopnient Opem- 
tion, Sodim-Cooled Keuciors, Fast Ceramic Reactor 1 3 e ~ ~ e l ~ p -  
nieizt Program. GEAP-10028.35 (September 1970), pp. 44-49, 

30. W. L. Lyon arid W. E. Baily, .I. NucI. ilfutrr. 22, 332--39 

31. E. A. Aitkcn and S. K. Evans, A Tizermodynwrzic Dota 
I’rogvarn Involving Yluronik and IJrania at  Hi,@i Trmperaiures, 
Quart. Rep .  No. 4,  GEM-5672 (1968). 

32. J .  A. Christensen, “Transport Processes in Oxide Nuclear 
P’uels,” pp. 109--25 in Ceramic Nuclear Fuels Inreriintimnol 
S y m p o s k n z ,  May 3 - 8, 1 M Y ,  Washington. D. C., Anierican 
Nuclear Society. IJitisdale, 111.. 1969; also BNWL.-l202. 

33. E. A. Aitken dnd S. K. Evans, “Tlieriiiodynamic Behavior 
of Plutonium Oxide Systems in a Teinperature Gradient,” pp, 
772.. 80 in Plutooni~trn 1970 und Otlier Actinides, Nucl. Met. 17 
(Part 2), The Metallurgical Society of  AIRIE, New York, 1970. 

34. General Electric Breeder Reactor Development Opera- 
tion, Sodinrn-Cooled Reuctors, Fast Ceramic Reactor Develop- 
mcwtf‘rogram, GEAP-10028-37 (March 1971). pp. 38  --40. 

35. W. J .  k c k e y ,  1;. J. IIoman, and A. LI. Olsen, “Porosity 
;md Actinide Redistribution During Irradiation of (U,PU)O2 ,” 
accepted for puhlica tion in Nuclear Tecknolo~y; also OKNL- 
7‘M-3762 (June 1971). 

: V u d  ,Sot. 14, 183 -84 (1971). 
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into and olit of each increment are kriown or calcu- 
lated, thz Pu:(I.J + Pu) ratio of each increment a1 the 
etid of the time period can be calculated if the 
coinposition of the transported vapor is knowti. ‘This 
coinposition was calculated‘5 by equilibrium thcrnio- 

a function of the temperature. oxygen-to- 
metal ratio, arid Pu:(U + Pu) ralio of [he solid fiiel. 
Kepeating the calculatioris for a series o f  time periods 
spanning the irradiation time can give the porosity, 
actinide, and oxygen radial profiles a t  ariy desired time. 

Expt:rinieut:llly measured porosity and Pu:(U -i- Pu) 
radial profiles f o r  a ~ J o ~ 8 5 P u 0 ~ l  jOz,oo fuel pin clad 
with ‘/,-in.-OD stainless steel are shown to compare 
favorably with predicted profiles in Fig. 6.6. This 
Sphere-Pac fuel pin (43-1 12-3) was iriadiated in the 
ETK at a linear heat rate of 13.6 kW/ft to a bumup of 
0.7% FIMA. ‘The columnar grain region is considerably 
more porous than previously generally believed. We 
have observed the same to be true Cor pins irradiated in 
;I fast-neutron flux. In  the present case. the calculated 
fuel  center temperature was 9.6%; (.2OO”C) higher when 
based on the obseived porosity distribution rather than 
the previously generally assumed three-zone porosity 
distribution model. A report describing this work in 
detail has beeii i s s ~ i e d . ~  

6.1.3.2 (U,Pu)02 Grain Growth 

Because o f  the influence that grain size i s  expected to  
have on release of fission gas. fuel swelling, and 
Nabarro-Herring creep of (U,Pu)02 ,  we investigated the 
kinetics o f  in-reactor and out-of-reactor grain growth. 
The size of the equiaxed grains was detevniined as a 
function of radial position for  three Sphzre-Pac 
Uo.85Puo.,  50z,00 fuel pins after irradiation in the 
ETK. The initial grain size of the fuel was 1.2 pm. Data 
for two low-burnup pins were combined arid analyzed 
;is sliowri in Fig. 0.9. The least-squares equations given 
in the figure relate the observed grain size in microme- 
ters (D) t o  the initial grain size (Do) ,  the irradiation 
time in hours (t). and the irradiation tzrnperature in 
degrees Kelvin (7’). In the higher temperature region, 
solid fission products or gas bubbles retard the rate of 
grain growth. ‘The in-reactor activation energies are 
smaller than expected from out-of-reactor grain growth 
o f  IJOz and T h o z .  To determine i T  the lower tenipera- 
1 tire dependence was typical of the mixed oxide or was 
an irradiation effect, oui-of-reactor grain growth ki- 
netics o f (  U,Pu)02 were determined. The out-of-reactor 
data are also of  value for estimating the thermal 
treatriletit nccessary to  fabricate fuel o f  a specified grain 
size should it be required. 



148 

ORNL-DVJG 70-93E7R 

Fig. 6.9. Grain yuwtli of Uo,85Puo, in-reactor. 

The out-of-reactor grain growth study used sol-gel 
Uo~8 ,Puo ,  50z.oo microspheres that had been made 
by the same process used to make the fuel examined in 
the in-reactor study but from a different batch. The 
samples were heated isothermally in Ar-4% H, at 
1200, 1356, and 1550°C for times up to  164 hr. .The 
grain size is plotted as a function of annealing time in 
Fig. 6.10. Also shown in Fig. 6.10 for comparison are 
curves for 1356 and 1550°C. They were calculated 
from the in-reactor grain growth results. At 1356°C the 
in-reactor and out-of-reactor results are similar: a t  this 
temperature irradiation may have increased the rate of 
grain growth. At 1550°C comparison of the in-ieactor 
and out-of-reactor results shows conclusively that grain 
growth was retarded by irradiation. perlraps as a result 
of the presence of fission gas bubbles or solid fission 
product inclusion. 

Least-squares analysis of the out-of-reactor data 
yielded the following equation: 

D2 - 1); = 2.52 X 10’ r exp (-173,00O/K1> 

The value for the activation energy (173 I 25 kcal/mole 
a t  the 90% confidence level) is comparable to values 
obseived out-of-reactor for UOz and Tho ,  but is 
considerably larger than the values of 29.2 and 5.96 
observed in-reactor l’his demonstrates that data ob- 
tained from isothei mal out-of-reactor tests cannot be 
used to  predict in-reactor grain growth of (U.Pu)O,. 

6.1.3.3 Cladding Behavior 

The models to describe the iiieclianical behavior of 
the cladding and its response to the fast neutron 
environment are included as appendices in the 
FMODEL r e p ~ r t . ~  ‘ Briefly, the mechanical solution 
makes use of the finite difference approach and utilizes 
the assumption of generalized plane strain. Cladding 
stresses are calculated by assuming values for cladding 
-. . . . . . . . . . ...... . . . . 

36. I’. J .  Hornail, W. J. Lackey, and C .  M. C o s ,  FMODEI, ~ u 

FOR TRAA’ I V Computer Code to  Prrrlic.i In-Reactor Behavior 
ofLhfF‘1BR Fuel Pins, ORNL-4825 (January 1973). 
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plastic strains arid then making new assumpl i i m  for  t h e  
st rai t~s  based on the stre tate. This iterative procedure 
i s  continued u n t i l  convergeiice on the calc1.11;~ tetl e f -  
fective stress i s  achieved. Plasticity a i d  creep character- 
istics of the cladding rtialerial must be provided by the 
cvde user, although equalions are built irito { l i e  code 
for type 316 stainless steel. both annealed and 20% cold 
worked. 'l'he swelling i)f t t i c  cladding clixe to  fast 
neutron exposure is treated as an additional component 
of  thermal expansion for  stress-strain calculation, and 
published empirical corre1;itions relating swelling to  
tein[)eiature-fluerice combinations are currently used in 
the  code. An iterative iiie thod was developed to 
calculate the mechanical interaction between ihei and 
cladding dire to diiferent ial ilrieriiial expansion during 
power changes o r  due to  diirerential swelling during 
steady-state operation. This method is outlined in the 
FMODEL report.36 

6.1 3.4 Heat Transfer 

The heat transfer rnodei contained in the FMODEL 
code solves the Fourier heat conduction eyuatiori with 
a n  internal heat source in cylindrical coordiriates. 'Pne 
thermal condwtivity in 1 h e  cladding is iemperatiiue 
dependent and liiat in the fuel depends tipon many 
variables. Amotig tliern are kriiperatrtre, derisity, stoi- 
chiometry. plutoiiium conieri t, arid the slr~ipe mtl. 
distribiition of pores. A descripticm of. the method or 

solution is giver! in  the PROFIL report." ' Calculatiiig 
the teiriperalii re rise ;ic~oss the f!iel-cl;iddiiig gap 
prescnts some special problems. and a recenl ly de- 
veloped model3'" is used io make this calculation. 111 

the g ~ p  conductivity model 11ie tempera1 ure-dependelit 
i1iecrii;il cotiductivily o f  the gas phase is integrated from 
cladding inner surtacc to 11ie fuel iiiiter surfacc in 
situations wich an open gap. An iterative procedure is 
used t o  properly acci:)urit fo r  tlierrtial cxpansioii wtiich 
will i h ~ i g e  the size of [he gap. When rtie gap is closed, 
conditctanie itcross the points o f  solid-solid contact is 
considered as well as conductance across gas pockets 
that separate the points of  cotitact. Acci~nrnotl;~ t i o n  
ef fec ts  t~econie irnportaiit here, and also the contact 
prcswre between the hiel and cladding. Thus: the 
interplay between the dif-fereot niodels coritained in 
FMODEI, is obvious. 

hl~lioi.tp11 we did riot have the opportunity to  
incorporate in FMODEL a largc number of  the 1 Liernio- 
dynamic effects, such work was in progress and is 
reporfed seqiieii tially as it stood at  the ter-niinal date. 

'T'lie purpose of  this work was to  provide an under- 
standing of fuel-cladding iriteraction of (U,Pu)02  and 
siairiless steel, priinarjly ~ y p e  3 16. This effort was i n  
suppoi-t of th.e overall goal o f  ptovidirig safe. reliable, 
ecomnijc fuel elements for  I,MFBK's, and particula-ly 
for sol-gel-derived fuel. In addition, we attempted to 
indicate those ndditicxial data needed io establish 
coofitlence in interpolations and extrapolations from 
expeririiental (Lata. 

Compatibility tests between QU,PU)O~,~ or 
(lJ,PUj02 and several stainless steels have shown that 
no detectable reaction takes place within the times arid 
temperatures o f  iriteresi in a typical LMFBK. Howevci-, 
whzn hyI'erstoichioniztriC tiiel, (U.Pu)02, -?, is tssted. 
rex t ians  are seen, ;md the difference is ascribed to the 
excess oxygen in the fuel. (See, .for example, 
B.,auril.zen3 for a review of ~ e n e r a l  Electric work, 
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which does not diffei- greatly froin that of other 
workers in this field.) On the other hand, experiments 
at a number of laboratories have shown that both 
stoichiometric and liypostoicliioriietric fuels react with 
stainless steel cladding wlien irradiated in the reactor. 
Three kinds of attack are seen: a uniform attack, an 
intergranular attack. and transport of cladding elements 
into the fiiel. This lack of ability to extrapolate the 
out-of-reactor results t o  the in-reactor results is of 
concern to  the fuel pin designer and indicates that the 
probleni is complicated. 

The interaction problem is cornplicated by the fact 
that during fissioning, not only does the primary 
process take place but two other processes directly 
caused by the fissioning processes also occur. These are 
the creation of some 26 important additional elcments 
and tlie release of the oxygen combined with the 
fissioned element. Much of the oxygen released is taken 
up by the new elements created. The part that docs not 
combine with the fission products tends to  raise the 
oxidizing potential of the fuel toward the cladding. 

A further complicating factor is the temperature 
gradient within the fuel element. The exact gradient 
depends on the power at which the pin is being 
operated as well as tlie temperature of the coolant. A 
gradient of 500O0C/cm would not be uni.isua1. ?‘he 
gradient in the temperature leads to a gradient in  the 
oxygen content of the fuel, a condition that is quite 
different from that tested in out-of-reactor experi- 
ments. 

We see from the above remarks that the in-reactor 
experiments are quite different from those out-of- 
reactor. More detailed investigation reveals a paucity of 
reliable data on compounds and reactions of interest. 
Thus. a final complete description of fuel element 
behavior will be difficult and require a large amount of 
careful experimentation. Our approach has been to try 
to understand as completely as possible those data that 
are available, and to try to point out areas in which 
additional experimentation i s  desirable. 

6.1.4.1 Description of Intergranular Attack 

Toward the end of our program, increasing amounts 
of experimental data were becoriling available from 
which one could begin to extract rates of intergranular 
attack. In the time available, we systematized as much 
of the data as possible. In this scction, we show that the 
logarithm of the attack rate is linear when plotted 
against l / T  (OK) within present experiniental error. We 
also note that this relationship did not hold for 
sol-gel-derived Sphere-Pac fuel - no attack was seen in 

ORNL-DWG 71-13321 

Fig. 6.1 I .  Intergranular attack rates on stainless steels. 

tlie experiments studied. although some attack has been 
created In later experiments ~ see Sect. 5.2. 

Our  initial approach was to seek relationslupb be- 
tween rates of attack and the temperature In the 
absence of better information, we chose a common rate 
equation. 

rate - rl exp ( -E/RT)  (1) 

where A is some constant. E is an “activation energy,” 
R is tlie gas constant, and T i s  the Kelvin temperature. 

Figure 6.1 1 shows data plotted in this fashion for two 
widely differing conditions. One was intergranular 
attack data from an experiment in which a type 316 
stainless steel tube was subjected to  a flow of Ar 47. 
H, (4000 ppm Hz)  for a period of 500 hr, taken from 
Fitts e t  The second condition was taken from the 

40. R .  B. Fit ts ,  E. L. Long, J r . ,  and J. M. Leitndkcr, 
“Obseivnlions of Fuel-Cladding Chemical Interactions as Ap- 
plied t o  GCBR Fuel Rods,” pp. 431L58 in Pvoc. L‘o~f: Fast 
Reactor. Furl h‘lettze~t I’echtiology, ed. by Ruth k’armakes, 
American Nuclear Society. Hinsdale. Ill. ,  1971. 
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Fig. 6.12. intergranular attack r a t a  plotted from data con- 
tained in ref. 13. Line\ \hewn acs fiom I ip 6 I O  

aiialysix of Cregorie et  o f  a failed fuel element. 
For both conditions, intergranular attack could be 
related to both time and temperature with a reasonable 
degree of confidence. 'These ddta were fitted by least 
squares to Eq. ( 2 ) ,  yielding 

lug, (attack rate) = --- 4816 1.3 
7' 

for the out-of-reactor experiment, and 

46h6 
T 

1 .o log, (attack r'ite) = 

29 ( 3  1 

0 (4) 

f o r  the failed-pit1 data. A complete tabulation of the 
data used is reported e l ~ e w h e r e . ~  The nearly identical 
slopes and not dissimilar intercepts of the two equa- 
tions led us t o  plot a variety of data in the sanie 
fashion 
-__-...__I_ 

41.  K. E. Gregorie. P. E. Novak. and K. E. Murata, Fulled 
Fuel Pwforrnunc.r in Nuturully Convectirzg Liquid iWelal Cool- 
m1, CEAP-I 3620 (June 1970j. 

42. 1. M. Leitnaker and K. E. Adalns, Fuels and Materials 
Development Prngrum Quart. P~ORF. Rep. Dec. 31, 1971, 
QRNL-'B'M-3703, pp. 18 --25. 

One set of daia, plotted in Fig. 6.12, was obtained 
from depth of penetration ineasutetnents on pins 
irradiated by Battelle Northwest De- 
rived calculations from these measurernerlts are shown 
In 'Table 6.1. Although Fig. 6" 12 shows considerable 
scatter i n  the data, two facts stand out.  First, there is 
reasonable agreement between the data plotted arid the 
slopes of the reference lines, superimposed from Fig. 
6.1 1. Second, there is a marked effect of  starting 
oxygen-to-metal ratio on the depth of penetration, the 
highest O/M corresponding to i,he highest attack rate. 

We also plotted data from sol-gel-derived parr iculate 
fuel, Sphere-Pac flJel. Dala t r i m  these pins were 
tabulated elsewhere4o and are showri in Fig. 6.13. Since 
no attazk was seen in any of  the pins, i t  was iiecessary 
to plot a value which represents the lower limit of 
observation, assuming any attack was present. We have 
assuiiied that if the attack were less than 5 X IO-." cm 
it would be indistinguishable from fission recoil dam- 
age. 'The lines in the figure are superimposed from Fig. 
6. I 1. Since t h e  starling O/M of the Sphere-Pac fuel was 
2.0, the fact that no attack was observed seeins 
remarkable. 

It is reasoriable to suppose that oxygen. b y  some 
unspecifed mechanism. is responsible for the attack of 
the cladding. This is a geoerally held view, dthough 
some alternative explanations have been put forth. (See 
Sect. 6.1.4.2 for 3 t r e a h e n t  o f  one of these.) Oxygen is 
present in a relatively largc iiiriwnt. [ts chemical 
potential changes durjilg irradiation (see Sezt. 6 .  I ,4.$). 
'The similarity of behavior between out-uf-reactor tests 
and in-reactor tests (Fig. 6.1 1) is too  striking to be 
ignored. And finally, the data in Fig. 6.12, although 
scattered, seem to establish the postulate beyond more 
than a very tentative doubt. 

The marked lack o f  reaction of t l i e  Sphere-Pac file1 
with the cladding seems worthy o f  further comment. 
First> it seems clear that both longer irradiation tiriies 
and higher irradiation tempetatures would be desirable 
to establish exactly what the attack rate is for this fuel. 
At present, it  seertis to be true that there is a significmt 
difference between the two kinds of experiinents. The 
i-easoIi for the difference is, however, riot at all obvitxis. 
A number of possible explanations occur LO us, but 
insufficient dala are available t o  evaluate tliem. How- 
ever, we list them as follows: 

On$ explariation for the lack of attack might be the 
lack of high-pressure contact by the Sphere-Pac fuel 

43. J .  W. Weber and E. D. Jensen, "Effect o f  O/M on 
Irradiated Mixed-Oxide Stainless %eel Cladding Compatibility," 
Tram. A t n w  Nncl. Soc. 17(1), 1 7 5 - 7 6  (1971). 

l_l __.__I_._.-- 



Table 6.1. Cladding penetration on BNW thermal irradiationi' 
- 

(' K) 

827 
830 
827 
900 
894 
894 
871 
808 
814 
783 
777 
875 
880 
830 
8 30 
74 I 
886 
866 
836 
777 
855 
850 
830 
797 
739 
825 
819 

. 747 
86 1 
836 
847 

1.209 
1.204 
1.209 
1.112 
1.118 
1.118 
1.147 
1.238 
1.229 
1.277 
1.286 
1.143 
1 .1 36 
1.204 
1.204 
1.349 
1.1 29 
1.154 
1.196 
1.286 
I .I69 
1.177 
1.204 
1.255 
1.354 
1.213 
1.22 I 
1.339 
1.162 
1.196 
1.181 

Cladding 
penetration 

(Clil) 
__ ................... --. . 

5.08 X 

10.16 X 
< 5  X 

10.16 X 

10.16 X I C 4  

5.08 x 

2.54 X lo-+ 

2.54 x 
5 . 0 ~  x 
7.62 x 

5.59 X lo-" 
7.62 X IO- '  

5.77 X 
7.62 X 
7.62 X 
1.016 X 

7.62 X 
6.09 X 

2.03 X IO-3 

2.29 
2.79 X lv3 
0.762 X 

9.65 x 

2.03 X 10-3 

1.52 x 

3.05 r: 

1.02  x 

7.62 x 

7.37 x 

5.08 X 

8.89 X I C 3  

loglo (rate) 

9,800 
9.800 
9.800 
6,l I O  
6,110 
6,l 10 
6,l 1 0  
6.1 10 
I0,800 
10,800 
10,800 
11,350 
I 1,350 
11,350 
11,350 
1 I .350 
6.8 10 
6.8 IO 
6,810 
6,8 10 
6,530 
6.530 
8.710 
8,740 
8,740 
7,510 
7,s 10 
7,510 
8,730 
8,730 
8,730 

5.18 X 

5.19 X IO-' 

<8.183 X lo-' 

4.157 X lo-' 
1.663 X 

4.704 X IO- '  
7.056 X 
7.056 X IO-' 

1.036 x 

1.663 x 

4.157 x 10-8 

4.93 X 1 0 - 7  
5.08 X 10-7 

6.71 x 
6.71 X 

8.95 X 
1.42 X IO-' 
1.12 x 
8.95 x 
2.98 x 
3.1 I x 
2.33 x 
2.62 X 
3.20 X IO-'  
8.72 X 1@-' 
4.06 X lK7 

6.76 X 10-' 

1.02 x 

1.35 X l o -?  

8.73 x 

8.44 x 

-1 2x6 
7 286 
6 985 
7 087 
6 779 

-1 381 
6 779 

-7 381 
7 327 
7 151 
7 I51  
6 307 
6 294 
6 173 
6 173 
7 048 
5 847 
5 951 
6 048 
6 526 
6 SO7 

6 582 

7 060 

6 869 
7 170 
6 059 

-6 633 

-6 495 

-6 392 

-5 991 
-6 074 

'These data were taken from J .  W. Weber and 1:. D. Jenwn, h m s .  Airier. Nucl.  Soc. 17(1). 

bTeinperaturz is a time-averaged value, which may account f o r  scatter in the 1 .G.A. rate. 
175 76 (1971). 

cornpat-ed with the pelletiLed fuel. Related to this is the 
stress placed on the cladding by the pelletized fuel, 
particularly the ratcheting effect postulated on heat-iip 
and cool-down o f  the reactor. Another possible ex- 
plariation is that during initial start-up a coating of fuel 
deposits onto tlie cladding and effectively acts as a 
barrier to entrance by the reacting substance. Such a 
barrier has been seen in some cases but not in others. Its 
effectiveness. if real, is not known. Still another 
possibility is formation of a fuel -oxygen -fission 
product compound on the surface of the Sphere-Pac 
furl. Almost nothing is known about the stability of 
Cs-U.Pu-0 compounds, and even lcss is known about 
their surface properties. 

Further possibilities. as yet essentially unexplored, are 
fuel impurities and variations in cladding material to 

account for the clifference in reactivity between Sphere- 
Pac fuel and inore coiiventional pelletized fuel. Differ- 
ences in manufacturing methods could account for the 
former possibility. and charice vaiiation, although un- 
likely, may account for the latter. 

The final possibility that occurs to us is the tempera- 
ture variation between the two kinds of experiments. 
After the thermodynaii-~ic portion of the work was 
terminated, Fitts and Miller4 analyzed extensively an 
instrumented comparison between Sphere-Pac arid 
pelletized fuel. This aiialysic indicated that for tlie same 
power output, the fuel close to the cladding was hotter 

r- 

44. R. B. Fitts and F. L. Miller. "A Comparison of 
Sphere-Pac and Pellet (U,Pu)02 Fuel Pins in Low-Burnup 
Instruinenfed Irradiation Tests," submitted for publication in 
Nuclcnr 7~cchrrologp 
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Pig. 6.1 3. Limit of intergrar~ular attack xate 0x1 sol-gel-derived 
mixed-oxide fuel pins. The linzb are llrken from Fig. 6.1 I .  

in a Sphere-Pac pin than ili a pelletized pin. This 
teinperaiure difference arises, according to Fitis and 
Miller, because of the greater gap conductance in the 
Sphere-Pac pin than in the pelletized pin. As we detail 
in Sect. 5.1.4.4, the temperature gradient has a sti-oilg 
iufluence on the oxygen distribution within the pin. 
Oualiraiively, one can SCL' that such behavior would 
tend t o  "level" the oxygen contcnt of  the fuel, lower 
the relative difference o f  the oxygen potential ;it the 
1 '1~1 surface, and. in view of the rnilrked effect  o f  
oxygen potential on fuel-cladding interaction, may 
reduce the cladding attack by this mechanisrri. 

Insufficient data are available to evaluate tlie possi- 
biliiies of reduced Fuel-cladding interacrion suggested 
above. Most esperinients to diite have nut beeri dc- 
signed to test specific interaction theories. :ind results 
;ire therefore inconcliisive. We detail some possibilities 
in S x t .  6.1.4.4 on further experinients that would 
relate experimental qualities to reaction rates. 

h a w  beer1 perfurmcd irivesi igaticig tile operatiiig b e -  
havior of (nixed-oxide fuel clad with !loth types 3 16 
and 304 staiiiless steel and with l-I:ste!loy X. 'The higher 
operat ing tei~ipcratiires ol' ii GCUK ;illow inore riipid 
reactioris at the f'ucl-cladding interface. arid the analysis 
o f  tlleni is iristrucrive, relative t o  longzr times iri thc  
I,MFBR d t  lower tsinpcralures. 

An aiialysis o f  the iiiteractior~s o1jservi.d :it OKNL has 
\)eeii performed by Fitls et with the foIlowiiig 
coiiclusions: .l'htee types of reaction are seen: (I) ii 

layer 01' ieactioii product on the cladding inside surface; 
(2) g J i n  boundary attack i n  the cladding (see Scct. 
6.1 .4,l f'or ii inore cxteiisivc analysis); aticl ( 3 )  "rivers" 
o f  ij-retallic inakrial d o j i g  cracks in the fuel. 'The 
arinly $is suggested all I'orms oi t f c  attack, iiicludu~g 
transport OF cladding material, were relatcd t o  oxide 
rnechanisiiis. ' I t ie suggestion that iodine transports 

was showil 011 therrno- 
tlyriariiic gri)uiids io ix  uiiteriable. B u t 0  liquid-phase 
t r a ~ ~ s p o r t  and 1i~cl~ia11ical tralisport were s t a t e d  to be 
tenable incchanisins OH t h e  basis of present urider- 
sranding. Finally, it was stated that although type 3 16 
stainless steel will be satisf'actoIy f o r  early (XXR 
application, ci ther a more der :tiled uiidcrstanding o f  the 
reaction involved is iieeded or alloys illat arc i m r c  
oxiclation iwistant must be proven as cladding ina- 
terials. 

The probleiri of the WEIR seeinis not unrelated to tlie 
Sphere-Pac fuel success noted in Sect. 6.1.4. I .  'Thz 
reduced oxidizing potentid of [lie Sphere-P;rc fuel 
would logically iiiake it a prime candidate for use in the 
higher temperature erivirc~ninent proposed for the 
GCBK. If i h e  early su s s t s  iilready seen  we^ borne 
out by furthcr experimentation, Sphere-Pac tuel should 
be coilsidered ;I major contendcr f o r  a backup fuel fior 
the LMFB It. 

StairllL'ss sleel colllpuncl-lls4 

6.1.4.3 Aiialysis of Oxygeri Buildup in 
Mixed-Oxide Fuel 

. _  1 lw abjlity to predict arid understand the eqtiilibrium 
interactions of  ;L reacror fuel requires, arnvng otht:r 
things, it knowledge of the effects nuclcar bumup on 
the fuel. Tlie i'issioning of plutoniuin i n  (U,Pu)02 fuels 
riot cmly foimis fissioii products, but i t  also releases the 
o?rygcii a t o m  that hiid bet:ii bound to the plutonium. 
The j'inal state 01. such a released atom dcpciids ( J I ~  its 
relative affinity for the fission products formed and for 
the reinainirig fuel. We have used avai1a'i)le thernio- 
tlynarnic arid phase data to calculate the equilibrium 
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Table 6.2. Ilranium-to-plutoni~im ratio in a ( U , P U ) O ~ + ~  
fast-reactor fuel a, a function of time a t  

full power ( 1  85 MW/metric ton)“ 

Irradiation time 
(illon thsj U/Pu ratio 

0 

6 

24 

0 

3.67 

14.67 

4.0 

3.907 

3.604 

I’he plutonium foilned f r o m  the ~~raniii~ni i h  assumed to be 
equa l  t o  0.9 times the plutoniurn ficsioncd. 

chemical state o f  the oxide f~ ie l  in :I fast-reactor 
cnviroiiiiient. As we will show, a iiiajor iiiicertainty in 
predicting the oxygen potential of the fuel relates to  
tlie affinity of rare earths for oxygen i n  the fuelLfission 
product enviroiiiiieiit. 

Tables 6.2, 6.3, and 6.4 cont:iin the relative coiiceii- 
trations o f  a toms in 1!o,8Pi~o,202 and the  distribution 
of bound oxygen atoms aftcr x r o  time, six months. 
arid two years at  fill1 power of 185 MW/inetric ton. I n  
,calculating the distribution of bound oxygen. we did 
not consider ternary oxides such as B;i2 z 1 - 0 ~  and 
Srhlo03,  but such oxides probably will not :iffect the 
f i n d  ratio of oxygen to heavy metal, since most of 
theiii are j u s t  additions o f  the binary oxides we 
coilsidered. For exatiiplc, Ba,ZrO, can be thought of as 

In using thcsc tables it is iinportaiit to  realize that the 
fuel contains U rather than U. which has  beeii 
used for almost all the irradiation experiments. I t  is also 
iinportant to recogniie that the aiiiouiit of oxygen irsed 
by oxide-forming fission products is significantly 
greatcr in the  case of 2 3 5 C  fuel Ixcause of the 
important differelice in fission product distribution. 
Thus the real case would seem to be much worse. with 
respect to fuel-claddiiig interaction, than the cases 
studied experimentally up to tlie present time. 

I n  Table 6.4 we dctail soiiie simple calculations on the 
aiiioiii t of “excess” oxygen liberated over and above 
that used by the fission prodiicts. Several things become 
clear from the table. First, the ainount of oxygen used 
by elements labeled rare earths greatly exceeds that 
used by all o the r  elements. For that reason, any 
uncertainties in o u r  understanding of the behavior of 
these elcineiits is iiiagnified by the very fact of tlicir 
abundance. Second. we see t h a t  two assumptions are 
listed for the oxygen affinity uf the rare eaiths: a 
scsquioxide and a dioxide. This diversity requires some 
explanation. 

Z B a 0 . % r 0 2 .  

Table 6.3. Propit ions of fission products produced in a 
(U?Pu)02 fast-reactor fuel as a luiiction of time 

at full power (185 MW/metric ton)“ 
- 

Atoilis c m t e d  per 1000 
tissions in Elerne n t .-- -. - 

6 months 2 years 

K I  
Rb 
Sr 
Y 
Lr 
Nb 
M O  

Tc 
R u  
RIi 
Pd 
4g  
Cd 
I e  
1 
Xc 
c\ 
B ‘i 
L ‘I 
( e  
Pi 
Yd 
Pili 

SI11 
€ II 

Gd 

21.5 
13.62 
43.60 
16.35 

20 I .63 
10.90 

209.81 
51.22 

234.33 
38.15 

103.54 
27.25 

8.17 
32.70 
27.25 

223.43 
196.19 

68.12 
57.22 

141.69 
46.32 

138.96 
19.07 
29.97 

8.17 
8.17 

Total‘ 1986.3 

U -  C’alculated with thc 

Chcmical form 
of fishion 
product 

25.2 
12.95 
38.85 
17.04 

187.46 
3.09 

233.13 
55.21 

212.00 
49.76 

120.65 
25.90 
10.22 
30.67 
25.22 

224.95 
196.32 
68.17 
56.88 

117.25 
52.49 

153.37 
15.00 
36.1 3 

6.82 
8.86 

19s4.3 
~~ 

IIaRford converted by E. D. Arnold of the Chemical Tech- 
nology Division. 

’In solid solution with the fuel oxide. 
I’lie total is not 2000 because several minor eleincntc were <’? 

not included. ‘Yhese should not affeci the analysis. 

The highest valence tor nwst of the rare earths, 
except ceriuin and prascodyiniurn, is generally taken to  
be 3 t .  Substantial evidence exists. however. that the 
rare-earth oxides dissolve in U 0 2  “effectively” as the 
dioxide, at  least a t  moderately high oxygen potentials. 
(What actually happens is probably that part of  the 
U( 1V) is oxidiied to  U(V), with the rare-cai-tii ion 
rcinaining as K.E.( 111). Such behavior has interesting 
implications coliccrning the stability of the fluorite 
lattice.) rlic siiiiplest direct evidence for this behavior is 
an expciimeiit in which Eu, O3 and U 0 2  , o o ,  both of 
which had beei i  equilibrated in 10 parts CO and 1 part 
C 0 2 ,  were mixed. pressed into ;I pellet, and further 
heated in the same gas mixture at  1000°C. A wcight 
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Table 6.4. Calculations on osygen use by fission products 
__ ...... _I IL .._... _ll-._l .-.... 

Quantity fatoms per 
1000 fissions) 

6 rrionilis 2 years 

465.92 463.54 

....... II-.__L 

- . . ~  ....- I_I_._c ....-. cI __ ..-.._I-..... __l ...-.-..-. I_____.--- 

Total rare-earth elernents created (including Y ,  La,  and Ce-Gd) 

Aiorns o f  0 used i f  bound as 
K.E.02 
R . E .O 1 . 5  

Atoina of 0 used by dioxides (excluding rare cart t is  am1 h10) 

A t o m  of C) used by nionoxides 

93 1.84 
698.88 

425.06 

111.72 

927.08 
695.31 
383.10 

107.02 

Atoms of 0 left to oviilize Mo and cladding if mre earrhs a ~ e  bound as 
K.E.02 531.38 582.80 
R.E.01.S 764.34 8 14.57 

Atoins of Mo crzated 209.81 233.13 

Esctxs ntoins of 0 if all Mo were oxidized and rare earrhs were bound RS 
K.E.02 111.76 116.54 
K.E.01 . s  344.12 348.31 

c___I_ ___ __._ ___ __ l.._..__l___.._ _L_. 

gain was observed, which corresponded to oxidizing the 
Eiu,03 to h O 1  Thus at  least some oxidation, 
outside any  reasonable experimental error, took placc. 
Further, triore subjective but noiietheless cunzlusive 
evidence can be obtained from a corisider;itiuti of the 
lattice parameter variation of rare earths in UOz as a 
Ruictiori of coinpositiun. 

L,attice pxuiiie ters of solid solutions o f  rare-earih 
sesquioxides in fluorite lattices can be synhesized by 
means of  a general relation ship described by Brauer and 
Crddingi:r:4 

where uc is the lattice cunstant of a body-centered 
cubic rare-earth sesquioxide and uf is the lattice 
constant of an imaginary rarc-earth fluorite pliase 
obtained by extrapolating data for the lattice constants 
of solutions of rare-earth oxides in fluorite oxides lo 
pure, imaginary rare-earth sesquioxide in the tluoritc 
lattice. By using this equation we are ablc to calculate 
the lattice paranietcrs of all solid solutions of rare-earth 
oxides with 1J02 by simple interpolation, using 
Vcgard’s law, between thc end members. (‘The lattice 
par:irrierer of U 0 2 , 0 0  may be taken as 5.4706 3: 0.000’2 
ik) We tablulaie the lattice constants of these imaginary, 
I’luorite-strticlurcd rare-earth oxides in 7‘able 6.5. 

Figure 6.14 graphically illustrates for the case of 
Y2O3-UO2 :I wide range of lattice parameter data a s  a 

46. C. Brauer and 14. Gradinger, “Binary Solid Solutioris of 
K:rre-Eartli Oxidcs,” Z .  .4120~g. AIlg.errr. C’hern. 276, 14 (1954). 

___I_._L _.-I__.- --II- 

‘Table 6.5. Extrapolated room-temperature lattice parameters 
for  R . E . I - - x U ~ ~ 0 1 , s + 0 , 5 . x  and K.E.~..,u.,oz. 

 as.^ --, 0 .-- from solid-solution data 
cI______I 

_I ..... _I.____-- 

Lattice parameter (A) &re - .p-II.--- 

La S .I24 5.535 

earth R.E.1. .xUx0i ,5;0,5x R E I . . . .  yUx02.0 asx2 ’0  
...__l_______._l __.. _I __-- _I_ 

Ce S 686 5.403 
Pr 5.647 5.364 
Nd 5.593 5.404 
PI11 5.580 5.391 
Sm 5.554 5.365 
Eli 5.514 5.325 
Gd 5.494 5.305 
‘Tb 5.452 5.169 
DY 5.436 5.247 

Y 5.399 5.210 
Er 5.381 5.192 
‘l‘m 5.361 5.172 
Yb 5.341 5.152 
Lu 5.330 5.141 

tro 5.401 5.212 

-- __ ---- 

function of composition. Only in the case of Aitkeii 
and Joseph: where oxygen poteiitials were con- 
trolled2 w a s  :I sirnplc Vegard relationship obtained. 

We have equi1ibr;ited saniples of coprecipitated U 0 2 -  
E u 2 0 3  in 1 part CO and 1 part CO2 and plot the 
roorri-ttcnip~:rature lattice par:irneter data in Fig. 6.15. 

47. E. A. Aitken and K. A.  Joscph, “Thermodynarnic Study 
o f  Solid Solutions of Uranium Oxide-. Ytti-ium Oxide,” J. Phylye 
CJiern. 70, 31390-97 (1966). 
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Also sliown is the Vegard line between U02 and the 
imaginary fluot-ite-lattice ELI, O3 . I’hc decrease in lattice 
parameter of the observed solid solution over that 

5.46 

5.44 

C- 5.42 
CL ; 5.40 
2 
4 

a 
5 5.38 

1 v A I T K E I J  ANC JOSEPH po = 10-566 olrn 
5 32 

A FERGUSON ANC FOGG WTri  UR4NIUEA METAL ’ @ARTRAM t1NC FlTZSlMMONS 
30 1 A RECUCEC IN Liz, 2000”-2400”C 

OXIDIZED IN AIR, 22°C 
5 2 8  L-l--- c ~‘ ~ _ _  ~ 

0 0 2  04 06 08 
“02 MOLE FRACTION Y / l U  t Y I 

Fig. 6.14. Idatlice parameters of U - Y - 0  solid sn!~tions. 
[ Rcfs.: C. A .  Aitken and R. A.  Joseph, J .  P/i,vs. C/i~prn. 70, 
1090- 97 (1966); I .  I:. Fcrguson and P. G. .I. Togg, J. C/imz. 
SOC. 3679-81 (1957); S. t:. Bartram arid 6 .  S. Fitzsimmons, 
Stirdies on the Stahiliznriori of UOz atid Y z 0 3  AdditiotiS, 
GFMP-709 (September 1963); also .I .  Nitcl. Matr,: 35 .  126& 30 
(1 9701.1 

obtained fl-oin the  equatioii of‘ Brauer and  Gradingcr 
indicates that the defect fluorite solid solution o f  
E U , ~ ~ - U O ~  is takirig lip oxygen lo becoine qpt-oxi-  
mately (U,Eu)O,.  Froin these data. the data o f  Aitken 
and loscph on Y z 0 3 - U 0 2 ,  and the data of  Markin et 
a l .4H  011 tlie IJ-Ce-0 p h s e  diagriiiii w e  call colnpute the 
rare-earth side of K.E.Oz-UQz solid solutions by iiieatis 
of some reasonable interpolations. We tabulate these 
values also in Table 6.5. 

The data discusscd above tend to indicate that the 
rare earths, of which Y and Eu should be representative 
examples. dissolve in U02 ~~ and,  therefore, probably in 
(U,Pu)O, ~~ as “effectively” the dioxide. At  high 
temperatures, however, the situation tends to be con- 
siderably iiiorc complicared. It was to this problet~i that 
we were addrcssing ourselves at the termination o i  the 
program. Unfortunately, therefore, the results pre- 
sented below are fragmciiiaiy and iiicomplete. They 
strongly suggest that the ainount of oxygeri iaken  t ip by 
tlie iare earths does not, at high temperatures, reach 
“effectively” K.E.O,, but somethiiig less rich ii i  

oxygen. It is this subject to wliich we tiow timi our 
attention. 

‘4s one raises the temperature o t  refractory oxides at 
a constant oxygen potential, one inight expect a loss of 
oxygeii. However, in inaterials like ZrQ, ,  ThQz,  and  
A1203 this loss is too small to detect except with 
considerable difficulty. This loss inay not be small ~ 

and in fact we postulate that it is not ~~ in rare-c;rrth 
oxides dissolved in UO,. The first indicatiori of a 

MOLE FRACTION U/U+Eu 

Fig. 6.1 5. Comparison of measured Littice parameters of the (U,Eu)O* solid solution with calculated values. 
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MOLE FRACTION Ce/(lJ b Cei 

0 t 
Fig. 6.16. Lattice parameters of (U,Ce)(S,.O at 600°C. [ l h t a  

f r o m  Markin et al., J.  fp iwg.  Niicl. t.Yie/n. 32, 59 - 75 (~19701.1 

significant loss came f'lo17i data of  Markin et  '11.~' -They 
state that the I J02 -Ce0 ,  pseudnblnaty obeys V e g ~ d ' ~  
law. i t  appears t(.l do so within experimental e t ror  a t  
1c)oiii temperature. However, a plot of their data a t  
6OO"C, Fig. 6.16, revcals a system deviating widely 
I'rorn 2 Vzgard relationship. Since the deviaticiri is in the 
direction o i  an jricreascd lattice p;irameriter a t  ilirer- 
Inedirlte cwiposicioiis, t h e  suggestion that  the solid 
so l~ i [ io~i  may be losing oxygen seems T O  follow f i i x i i  

csaiiii!iaiiori o f  the data presented ahove o ~ i  suhd 
solutiolis of rare-earth oxides with UOZ. 

We bcgan two prrjgranls LO attempt to est,hlisli 011 a 
yuaiititative l-irisis the extent of any  loss. 'The first was 
the dett:rinination of  i Lie lattice parameter of 
Eu,03-LJ0 ,  solid solutiotis as a functiori of cuiiipo- 
sition, oxygcii potcii tial, arid temperature. ' The  second 
progrmi was  The dircct ! ~ e a s u r e i ~ ~ e r l t  via weigh[ lvss 
from equilibrated solid solutions !if any dcviatiun f rom 
stoichiometry its a function uf' coniposition, oxygen 
potentid,  arid tcniperaturi:. Both prograins were teriiii- 

iiated before coinpletion, hiit [he lattice parameter 
measurement was beginniilg to yield consistelit :!ata, 
and SOJIIC of thosi: results arc presented here. (The 
weight cliaiige ii1t:asurciiient was terininated during 
calibr:itioii of the apparatus coiistruc ted for i h e  pur- 
pose.) 

Data fo r  U o , 6 B u o ~ 4 0 2 i , ~  arc presented in Fig. 6.17. 
'Thesi: d:ita rcpresen t measureinelits in the indicii ttxl 
C0-C02 tiiix~ures, to fix the oxygeil poient~al ,  mlng  
Thoz as a11 inleriial st;indard. We were in the pr(.)ccss or  

I_ . ........... 
48. 'T. I,. hlarkirl, R. S. Sr-rect, and E. C .  Chxich, "7'1:~: 

~iraniuin-~~~eriurn-Oxygell Tei r iuy Pivase Diagram," .I Inwg. 
A ' U C ~ l .  C%enr. 32,  59.- 75 ( I  970). 
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Fig. 6.17. High-temperature lattice paxamelers of 
W 0 . 6 E ~ ~ 0  ,$O AS a I'unction o f  ouygcn poten t i d  

checking the reversibility of i h e  !neasurenient a t  p r o -  
grairi tei-inination, so it is: clear that thc results 
represent the best data obtainable. tlowcver. they are 
interiially consistent, arid the two points checked at the 
nighest leriiperaturcs were reversible. Oiie sees that 
therc is :I sigrijticmt incrc;jse in latt ice paramettx as one 
decreases the oxygeii poteiitial. 'Ihis is l o  be expected, 
since ihe lattice pararnetzrs of  these solid siulut i o i u  
increase 3s the oxygen cciiiteut decreases. More iinpix- 
iaii t, however, is the signif'icmt up~vard curvature to the 
plots o i  kittice paraineter vs teiirperature. This upword 
curvature is similar to  the c;b vatioris of Markin  et al. 
< > t i  thr: lJOz -Cz02  latt ice parameter ;is: a funzfioti of 
ternpzrature. 

I7 1x11 be intcrpretcd ;IS 

indicating that [.J,,,6Eu, riut only luscs oxygen a x  
the temperature is raised, h u t  ii also shows a significant 
loss of oxygen relative t o  thc rooiii-tciiipcrattire coinpo- 
sitioii. i \ t  900°C the to ta l  loss f m i i  stoichioinci ry is 
about 25% of' the ~ X Z C S S  oxygon belweeii 
Uo.6 and tJo,6 Fiio,,O I . R  a i  a11 oxygzn 
poTelltial co[respuildiilg io 10 p r t s  CO to 1 part  CO,. 
Since iuel ill a rcactor will upeiate at LI riiucli higher 
temperature,  iup to ~ ~ O O " C ,  {.tie probleni svouId be 
expected tu  be riiqyiified. h jtraigiic-lir~e extrapohticxi, 
wliicli is aditiittcdly dangeroai;. :voultl iridicate as iiiuch 
as 75v> of the excess oxygen take!l up a t  L'OOIll 

temperature riiigli t be lost at 2300°C. Lacking relrablc 
tlara, w e  havc I I C ~ ~  even at !eiiip~ed it volui-rie-.averagirig 
i:;~Ici.~l:iti~ii t o  g~icss the liverag; ainoi.int or oxypcri 
taltcn irp by the rare earths. 

1 -  

~ i x !  results a t  C)OO"C i n  I:i 
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In sriinuiary, neither assuiiiptioii iii Table 6.4 for the 
oxygen content of fuel,  relative to the rare earths, c a n  
be taken ;IS correct. although both assuinptions have 
been used. The true situation almost certainly lies 
somewhere i i i  between. A great deal of effort has gone 
i i i tu  trying to !nodel the fuel-cladding interaction 
without considering the oxidation state of the fission 
product coils ti t i  ien t s. 

The data needed to coinplete the  tiriderstanding of 
the fission product use of oxygcii should be tlie oxygen 
content of rare-earth   fuel solid solutions as a function 
of tcinperature, rare-eartlt coiltent, and oxygen poten- 
tial. I n  principle, the cxperimen t s  are straightfoi ward 
arid would be highly desirable. 

6.1.4.4 Oxygen Gradients in  Mixed.Qxide Fuels 

In a 1-eactor t‘iieled with inixcd oxide, a strong 
teiriperatui-e gradient exists, as h u s  been noted previ- 
ously. Because of the tempeiaturc gradient, an oxygen 
gradieiit will also exist. This problem is important 
because in relating oxygen content of the fuel to rates 
of attack on the  cladding. it has been thought irnpor- 
tant to determine the oxygen potential of the fuel 
adjacent to the cladding. We have recently pointed out 
problems with current theories that attempt to solve 
this problein and have suggested a direct iiiethod of 
measuring oxygen potentials in iiradiatcd mixed-oxide 
piiis as a function of distance across the pin.4 

6.2 PROCESS AND ECONOMIC EVALUATIONS 

A 1 I -ot ts J .  D Scase 

The coinniercial application of liquid-metal fast 
bi-ecder reactors will require significant developineat 
and extension of technology for the fuel cycle. This 
requirement arises from the design of the fuel, which 
will reach burnups of 13 to 15 a t .  %, which must 
operate at high lieat rates, and which must be shipped 
and processed quickly arid efficiently. The  requirement 
for efficiency and econoiny arises in part from the fact 
that capital cost estimates for the construction of 
IMFHR’s indicate tha t  these plants will cost morc than 
Iigiit-water reactor sys te r i~s .~  O 

49. J .  hl. Leitnaker and I<. E. Spear. “Elimination of CO2 
and I IzO as Oxygen Transport Species in Mixed-Oxide Fuel 
Pins,”J. Nitcl. itlater. 45, 195-200 (1972). 

50. Systcms Analysis Ta9k Force, Poreritial Nuclear Power 
(;yo  w3th Pat terns. WASII- 1 09 8 (December 1 9 7 0) .  

As ;in exalnple of what is required 111 tlie econoiny. 
McVey et  ~ 1 1 . ~ ~  stated that, if there is $2O/kW(c) 
diffcrence between the cost o f  LMFBR’s and light- 
water reactors and  if  the LWR fricl cycle costs are in  the 
range I .?_ to I .4 inills/kWhr, then i h c  L M I B R  costs 
must be between 0.8 and 1 .O niill/kWhr for the LMFBK 
to be competitive. This is based on an approximation 
that each $5/kW(e) installed capacity (capital cost) is 
equal to 0. I niill/kWhr in power costs. This is the 
1-eason then that considerable i-eso~.irccs are being 
extended by tlie USAEC and the U.S. nuclear industry 
to eiisure file1 cycle techuology and fuel pel-forniance 
technology to  achieve low fuel cycle costs by the t h e  
LMFBR’s reach comincrci;il application. 

It is withill this context that we have maintained an 
assessiiieiit of tlie status of the various fuel cycle 
operations and the need for future development. 
I n for mi t i  on c otic er i i  in g LMF B K fiie I fabric a ti on de- 
inaiids and costs, process alternatives, fuel fabrication 
plant design, and economic optiniic.ation is included in 
this section. 

6.2.1 Future Industrial Basis for IMFBR 
Fuel Fabrication 

The fiiel industry l’oi- LMFBM’s in the future will 
operate within certain constraints iniposed by the 
reactor design: the consuincr dcinand for electricity, 
and the specific attributes of the fuels to be processed. 
Also, tlie industry must take into accouiit the evolu- 
tionary process involved in the LMFBK reaching ;I 
mature industrial basis. I n  other words there will be a 
significant transitiori period in which these various 
factors will be changing. This miist be taken into 
account in the processes and plants that are designed to 
acconimodatc the fuel cycle operations. Spccifically, we 
arc coiiccrliecl here with the potential dernand for fuel 
t o  be pi-ocessed, the composition of these fuels, a i r d  the 
particular fuel clcnicnt designs that must be fabricated 
and reprocessed. 

6.2.1.1 Demand for LMFHW Power Wants 

The study completed by the Systems Analysis Task 
Force’ in Occeuiber I9 70 considered five LMFBK’s, 
;is indicated in Table 6.6. Systems :malyscs f o r  power 
economies including fossil fuel plants, LWR’s, 
LMFBR’s, H‘I’GK’s, gas-cooled fast reactors, molten-salt 

51. W .  H. McVey, N. Haberman, and C. .4. Sege, “F:ist 
Reactor Fuel Cycle Econonlics.” pp. 12--29 in Symp<~sitrrrl 011 

Sol -G~l  Processcs arid Reactor Fi‘ltel C),cles, Gatlirzbitrg, Teiiti., 
JJay 4 7. 1970, CONF-700502. 

.. ~ 



'L:jbk 6.6. Summary o f  design and perforriiance parametexs for carbide- and oxide-fueled liquid-metal-cooled reactors 
__ . __ ............. 

....____._._I ....... __ 
C<ire I C ~ ~ O I I  

Active height. i t  
IXamekr, f t  
Nuniber of control rods 
Number of fuel elements 
!;ue1 pin diameter, in. 
Number of fuel pins per element 

Power, R I W (  t) 
Average specific power, MW( t)/mctric ton 
Peak linear rod power, kW/ft 
I;ucl average discharge exposure, h4Wd/metric ton 
I-IOt-SpOt ctaddirig temperature, ' C 
~ ~ a x i i n u m  fuel temperature. "I? 
Cloolarit outlrt temperatiire, "(: 
Noniirral cooian t teniperaturt: rise,"<: 

I m g t h ,  f t  (each end) 
Power, MW(tj 
Average specific power, MW(t)/inetri i  ton 
Fuel average discharge sxpusure, MWd/metric ion 

Nurribcr of fuel elements 

Average specific power, MW(t)/nietric ton 
Fuel average discharge exposure, h.IWd/metric ton 

Breeding ratio 
Specific invcntory. kg fissile/MW(e) 
Siniplc system doubling time, years 
Keactivily worth of sodium voids, 3 

Average c<>L.Jl:int VelOclty, f p S  

Axial blanket 

R a & J  blanket 

Power, MW( t) 

System 

Reference 
carbide 

4 
3.3 
1 3  
48 
0.286 
168 
27.1 
2300 
113 
33 2 
79,360 

1285 
540 
110 

700 

1.25 
54 
4.26 
7000 

102 
346 
5.43 
3870 

1.45 
2.84 
8 6  
0.36 

4 83 
5 71 
21 
148 
0 400 
91 
32.9 
2245 
167 9 
66 9 
I10,300 
730 
1975 
58b 
I90 

1 0 
51 
9 02 
5930 

162 
204 
8 46  
8340 

1 . so  
1.44 
4 8  
8 07 

Doppler conscdtit (T dh/dl-J, w i e  and radidl blankets 0.0039 0.004 
Thermal to electricdl conversion efficienLy 9 37 0 39 2 
Compound corc doubling time, y e m  

Keferencc 
oxide 

. 

4.0 
4.5 
21 
2.52 
0.25 
2 1 7 
25 
215'7 
175 
16 
80,000 
665 
2620 
570 
150 

I 
4!) 
5.5 
2500 

234 
263 
10 
8100 

1.27 
3.9 

0.23 
~- 0.0094 
40.0 
15 .00 

....... 

Advanced Advanced 
oxide oxide 

(negative)' (positivcf 

3.5 

21 
162 
0.23 
27 t 
34 
1975 
230 
20 
101,000 
730 
2750 
650 
150 

4 0  

1 .s 
54 
6 7  
2900 

198 
27 1 
10 
5900 

1.34 
2.8 

-0.33 
-0.0073 

43.5 
8.00 

4.0 
6.5 
19 
183 
0 23 
217 
38 
2103 
230 
2 0 
97.000 
73.5 
2750 
65 0 
150 

J .5 
45 
6.0 
2500 

I14 
152 
10.9 
6000 

1.31 
2.3 

IS 

4 3.5 
7 00 

0.0102 

... ... ...... 

'Sodiuin void coefficietit. 

rcacloi s, and \tearn-cooled fnst redLtorb wcre doiie 
within the study. In generd, the study inclicaled that 
rlie LMFBK is thc piincipal reactor construLted when 
the ,ictv~nt,ed oxide dnd the carbide LMFBK's are 
employed Therefore, ttic tnrget fuel debigns a i 2  tliose 
that have nverage discharge bumups of the ordei of 
100,OOU MWd/inetnc ton 01' hcavy inetdl tor the corc 
fuel, cladding hot spot ternper,i turcs near 700"C, and 
pcak Iinedr rod power of 20 k\V/ft f o ~  oxide fuels and 

r turhct  by the HTGK, ~liairitenance of '1 m'irket for 
LWR's. arid some continued construction of fossil fuel 
pidnts, the LMFRR mdrkct penetrdtinn 15 of the order 
o f  that showri in Fig 6.18 1)epeiidiog on the par t imla i  

x 33kW/tt for carbide fuel Assuni~rig pznctiatioii of the 

assuriiptions, thc eild point in the year 3-020 vdiies 
betwecn I400 wid 2400 GW(e). 

6.2.1.2 Fuel Cycle Material Balance atid 
Process Demand 

Figure 6.19 shows a typical equilibrium material 
balancc flowsheet.' The reactor contains both core 
axial blarikei Cue1 elemenis aind radial blanket fuel 
eleincnts. These must be treated separ:itely in certain of 
the fuel fabrication operations. 

- ........ 
52 Houctor File1 Cycle Cms ~ ' o r  Nuclear Power I.valriatron, 

WASH-1099 (December 1971). 
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OR N L-DWG 72- ri617 The blanket inatciial is fabricated from depleted UP‘, . 
and the core i7i;itciials are fabricated from recycled 

produced. and this plutonium is iiscd to start up new 
fast brccder reactors. o r  it cim be recycled to light-water 
reactuis or 11 I L K ’ S ,  In the chemical processing opera- 
lion, both radial blanket elei~icrits ;ind cure axi;il 
blaiiket eleliients :ire pi-~cessed for I - C C O V ~ I ~  of PILI- 
toniuiii. 

Calculation of tile inaterial balance for the  entire 
le iiidiistrial base is not ii siiiiple Inatlcr 

because of the variation in the inaterial balances f o r  the 
LhlFBR’s that inidit exist in the ccoiioiiiy. As iiii 

example of this, nrateiial balances for the  several 
I000MW(e) LMFBK’s considered by the  Systeiiis 
Analysis I’ask Force arc coinpaied in fable 6.7. As can 
be SCCII,  the total uraiiiuiii charged to the LMFUR core 
can vary L1.0111 15.8 to 41.1 iiictric tonsiycar and the  
pliitoniuiii can vary f roni  0.9 1 t o  3.1  metric lons/year. 
Figlive 6.20 shows the full r;iiige of  the pi-cijectcd 
fahi-icatioii and reproccssiiig demxid for LMI:BR fuels 
as a function 01’ tiiiic, as  c;ilculated froni the  iiistalled 
electrical capacity of  Fig. 6 .  I8 and data given in  Table 
6.7. 1 1 1  1990 for example, tlie fabrication demand can 
vary from 5 to 15 metric t o n s  of heavy metal per day.  
I n  Fig. 6.70 the deniand f o r  reprocessirig service always 
lags tlie fabrication seivice demand significantly because 
of additional LMFLSR’s being added to the systelii. 

plutonium and depleted Ui;6. Soiiie exccss plutoiiii~~ii is ..- 

i970 1980 i990 2000 2010 2020 
YEAR 

Fig. 6.1 8. Projected installed electrical capacity of LMFBR’s. 

Table 6.7. Comparison of matcrial balances for several 1000-MW(e) LhZFBR’s 

Loading or discharge (metric tons/year) 
~ . . . . . . . . . . -___ 

Advanced 

(positive)” 

Reference Advanced 
carbide carbide 

Advanced 

(negative)a 

Reference 
oxide 

oxide oxide 

Core fabrication 
Uranium 
Plutonium 

Blanket fabrication 
Uranium 

Total (core-blanket) 
Uranium 
Plutonium 

Discharge 
Uranium 
Plutonium 
Fission producla 

6.40 
2.10 

15.00 

21.40 
2.10 

20.31 
2.35 
0.83 

4.5 1 
1.78 

5.34 
1.42 

20.55 13.38 

25.06 18.72 
1.78 1.42 

23.99 17.70 
2.04 1.68 
0.8 1 0.77 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 

7.33 
1.65 

33.79 

41.12 
1.65 

39.78 
2.1 1 
0.87 

5.54 
0.9 1 

10.26 

15.80 
0.91 

14.57 
1.29 
0.85 

asodium void coefficient. 
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Fig. 6.20. Projected hbricaticm and reprocessing dcniar~d for 
LMFBK fuels. 
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ORNC-OWG 72-f 1649 6.2.1.3 Isotopic Composition 

The principal source of plutoniuin for s ta r t ,up  of 
LMFUK i-eactors will bc plii toniuin produced primarily 
in LWIl’s. This is :I very irnpoi-tarit consideration. since 
tlie radioactivity associated with the various plutoniuiii 
isotopes will affect the design of the fucl fabi-ication 
plant. The plutoniuiii isotope3 o f  iniportaiice are 

not assessed as  being particu1:rrly iinpoitant. since it has  
no[ beeo ineasurcd in any quantity greater than  1 ppiii. 
But. a s  pointed o u t  b y  Sinith et  aI . .53  sIiouId this 
isotopc evci- be produced in significant c1u;intitics by 
any reactor, handling of tlie resu l tan t  plutoniuin will 
i-cqirit-e in;issive shielding and rapid I-ecyclc. Smith et 
d,.’ Bell and Nichols,s4 Frankliouscr et a l . . s s  antl 
ShuckSh Iiave reported on tiic ranges of pIiitonium 
isotope conccntr,iiions in va~ious  fuels. These data are 
suinmari/cd in Fig. 6.2 1 , 

I’hc principal interest among these isotopes is the 
penetlating radiations associated with the ( 1  ) neutrons 
generated by the  spontiuieous fission of 2 3  ‘Pu, 2400Pu, 
and 2 4  2Pu;  ( 2 )  neutrons I‘rom the ( a s / { )  reaction with 
light elements: and (3)  gamma radiation from the 
pIutoiiiiim isolopes and froin the ” 7 U  and ’4 I Ani 
t h a t  rcsiilt fi-om the radioactive decay of ’‘ PII. In 
addition. residual fissioii products may eyist in the fuel, 
giving a source of gamnia radiation that  should also be 
considered. The radioactivity froiii plutonium isotopes 
is suniiiiarired in Table 6.8, and that froin plutonium 
decay products antl resitlual fission products in rable 
6.9. 

2 ~ 1 8 P u ,  2 3 9 P u ,  2 4 0 P u ,  241Pil, and 2 J 2 P u ,  The 2”Pu IS 

6.2.1.4 Transition Perio in Developing an LMFBR 
Fuel Recycle Economy 

W h e n  LMFBK’s coiiiiiieiice production of electricity 
i n  tlic mid-1 S O ’ S ,  the complexion of the fuel cycle 

53. R .  C. Smith. 11. H .  Van ‘Tuyl. and L. G. Faust. “The 
Effect of Radiation Levels from Plutonium o n  Fuel Fabrication 
Process Design,” pp. 59 73 in Sviriposhrm oil Sol-Gel Processes 
arid Reacror Firel C ~ ~ c l c s ,  Gutlitibiirg! Terzri.. May 4 ~ 7, 1970, 

54. M. J .  Bell and J .  P. Nichols, “Penetrating Radiation Dose 
Rites and Shield Requiremcnts in Fabrication of Fuels Contain- 
ing 2 3 3 U  and High-Exposure Plutonium,” pp. 74-84 in 
Sj,rnporiirm 011 Sol-Gel Processes arid Reactor Fuel Cycles, 
Gatlitibitrg. Term, 4 7, I970.  CONF-700502. 

55. W. L. Frankliouser, U .  Decher, and T. E. Potter, 
“babricating Production Quantitiec of  Higher Burnup Pluto- 
nium Fuels,” ibid.. pp.  85 98. 

56. A .  B. Shuck, A .  L. Lotts, and K. Drumlieller, “The 
Renrule lahrication of Reactor Fucls,” pp. 7 1- 148 in Reactor 
Tecliizology Selected Reviews ~ 1965, TID-854 1 (January 
1966). 

CON1.‘-700502. 

0 2 3 5 
BURNUP (70 FlMAi  

Fig. 6.21. Isotopic distuibution in plutonium from EWR’s. 

industry will be o f  one tha t  suppot-ts light-water 
reactors. rL’hercfui-e, the question a t  harid is how this 
pal ticular industri;il base can be used for tlic LMFBK 
fuel cycle industry in the  transition period before there 
is a large cnougli number of LMFBK’s to justify a 
s cy ra t e  file1 cycle system for the LMFBR. Indeed the 
question is which of the components of the fuel cycle 
industry for light-water reactors can be i~sed in the 
LMFRR system. 

Considering thc  fuel fabiication industry. it is based 
entirely upon ceramic pellet fabrication with contain- 
nicnt in Zircaloy tubes. Recycle of plutonium in 
light-water reactors is anticipated as an extension of this 
technology, with the pl-iniary difference being that the 
fabrication will have to be done in glove boxes. 
Accordingly; both plant and personnel arc oriented 
toward ;L particular flowslieet and ;L particular fabi-iza- 
tion syskin. The parts of these systems that involve the 
fabrication of UOz can be directly applied to tlie 
fabrication of the radial blankets for LMFBR’s, and a 
substantial pavt c;in be applied to the fabrication of 
pellets for the axial blankets, which are part of tlie 
core-axial blanket flue elements. U p  to 70 or 75‘h of 
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Table 6.8. Radioactivity from plutonium isotopes 
__........____II..-.....---. cI_------ .__._______.__._....~....__I 

Half-life (years) Neutron emissiond 
(neutrons sec-' g - ' ~  I__.__ ._.. Decay Energies 

modes Spontaneous I._..___ 

fission Fission ( q n )  in Pu02 (MeV) Alpha 
Tsotopc 

_I_..._ _. 
_I-_- 

P U  .? 5.49 86.4 3.8 x 10'" 3.4 x lo3  1.4 x l o4  
Y 0.040 

2 3 9  Pu IX  5.15, 5.111 2.43 x I O 4  5.5 x 10IS 0.02 45 
Y 0.035, 0.050 

2 4 0 P U  0,  Y 5.16 6.58 X 103 1.22 x 10" 1.0 x 103 170 

Pu a, Y 4.9 I 5.7 x IO5 ? 4  1 

P > Y  0.01 

Y 0.044, 0.048 
"ZPU a 4.88 3.79 i: i o 5  7.1 x 1 d 0  1.7 x 2.1 

a l ; ~ o ~ n  Shuck et al., ITD-8541, p. 75. 

Table 6.9. Radioactivity from plutoniurri decay 
products and residual fission products 

_I__- 
_I .- ___I_... 

Isotope Decay 
modes Energiej (MeV) Half-life 

__I_ - _I- _c_ -~ 
L 3 7 u  B 0 25 6 1 3  d.iy5 

Y 0 05, (3 1 3 , 0  37 1 
L 4 ' ~ t n  cy 5 4 6 , 5  433 460 yt,.lI6 

Y 0 597,O 103,O 041 

'06KU P 0 041 1 0  year 

Io3Ru B 0 6 8 4 0  22 39 8 dayr 

= L r  ir 0.39, 1 0 65 day5 

Y 

Y 0 04, 0 494 

Y 

Y 0 171 

0 73,O 23, 0 92 
"Nb P 0 163 35 ddy5 

the volume of uraniuni handed  can be handled in this 
fashion. Accordingly, there will exist substantial 
capacity aiid technology for application to the LMFBR 
blanket regions. Substanrial experience tias also been 
gained in handling plutonium, altliougli the fabrication 
of LMFUIC core fuel is substan W y  differelit from 
recyclijig pluto~iiuni in light-water reactors. 

Since there are significant differences that may 
reyuire new installations for LMFBR core fuel, it wc)uld 
be prudent to consider optional processes that may 
offer processing o r  performance advantages. An assess- 
ment of the comrnitnicrit o f  industry to  the particular 
details of fuel design arid fuel fabrication processes 
must be based on the accurnulation of additional data, 
which should more narrowly define the economic 

parmir: tera and perforitlance pal :meters involved in the 
variouS options. 111 addition, it should be pointed out 
that init~ally m d  substantially ttiruugh the sfarl-np 
period f o r  LMFBK's the tuel fa'oiicdtion industiy will 
be handling reLycle fuel 11om light-w:iter ~ e a c  tur s, 
which 111 t c m s  oi rddioxtivity p l a m  a more stringent 
requirement 011 the fuel fdbiication plant design ttidn 
wlll tuel recycle from 1,MFBK's. W e  believe that plant 
design s h u d d  be based on the requirements for recycle 
of plutonium lrorrt lidit-water rcaLtor fuel and tlicreby 
eiiablc the hmdling of alniust m y  contingency that 
may d r i w  in ttie future 

6.2.2 Projections for the LMFBR Fuel 
Fabrication Industry 

The questions involving the future o f  h e  LklFBK fuel 
fabmation industry c(xicei n ( I )  hiel fabricat ion de- 
mands and therefore scde of operation, (2) f u e l  
fabi ication plant design, (3) probable cost, and (4) 
probdble fuel performdnce I n  addiuon, an dridlysis uf 
the type of economies that cwi be reached through 
certain impruvementc 15 of gieat interest, since such d1i 

assessment would seivr: as a base line for die cost- 
beriefit analyiis uf iescarcli atid development eupeiidi- 
ture i n  the future. 

6.2.2.1 Fabrication Demrrtd 

The projected fabrication demdntl based on assumed 
reactor economy W ~ S  presented in  Fig. 6.20. In addition 
to this, rcports of the systeni analysis task foice5" and 
the fuel recycle task fo1ce5 show conrpiehensively the 
type of dernartds requued for the industly 111 the future 
ds well 'is give an nidicaf ion uf the c a t  of fuel 
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fabrication. 'Typically, for a reactor such as the LMFUK 
advanced oxide system, half-ton core fuel fabrication 
plants are required in 1990, with the size increasing to 
approximately 2 tons per day, six plants being required 
in the year 2000. 

6.2.2.2 Plant Design 

Bell and Nicholss considered the  capabilities of 
various types of operation classified according to niode 
of operation, that is, glove boxes, serniieiiioie, or 
remote operation (operations that have been defined by 
Shiick e t  al."). I n  their analysis, they estimated 
nraxiniuni capacities of fuel fabrication lines preparing 
IJO,-PUC)~ iis a fiinction of shield tliickness. The results 
are shown in Table 6.10. The calculated shielding 
requirement for inanufact~ire of LMFBR corc fuel a t  a 
capacity of 500 kg/day was 12 in. of concrete. 'I'hat 
shielding will be required is unquestioned. For the 
future the problem is to determine the most economical 
inethod of incorporating the required shielding and the 
most economical tncthod for the design of tlie process 
to ininimize the exposure to the operators. Process 
designs therefore should emphasize autoination and 
mechanization, close integration of shielding 13iid criti- 
cality design: and on-line computeri/.ation and instru- 
menta ti on to  mini niiz e h ol du 13 of n ia te rial s. 

concluded that the  NUhIEC experi- 
ence with plutonium fuel fabrication does not provide 

F rank l~ouse r~  

Table 6.1 0. Estimated maximum capacities of lines 
for preparing UO~-PUO, for LME'BK'S' 

~~~ ............. ...... 

LMFBR core (LWK recycle Pu) 
Pu/(U + Pu) = 0.22 

Or 7 Gloved enclosurcs 

sem ir ern o t e 12 3 0  

Remote" 16 100 
22 500 
24 1000 

b 

... 
~ .......... ~ ...... _ _  

'Asumes operator dose rate = 40 millircms/week. 
'Assumes process equipment installed 1 ft from inner wall of 

enclosure. 
'Assumes 'h in. of lead for chieldins against soft gamma 

radiation. 
dAssumes that proccss vessels (which contain no more than 

20!';, of daily throughput) are installed 2 ft from the inner 
surface of the shield and that the dose rate at the operating 
surface i s  1 .O millirem/hr. 

the basis for design of an oxide fiic! rod production 
facility, but it does allow guidelines t o  be formulated. 
He pointed out that otlicr than isotopic compohition CJf 
plutonium, such practical considerations as age of fuel, 
concentration of plutonjum in fuel, fuel surface-area-to- 
volume ratio, and fuel inass m i s t  be taken into account. 
Plant design itself can vary all the way from glove-box 
enclosurcs with shielding, general enclosure shielding, 
and shielding on process equipnient to completcly 
remote operation. A thorough eva1u;rtion of the rela- 
tionship of capital cost to operating cost must be done 
to assess the opiiiniini solution to the problem. At  this 
point for larga-scale plants, remote operation with 
autoinatic cqi.iipnieiit appears to be a prudent choice. 
This would allow for a number of contingencies 
regardiiig  eduction of permissible operator exposure as 
well as unexpected increases in radiation aswciated 
with the fuels to be fabricated. Operation of tlie I U G R  
fuel recycle pilot plant projected for tlir. period 
1977 ~1980 should help define the  cos^ of remotely 
fabricating nuclear fuels.' ' 
6.2.2.3 Procesr Options for Manufacture of LMF9iH 

Fuel Pins 
r 1  1 he principal cc!inpeting flowsheets for Fabrication of 

LMFBR core-axial blanket fucl elements are the copre- 
cipitation flowsheet. mechanically mixed flowsheet, 
and the sol-gel pcllet and sol-gel Sphere-Pac tlowshcets. 
These are showil in Fig. 6.23. I n  addition to these 
indicated roiutes, vibratory compaction of angular par- 
ticles o r  shardc has been considered arid rcjectcd by 
most investigators. The material for vibratory compac- 
tion can be inade by mechanically blending U02 a n d  
PuO, powders or by copi-ecipitating a mixed powder. 
Ihe  preparaiion of material in any event involves 
pressing, sinteiing. and grindiiig to obtain the proper 
sizes for vibratory compaction. In addition, the sol-gel 
route can be considered for preparation of shards that 
would follow a route similar to that shown for the 
preparation of sol-gel-derived pclle t material through 
the calcination and sintering route.  It is not necessal-y 
to press the sol-gel material to obtain adequate particu- 
late density. 

of pellets shown in Fig. 6.22, a l~nos t  identical steps arc 
involved in all the routes from the step oT pressing 
pellets t o  the final inspection of the second weld on the 
fuel pin. 'I'he differences lie in the preparation of the 

57 .  Oak Ridge Natiunal Laboratory and Gulf General 
Atomic. Natiorial IJT(;R Fuel Recycle Program Plan. ORNL- 
4702 (August 1971). 

- 

Considciing the three principal routes foi piepar 'I t '  1011 

~. ......... ...... 
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MECHANICALLY MIXED CC- PRECl PI 'TATION 

c 

c 
w 

Fig. 6.22. Flowsheot for (U,Pu)Oz fuel fabrication. 

I r i  the sol-gel pelletizing route, although the prepara- 
tion of the sol may \)e a inore cornpiic:~teJ operation 
than either precipitation LIT zoprecipil ation, h e  subse- 
quent  preparalion of a suitable powder f o r  pellctizitig is 
~[iorc straightforward than the other two routes. ln- 
deed, the only rriechanical operatioil is a grinding st.ep, 
which has been accoinplished in a fluid energy mill and 
does riot require screening. To siirnm:irize the status of 

the three processes, both coprecipitatioi~ and tnechaai- 
cally blended routes involve mure inech;rnical opera- 
tions, but they havc been conducted oii ;t large scale 
-. __c_--_I- 

58. W. E. Roake, C. E. Weber. I). H ,  U'iese, C 
I .  2). Tholnas, J .  1.. Scott, a d  A. B. Shuck, "Th? 
Program for Deveiopirig tho Manufacture of IJigh-Qu;lUty Fast 
Keactor l~iels," pp. 31 I ~ - 2 5  in Peaccfirl Uses of Atomic 
E'nergy, Prcic. 4th rnt. Corlf. Gemvn, 1971, Yol. 8 ,  United 
Nations, New York, and Jnteriiaiiond Atomic Eiiergy Agency, 
Vienna. 1972. 
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and there is a great deal of industrial expe~iencc wit11 
tlicni, whereas the sol-gel pelletizirig roirte iiivolves 
liiore chemical operations and less mechanical handling, 
but there is experience only on laboraiory-scale opera- 
tions. 

‘ 1 ’ 1 ~  Sphrre-Pac technique for sequentially loading 
two sizes of iiiicrosplreres into a fuel coIumn, using 
low-cnergy vibration, was described in Sect. 3.1, An 
improvement of this process called the “U-Fines” 
process, which is a form of Sphere-Pac loading in wiiicli 
a11 the p lu to~ i iu~n  is contained in the coarse micro- 
spheres, ’ x i s  a l s o  described in this report. The piiiicipal 
advan tagcs of the “U-Fines” pi-ocess stem from the f x t  
that no  fine inaterial of plutonium is necessary and 
froin reduction of the quantity of material that must be 
liaiidled with a high degree of containment and shield- 
ing. 

Pellztiring and Sphere-Pac comparisons on a quali- 
tative basis are difficult. However, i t  is our opinio~i that 
pellet processes have the advantage of known, indus- 
ti-ially applied tecllnology and results, experienced staff, 
and existing equipnteni. Tlic process experience with 
Sphere-Pac is limited, and industrial facilities are almost 
nonexistent. Pellets processes have such disadvantages 
;IS (, 1) grinding opera lions, wliicli produce finely divided 
particulates, which ai-e more subject t o  tirocess loss and 
(2) the reqiiirenient for finely divided clieinically active 
powder. Sphere-Pac has  the advantage of virtually 
eliniiiiating finely divided plutonii~m-bearing inaterial in 
the process and the inticrent advantages of liquid 
chemical processing and fluid nietl~ods up to the step of 
loading fuel pins. 

As to differences in the ecorioiiiic> of the various 
prepaaation procedures, the difference is not SiJbsta1lti:il 
and probably lies within the error of the estiniates. 
W e s 9  and Colornbi and PodobO liavc assessed the 
differencz i n  cost between t i l e  low-energy Sphere-Pac 
process and pelletizing routes. W e  concluded that tlie 
cost differential is in the range $20 to $2.5/kg heavy 
metal in a plant producing 500 kg of core material in 
finished elements per day. Colombi and Podo in their 
study saw little economic differcnce in  favor of sol-gel 
processes. It should be pointed out.  however, t h a t  more 
detailed assessment should he made of tlie alternative 
processes. with particular a t t e n t h i  to any differences 

59.  J .  D. Seaw. R. A. Bradley, C. R. Reese, VI. 1-I. Pechin. and 
A.  L. Lotts. “Sphere-Pac and Pelletization of (U .Pu)02 ,”  pp. 
323 4 1 in .Symposiirm oti Sol-Gel Processes m d  Reactor Aie l  
Cycles, GlOtlNihui;P, Tern. iC1a.i’ 4~ 7, 1970, CONF-700502. 

60.  C .  Colombi and 1,. Podo, “Conceptoal Plant Design and 
Pielii-iiiiiary Evnluation of Sol-Gel Versus Pellet.; Production 
Costs,” Ibid., pp. 264-80. 

...._....I-..... ____ 

in process losses and tlic iequirement for internal 
recycling of fuel materi;il. I n  addition, there may be 
some differences in the degree of con taiiiiiiaeion atid 
tlic relative diffici.rlty expected with i t  among the 
differell t processes. 

5.2.2.4 Fuel EBeinent Fabrication Costs 

We participated actively in the Fuel Recycle Task 
Force,6 developing base cost informatio~i for the 
fabrication of IA4FBR fuel elenients. Typical results of 
this work are shown in Fig. 6.23. These costs. which 
were devcloped with the FABCOST 9 computer 
code,6 2 . 6 3  contain vcry low fuel element hardware 
cost ~ for example. approximately $1.25/f t  stainless 
steel tubing. Suhstantial differences are indicatcd i n  the 
fuel fabrication costs for the various referenced reac- 
tors. Most of the differences are attributable t u  differ- 
ence in dimensions of the fluel pin. For exaiiiplt., 
although the preparation of carbide fuels is inore 
expensive, subsequent fabrication in the fuel pins on a 
weight basis of fuel is less expensive because fewer 
operations are required per kilogram of fuel. In other 
words, fuel fabricatioci cost is proportional to the 
Icngth of tubing reqiiired per kilogram of fuel. The 
effect of hardware cost, particularly tiibillg cost, is 
indicated i n  Fig. 6.24, wliich shows tlie reference case 
for an LhIFBK in tlie Systems Analysis Task Force 
study coinpared with a high cost for tubing representing 
present-day cost, and :in intermediate cost, which 
represents a t  least a probable cost for the future. At a 
production rate of 1000 kg heavy nictal/day, escalation 
of tubing cost frolii $1.26/ft to $6/f.t doubles the fuel 
fabrication cost. 

The value of trade-off in ternrs of final power cost is 
ai1 important assessmcnt. Figure 6.25, taken froni 
McVcy et  al.,64 is a plot of file1 cycle cost i n  niils/k\Viir 
against burnup for several fuel cycle costs per kilogram 
of heavy metal. Applyilig s u c h  data to the worth of 
various changes for LMFBR core fuel is instructive. 

61. Reactor h’iiel C:vcle Costs f o r  Nuclear Power Evaliintion, 
W.4SH-1099 (December 1971 ). 

62. A.  L. Lotts, T. N. Washbum, and I?. J .  Hoinan, 
FARCQSI 9. a Corripirtef Code .Sor Esrima ring Fabrication Cost 
for  Rod Butidle Fitel Eler?ients. ORNI.4287 (August 1968). 

63. A. L. Lotts and T. N. Washhurn, “Use of Computer 
Codes in Estimating Fuel Element P’abrication Costs.” Nlicl. 

64. W. H. McVey, N. IIaverman, and C. A. Sege, “Fast 
Reacvor Fuel Cycle Economics,” pp. 12-29 in Sytnposiurn 017 

Sol-G~l  Processes and Reactor Furl C-jtcles, Gatlinburg, Y~enn., 
11fa.v 4 ~ 7, 1970, CONi:-700502. 

A p p l .  4(5), 307-19 (%fay 1968). 
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Fig. 6.23. Cost of fabricating LMFHK fuel. 
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AVERAGE CORE BURNUP [M‘Nd/rnetric ton (U+Pu)] 

Pig. 6.25. Effect of burnup and out-of-reactor cost on fuel 
cycle costs. (F rom hlcVcy et al., CONI:-700502, p. 18.) 

Table 6.1 1 shows the worth of several iinportant 
changes that could be made with respect t o  scale of 
operation, process selection, hardware costs, and burn- 
up capability of the fuel. Changes such as doubling the 
scale of operation, changing the mode of fabrication, 
arid using a different fabrication process when consider- 
ing only the processing costs result in a decrease of cost 
at  about 5 to 6%. Reduction of tubing costs from the 
present rate of $6/ft  to $3/ft gives :in improvement of 
approximately 2076, and a reduction to $1.25/ft an 
iinprovement of apprcrxiniately 50%. It is notable also 

that burnup capability greatly affects the power cost. 
Therefore o m  would conclude from these results that 
significant attention should be given to  methods of 
reducing the cost of fuel eleinent hardware, particularly 
tubing. and to sclcction of fuels tlvat will enable the 
reactors to go to a higher burnup. In this respecl, 
although it has not been reviewed here, there is future 
potential in a change froin the mixed-oxide fuel system 
to  advanced fuels should they prove to  have adequate 
perforinance and process economics. 

6.3 DISCUSSION OF CUKRENI’ STAI’US OF FUEL 
PERFQKhL4NCE, PROCESS, AND 

IMlC EVALUATIONS 

A.  L. I..otts 

As reported by Nuclear Engineeiing I n t c r i ~ a t i o n a l , ~ ~  
E. E. Kintner told fast reactor fuel experts a t  the ANS 
New Orleans Conference in April 197 1 that after 20 
years of  FBI< development in the United States, “We do 
not yet have the techriical understanding necessary to 
desigii any- fast reactor fuel clement with gieal  con- 
fidence and will not have that technical understanding 
iiccessary to desigii the fuel elements needed for 
competitive nuclear breeder industry  inl less we find 
ways to make iiiore effective use of applied resources.” 
He relatcd the recent expeiiences of LMFBK fuel 
designers to those of Dante. who one day realized that 
he had strayed from the “true way” into the “dark 
woods of error.” Most of his coniinents related to 
understanding fuel and cladding performance, but they 
also apply to the processes involvcd in the fabrication 
of fuel. Indeed, fuel performance is grcatly dependent 

65.  “Fast Reactor kucl Element lechnology,” Nucl Eng 
Intern 16(151),495 99 (June 1971). 

Table 6.1 1. Worth of various changes for LMFBR core fuela at lOOO-kg/day scale 

Basic reference cost 530 
Increase scale of operation to 2000 kg/day -30 
Use glove-box facility instead of remote operation -29 

Use Sphere-Pac process instead of mechanically blended powders - 24 

Reduce tubing cost from $6/ft to $1.25/ft 

Reduce tubing cost from $6/ft to $3/ft 

Decrease average burnup from 10 to  6 at. ‘3% 

--268 

-98 

0.830 
-0.047 

-0.045 

0.038 
-0.420 

-0.153 
+0.35 

-5.7 

5.5 

-4.5 

-50.6 

18.5 

t42.2 

‘Average burnup, 107; FIMA, exhibit 55 - SATF Study, WASH-1 098 
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upon the fuel form, structuri:: arid iomposition, ds well 
as siiiiilar characteristics of the claddirlg. I t  is appro- 
pxiate, therefore, to revicw jiist where the teclinology 
stands with regard to processes irivdved i r i  tiie f;ibrica- 
tion of fuel and in fuel pcrforrriaiicc. The stafur o f  
technology ruust be related or compai-cd tlieri to the 
original objectives outlined f o r  the competitive reactors 
considcietl by- tlic Systen~s Analysis Task Force and 
prcserited previously. It would be iristructive also to 
consider the options that  rcrnairi for processing ~ e h -  

IlcilOgy and fuel design. 

6.3.1 Relative Fuel Performatice 

has reviewed comprehensively the cxperi- 
ence to date with LMFBK ceramic fiiels, which are the 
fuels o f  prii-riiiry interest for contit; 
appliciitioii. I n  bis review he pointed OLIE the subst;intial 
iilvol\~i:inc~it o f  a ntrmher oi'<:otJrltries: iiicluding Russia, 
thc Ullited Kingdom, the I.Jriited States, Fr:ince, West 
Gcrinaiiy, Japan, and italy,  ;IS well ;is supporting effurfs 
in other couii f ries. 

H i s  review may be sumiri.arized as follows. Fuel pin 
irradiaiioiis in test reactors have tlenionstrated the high 
pcc furitiai!ce capaliility of riiixed-oxide staiiiless steel 
systems. Fission gas release and fuel swelling can be 
accoiiinic-)datcd, aiid thc benefits arising from irradia- 
tion-iiiduced effects or swelling and creep in staiolzss 
stcel cladding give confidence that high-hnmiip targets 
for LMFBK fuel can be acliievetl. Fuel-clatlding cliern- 
ical interaction Eiiis emerged as a potential problcrn Ihat 
may limit peak claddjrig teniperii~.iircs to whicli niixetl- 
oxide rile1 p i n s  are designed ;md operated. Further 
detailed results on these limits are needed, particularly 
in the high-burnup ( 10% FllllA) range. Keactioris 
c:;iused by fuel-sodium intcraclions uiider t lynmic 
cooling conditions do not <ippear to c;ii.isc riiajor 
operating problems. Uei'initim of f ~ i e l  pin t1ierin;il 
perforinance inodcls requires ddditiiioal expcriimental 
data to mininii ~e the uncertain1 ies. 

St:riiiless stecl swelling aiid irracliation-i~itliicc~ creep 
have, 111 effect, focused attent ior; on the fuel assembly 
aiid behavior o F  the fuel pin spacer system a id  the flow 
duct system. These are vilal a t e u  in which rii~ire pi ecise 
inaterials irradiation &ita and iri:erp[etarirm for  design 
81-e necessary. Present u11cert;inri ties car1 t ie overcoine b y  
design, giving more re1 iable irradiation dat:i to t h e  high 
ili1elli:es required fo t  LMFRK application. Accotilrnidii- 
1 ion v f  swelling tl ixs? however, iritroduce ;in i:coilurnic 

___I_- .... - 
66.  P. Murray, "Fast Breeder f;nd," Rswrot  Technoi. I S ( ]  ), 

16 ~ - 5 8  (Spring 1972). 

Table 6.12. Oxide irradiations in hst  reactots 
~~ 

Nuinher of Number of 

ir radia tzd 
Counlry Reactor ruds rods 

iura dia ted 

tJ.S.S.K. HR-.5 and BOK-60 4600 120---150 

1J.K. DFR 800 50 
L ranct: Rapsodie and DFR 8000 1 

LJ.S.A4. EBK-TI and SEFOK 15fM 10 
Other Rapsodie and DFR 200 3 

-_ ..................... .____I ........... 

.............. ...... _I .. 

Note: Abstracted from N U ~ / .  i<ng (nlcnl. 16, 496 (June 
1971). 

pcnalty h i t  highlighis the impor t m c e  of long-tern1 
I-t~iallui-giial solutions to the swelling problcn-is. 

'The experience with irradiations of oxide 1ui:ls in fitst 
reactors has lieen s u ~ n m a r i ~ c d ~  and is gnen in 'Table 
6.1 2. I n  the irr;jdiaLiofl program iri the linitcd Stales, in 
addition to the oxide fuel Irradiations, a nurnliei- of 
uraniurii-~)lutoniiini carbide and urariiuni-plutoii~uru 
nitride i rdiat ions are bcirig per for!ned,' " as inclicai ed  

A s  pcviously noted, a large number ol' nixed-oxide 
titel pins have lieen fabricated and irradiation tested. 
hlosr of r'riese have been made b y  coprecipitaliori and 
mechanid  blending routes for preparaticm of f'iiel 
pellets. Accordilig!y, rnost. uf  tlic experience being 
accuiriiilated is for pellets, arid this expcriencr: generally 
indicates tlicrc m a y  be soi-ne problems with respect to 
inaxiiriiiiii temperature o f  the fuel, priniarily clue to 
fuel-cladding chemical interaction. AIthcrrigh incist of 
the expcrience is bejrig obtarncd on  pellct fuels, 1 . 1 ~  
future  application of a fuel system to the LMFBR 
slioulcl consider other alternatives; in particular, results 
from irracliat ioii of Sphere-Yac fuels a r e  encouraging in 
th,it iliey have exhibited betler compatibility with 
cladding and better fwl-cladding t l ier i i ia l  conductance, 
as rcporl.ed in Chap. 5 .  However, these results have been 
ohtaint:d oii :I relatively s m ~ ? l  iiurriber of fuel pins, a i d  
any conclusion should await tlic resulcs of postirradia- 
tion exaniiriation of the fuel pias that are presently 
being irradiated i n  the EBK-11. 

in 'Table 6. I S .  
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I’able 6.1 3. E uel pins irradiated in EBR-Iia 

Fuel 

.... ~~~ - 

Oxide 

Carbide 

Nitride 

Metal + cermet 

To t;il 

u p  to  5 a t .  :;; 5 to 10 a t .  % 

Encap- Unencap- Encap- Unencap- Encap- Unencap- 
sulated sulated sulated sul;~ t ed sulated sulated 

Beyond 10 at. 56 Total 

Encap- Unencap- 
sulated sulated 

~ ....................... ~.. 

147 559 127 24 1 39’ 0 

49 0 71 0 8 0 

18 0 0 0 0 0 
0 70 

284 755 202 279 47 0 
- __ _ -  - 0 -~ 

196 4 38 

313 800 

128 0 

18 0 

74 234 

533 1034 
- __ 

‘Status as of December 1971. 
’Peak cladding tluences up to 0.95 X neutrons/cm* (>0.1 MeV) have been achieved. 

developinent of high-quality fast reactor fuels in sup- 
port of the FFTF was reported by Roake et at  tlic 
Fourth Geneva Conference. ‘l’hat paper pointed out 
that strong einpliasis is placed on product specifica- 
tions, process description and control, antl quality 
assurance procedures and practices. The flowsheet for 
the FFTF fuel is based on inechanically mixed oxides. 
.Substantial cxpei-ieiicc has been gained with the coprc- 
cipitated mixed-oxide material, and, in particular; the 
coprecipitation process was used by the Kerr-McCce 
Corporation for the production of mixed oxides for the 
zero-power reactor fuel rods during 1970 and 197 1 a t  
its Cimarron I’lu toniuin Facility. Kerr-McCee produced 
13,000 fuel rods with the noniinal coniposition (Pu--85 
wt % U)O, and 6000 fuel rods with the nominal 
cornposition (Pu-70 wt % U)Oz. In addition. Nuclear 
Fuel Services used the coprecipitation process for the 
production of SEFOR fuel,  and General Electric‘ and 
NUMEC‘ have also used the coprecipitation process 
for production of mixed-oxide fuels. Substantial experi- 
ence in laboi-atoi y operation exists on sol-gel processes 
for preparation and fabrication of mixed-oxide fuels. 

67. W. I?. Roake. C. E. Weber, D. H. Wiese, C. S. Caldwell. 
1. D. fhom:is, J. L. Scott, and A. B. Sliuck, “The United Statcs 
Piogi;iiTl for Developing the h,lanuticturc of High-Quality I7ast 
Reactor b’uels.” pp. 31 1 25 in Peacefir/ C‘srs o,f Atomic 
Eifrrgy, Pror. 4th lilt.  collf:, Gctzcra, 1971. Vol. 8. United 
Nations, New York ,  and Internaiional Atomic Energy Agency. 
Vienna. 1972. 

68. 5”. L.  Lyon ,  C. M. Ryer, and C. N .  Craig, “Laboratory- 
Scale Prepuation o f  Plutonra-Urania Faqt Reactor I- uel,” pp. 
59 ~ 63 in Preparatioii ofNirclear Fuels, :Viccl. Etig Part 18, Vol. 
63, American Institute o f  CheInicd Engineers (1967). 

69. C. S. Caldwell and I.  11. Thomas, “Plutonium-llrailit~~n 
Mised Oxide Preparation and b‘abriiation Expcrience,” pp. 
147V55 in Preparatioii o f ’ iVi ic /~(~r  Fitels, Nucl. EtiK. Part I X ,  
vol. 63,  American Inst i tute  of Chemical Enginccrs (1967). 

We conclude that the gamma and neutron radiation 
from plutonium, recycled from both light-water reac- 
tors antl LMFRR’s, will require substantial shielding in 
commercial-scale operation, and automation should be 
used. 

6.3.3 Fuel Element Hardware 

Because of the stringent service conditions expected 
for the diverse hardware contained in LMFBR fiwl 
elements, it is necessary that detailed attentioii be given 
to the nietal1urgiz:il characteristics of the materials usctl 
arid to  strict quallity assi-irance procedures for the 
manufacture of such materials. K<oake5 has reported 
the progress of the FFTF hardware procurement 
program in obtairiiiig increased levels of quality, and 
this iinprovement can be expectcd to  continue as 
industrial experience is gained. I’he coniinercial applica- 
tion of LhlFBR’s will require the contiiiual assessment 
of thc tcctinology of tlic structural materials, since 
developinerits can be expectcd leading to cladding 
materials, for example, with less susceptibility to 
cheinical att;rck by the fuel and less susceptibility to 
swelling. It should also be noted that the hardware 
costs, particularly for tubing, account for ;i substanti;il 
part of the fuel fabrication costs, and, therefore, 
e c o 11 oiiu e s in pr oc e ssing suit able tu bing and other 
hardware inust be obtained if the goal of a competitive 
LMFBR is to bc reachcd. I n  fact, the fuel clement 
liardward can accorrni for more than 50% of the total 
costs of manufacturing LMFBR core axial blanket fuel 
clciiie 11 t s. 

6.3.4 Recomrnemdaticlus 

Optional inethodc for coiiiiilercial fabrication and 
refabrication of fuel niust be based on asse~sment of the 
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iclative pcrfoiniarice of alternative fuel sttucturcs and 
1i.i~ irc(.ini)~iiics of the fabrication processes tliat produce 
tliose structures, taking into consideration tha t  shielded 
facilities are required. ‘llius, in the l inal  aiialysis, 
irradiation t la i  a :tnd process cost for mechanically 
blended pellets, coprccipitatecl pellets, and Spher::-P;ic 
iiirrterials sfiould bc cornpared. A t  present therc are 
substantial data OJI pelllct routes, both f ro t i i  the 
slandpoin t of pcocessing cost :ind fuel performance; bn t 
the Sphcre-Pac process has 1i3d only liiiiiled iipplication, 
3 r d  the irradiation results on such material, while 
promising, x e  riot compreticnsive. It should be particu- 
I ; d y  n o t e d  that close atteritioii should b e  givcn to 
methods by which process cost can be reduced by 
sclection of different. fuel dcsign. In addit Lon, iniprove- 
jncrits 1Jl the econornical production of LiClFBK t‘liel 
tubing would have it substantial impact im fu ture  cosI.s, 
as i~ould  develop of  fuel strucfnre m d  dcsigi tEial 
woirld alluw the iittaintiieti t of the inilximurn burnups 
and tieat rxtcs required for coriipetitive LMFRK’s. 

Refine tne n t at1 d improvein en t of ili e tools for eval 112- 

tion a r c  needed in the arzas of fuel performance arid 

cost analysis. Such iniprovctiients must necessarily 
await the rcsults of cxpcriiiiental work and of products 
f rom a larger-scale process system. Nevertheless, a 
coiitiiiuous effort to  incorporate new nrodels, dal;i, arid 
iiifotrnatiori i t i to  the evaluatii~ri activity is essential. 
S ~ I  contiriuous in tcraction will assure maximum 
relevancy of  the LMFKK fuel design arid dcvelopinent 
work ant1 help attain tltc optitrium systeiil for fucl 
design ~ inan  ageme n t , and processing . ‘f his a pp r oitc h 
may appear expensive a n d  redundant 1-LOW, but i t  will 
p a y  off i n  thc future in bettcr understanding of a 

coinplicatcd systein. 
Analytical twatrnent of the importari t  problein of 

claddjlig attack c;iiznut reach meaniiigfd conclusiuris 
without better rherrnodynanlic data. ‘M-te question of 
oxygen potential in a11 operating fuel pili cnniiot be 
ariswcrcd withoLit kriowlcdgc of the oxygen affirii ty of 
rare-earth fission products. Work on this topic was 
iriitiated, bur, the program w:is tertiiinated before 
meaoingful resid ts could t ie  obl:iinecl. 

Y 



7 .  Sum ni an. y , Con c 1 us ion s , and Reco m menda t ion s 

This chapter summarizes the work conducted at 
OKNL and the conclusions drawn from that work. 
Recommendations arc given at the end o f  the chapter 
on future work involving fast breeder reactor fuels in 
general and specifically certain aspects of  the ORNL 
Fast Breedel Reactor Oxide Fuel Program. 

7.1 SUMMARY AND CONCLUSIONS 
QF RESEA4RCH AND DEVELOPMEN'T 

Oak Ridge National Laboratory has conducted the 
Oxide Fuel Development Program for a period of five 
years with the objectives of: (1) establishing the 
performance characteristics and limitations of ( U.Pu)02 
fuels fabricated by different processes; (2) obtaining a 
fuii~larnental understanding of the mecliilnisms involved 
in the irradiation behavior of fuel elements incorpoiat- 
ing ihese fuels; (3) developing fabrication technique? 
that provide both economy and product with optirriized 
fuel performance; and (4) developing analytical models 
adequate to  optimize experimental design and to  
predict fuel element response to  LMFBK conditions. 
Funding for the program was terminated June 30. 
1972. a t inx  when partial pi-ogress toward meeting 
these ultimate objectives had been obtained. 

'The program has included development for fabrica- 
tion o f  fuel with different structures, characterization 
of these structures by out-of-reactor methods, deter- 
minaiion of irradiation performance. and arialytical 
mathematical modeling of fuel behavior to enable 
prediction of LMFBK fuel performance. A coniprehen- 
sive effort was made to  develop and apply quality 
assurance procedures to  the development work and to 
the irradiation tests. The facilities and equipment were 
designed and consiruzted at  the beginning of the 
program. Critical-path methods were used successfully 
to  schedule and coordinate all aspects of the program. 

Sol-gel technology was used to  prepare small qiian- 
tities of (U,Pu)O, microspheres and powder for fabrica- 
tion of fuel pellets. In addition, mechanically blended 
oxide material was used in certain aspects of the 

program. Each fuel form to  be irradiated was cliarac- 
terized with complete microstructural. x-ray diffi-ac- 
tion, and chemical analyses to assure a better under- 
standing of  its irradiation performance. Sllhstantial 
effort was made to  improve fuel characterization 
procedures and methods. The purpose of the irradiation 
testing o f  oxide fuels was to compare the performance 
of  the various fuel forms and to  obtain basic informa- 
tion on the effects of the irradiation on (U,Pu)02 fuels 
sild fuel-cladding interactions. The irradiation test 
program used therrrial reactors and fast-flux facilities as 
well as the TREAT facility for transient tests. In the 
analysis of fuel element performa,nce, the objective was 
to  develop an adequate computer model and to 
integrate rimthematically various aspects of the oxide 
fuels development program in such a way that funda- 
mental understanding of the behavior of LMFRR fuel 
elements could be obtained. 

By way of  summarizing conclusions zoncerning the 
program, it may be fairly stated that adequate rnethodc 
wei-e shown on a laboratory scale for preparation of the 
appropriate materials for both Sphere-Pac and sol-gel 
pelletized fiiel. Significant contributions were made to 
the procedures for fabricating high-quality (U,Pu)O, 
fuel. particularly in the areas of  control of absorbed 
gases and control of oxygen-to-metal ratio. The irradia- 
tion test program showed that Sphere-Pac and pellet 
fuels perfoiin similarly in transient situations, and some 
advantages to the use of Sphere-Pac types of fuel are 
indicated for steady-state operation. In the description 
of fuel performance, through mathematical modeling a 
workable computer code was developed and success- 
fully applied to the analysis of fuel pin behavior under 
varied conditions. 

The following are suniinaries and conclusions in 
various functional areas of the work. 

7 .  I .1 Fuel Preparation 

Fuel material for the program was prepared by mixing 
U 0 2  sols with Pu02  sols to give the desired uranium-to- 
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plutottium iaiio The ~n ixed  s o l  WA then ellhe1 fotrried 
into microspheies to r  use 111 Spheie-Pdc rue1 studies oi 
dried to form shaids, which weie used lo [irepare 
i)o\vdel ~ O J  ube  in fuel pellet stticlies. The [IOL w l h  were 
prcpaied by the concentiated urani;i sol pieparanon 
(('(JSP) process. Thi:, i s  d process tor batch preparaLlori 
of 1 to 1 4 i5.l ciystalline uranid sol directly by iolvcnt 
ext1 act1on 

The sols prepared by the CUSP p r o c e s  have exhib~ted 
better icproducibility arid longer shelf l i f e  than u r m a  
V A S  prep,rred by other nlethuds f'lutonld sols weie 
piepared f rom aqueou [.'it(NQ3)4 aLcording to the 
blandaid OKNI I)reciI~it'~tro~i-i)epti/dtion flowsheet 
Sols prepared in this manner were typically stable ovei 
long peiiods Id tirile Nlicrusplierey weie prepdied by 
diqxr>inri of sol info diopi  ,+nd suspension of the bo1  

drops in dn oigaiiic I rqu~d,  iisuAly 2 ethyl- \-heYdnOl, 

wlirle water is cvtiacted to ~aube  gellalion Microspheies 
dre thcn dr ied arid fired ,it c0ntiolleil conditions to  
i emove voldtiles. Sol-gel powder was prepared by 
blending UOz 'ind PuOz rols, drying these a t  aboul 
[OO"C tu form shards. arid then grinding to 3.25 mesh 

111 J ilriid energy riiill Methods were developed ftrl 

toiming ail .ictive ceraiiw-giadc powder tor prepdrat 1011 

The wui k accoinplihed to date represent5 I'iboiatory- 
scale development a i d  indicates that ddequdte methods 
,ire availobll: f o r  pieparation of (lie tuel mateirdls 
required f01 f d b i r d i o n  o f  Si~here-Pi~c drld sd-gel 
pelletized tuel 

0 f pel1 et5 

7.3.2 Fabrication Development 

The fabricat io i i  devel<jpinenf, work included rnelhods 
for packing microspheres uf (U,IJu)Oz and cor forming 
pelleis from sol-gel precuwx matcrials. i n  addition, 
work was done tcj control sorbed gases in (lJ,PujO, 
f ue l s  and to adjust oxygen-tcj-melal ratios. Sequential 
ioadirig o f  coarse and then fine fractions of oxide 
microspheres produced packing densities rieai 84%. A 
refinement o f  the Sphere-Pac pl-ocess was developinenf 
of rlie U-Fines method, which is ;j method for loading 
in which all the plutoniurn is contained in coarse 
microspheres. arid the rine fraction consists of purc 
1J02. We :11so demonstrated that the U-Fines nieihod 
(:an be w e d  in conjunction with pellets in arij, of l h e  
blanket regions OF core  regions of the fuel pin. 

We developed fabrication methods for pelletizing 
sol-gel precursor materials at cuntrolled densities from 
83 to 517% of theoreticaL. Proper coinbinations of 
powder activity, pressing procedure, and sintering coli- 
ditions were determined to give controlled densities 

over this large range. Sonit: work was done to form fuel 
bodies or pellets through extrusion of sol-gel-derived 
clays. Alihough w e  had experimental difficulties with 
the method, experieiice with thoria-base s ~ l - g d  extru- 
sions indicates illat the process (:an be tnade applicable 
to the fabrical~ion o f  urania-base reactor l i d s .  

In our study o f  oxygen-to-metal ratio (O/Mj,  the 
kinetic analysis arid experimental data show that 
reduction by carbon iiionoxide is iniich quicker than by 
flowing hydrogen. Also much lower O/M's can be 
achieved than are practical with hydrogeii. Procedures 
were also developed for rediiclion of  sorbed gas, 
pririiarily by controlling the atniosphere during cooling 
o f  the fuel after O/M adjustment. Experimental work 
showed tha t  high sorbed gas contents were due to ihe 
reabsorption O F  hydrogen upon cooling, and that ihis 
could be prevented by cooling in pure ;irgon. 

Wc conclude that  satisfactory methods have been 
developed on  the laboratoiy scde f o r  Spherc-P;ic in 
viirious modes and for preparation of pellets using 
sol-gel material. Also, good control of sorbed gases aiitl 
O/M can be obtained through careful selection and 
control of the sintering atmosphere. The use of the 
U-Fines method of Sphere-Pac may have advantages Iiy 
decreasing the amount of fine ~~1u~ooium-bearirig rnate- 
rials in fuel fabrication plants, either tl-irou&- the use (:)E 
p lu  toniurn-bearing coarse microspheres c)r by elimina- 
tion of the need for grindiiig by the use of U02 fines III 
the gap between the fuel pe!let arid thc cladding. 

7.1.3 Fuel Characterization 

For oxygen-to-metal deterininatioris, a thermal gravi- 
metric method wiis used, and our statistics show that 
80% of {lie samples follow a normal distribution, whose 
standard deviation is about 0.00.3 O/M unit, but the 
rernainder of the samples deviate significantly from this 
distribution. 

Moisture was determined with a (xjininercid instru- 
ment using a current integrator o n  a P , 0 5  electrolytic 
cell. The standard deviation was L 2.6 ppm for samples 
averaging . 3 3  p pm. By enclosing the instrumerit and 
sample bottle in a plastic hag purged with argon, the 
standard deviation was reduced i o  3.2 ppin on sarnples 
averaging 18 ppm moisture. 

Precision of Ihe abmrbed gas amlyrical technique W;IS 

significantly improved by reducing the background in 
the apparatus frorn approxiniately 0.25 crn3/g to the 
t-auge of 0.00 1 to 0.005 crri-'/g. Other techniques such 
as inass spectrographic analyses for deterrnination of 
isotopic distribution, optical rnic wscopy . replica elec- 
tron microscopy, electron microprobe aiialysis, and 
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alpha autoradiography were used to  characterize the 
fuel. 

Our work in determination of the structure of 
sol-gel-derived (U,Pu)02 showed that microspheres and 
pellets prepared by the sol-gel technique are typically 
single-phased and homogencous in composition. The 
grain size is usually in the range of 1 t o  5 pm. Typically 
the coarse microspheres have densities greater than 95% 
of theoretical. Fine microspheres are essentially theoret- 
ically dense. Low-density cold-pressed and sintered 
pellets have a triplex microstructure consisting of 
high-density and medium-density islands in a porous 
matrix. High-density pellets have a inore uniform pore 
distribution. 

In conclusion, analytical techniques suitable for char- 
acterization of (U,Pu)02 fuels were developed, and, 
although improvements are indicated in certain areas, 
the techniques are believed t o  be adequate for preir- 
radiation characterization of (U,Pu)Oz fuels. 

7.1.4 Irradiation Program 

Sol-gel-derived (U,Pu)O, fuels were tested in steady- 
state thermal and fast-flux tests and in the TREAT 
facility. Both pelletized and Sphere-Pac structures were 
tested. Some of  the results of these tests are as follows. 

Instrumented tests in the ORR Poolside Facility 
provided data that indicated that the gap conductance 
for Sphere-Pac fuel a t  linear heat rates up to  16 kW/ft 
and at buriiup levels up  to 6% FlMA is approximately 
twice that of pellet fuels under similar conditions. Thus. 
the thermal performance of Sphere-Pac fuels should 
permit as much as 1 105% of the linear heat rate of pellet 
fuels while maintaining the same fuel center temper- 
ature. 

Fuel restructuring has an appreciable effcct on fuel 
operating temperature. and the Sphere-Pac fuel tests 
showpd that the primary mode of restructuring at high 
temperature is a vaporization-condensation mechanism. 
The kinetics of restructuring was not fi-illy defined. but 
postirradiation examinations have shown a distinct time 
dependence. The principal structural changes occurred 
early in the irradiation experience of the fuel, but some 
structural changes occurred at  higher burnup levels. 
Another impoitant observation regarding structure is 
that high-burnup (approx 10% FIMA) fuel columns in a 
thermal reactor test all decreased in length from 1.2 to 
4.2%, with the amount of shiinkage increasing with 
peak linear heat rate (temperature) and decreasing with 
the initial fuel smear density, as would be expected for 
a sintering process. 

The movement of actinides and fission products in 
the fuel has significant effects on  the performance 

characteristics of the fuel. Our tests showed clear 
evidence of the preferential movement of uranium 
down the temperature gradient in the columnar grain 
growth regions (temperature > 1650°C). This caused a 
concentration of  plutonium in the region near the 
central void, lowering the permissible linear heat rate of 
(U,Pu)02 fuels by as much as 2.5 kW/ft. A secondary 
effect of this change in actinide distribution has been 
seen in fuel reprocessing studies, where the higher 
plutonium content fuels are less soluble in nitric acid 
and may require a secondary dissolution step with a 
fluoride additioir t o  the solvent. Concurrent with 
actinide redistribution is a redistribution of oxygen, 
which can affect the form of fission product inclusion 
in the fuel structure and also the fuel-cladding chemical 
interaction. The effect of oxygen potential on  the form 
of the fission product molybdenum was clearly seen in 
the uninstrumented high-burnup EBR-I1 tests. where 
the inolybdenum in a metallic inclusion decreased with 
location from the center of the fuel to the cladding. 
There was evidence of molybdenum migration down 
the temperature gradient, but it was incorporated in the 
oxide at the lower temperatures. We observed distinct 
accumulations of barium and rutheniriin at the higher- 
temperature fuel regions. and molybdenum, cesium, 
and tellurium in the fuel adjacent to the cladding. 

Electron microscopy of irradiated (U,Pu)O, gave 
strong evidence that intergranular pores as large as 0.2 
pm in diameter do not disappear during irradiation. 
There were indications that fission gas bubble migration 
and coalescence were influenced by movement of 
columnar grain boundaries perpendicular to the thermal 
gradient as well as by the presence of subgrains within 
the equiaxed grain region. 

AI though several mechanism o f  fuel-claddjng 
mechanical interaction can be postulated, experiments 
to date have not provided any evidence for significant 
mechanical deformation that can be attributed to  such 
interaction: most of the fuel pins had smear densities 
less than 8576, and the majority of the burnup levels 
had been less than 50.000 MWd/ton, a combination of 
conditions under which General Electric investigators 
have also reported n o  significant mechanical interac- 
tions. We have also noted two cases wherc plastic 
deformation of the cladding occurred. In the transient 
tests on unirradiated Sphere-Pac fuel. there was metal- 
lographic evidence of spheres being forced against the 
cladding by differential thermal expansion during the 
rapid power excursion. The second observation, though 
not clearly defined, occurred in the EBK-I1 series I pins. 

Chemical interactions between the fuel and stainless 
steel cladding have been repeatedly observed by a 
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iiurnbei of experimenten at ternperatureb 45 low its 
500°C m d  buiiiup levels in  excess ot 3 to 5% blh.fA 
Ths oidy signif icdnt fuel-cladding cheriiiid intei action 
with Spheie-Pac fuels seen in the OKN1, iriadiation test 
pi ograrn was i n  the high-burnup iiistrunieiited ttieiinal 
flu.< test, and here the Splieie-Px fuel showed dbou t  
halt the attack seen in a winpiinion pin with pellet fuel 
iZ sirnilai iesult with no attdck for Sphere-Pac fucl and 
sorile dttack l o r  pellet fuel was seen in the OKK theimal 
peitormmce test Although the irnprovcd per toi i i ian~c 
o f  Tphere-PaL fuel with respect to fuel-chddirig cheini- 
c d  iiiteidctiun has not been proven incontiovertibly, 
the evidence overwhelmirigly supports thir conclusion. 
I n  every test exmined  t o  date, the Sphere-PLic fuel has 
sliowrt less reaction 

In t he  Lhemicdl inieractioni between fuel and stain- 
let5 steel cladding, two types o f  oxidation have been 
seen by v;irio~is obseivers ( 1 )  4 gencrd o r  n~itiix 
oxidation with :I buildup of ii sigriiticdnt wr face oxde  
layer and m o r e  or less uniform redu~t ion  in wall 
thickness, ,ind (2) an iiitergrdnular dttack, whicli is 
often ooly in localized areah bui which proceeds to 
\ignifcant depths One inteiejling result in  cursory 
out-of redctor oxidation studies contluLted d s  an ;id- 
jurict to ilte ORNL irrddidtion piogiam was that both 
typccs of 'ittdck could be  developed in the absence of 
both fission pioducts d n d  fuel 'The type of attack 111 

these tests WAS related to thc iiiorjhology of the carbide 
(Mi 3Ch)  slructure 

Reaction mechanisms t o  eYplaiii the presence ot 
rnairix attack and miergianuldi attack have been 
postulated Our conclusion is that oxygen activity I >  the 
priin'iry vai iable in fuel-daddtiig ieactions, thal the 
temperatilie IS important, particularly l o i  the ititer- 
grdnular attack, and finally that the clddding is d very 
important part ol the r e x  lion, with intergidnulai 
atlack vaiying fiorn cine lot to another. depending on as 
yet undetiiizd variations in composition and/or fabricd- 
tion hixtory that can affect carbide morphology 

7.1.5 Fuel Performaxe, Process, 
and Ecoiioniic Evaluations 

The performance and economic evaluation studies 
weie conductzd priniarily to  optimiie the design of 
oxide fuel pins for List breedei reactois. Thr  fuel niodel 
comprrtei code, FMODEL, WAS written to pfedict the 
in-reactui jiei torrnance of ;I single LMFBK fuel pin 
consksting uf pelleti7ed oxide fuel clad with slainles\ 
steel l l i e  IXIW; econoniic code was for fuel tabricatiun 
(FAHCOST-9 computer code) In the piograin, we 
hoped that the behavior models would be capable of 
accurately predicting ttie useful lifetime of a fabt 

reactor fuel pin Availability of such predictions would 
peimil trade-off studies to be made to select 'I fuel pin 
design that would i e d t  in niinirnuni tuel cycle COSI) 

conhistetit with dLhicvement of desired buriiup Icveli. 
The FMODEL tuel pin peiformdnce code has pioven 

to bc J valuable tool for pldnoing and design ok 
irradidtion experimcnls dnd interpictation ot data fiom 
the e q m i m e n t ~  The code contain5 model\ l o  describe 
most of the phenomena k.nuwii to occur III an opelatirig 
hiel pin Some o f  the inodels are derived from lirst 
principles, whereas othei 'r .ire empirical or  wmi- 

enipiiicJ The ovziall calLulatlona1 tiarmwork i\ Iogi- 
ially and elficicntly laid out xo that individual models 
cdii be ieplaced when more sophisticdted andyticdl 
niodels become avdilable. 'The code ha5 been able to 
reasonably reproduce evpei nnrntal nieasuiments with- 
out the use of adjListable paiainekrs to force-lit code 
predictions to experinieiital observations 

I n  addition t o  development (A' the integidted inodel, 
at  the teimination ot the progiain we wete woiking on 
thermodyn~iri~ic constderdtion$ and tuel behavior but 
did i io t  tiave the opportunity of incorpoiating in 
FMODbL a large nuinbci of the theiruodynannc 
effects 1 liesc studies emphasized kinetics of uiter- 
giantilar attack, type of reaction layers, nieclianisnis of 
cl'idding transport. oxygen 
diid oxygen gradients in  nu 

In  our economic studie 
fabricaiing tue l  by three principal routes for prepara- 
tion o f  pellets and dlso cornpdrcd the cost of Spheic-Pac 
and pellet flowbheets Wc have riot observed a substdn- 
tial difference in the ecoti~mics of the various prepard- 
tion pi ocedures, aiiy differences calculated probably lie 
withiri the error of the ebtimates In addition, we 
investigaled the effect o f  plant scale, various hardwdie 
costs, m d  other variables on labiication C o s t s  for 
LMFBK luel The coriclusiuii IS that Iididw'ire Costs 
contribute i n  large piopoition to the total cost for 
fabricailrig LMFBK fuel dnd tliai significant attention 
should be given to inethods oi reducing the cost of fuel 
eienieiit hardw'ire pai-ticulsrly tubing 

7.2 KI<,COMMENDATIONS FOR FUTURE WORK 

b o 1  the future, o u r  ieconimended approach is to 
considel LMFRR fiiel technology from the standpoint 
of 3 complele system consistirig of such coinponents as 
fuel bell avior, fuel elenierit design, and fuel cycle 
processes The purpose should be to develop Lorn- 
prehensive data and technology to enable optmication 
of the fuel system From the standpoint of performance 
and cost vaiiablzs. with Ihe final decision being besed 



176 

on cost effectiveness. This requires additional inforrna- 
tion in specific technological areas, and experience must 
be gained with larger-scale systems in order t o  assess 
economic alternatives. The following are recommenda- 
tions in specific areas in which we have been involved. 

7.2.1 Fuel Preparation 

For full assessment of the economic capability of the 
sol-gel processes, data must be obtained on  engineering- 
scale demonstrations of technology for preparation of 
(U,Pii)02 coarse microspheres and (U ,Pu)O, powder 
for fuel pellets. Whether this should be done depends 
on results from the continuing irradiation program and 
a comparison of these results with results obtained with 
conventional pellet technology. Adequate U 0 2  tech- 
nology exists on an engineering scale to  permit an 
economic assessinent of sol-gel UOz processes. 

If the irradiation program and thermodynamic 
analyses indicate that additional control of fuel com- 
position or additional buffers or additives are needed to  
control chemical activity of the fuel, laboratory-scale 
work will be required to  establish the processes and 
analytical procedures necessary to assure a fuel of 
sufficient quality. Should derivation of ceramic-grade 
powder by the sol-gel process be desired. enginecring- 
scale work will be needed to  determine the precise 
flowsheet for preparation of highly reproducible 
powder. In  addition, engineeringscale work will be 
required t o  demonstrate suitable equipment and tech- 
niques for semiremote or remote operation, which will 
be required for fabrication of LMFBR fuels using 
recycle plutonium from light-water reactors or recycle 
fuel from LMFBR's. 

7.2.2 Firel Fabrication 

As previously noted, conduct of additional fabrica- 
tion work based on sol-gel-derived (U$'u)O? materials 
depends on the outcome of the current irradiation 
program and the comparison of the results with 
behavior of more conventional fuels. Should the per- 
formance of sol-gel fuels indicate additional interest for 
the future, work in additional areas will be needed to 
develop fabrication methods adequately for pilot-plant- 
scale work or for commercial application. For loading 
Sphere-Pac fuels we would need to further optimize the 
particle dktributions to accelerate the rate of loading 
individual fuel pins. In addition, for semiremote or 
remote application. we would need t o  design and 
develop suitable devices for handling and accurately 
dispensing fuel microspheres. A great amount of the 
technology being developed in the National HTGR 

Recycle Development Program would be applicable t o  
this particular need, since in both cases the problems 
are handling, dispensing, and control of a microsphere 
product. 

Should an interest develop in sol-gel-derived pellets, 
additional studies of pressing and sintering phenomena 
will be needed to  determine the optimum procedure for 
fabricating (U,Pu)02 pellets. The object of this work 
would be to  optimize such a process from the stand- 
point of economics and to obtain a microstructure that 
is stable under normal conditions. 

It is highly recommended that in future sintering 
treatments attention be given t o  the use of the CO-C02  
system for adjusting the oxygen-to-metal ratios and that 
an inert atmosphere be  used for cooling substoichiomet- 
ric fuel t o  ambient temperature. 

7.2.3 Fuel Characterization 

Although a substantial amount of work was donc on 
fuel characterization, we feel that fuel technology 
would profit by additional emphasis on  methods for 
analyzing and characterizing fuels. In particular, we 
were never completely satisfied with the thermo- 
gravimetric technique for determination of oxygen-to- 
metal ratio and would recommend that a galvanic-cell 
oxygen determination be pursued, as this determination 
will measure the actual oxygen potential in the fuel and 
should be rapid and relatively inexpensive. Another 
analysis that can be very difficult is that for trace 
elements. The cause of the danger is cross-contamina- 
tion from other samples. We recommend that halide 
determinations be performed in an area that is com- 
pletely isolated from other analyses. We also recom- 
mend that in determining metallic impurities, detailed 
attention be given to  sample preparation, since we 
observed ihat direct analysis of small solid samples is 
not satisfactory because metallic impurities can forin 
inclusions, which will cause a wide spread in results. 
Mass spectrographic analysis of a solution of the sample 
is recommended. 

7.2.4 Irradiation Program 

As a minimum, we recommend that the irradiations 
existing at  the termination of this program be con- 
tinued in the EBR-I1 for their planned completion and 
that examinations be conducted. This will allow an 
assessment of the performance capability of the sol-gel- 
derived fuels and a comparison of these fuels with more 
conventional fuel forms. Whether any future program is 
to be condilcted on sol-gel-derived material would 



177 

depend to a great cxtent iipon the results of examitla- 
tions of the EBR-I1 tests. Should there be continuing or 
additional interest in sol-gel-devived fuels, it will; o f  
course, be necessary to  cotiduct tests on a more 

in order lo  obtain confiderice with tlie 
system I 

Recomrnendatioris concerning specific experinwits 
are as follows: 

1. A thermal cycling experiment should be con- 
tinctecl t o  determine ariy ~nechanical interactiiig effecls 
that may occur duI-ing cycling operations. Center-line 
and cladding tlierinocouples are sugested to monitor 
{lie knnetics of sintering, resiructuring, ;irid gap con- 
duclaoce changes. 1 L woidd be dcsir:ible to compare 
pellets and Sphere-Pac fuels and to invesiigate [lie effect 
of it~eimal cycling on a range of initial densities and 
fabricat.ion techiiiques. 

2. 'Transient tcsts should be coridnclrd o n  selected 
EL([<-11 series I1 pellet at id Spherc-Pal: pins, as tliesc 
tests would supplernenl transient tesls o f  !inirradiated 
pins. 

3. EHR-II tests should be conducted with plutonium 
anti natural or depleted uranium, since the an iout i~  i l f  

oxygcii used by oxide-forrriiog fission products is 
significantly greater in the case of '' IJ fuel Iliati in tlie 
case of plutonium fuel because of the jriiportant 
difference in fission product distribution. Since all 
El[iK-II f~iel pins to dale have contained enriched 
( 2 3 5  U,Pu)02, the clriemicsl interactions between f m l  
arid cladding could k ~ e  been substantially less than 
what could occ i~ r  when one irradiates natural or 
dcpleted ut.aniurn-plu tonium oxide fuels. 

4. Work should be continued on the out-of-reactor 
chemical interaction sludieI; 10 investigale the effect of 
cold work :inJ compoatiorl of cladding on such 
phenomena as general niatvix attack arid intergranular 

a i  tack. This type of experimentation is inexpensive and 
car1 provitli: valuable data thr iritcrpretation of irradia- 
tion resul ts. 

7.2.5 Fuel Perfonilance, Process, and 
Economic Evaluations 

We recommeizd that one integral group be charged 
with the task of continuing io refine and irnprovt: the 
~ o o l s  for evaluation of bol.11 fuel performance and fuel 
econornics. A cwntil-iuous effort t o  incorporate new 
niudels. datci, and inform:ition concerning fuel per- 
formance and  process technology is essential, sitice such 
continuous interaction will enstire maximum relevancy 
o f  the L,IVlFBR titel design and dcveloprnent work and 
help obtain thc most optimum systeni foi- fuel design, 
o1:znagenient, and processing. 

Although many data are needed in other areas arid 
must await ttzz results o f  ongoing experinierital work in 
other  programs, we would like particularly to suggesl 
that better thermodynamic daca shoiild be obtained so 
thxt the problems associated with compatibility be- 
tween fuel aiid cladding can be  assessed in a meaningful 
way. For example, l.lie question of oxygen potential in 
operating 3 fuel pin cannol be ;insweri:tl without 
knowledge of  the oxygefi activity ot' the rare-earth 
fission producls. A full set of such data is noi now 
available. 

Finally, we rr:conimend that fuel perfornmance and 
economic tnodels attempt to incorporate statistical 
variations in the properties of  the materials used and in 
the processes used. Such an  approach will yield insight 
in to variations that reduce substantially l.he maximum 
pcrformance rating of' LMFBR fuels oI reduce their 
economic potential. 
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8.2 PKOGRESS KEPOKTS 

Tlie F U R  oxide fuels dcvelopment prograin was also reported as distirici seztjons iri three pcrioclical progress 
rcports. Additional derails may be ubtained f’riirli {.lie Metals aitd Ceramics Division :tnnual repoils, the Fuels and 
M;iterials Devclopl-rierii Program quarterly progress rzpor ts, rind Lhe LMFKK Fucl Cycle Siuilics cnorithly report. The 
fdiowing is a listing of these rcports. 
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L j  
8.2. I Metals and Ceramics Division Annual Reports 

ORNL-4170 
ORNL-43 70 
ORNL-4470 
ORNL-4570 
ORNL-4770 
OKNL-4820 

Period Ending June 30, 1967 
Period Friding June 30, 1968 
Period Eridiiig June 30, 1969 
Period Ending June 30, 1970 
Peiiod bnding June 30, 1971 
Period Eridirig June 30, 1972 

8.2.2 Fuels and Materials Development Program Quarterly Progress Reports 

ORNL-TM-2090 
ORNL-TM-2217 
ORNL-4330 
ORNL-4350 
ORNL-439 0 
ORNL-4420 
ORNL-4440 
ORNL-4480 
ORNL-45 20 
ORNL-4560 
OKNL-4600 
ORNL-4630 
OKNL- TM-3300 
ORNL-Thl-34 16 
OKNL-TM-3 540 
ORNL-TM-3550 
OKNL-TM-3 703 
ORNL-TM-3797 
ORNL-TM-3969 

8.2.3 MFBK Fuel Cycle 

ORNL-TM-2 1 I O  
ORNL-TM-2748 
ORNL-TM-2764 
ORNL-TM-2795 
ORNL-TM-28 I9 
ORNL- TM-287 1 
ORNL-TM-2918 
ORNL-TM-2949 
0 KNL-TM- 299 6 
ORNL-TM-3018 
ORNL-TM-3072 
OKNL-TM-3095 
OKNL-TM-3 127 
ORNL-TM-3 180 
ORNL-TM-3217 
OKNL- TM-3 250 
ORNL-Thl-328 I 
OKNL-Thl-33 12 
ORNL-Thl-3345 

Period Ending December 3 1, 1967 
Period Eiitlirig March 3 1, 1968 
Period Ending June 30, 1968 
Period Ending September 30, 1965 
Period Ending December 3 1, 1968 
Period Endirig March 31, 1969 
Period Ending June 30, 1969 
Period Ending September 30, 1969 
Period Ending December 3 1, 1969 
Period Ending March 3 1,  1970 
Period Ending June 30, 1970 
Period Ending September 30, 1970 
Period Ending December 3 1, 1970 
Period Ending March 3 1, 1971 
Period Ending June 30, 1971 
Period Ending September 30, 1971 
Period Ending December 3 1, 197 1 
Period Ending March 3 1,  1972 
Period Ending June 30, 1972 

tudies Progress Reports 

For August 1969 
For Septeinber 1969 
bor October 1969 
For Noveiiiber 1969 
For Deceinbcr 1969 
Fur January 1970 
For Februdry 1970 
For March 1970 
For ,\pril 1970 
bor May 1970 
For June 1970 
For Ju ly  1970 
:,or August 19 70 
For September 1970 
For October 1970 
I or Noveinber 1970 
For December 1970 
For January 1971 
For February 1971 



July 15, 1970 
Sept. 3, 1970 

8.3.2 Experimental 

Z\iIE7'$(;1'-Jg'. 1 

M E  T-FC"T- rip-6 
FCT- p.9 

S::rizs I1 Mixed Oxide Fuel Pins (~IJneiicaI)sulated) in €RR-IL 

Irratliaiion Ciipsules for I.,MI~UR Fuel Reprocessing "lesis 

Oct. 1, l960 

Sept. 18, 1970 
Feb. 2'2. 107 I 

March 18, 1971 
DCC. 8.  1971 

jJfE'T..FCT-[{P-5 Fuel-Cladcling Mcchanizal Interaction Tests, Capsu!e M LNT- 1 

Prepamtior? of Sol-Ct.1 (,IJ,Pu)O, Powder f o t  Colcl Dissoli.il.ion 

sept. x, 1070 

S tiidics 
klF,7'-t;C:'I'-EP- 10 
MH'I'-.FOI'-EP- I 3  

In-Situ Measurement of Fissmri Gas Releasc 
Se rm Li Out of Keac tor Claildiiig 0xid;ition Srudies 

8.3.3 Preirradiatioii Data Sununary 

$1 ET-FCT-DP- 1 
Mt'.T-FC'T'-l:P- 2 

E T K  4.3- 1 17, - 1 I 8, and - 1 I 9 Fuel and Fuel Pili I)at;i Package 
MINT- 1 Fuel and Fuel Pin Data Packige 

April 16, 1971 
July 19, 10'7 t 

8.3.4 Fabrication and Quality Assurance Plan 

bIf--r..py:'I'-1;Q- 
MiiT'-Fc-r..FU-6 
MET-FC'T .FQ- 10 
MI;,T-T'C'T'-FQ- 1 1 

i-;:ibrication m d  Qiiality Assriraiize P h ,  Series 11 Pins (EBIi-11) Sept. 15, 1969 
I I  radiation Capsules for LMFBK Fuei Lieprocessirrg Tests 
1 ~i-Situ McasLireineii t ot' Fissiorr Gas Release 
Fabrication aiid Quality Assur:ince Plan, Fission (;as Releasc 

Sept. 2 I ,  I 970 
Ocl. 20, 1971 
Jim:! 30, 197 1 

'Test 
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8.3.5 Process Procedures 

ME f - b  CT-PP- 1 
MET-FCT-PP-2 
MC T-FCT-PP-3 

MET-FC‘lYP-5 
MET-FCT-PI’-6 

MET-FCT-PP-4 

MkT-FC r-PP-7 
M b  T-FCT-PP-7-1 
MET-F CT-PP- 7- 2 
Mb I-FCT-PP 7-3 
MET-FCI -PP-7-4 
MET-FCT-PP-7-5 
ML r-FC s - i ~ - 8 -  I 
MET-FCT-PP-8-3 
MET-FC: 1-PY-8-4 
MET-FCT-PP-8-5 
ME r-E C T-PP-8 6 

MET-T’C lr-PP-8-7 
MET-FC r-PP-8-8 
MET-FC r-w-9 
MET-FCT -PP-22 
MET-FC r-PP-23 
h4E‘T-b CT-PP-24 
MET-FCT-PIJ-25 
MET-FC‘S-PP-26 

MET-FCT-PI’-28 
MET-Wl-FP- 2 9 
MET-FCT-PP-3 1 
ME,T-FC’l-PP-36 
MFF-FCT-PP-3 7 
MET-FCI -PI’-38 

MET-FCT-PP-39 
MET-FC WP-40  

MET-FCT-PP-4 1 
ME T-FC I’-lJl’-4 2 

M bT-FC 1‘-PP-4 5 
MET-FCT-PP-46 
hlE T-FCT-PP-47 
MET-FC r-PI’-48 
Mb T-FCT-PP-49 

MET-FCT-PP-51 
MbT-FC’1’-PP-57 

MET-FCT-PP-5 8 

Fabrication of Pellets for ERR-11, Series I1 
Sphere-Pac Fuel Prcparation 
Preparation of U 0 2  Blanket Pellets for EBR-11, Series I1 
Preparation o f  ThO, Insulator Pellets for EBK-11, Series 11 
Fuel Pin Components 
EBR-I1 Fuel Pin Components Assembly Procedure 
General Welding Procedure for EBM-Il? Series 11 
Bottom End Plug Weld 
Capillary to Top Plug Weld 
Top End Plug to  Clad Welding 
Capillary Edge Weld 
Top End Cap to Tup End Plug Weld 
Preparation and Cold Loading of EUK-11 Pins 
Prepaiation and Cold Loading of EBR-11 Pins SP95UO 
Preparation and Cold lhading of EBR-I1 Sphere-Pac Archive Pins 
Prepaiation and Cold Loading of EBR-11 Pellet Archive Pins 
Preparation and Cold Loading of EBR-I1 Blanket and Insulator 

Loading of EBR-I1 Sphere-I’ac and Archive Pins 
Loading of EUK-11 Pellet Pins 
Fuel Assembly and Inspection 
Welding of End Fittings to Capsule Tubes 
Helium Leak Testing of Capsules 
Dimensional lnspection and Wcighing of Completed Capsules 
X-Ray Radiography of Capsule Welds and Capsules 
Specifications foi- Inspection of Sodium Bond Quality by 

Loading of Sodium into Irradiation Capsulcs 
Loading of NaK in tu  Irradiation Capsules 
Welding Spacers to Fuel Pin 
Fuel Pin Loading and Final Inspection - Fuel Reprocessing Pins 
Preparation for ETR 43-1 17, -1 18, and -1 19 Pellets 
Procedure for Brazing Therinocouples to Mechanical 

MINT-1 Fuel Pellet Preparation 
Fuel Pin Loading and Final lnspection -~ Mcchanical 

Welds for Fuel Reprocessing Fuel Pins 
Procedure for Brazing Bulkhead Assembly for Capsule lrradiathn 

ETK-Il Fuel Pin Component 
ETR-I1 End Plugs or Fittings 
ETR-ll Neutron Shield Rods 
ERR-I1 Fuel Pin Initial End Plug - Fuel rube  Asserilbly Procedure 
EKR-I1 Fuel Pin Final End Pliug - Fuel Tube Assembly and 

Process Procedure for Assembly of EBR-11 Fuel Rods 
Fuel Preparation for ORNL43-125 and ORNL-43-126 (In-Situ 

Fuel Pin Loading and Final Inspection of ETR 43- 125 and - I26 

Archive Pin 

Eddy Currcnts 

Interaction Primary Containment Capsules 

Interaction Pins 

Experiments 
Cladding Tube 

1 nspec tion 

Measurement of Fission Gas Release) 

Instrumented File1 Pins 

Oct. 8, I969 
Nov. 19, 1969 
Oct. I O ?  1969 
Oct. 10, 1969 
Jan. 30, 1970 
Feb. 24, 1970 
May 19, 1970 
May 19, 1970 
May 20, 1970 
May 20, 1970 
May 2 I ,  1970 
May 21, 1970 
March 17, I970 
hslarcli 17, I970 
hlarch 17, 1970 
April 7, 1970 
April 7; 19’70 

March 17, 1970 
April 7 ,  1970 
May 19. 1970 
June 3, 1370 
Junc 3, 1970 
June 9, 1970 
June 9, 1970 
June 18, I970  

May 15, 1970 
Aug. 31, 1970 
Aug. 17, 1970 
Sept. 18. 19’70 
Sept. 18, 1970 
Nov. 16, 1971 

Nov. 19, 1971 
Nov. 1 1 ,  1970 

Sept. 29, 1971 

Feb. 17, 1971 
Feb. 18, 1971 
Feb. 18, 1971 
Feb. 12, 1971 
beb.  12,  1971 

April 19, 1971 
July 21. 1971 

Oct. 19, 1971 
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8.3.6 Operator hocedures 

Procedure Iot Marking Metallic Cumponents by H e c t r o  Etching 
Cleaning o f  Fuei ['in 
Prcscrvation, I landlirig, Storage, and Packaging oi' Metallic 

S1 i e  a t tnn g i) f S pile re-Pac Fuel Pi 11 s 
Stieaililng Tccliliiquc for Pellet F u c l  Pitis 
I~a t l i r ig  klicrosplrcrcs by Spktt:re-Pac 
Pe I IC t I.,oa til 11s 

FLICI Phi f-ki~ldh!ig 
Fucl Bin Wcitlirig 
Procc:dur-t: F i j i  Initial 1,oading of' Xenuii and lleliurn into Fuel Rods 
PrtJcdilre I'or Subsequent Loading of Xeiion arid fleluiin into 

Oiitgassitig Fiberll-ax 
Fucl Pili I)ecvntllrninaliuii 
Prepra t ion  of' Sol-Gel (U,Pu)O, Powtler for Pellets 
P r e p r a t  i o r i  of Sol-(;cl ( l i , l ' ~ ) O ~  Powder for  I'crlli:ts 
Opcratiuu of Welding Vaciiurn ~:'haniher 
lclentificatioii of Fuel Materials 
Operat ion Procedure for Tube Furiiacc Glove Box 2 
Operatioii B'roccdure for Tube Furnace Glove Box 8 
NaK Transfer Pi-oczdiirc - - -  Irradiation Capsiile Wcldirig Box 
Procedirrc for  Pressing (U ,k'u)02 Pelle ts 
Pri>cztlure t o r  Adjusting Oxygen-to-Metal Rat io  of  I U,P1.i)O2 

Piocedure f o r  Dcterinining Void Volurrie and I.,oading Xenon 

Yrocedirrz t o r  Iktcrtninir~g ~ E i e  A I I I O U L ~ ~  of 1J arid t'u in (tJ,1'l.r)U2 

Operation o f  Airt(.)-Arc: 'FIG 50 Weider 
Koutinc Testing of FCAF Glove Box Water I k t e c t o r s ,  Furnxc  

Goill ponen Is 

Fuel Kods 

Tag Cas into Fuel Kods 

Powders ( f t ~ t -  accountability purposes) 

Cooling Water hileilocks, Fzirriace 'I'ciiiperaturc Liiiiiting 
1). . I ) I .  ZVlLLb 

8.3.7 Material Specifications 

Ceraiiiic F'ibcr Wool f o r  LJsc in File1 1rradiai.iori Tests 
tJraniuiii Dioxide Pellet3 
' T ' l ~ c J r i ~ u ~ i  I>ic:>ttidc Pellets 
Specificalioii for Uranii.tiii-Pli~ tunium Oxide Pellets 
Spccificatii:)ii for  llraniuin D i o x  ide Mici ospticres 
Specification f o r  IJraniuin-Plutoriiuni Oxide Microsphercs 
Svdiiiin-l'c3t~issiurn Alloys 
S peci f ics tio r i  for  I nconcl-X S pri  rigs f i x  ( U,Pu)O t; iiel Pins 

BBK-L L 

Qnii .  10, 1960 
April 7, 1970 

Jan 2 0 ,  1971 
Aug. 2h, 1969 
Oct. 15, 1 0 7 0  
Sept. 10, 1970 
Scpt 30, I 9 7 0  
Oct. 5 .  1970 
Feb 18, 1971 
Marclt 14, 197 I 
Aprd  12, 1971 

Apt t l  25, 1969 

May 2X, 1971 
Scpt 21, 1071 



M6 I-FCT-TS- 1 
MkT-FCT-TS-2 

MET-FCT-TS-4 
ME. I'-FC T-TS-5 

MET-FCT-TS-3 

MET-I'CT-I'S-b 
ME I-FCT-TS-7 
MET-1'C I-1's-8 

ME'I-FCT-TS-9 
MET-FCT-TS-I 0 

MET-FCT-TS- 1 1 

MET-FCT-QP- 1 
MET-FCT-QP-2 

186 , 
' ... 

8.3.8 Test Specifications 

Micrometer Standardization 
Procedure for Balance Standardization 
Pellet Inspection 
Microsphere Tap Density 
Procedure for Visual Inspection of Incoming Metallic Materials 
Length Measurement of Finished Fuel Pins 
Outside Diameter Measurement of Finished Fuel Pins 
Method for Measuring Total Indicated Runout of Finished 

IJTe of Derinitron with Chart Recorder 
ProcedLkre for Ultrasonic Wall Thickness Measurements of 

Stainless Steel Tubing, 0.250-in. OD X 0.01 5-in. Wall 
Inspection of Inconel-X Springs for ERR-II Fuel Rods 

Fuel Pins 

8.3.9 Fabrication and Quality Assurance Networks 

Fabrication and Quality Assurance Network EBR-11, Series I1 
Fabrication and Quality Assurance Network for Preparation of 

Sol-Gel (U,Pu)O, Powder from WADCO 

Feb. 2 ,  1970 
Peb. 2 ,  1970 
Fcb. 15. 1970 
Feb. 15, 1970 
Jan. 30, 1970 
May 28. 1970 
May 3. 1970 
May 3,  1970 

May 3,  1970 
Oct. 15, 1970 

April 20, 1971 

Feb. 22. 1971 
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