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FORWARD

The Symposium on Plutonium Fuels Technology was presented
in five sessions at the Camelback Inn in Scottsdale, Arizona.
The Symposium Chairman was R. E. Macherey, Argonne National
Laboratory. Other members of the Symposium Committee were
R. J. Allio, Westinghouse, Atomic Power Division, and
K. E. Horton, U. S. Atomic Energy Commission. The Chairmen
of the various sessions were J. M. Simmons, U. S. Atomic
Energy Commission, D. E. Erb, U. S. Atomic Energy Commission,
E. A. Evans, Battelle-Northwest, J. H. Wright, Westinghouse
Atomic Power Division, and M. V. Nevitt, Argonne National
Laboratory.

The Symposium was truly international in context and atten­
dance. There were thirty attendees from seven foreign
countries and an overall attendance of 128.



TABLE OF CONTENTS

Plutoni um -- Then and Now. By R. D. Baker. 1

Plutoni um Rec ycle in U. S. Thermal Rea c tors. 6
By Myr on C. Be ekman and Ha r vey A. Wagner.

Ce ntral Station Fast Reactor Fuel Requ i rements 17
Belg i a n Exp er i ence. By J. Van Dievoe t and
E. Vanden Bemden .

Central Station Fast Breeder Reactor Plutonium Fu el 28
Requ i r ements Fre nch Prog r am. By F. Sebille a u and
C. P. Za leski .

Cent r al Station Fast Breeder Re acto r Pluton i um Fuel 36
Requ i r ements. By K. Kummerer .

Central Station Fast Breeder-Re actor Plutonium Fuel 48
Requ i r ement J apanes e Exper ience. By Y. Nak amura.

Ce nt r a l St at i on Fas t Breeder Re actor Plutonium Fuel 58
Requ i r ements - U. S. Expe r i e nce. By J . H. Wright .

FFTF Plutonium Fuel De velopment. By B. R. Haywa r d. 80

Central Stat ion Breede r Reactors: Plutonium Fue l 8 5
Re quirements Un i ted Kingdom Expe r i ence.
By B. R. T. Fr o s t .

Ope r a t i ng Expe r i e nce with Plutonium Fu e l s in PRTR.
By M. D. Freshle y and S. Go l dsmi t h.

96

The EBWR Plut oni um Recy c le Demonstr a t i on Expe r i ment . 116
By C. H. Bean, R. E . Sharp, and W. J. Baile y.

Opera t i ng Exp eri ence wi th t he Saxton Reactor Partial 129
Plu t on i um Co r e II . By R. S. Mil l er , J . B. Rol l ,
K. R. Jordan , J . L. Rol in and C. J. Kubit .

I r r ad i a t i on of Pluton i um Fue ls i n the BR-3 . 146
By H. Bair iot a nd A. Lhost.



Plutonium-Uranium Dioxide Powder and Pellet Fuel 174
Manufacture. By C. S. Caldwell and K. H. Puechl.

Sol-Gel Urania-Plutonia Microsphere Preparation and 195
Fabrication into Fuel Rods. By F. G. Kitts and
A. R. Olsen.

A Simplified Sol-Gel Method for Mixed Oxide Fuels. 211
By G. Cogliati and G. Schileo.

Mixed Uranium-Plutonium Oxide Fuel Fabrication for 231
Rapsodie. By S. Bataller, M. Ganivet, H. Guillet,
Y. Masselot, A. Robillard and F. Stosskopf.

(U-Pu)C Particulate Fuel Fabrication. By J. E. Ayer. 249

Uranium Plutonium Alloy Fuel Fabrication. 263
By Arthur B. Shuck.

Plutonium Metallic and Ceramic Fuel Fabrication and 279
Development at the European Institute for Tran-
suranium Elements. By H. M. Mattys.

Thermal Conductivity of Uranium-Plutonium Oxide Fuels. 293
By W. E. Baily, E. A. Aitken, R. R. Asamoto and
C. N. Craig.

Thermal Conductivity of Uranium-Plutonium Carbide 309
Fuels. By J. A. Leary and K. W. R. Johnson.

Compatibility of (U,Pu) Carbides with Potential 322
Jacketing Materials. By T. W. Latimer and
W. R. Jacoby.

Compatibility Between Metallic U-Pu-Base Fuels 335
and Potential Cladding Materials. By S. T. Zegler
and C. M. Walter.

Properties of Carbides and Carbonitrides. By 345
R. Pascard.

Uranium-Plutonium Nitrides: Fabrication and Properties. 369
By W. M. Pardue, F. A. Rough, and R. A. Smith.



French Irradiation Experience with Mixed Oxide Fuels 382
for Fast-Reactor Application. By J. P. Mustelier.

Irradiation Performance of Fast Reactor Fuels. By 396
D. Geithoff, G. Karsten and K. Kummerer.

Belgian Experience in Fabrication and Irradiation 418
Performance of Fast Reactor Fuel UlQ2-Pu02).
By J. M. Leblanc and R. Horne.

U. S. Experience on Irradiation Performance of 439
U02-Pu02 Fast Reactor Fuel. By R. E. Skavdahl,
C. N. Spalaris and E. L. Zebroski.

Irradiation Performance of Uranium-Plutonium Carbide 460
Fuels - The USA Experience. By A. A. Strasser and
J. H. Kittel.

Irradiation Behaviour of Uranium-Plutonium Carbide 490
Fuels. By B. R. T. Frost, J. M. Horspool and
R. G. Bellamy.

Irradiation Performance of Fast Reactor Uranium - 507
Plutonium Metal Fuels. By W. N. Beck, F. L. Brown,
B. J. Koprowski, and J. H. Kittel.



PLUTONIUM -- THEN AND NOW

R. D. Baker

R. D. Baker is the chemistry and metallurgy Division Leader with the
Los Alamos Scientific Laboratory, Los Alamos, New Mexico
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It is indeed a pleasure to have the opportunity to ope n th e 1967 Symposium
on Plutonium F uels Technology . During the past few years the effort going into
the use of pl utonium as a reactor fue l has increased manyfold . It would be diffi ­
cult fo r me to say anything new as to why plutonium is important as a nuclear
fuel--the two ma in reasons being, I 'm sure: (1) the possibility of lower cost
electr ical power and (2) the possibility of using all the energy available in
natural uranium . It would also be difficult to try to summarize the status of
plutonium fuels as of today- -this symposium will do much of that in a technical
manner . To make any predictions as to the most likely pl utonium fuel or fuels
of the future could disrupt even this opening session- -it might be a bit like
criticizing a child in front of his parents .

The r e is one s ubject concerning plutonium , however , that I have always
found interesting , intriguing and even a bit romantic and that is the history of
the element pluto nium . It could be that ma ny people now working with the ele ­
ment have never given its history a great deal of thought--perhaps I would not
if I had not bee n introduce d to th e infant in 1943 .

Plutonium was dis cover ed in 1941--only 26 years ago . Eve n the concept
of the ex istence of trans uran ium eleme nts began with the di s cover y by E . Fermi
and his c o-workers in 1934 that th e neutron irradia tion of uranium produce d
radioactive s ubs ta nces . This ma kes th e whole fi eld of trans uranium elements
only 33 years old- -younger than many of th e people now wor king on the problems
of us ing pl uto nium as a reactor fue l. P luto nium is th e firs t synthetic element
to be produced in vis ible a mounts and we all know the im portance of the nuc lear
properties of plutonium -239; both in the past and in the future . The metallurgi­
ca l and chemical propert ies of pl utonium are more interesting , and at times
more baffling than any other element.

In February 1941, pl utonium was discovered in the cy clotron by
Glenn T . Seaborg and associates at the Radiation La bor a tor y of the University
of California . The isotope first discovered was plutonium-238. The s earch for
the isotope , plutonium-239 , was successful and the proof that it would undergo
fission was a ccomplished during the spring of 1941. This proved the value of
plutonium as a source of nuc lear energy.

In December 1941 , the decision was made to undertake a major effort to
produce kilogram quantities of plutonium-239 . In order to accomplish this, two
problems had to be so lved; the development of a method of producing large
quantities of plutonium and , once produced, the development of chemical and
metallurgical methods for the separation, purification and preparation of the
element. The ma gni tude of these problems was tremendous since the element
had been discovered only a few months before.

The me thod of pr oducing la r ge quantiti es of plutonium was achieved on
Dece mber 2 , 1942 whe n E. Fermi and his co -workers succeeded in achieving
the first self -sustaining chain reaction in a graphite and natur al ur a nium
lattice. This historic eve nt led t o the devel opm ent of the world's firs t reactors - ­
the beginning of what we now know as nuclea r power.

Th e fi rst studies of th e che mical and metall urgical properties of plutonium
are , to me , the most inter es ting studies r ecorded in the two fields of science .
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Time does not permit a discussion of the early work in detail but it should be
pointed out that the chemistry for a large percentage of the types of processing
that have since been worked on in great detail was investigated using trace con­
centrations of cyclotron-produced plutonium-238. These investigations were
under the direction of Glenn T. Seaborg. Without the results of these studies
the development of methods for the separation and purification of the larger
amounts of plutonium to come would have been delayed. I feel that this fact is
often not recognized and should be because it truly was a great technical
accomplishment.

After chemical separation and purification came another major problem;
that of the preparation on the microgram scale of plutonium metal. Micro­
metallurgy on the microgram scale was unknown and its development at the
University of Chicago represents a great technical achievement in the history of
plutonium. The first production of plutonium metal was made in November 1943
at the University of Chicago. Thirty-five micrograms of plutonium tetrafluoride
were reduced by reaction with barium metal vapor in the ceramic double-cruci­
ble system. Several three-microgram plutonium metal globules were formed
with a density of about 16 gm/cm3• As more reductions on the microgram scale
were made, it was found that the density of the tiny metal globules varied from
16 to about 20 gm /cm3• The melting point was reported as being below 800

0C.

The data provided from the microscale metallurgical research on plutonium were
essential to the development of the macroscale technology of plutonium pro­
duction that followed very soon at Los Alamos.

During 1944, three short years after its discovery, gram quantities of
plutonium produced in the Clinton reactor at Oak Ridge were received at Los
Alamos. It was in the form of nitrate which required further purification. The
amount of plutonium at Los Alamos during 1944 was not great. The plutonium
available had to be recycled many times in order to do the development work
necessary for the production of large quantities of the pure metal from nitrate
solutions. At Los Alamos the scale for the preparation of plutonium compounds
and of plutonium metal increased from the microgram scale used at Chicago to
the one-gram scale. Uranium was first used as a stand-in for the development
of techniques for the preparation of plutonium metal. As word came from
Chicago that the melting point might be as low at 800

0C,
cerium was also used as

a stand-in element. The first successful reduction of plutonium tetrafluoride to
plutonium metal at Los Alamos was made using lithium as the reductant. The
reduction was carried out using a 900 rpm centrifuge to aid in the collection of
the metal. The centrifuge method was shortly replaced by the so-called station­
ary bomb method using plutonium tetrafluoride, calcium metal as the reductant
and iodine as a "booster." This method of producing the metal was successfully
used on the 0.5, 1, 10, 25, 100, 250 gram scale.

The first plutonium prepared on the one gram scale was of low density and
was malleable. As the purity of the metal increased in later reductions, both
the density and brittleness increased. It was suspected that the behavior of the
metal was complicated by the existence of polymorphic transformations. The
first transition point at about 120

0C
was found by measuring the volume change
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on transformation in an oil -filled volume tr ic dilatometer. This volume change
was greate r than that of a ny known metal except tin. It was soon found that plu­
to niu m metal exhibi ted five modifications between room tem perature and the
melting point. Thes e findings gave the metallurgists working on th e pr oject the
most fa s c ina ting s ubject to ta l k about that, I'm s ure , any group had ever enjoyed .
The di scovery of the modifications ope ned up a fi eld of fundame ntal r es ear ch
which , as you know is s t ill be ing pursued. By th e end of 1945 the tr ansformation
temperatures for the five phases , th e crys tal structure of two of the pha s es, the
densiti es, the ex pa ns ion c oeffi cients, the electr ica l r esistivities a nd th e temper­
ature coeffi c ients of r esistivity had been dete r mined. It is r emarka ble tha t
th es e ea r ly val ues are so cl os e to the ones determined later under far les s
hect ic conditions .

I have r evi ewed what I believe t o be th e technical highlight s in th e fi rst
fiv e year s of plutonium. Th ey are : its di s covery, a method for its production,
much of its chemistry wor ked out on th e trace r scale , th e developm ent of mi cro­
metallurgy and th en the la r ge scale production , separation, purificat ion and
r eduction to metal.

Much was accomplished, much has been accomplishe d s ince 1945 and mu ch
is yet to be accomplished before plutonium r eaches its ultimate us e to mankind
in the pr oductio n of cheap, dependa ble nuclear power.

The us e of plutonium as a r eacto r fuel was r ecogni zed ve ry early and
peo ple we re s pecula t ing on th e types of fuel s t o us e in 1946. The types of alloys
being s uggeste d a t that time we re as foll ows:

80% U, 10% Pu and 10% of some other ele me nt
Al or Be all oys of Pu
L iquid alloys of Pu
Th-Pu al loys

In 1946, ver y li ttle was known about any of th e alloys of plutonium. Th e
potential us e of plutoni um as a reactor fuel helped t o start many of th e ea rly
alloy pr ograms both in this country and abr oad. Th e rate of gr owth of eff or t on
pl utonium fuel s r es earch was s low for two r easons; the scarcity of pl utonium for
r es earch purposes and the diffic ulty of handling the material. However, as pl u­
to nium became available a nd more was learned a nd publishe d concer ning the
eleme nt , th e a mount of effor t increas ed r ather r apidly to what it is toda y. An
interesting observatio n is that a t th e First International Conference on Plutonium
Metallurgy in 1957 , there were eight technical papers concer ning pluto nium fuels ,
a t th e second c onferen ce in 1960, there we re nine, a nd at th e third c onference in
1965, there were twe nty -four paper s .

Be ca us e of th e increas e in the a mount of r es earch and developme nt on
pl uto nium that has and is taking place, I feel that it is very im portant to main­
tain technical c ommunication on the s ubject . Th is can be acco mplis he d through
publi cat ion, by vis iting each others ' laboratories, a nd by holding meetings s uch
as this Symposium. I ha ve been delighted with th e free fl ow of info r ma tio n
concer ning plutonium fuel s that ha s a nd is taking place throughout the world.

This Sym posium is on th e us e of plutonium-239 as a reacto r fu el. Some
other isotopes of plutonium ma y als o be the s ubje ct of future sympos iums as the
poss ible us es for them become more dev eloped. Plutonium-238, th e fi rst
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isotope of pl utonium to be identified, is now being used as a heat s ource in
thermoelectric and ther mionic conversion devices . These devices are being
us ed as power sources in the space program . Plutonium-238 is being considered
for use in the medical fi eld. The possible uses being investigated at this time
are the pa ce make r device for heart patients and th e a r t if ic ia l heart. Both of
these applica t ions , if successful, will be another mil estone for plutonium in the
affairs of man . Another isotope , plu tonium -2 42 , has very interesting possibili ­
ti es for the future . This isotope is a source material for the production of
transplutonium elements. Work on the possible uses of these elements ha s
ha rdly started at this time . Plutonium - - be it 239 , 23 8, or 242 - -w ill continue
to make technical history- -remember what has taken place with this element
since its discovery in 1941.

In closing, I would like to wish you all success in your research a nd de ­
velopment on the use of plutonium as a reactor fuel . I am looking forward to
hea r ing a nd studying your pap ers on th e s ubject .

Thank you!
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PLUTONIUM RECYCLE IN U. S. THERMAL REACTORS

Myron C. Beekman and Harvey A. Wagner

It is es t ima t ed that 100,000 kilograms of f i s s i le plutonium will have
been recovered from th e generation of light wa t e r reactors by th e end
of year 1980. The use of this mat e ri a l and the quanti ties available
fo r res earch and development programs , a s a fuel material for fa s t
breeder reac t ors and for re cycling in t he rma l reactors, are discussed.
The Edi son Electric Institute has programs with two reactor manufac­
turers to evaluate the economics and technical parameters of recycling
plutonium in comme rc ia l water reactors. An analysis of future
plutonium values has been made wi t h respect to the cost of Uranium 235.

Myron C. Beekman is Assistant to the Executive Vice President for
Production of The Detroit Edison Company, and Harvey A. Wagner is
Executive Vice President for Produ ction of The Detroit Edison
Company , Detroit, Michigan.
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I NTRODUCTION

Pluton i um t oday is a sc a rce mater ia l and what does become avai lab le
is easi l y di sposed of a t a f ixed pri ce unde r t he USAEC's plu ton i um
buy-back policy. However, both of t hese are short-term condi t ions .
The rapid growth of the li ght wa te r reactor i ndustry wi l l resul t in
ve ry la r ge quanti t ies of pluton ium becoming availabl e i n a fe w yea rs .
Fur t he rmo re , the USAEC gua ranteed buy-b ack price of $10.00 per gram
of the contained pluton i um i sotopes 239 and 241 a s ni t rate, exp i res
December 31, 1970. Presumably, after that tim e, plutonium wi l l be
a commercial commodity subj ec t t o th e la ws of suppl y and demand.

How to eff i c iently and econom ically ut i l ize p lu t on ium, what a re i t s
nuclea r characte risti cs in fast and therma l spect rums, when and t o
what extent wi l l it be recycl ed in th e rma l reactors , what are the
fast breeder re ac t o r requiremen ts and when , and wha t wi l l be it s
free ma r ke t p r i ce, are some of t he presen tly unresolved quest ions
facing the nuc lear indus t ry. Ma ny of these subj ects wi l l be di s­
cussed in de t a i l dur i ng t his meet i ng.

NUCLEAR CAPACITY GROWTH

Since p luton i um is a ma n-made ma ter ia l and can only be p roduced in
qua ntit ies by the ope ra t ion of nuc lear power plants, any estimate of
plutoni um p roduction an d recovery i s related t o t he ope rat ing nuc lear
capaci t y in a give n year . Many es ti mate s of nucl ear power gr owth
rates have been ma de , some of whi ch involved detail ed anal yses of
area fuel cos ts, economy gr owth, e lectr ic power generation and pool i ng
cons id era tions , a i r pol lut ion condi t i ons, and other factors . Exper i­
ence has shown that mos t of such forecasts have in the pas t unde r ­
es t imated the act ua l growt h. Thi s mi ght we l l be expected in th is new
and con tinually improvin g nucl ea r industry.

Two estimated nuc lear capac i t y f oreca sts f or the yea rs 1965 t hr ough
1980 a re shown on Fi gure 1. The most recent USAEC (United St a t es
Atomi c Ene r gy Commission) f orecast of i nsta l l ed nucl ear cap aci t y in
1980 indi ca t es between 120,000 and 170,000 megawatts, wi t h 150,000
megawat t s being th e best singl e es t ima te. (The authors have as sumed
th e expans ion curves corres ponding to t hese cap aci ti es.) A more
recent rev iew of t his subject, and the one used i n this paper, was
pr epared by th e EEl Fas t Breede r Reactor St udy Grou p. Their pre ­
li mina ry result s of this ana ly si s in dica t e about 200 ,000 megawat t s
of install ed nucl ea r capacity in 1980.

The re a re t oo ma ny unce rta i nt ies t o ma ke mea ni ngf ul lon g- ran ge p re ­
dictions other tha n t hat, toward the end of t he cent ury, the U. S.
may have an i nsta l led nucl ea r capac ity of greater th an one mi l l ion
megawat t s . Ma ny are predicting t hat by yea r 2000 , about one-hal f
of th e t ota l e le ct r i ca l ene rgy produced in th e U. S. wi l l be f rom
nuclea r p lants .

7



RECOVERED PLUTONIUM

Pluton iu m production is not only a functi on of t he operating power
l evel, but also o f th e typ e and design charac t e r i s t i cs of t he re ac t or .
Generall y , hi gh-th ermal-ef fici ency systems have lower pluton ium pro­
duction rates th an do low-thermal-effici enc y systems. The design
characteri s tics of presen t-day light wa te r reactors are such that
more plutoni um is produced per megawat t hour in a pressu ri zed than in
a bo i l i ng reacto r concept. In addi ti on , t he f i ss i le pa rt of t he
pluton ium produce d , at comparable f ue l exposu res, is la rger fo r th e
pres su ri zed wa te r reactor.

For pu rpo ses of t his s tudy , i t was assumed tha t all nucl ear capac ity
in stall ed pr i o r t o 1980 consi s t s of eq ua l amounts of boiling wa te r
and press ur ize d wa te r reactors . I t was f ur t he r ass ume d t ha t f as t
breede r react ors wi l l become competit iv e wit h light wate r rea c t ors
in the ea r ly 1980s and wi l l gra dua l ly re pre sent more and more of t he
an nua l ins tall ed nucl ear capac i t y during t ha t decade.

The desi gns and fu el exposure war rant ies of today's light wate r re ac­
t or s a re s uch t ha t a plant operating at 80 percent capaci ty fa cto r
wi l l have a combi ned avera ge di scharge of abou t 0.192 ki l ograms of
f iss i le pl ut oni um per megawat t pe r yea r . Desi gn optimi za tions in
t ime may res ul t i n chan ging t hi s av era ge product i on rate. Howeve r ,
no si gnifican t departu re i s expec ted during th e next decade.

The annua l and c umul a t ive t otal fissil e plutonium re covered from U. S.
c ivilian power rea c t or s be t ween 1970 and 1990 is shown in Fi gur e 2.
In comp ut i ng t hese quan titi es, a t wo-year lag was assumed betwee n
in itial reactor operation and discharge of spent fu el, and one yea r
aft er discharge bef ore the plutonium was recovered. The data ind i cate
t ha t about 100,000 ki l og rams of f iss i le plutonium will have been
recove re d by 1980, and 300,000 ki l og rams by 1985. Quantiti e s of th es e
ma gni t udes and th e doll a r s t hey re pre se nt pos e si gnifi can t techni ca l
and ec onom i c i ssues.

PLUTO NIUM DEMANDS

There appears t o be t hree bas ic uses of re cove re d plutonium:

1. For Resea rc h and Development

2. As a Fuel Mate rial f or Fast Breeder Reactors

3. For Rec ycling in Thermal Reactors

Substantia l quantiti es of plutonium f o r research and development pro­
grams have been used over t he past t en yea rs and there is a conti nui ng
need f or even greater amounts. A paper by Messrs . D. Boye r and
E. Goodman, USAEC , pres en ted at the Brussels Symposiu m on "Use of
Plutonium as a Reactor Fuel " in March 1967, indicated an est ima te of
t he ci vilian utili zation demands through f i sc al yea r 1976. They
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have es t imated t ha t 11,600 ki l ograms of p l ut on i um wi l l be req uired
th rou gh 1971 and 25 ,000 ki l ograms th rough 1976 f or re sea rch and devel­
opmen t programs . I t i s apparent, when compar i ng the quant ities of
recovered p l ut onium with the dema nds f or research and developmen t,
th a t th e demands cannot be met f rom plutonium recove red f rom civilian
power reactors. The pr esent USAEC policy , as we unders tand it, i s to
ma ke max imum use of plutonium rec eived from domestic licensed re ac­
tors, f rom other overseas' sources , and t o provide any remaining
deficit from th e production reac t or s .

Technical eva l ua t ions indicate t ha t plutonium will be mos t eff i c i ent ly
used, and consequent ly have i t s grea test value, in fast breede r re ac­
tors. I t i s probab le th at two or more 300-500 Mwe f ast breeder reac­
t o r demons t ra ti on p l ant s wi l l be bui lt a nd operated in the mi d- 1970s .
It is al so probab le t ha t fa st rea ct or s wi l l not be devel oped su f fi­
ci entl y to be ec onomi ca lly competi tive with light wat e r reac tors until
t he ear ly 1980s. Durin g the 1980s , fast breede r react ors wi l l be con­
structed on some expans i on sequence commen surate wi t h e lectri c powe r
indus try acceptance and ma nufact ur i ng capa bilities. A large demand
f or plutonium a t a premium price i s expected to mate rialize as th e
f a s t reactor portion of t he total nucl ear capacity increases.

PLUTONIUM AVAILABLE FOR RECYCLE USE

The ti ming a nd qua nt i t ies of pl utonium avail abl e for re cyc le use a re,
there fo re , f unct i ons of th e re se arch and development requ irement and
th e t imin g and in stallation ra t e of commercial fast breeder rea ct o rs .
A re v iew of these condi tions an d poss ib i l it ies ind ica t es that mos t of
t he pl ut oni um re cove re d in the early 1970s wi l l be used for res ea rch
and development p rograms . Fas t breeder rea ctor demons t ra tion plant s
t o be opera ting in the mi d- 1970s wi l l req uire subs ta ntial amount s of
plutonium f or inv entory and i ni t ial re l oad, but there appea r s t o be
exce ss p l ut oni um availabl e f or recyc l e.

Assuming that ea r ly commercial fas t re ac t o rs can pay $3.00 per gram
more for pl ut oni um than its value in t herma l re cycl e, holding the
recovered plutonium for two years before selling for fas t reactor use
woul d appear to be econom i ca l l y justifiabl e. If th e fas t reactor
requires purchase of plutonium two yea r s in a dvance of ope ra t i on ,
t his woul d res ul t in a f our yea r advanc e between re covered pl ut oni um
and fa st reacto r operat ion. I f i t i s f urthe r assumed that commercia l
f ast breeder reac tors are operati ng in 1980 and are in s tall ed at the
ra t e of fo ur 1,000 Mw uni ts in the f i rst two yea rs, e ight in the next
two yea rs, s ixteen i n the next two, an d so on, their demands woul d
l eav e l itt le, i f any , for re cyc le use a f t e r the ea r ly 1980s.

Ba sed on t hese as sumptions, wh i ch are of grea t importance to th e con­
clusion , it appea r s that 60 to 80 me tric tons of plutonium should be
used in t he rma l reactor rec ycl e during th e latter half of th e 1970s
and th e ea r ly 1980s.
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RECYCLE OF PLUTONIUM IN THERMAL REACTORS

There appears to be no technical feasibility problem in using
plutonium as a reactor fuel in light water reactors, as plutonium
exists in all operating plants. However, the efficient utilization
of plutonium contained in new reactor fuel is another matter. There
are many important factors in recycling plutonium in th ermal reactors
whi ch a re not well understood at this time. Some items of particular
concern are the low energy resonances of the plutonium isotopes, thei r
effect on power peaking, the speed of response to control action,
plutonium segregation, spectral effects, non-isotopic uniformity, and
fuel cycle economics.

Many prog rams related to the technology of plutonium recycle have been
pursued over the years by the USAEC, Battelle Northwest, General
Electric, We stinghouse, NUMEC (Nuclear Materials and Equipment Cor­
poration) , ESADA (Empire State Atomic Development Associates , Inc.),
and others. Probably the largest single effort has been the USAEC's
Plutonium Recycle Program. More recently, the partial plutonium
loadings in the Saxton Experimental Nuclear Reactor and in the EBWR
(Experimental Boiling Water Reactor) wi l l contribute appreciably to
this area of technology.

EEl PLUTONIUM RECYCLE PROGRAMS

In 1966 the Edison Electric Institute entered into research and devel­
opment programs with the General Electric Company and with the
Westinghouse Electric Corporation to eva l ua t e the economics and
technical parameters of utilizing plutonium as a fuel in large boiling
water and pressurized water reactors, respectively. Each of the
current programs is a part (Phase I) of total programs leading to
commercial loadings of plutonium bearing fuels in large wat e r rea ct o rs
in the early 1970s, and are financed with each manufacturer on a cost­
sharing arrangement.

The scopes of work in the Phase I programs consist of an evaluation of
(1) the parameters that influence plutonium fuel cycl e economics,
(2) the methods of improving plutonium utilization, and (3) the poten­
tial problem areas. These programs were originally scheduled as a
one-year effort with General Electric and an 18-month program with
Westinghouse. Phase I of the General Electric program was essentially
completed in September 1967 and the corresponding part of th e Westing­
house program should be completed by the end of 1967.

Subsequent Phase II programs would be based on the results of the
Phase I efforts as well as other pertinent information available at
the time. It was initially envisioned that Phase II would include
the design and fabrication of plutonium bearing test fuel assemblies
for irradiation in large water reactors. Data from these programs
would then provide the basis for the design of economic full reactor
loadings. A decision as to whether to support additional work in
these programs must await completion and evaluation of the results
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of t he Phas e I studies.

It is p rema t ure to discuss any conclusions or results obtained f rom
the Phase I studi es, but so me general comments appear t o be in order.

General Elect r ic Program

A reference fuel fabrica tion t echniq ue has been sel ected, empl oy i ng
pell etized, mixe d- ox i de f ue l wi th Zircaloy cladding. I t is re cog­
ni zed tha t, i n th e lon g t erm, physi cal mix t ures of ura ni um- pl ut oni um
oxide powders using vibratory compact ion may result i n lowe r f abr ica ­
tion cost s . However, th e need f or a ddit i ona l in fo rma t ion on t he fa s t
transient performance of segregated plutonium fu els, th e res ults
obtained t o date in pell eti zing mixed oxides , an d th e large indus­
trial accep tance of pell eti zed fue l, have l ed t o t hi s desi gn sel ec tion
f or add i tional in- reacto r tes t i ng at this t ime.

An in-reactor test is now being perfo rmed in t he Dresden I re ac t o r
wh i ch contains f our recycl e pl ut onium f ue l pins, rangi ng from 1.4 t o
1.7 percent p l ut oni um enr i chment . Thi s tes t repres ent s the f irst
ti me that plutonium contained in the discharged f ue l f rom a powe r
reactor has been recove red comme rc ia l l y , fabricat ed in to new fu el
pins, and re-inse rted into t he reac tor wh ic h produced it , thus
"closing t he loop. " This tes t is cons id e red valuable i n th at , among
other t hings, it wi l l aid in determini ng nece s sa ry requi rement s f or
licensing and transporting recove red plu tonium, provide additional
performance data, provide s ubs t an t ia l in formation t o gui de any
Phas e II irradiation tes t program, an d ass i s t in eva l ua t i ng new
f abri ca t i on fac ili ties and fabr icati on technol ogy usi ng fu l l - s ize
rods and commerciall y re cove red plutonium.

A series of design calcula tions have been completed to eva l ua t e the
nucl ear and t he rma l performance of se vera l al terna t e fu e l bundl e
designs . As i s th e case f or boil in g water reactor uran i um-enr iched
fuel designs, several diffe rent plutonium enr i chment s a re i ncorpo­
rated in the reference design to compensate f or neutron f lu x pea king
caused by th e water gaps at th e edge of the bundl e . Prel iminary
economic s tudi es on t he es t imated val ue of pl ut onium have re s ulted
in a wi de range of values due to th e diff eren t f ue l bundle loading
designs. For the most favorable pl utonium design, however , i t wa s
found that the value of fi ssile plutonium is not significantl y
different tha n th e va lu e of th e f issi le urani um burned i n a typ i ca l
boiling wa te r react o r desi gn , providing f abri cat i on cos t i ncrements
f or plutonium fue l are not larger.

Westinghouse Program

The pr imary effor t during t he f i rst pa rt of this s tudy program was
devo t ed to nucl ear engi nee r i ng , mainly in t he development of calcu­
lational me t hods and th e planning and eva l ua t ion of c ritical
experi men ts. Plutonium cross section data and nucl ear design codes
have been eva l uated by comparison with th e re s ults of the pl ut oni um

11



c ri ti cal exper iment s conducted unde r an a greement wi t h ESADA.

Under t he ESADA prog ra m, cr i t i ca l expe r iment s were conducted wi t h
two wei ght pe rcent Pu02-U02 fuel containing e i t he r e i ght percent or
t wen ty-four percent plutonium 240. Sin gl e and t wo-region expe r iment s
employ i ng fo ur di ff e rent la t ti ce conf ig urat i ons were made with each
i so t opi c compos i t i on. Powe r di s t ributi on and reac tivity data from
th ese exper iments have provided val uabl e i nforma tion for eva l ua t i ng
nucl ea r da t a and enginee ring desi gn met hods .

Fuel cyc le pa ra meter s tudies have been pe rformed t o provide a basis
f or more detail ed evalua tions of the impo r t ant fu el cycl e va r i ables .
A se r ies of equi l i br i um cycl e fu el depl etion calculations for varia­
tions in hydro gen-to-fu el rat i o , spec if ic power, burnup, fu el density
an d p lutoni um i so topic con t en t, have bee n comple ted . Stud i es are now
in p rog re ss t o eva luate the relat ive me r i t s of se ve ra l f ue l manage­
ment schemes during the t rans it i on fr om a uranium-fu eled t o a
plutonium-recyc le core conf ig urat i on.

Plu tonium f ue l fa brication techniq ues and relative cost s are al so
receiving cons i derab le at t ent ion. Resul t s have indi cated th e pluto­
nium fab r i ca t i on cost s a re ex trem e ly sensitive to pl a nt throughputs
and t hat th i s may have a greater effect on uni t fa br ica t ion cos t t han
e ither t he type of f ue l o r the f abr i cat i on proce ss . A cos t compar i son
of f our ma ter ia l and fa br i ca t i on process cases did not in di ca t e a
strong ec onom i c prefe re nce .

The effects on fu el cycl e cos t and p lutoni um value of th e import an t
econom i c parameters have been ana ly zed f or equi l i br i um cyc le s .
Resul t s ind i cate that , f or a ty p i ca l 1000 Mwe reactor, plu tonium
values in t he $7.00 t o $9.00 per gram ra nge may be expected. Vari­
abl es s tudi ed in clude bur nup, fa br ica t i on cost, uranium or e co st,
speci fi c powe r, an d hydr oge n-to-fue l ra tio.

THE VA LUE OF PLUTO NIUM

The 1964-1965 Congressi onal l egisla tion in the Unit ed Sta t es, endi ng
ma ndatory gove r nment ownershi p of nucl ea r f ue l s , a l so es t a bl ished
guarantees wi t h regard to pl ut oni um . Alt hough at t he present tim e
th e guarant eed buy-bac k price is based onl y on the fissile isotopes ,
in th e f ut ure th e pri ce may be appli ed to all isotopes since plu tonium
240 and p lutoni um 242 do have s ig nif icant fas t f i ssion cros s se ct io ns .

Compl e t i on of the EEl Plu tonium Recyc le and other cur re nt p rograms
wi l l prov ide mo re s ubs t a ntial ev idence rega rd i ng t he actual va lue of
plutoni um when re cyc led i n li ght wa t e r reac tors. However, the re a re
some bas i c principles aga i ns t wh i ch t hese va l ues must be meas ured.

The values of uranium and p l ut oni um are a lways related s i nce e i t he r
can be used as th e fi s sil e ma t e rial in t hermal reactor or fas t br eeder
react or fuels. Furthe rmore, beca use of t he chemical separa bil ity of
pl ut oni um, i t s va lue is pr oport i ona l to the price of f ul ly enr i che d
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uranium, as opposed to the price of slightly enriched uranium. Hence,
as chan ges occu r in th e costs of uranium ore, conversion of U308 to UF6 ,
and in sep a ra ti ve work, th ese wi l l be reflected in th e value of pl uto­
nium. Therefore , the most important elements in the long term value
of plu tonium are its nucl ear f ue l cha rac t e r i s t i cs as compared to other
fissil e materials , a nd its supply a nd demand. In the near fu ture,
during th e ea r ly years of the p lutonium recycle program, such thi ngs
as lack of performance data , mi nima l si zed fabrication fac i l i t ies, and
s hipping and rep rocessing compl ications may result in lowering its
competitive va lu e .

One of the la rger near t erm f act or s that may reduce th e value of pluto­
nium i s the fabrication cost penalty of this radioactive and toxic
material. Considerable work has been done in attempting to assess the
cost of performing p lutonium fuel f abr i ca t i on operations. Batte l le
Northwest Labor atory (forme rly Hanford) , probably having done the most
wor k in this area , concluded that plutonium enrichment , as compa red t o
uranium en richm ent, increa ses t he fab r icati on cost about 25 percent.
A major portion of this di ffe rentia l reflects the cost of convert ing
plutonium nitrate to a usabl e oxide f o rm. Thi s co nc lusion is general ly
s uppo rte d by othe rs. If this cost di f f erential is realistic, then th e
plutonium fabri cation penal ty might reduce the va lue of plutonium
$1.00 per gram. Even if this penalty were doubl ed , and it may we l l be
in th e ear ly years of its use, the re s ul t i ng plutonium price would
still be su f f ici ent ly high to warran t its use in a re cycle program.
In the ear ly pa rt of th e 1980s, i t appears that p lutonium th roughputs
required by fa st bree der reactors or a large r recycl e program wi l l be
suffici ently great to requ ire large scale fabrication plants. This,
plus a more knowledgea bl e applica tion of plutoni um i n light water
re act ors, would somewhat , if not comp letely, offset the ear lier cost
penalti es.

Plutonium has part icularly advan tageous properties as compared to
uranium 235 in a fa st spectrum. For example , the neutrons rel eased
per fiss ion f o r pluton ium 239 and plutonium 241 a re on t he order of
25 pe rce nt and 40 percent larger, respectively, than for uranium 235.
Furthermore, a high gai n breeder provi des a fuel cycl e cost wh i ch is
largely insensi tive to plutonium pri ce as the credit for excess-bred
p l ut oni um offsets th e carryi ng charges on t he p l ut oni um inv entory .
In a mixed reactor complex of th ermal and fa st reactors , wit h a
ba lance d plutonium economy, it is logical t o assume that th e pr i ce of
plutonium wi l l be es t abl i shed so tha t th e cost of generating power
wi 11 be a mi nimum. Thi s situation is , however, affected appre c iabl y
by th e cost of uranium 235 , the supply and demand of plutonium, the
doubling tim e of fast breeder reacto rs compared t o that of the growth
rate of th e e lect r i c power industry, design cha nges in either reactor
t ype, and other factors. Thus, fo r a l ow specific inventory--high
breeding ratio fast reactor, the va lue of plutonium may be as much as
50 percen t grea te r than fu ll y enr i che d uranium. The net ef fe c t of a
premium price for pluton iu m is to reduce the overall cost of electri c
power generat ion .
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Considering the foregoing comments and evaluating the effect each may
have on the price of plutoni um, it is es t i ma t ed t ha t price of fissile
plutonium will remain close to 85 percent of the value of full y en­
riched uranium until the mi d- 1970s . During the latter part of the
1970s and ea r l y 1980s, the price ratio may decrease slightl y, after
which the demand for fast reactor inv entori es wi l l in crea se its price
ratio to perhaps 1.5 by 1990.

SUMMARY

The technical and economic development and the commerc ial acceptance
of light water reactors as a means of gene ra t i ng e l ectr i ca l ene rgy
have resulted in nuclear capacity growths far exce edi ng earli er pr e­
dictions. It is now esti mated that about 200,000 megawa t t s of nuclear
capacity wi l l be installed by 1980.

The operation of these units will produce large quantities of pluto­
nium. It is es t i ma t ed that 100 ,000 ki lograms of fissile plutonium
wi l l have been recovered by th e end of yea r 1980. This mate r i a l wi l l
be used for research and development programs, fast br eeder reactor
inventories , and recycled in t he rma l rea ctors. Since it does not
appear that large fast br eeder reactor requirements will mate rialize
before the early 1980s, a substantial plutonium recycle program will
be undertaken to efficientl y utilize this ma t e r ia l in the interim
period .

In view of this, the Edison Electric Institute , th e U. S. Atomic
Energy Commission, and others have undertaken studies to evaluate
the economic and technical parameters of using plutonium in large
thermal reactors. Speci ficall y , the EEl programs with General Elec­
tric and Westinghouse are sch eduled so as to have t he information
necessary for commercial loadings of plutonium-bearing fu els in large
wat e r reactors in the early 1970s.

The values of uranium and plutonium are always related since either
can be used as the fissile material in reactors. Plutonium will be
needed for research and development programs, perhaps until the mi d­
1970s , after which there will be a substantial plutonium recycle
program prior to the demand created by fas t breeder reactors . When
used in a fast breeder reactor , its value may be increased to as much
as 50 percent greater than that of fully enriched uranium.
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CENTRAL STATION FAST REACTOR FUEL REQUIREMENTS

BELGIAN EXPERIENCE

J . Van Dievoet:t
E. V anden B emden xx

Abstract

The pap e r giv e s a des cription of the fast reactor program for
B elgium . This program is subdivided into two parts. The first
one is related to a res earch and development program for the
d e sign a n d the c o n s t r uc tio n of fast reactor prototypes in co ­
o pe r a t ion wi th Germany a n d the Netherlands. The second p art
i s r elated to the Bel g i a n in du s t r ial nucle ar power program.

Some c onsiderations about plutonium availabilities and plutonium
n e eds a re give n on the b ases of the above mentioned Belgian
pro gram .

The paper s h ow s the ince r tit u d e s affecting the establi shment o f
an e s t im a t io n of future plutonium production and plutonium needs.
It c o nclu d e s upon the necessity to envisage the use of a poss ible
exces s of plutonium in therm al reactors and also upon the inter ­
es t to study a n uranium 235 e n ri c h m e n t of the fast rea ctors in
c a s e o f a t emporary l ack of plutonium. Some comments are
g ive n abou t this latter c a s e .

:t Dir e cteur at II Be IgoNuc Ie ai r e II S . A. (Societe Beige pour
l'Industrie Nuc Lea i r e ), Brus sels, Belgium

x:l: Dir e cteur - A d j o in t a t II B e LgoNuc Ie ai r e II
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Res ea r ch and D e v elo p m e n t Pro g r a m

The principal o bjective of the fast r e a c t o r Belgian r esea r ch
and development progr am is to prepare the Belgian industry to
parti cipate in the design and construction of th e futu re c o m m e rcial
fast reactor powe r station.

The main as pects of this program a r e b riefly descr ibed here­
under.

In Janua r y 19 6 6 , E u r a t o m and the Belg ian Government signed
an Association contract fo r the development of fast r e a c t o r s. It i s
carried out in co -operat ion w ith the Euratom - Germ any fast re a ctor
Asso ciation . Its fi rs t phase a m ou n t s to more than 3 m ill ion dollars
and is supported by Eur a t om , the Belg ian State and the i n du s t r y . The
res earc h and development w o r k has b e e n assigne d to B e Ig o Nuc l e a i r e
and the C e n tre d ' E tude de l 'Ene rgie Nuc Lea i r e (CEN) . One se ction
of that c o n t r a c t is devoted to fast r e a c tor fuel.

Ten years ago , an ag reement w as signe d b e t w e en Atomic P o w er
D e velopment A s s o c i ate s (AP DA ) a n d Be Ig o N uc l e ai r e , T h e CE N
j o ine d th i s a g r eement l a t er on . In the s cope of t h i s ag reement , about
ten Be lg oNucleai re - and CEN engine e rs h a v e pa r ticipated i n th e de­
sign, c on s t r uc t io n and s ta r t up of the E nr i c o F e rm i r e a ctor. T h e y
totali ze m ore than 30 y e a r s - engineer spent in the United State s.

As a continuation of that collab o rat io n, Be Ig oNuc Lea i r e under ­
took in the f ramewo rk of the a bove mentioned Assoc iation the study
of the plutonium oxide fuel for the second c o r e of the En r i c o F e r m i
r e a c t o r. It w a s considered that the know -how gained in developing
the w o r k could be applied afterwards to E u r o p e a n programs. A de­
tailed de sc r iption of the performed w o r k is given in the r e por t en ­
titled " Belgian E xpe r i e n c e i n F ab rication and Irradiation P e r fo r m­
anc e of Fast R e a c tor Fuel " prepared fo r this s ym p o s i u m b y J . M .
Leblanc, R. Horne and H. Andriessen. This program will b e ex ­
tended during the next Belg i an five ye ar plan by a gene ral study of
fast r e actor fuel elements including p l u t o n i u m oxides, car b id e s a n d
a v er y small effort on n itrides.

BeIgoNuc l e a i r e is a l s o negotiating, w i t h the full support of the
Belgian Autho rities, a n e x t e n d e d co -ope ration w ith the Ge rman
C onsortium S ie m e n s - Inter atom a n d the Dutch Company N e r a.tco m
o n the des i gn a n d the con s t r uc t io n of a 300 MWe s odium coo led fa s t
reac tor p rototype to be put in operation at t he end of 1973 . It wi ll
be in th e fie ld of the design and constr uction of t he r e a c t o r c o r e
that the Be lgian effort wi ll b e mos tly concent rated.

T i m e- s c ale fo r the Bel gian i n dust rial Fas t R e a ctor Pro gram

A s said h ere abo v e, a 3 00 MW e fast r e a ctor p rot o type wi ll b e
b u i l t and put in operat i on a t t he e nd of 197 3 i n the f ramework o f
th e c o - o p e r a t ion between Germ any, the Nethe r l a nds a n d B elg ium .
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A s a r esult of this, a f ir st 1,000 M We prototyp e r e a ctor is
exp e cted to run in th e s e c o n d h a lf of the n e xt d e c ade .

As far a s the later fu t ur e is c onc e r ne d , i t can b e es t i mate d
that in s omewhat m o re t h an 3 0 year s from now on , i t i s t o s a y a t
the e nd of the pre s ent c entury , the p ow er n e ed w ill r equest a p p rox ­
imate ly 3 0, 0 0 0 in s talle d MW e including probably 20 ,000 MW e w h ich
could b e of the nucle ar type . In orde r t o r e a ch these r equirement s ,
as fr o m 1982 on , 1,000 M We will h a v e to be in sta lle d a t t h e begin­
n ing of eve ry two years, afte rward s eve ry year a n d at the e nd of
the centur y 2,000 MW e wi ll h a v e t o be put in oper a t ion eve ry yea r .
An im po rtan t p art of the s e ins t a lled capac i t ies after 19 82 wi ll
probably b e cove red b y fast r e a c tor s t a k ing into account t he vario u s
advantages that one can expect f rom t h em , but pr inc ipally a lso in
r espect wi th plutonium avai labili tie s .

Fue l R e quirements for t h e in dus t rial F a s t R e a c t o r Pro gr am

In orde r to start the fast r e a c tor s , t he plut onium n orma lly
r eque s t ed, will b e pro duc e d by the e x isting thermal powe r s tatio ns .
The total thermal r e a ctor capacity t o b e in s t a lle d in 1980 will
amount betw e e n 3,50 0 and 4, 0 0 0 MW e follow ing a p p roximate ly the
sch e du le s how n in t able L T a king thi s progr am as a r eferenc e, the
quantity of plutonium produc ed by these thermal r e a ctor s a n d the
prototype fa s t r e a c t ors a re given in figu re 1. A n ave rage productio n
of 250 g Pu/MWe installed h a s b e en c onside r e d. Curv e A takes
in to acc ou n t an ave rage de l a y of thr e e yea r s b etw e en the pro duction
of energy and the avai l a bility of plutonium. On the o th e r h and, c u rve
B show s the plutonium availabilit y, t a k ing into a c count a r e duction
of that d e l a y to tw o years . Curv e C s h ows th e a m ount o f plutonium
needed t o fulfil the prototype fas t r eactor program desc ribed a bove .
Curve D shows the same n e eds, but in the e ve nt of a dela y of o n e
year in the f ast r e a ctor indu s tr i al pro gram . On t h e bas es of the se
curv e s o ne can s e e that up t o 197 4 t he r e w ill b e proba bly a l a c k
of pluton ium be c a us e of the f act that the R es e arch a n d De v elopm ent
pr ogr am s w ill a lso reque st plutonium whic h is n ot included in t he
curv e s .

Dur ing a n on-defined period afte r 197 4 there will b e p robably
an exce ss of plutonium . Thi s incertitude i s due to the fact that the
p ar am ete r s us ed for the estimation g re a t l y in fluence th e c onclusion
and that t h es e param e t ers a re d epend ing o n exte r nal f a ctor s suc h
as

- gene ral int erna tio nal politic al si tu a tion ,
- po s s ibilities of pur chas ing p luto n ium ou t s i d e of the count ry,
- s peed of d e v elopm ent of fa s t reacto r s,
- co m pe t ition betw e en t hermal a nd fa s t reacto r s,
- evol u tion of the r epro c essing capacity a n d charac te ris tics ,
- e tc . . .
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It is quite diffi c ult in thes e condi t i on s t o es tab li s h definite
conclu s i o n s at the pres ent t ime a s f ar a s p l uto n ium ava ilability
a nd p luton ium n e e d s a re conce r ne d . As a m atter of fac t we hav e
t o c o n side r that follow in g the evo l u t ion o f the d e velopment of the
various r eactor t y p e s and t he diffe ren t fac to r s m entione d he reabove
we could hav e to f a c e in Be lgium f r o m t ime to t ime a lac k of p luto­
nium ( th is w ill ce r tainly b e al ready t h e cas e dur ing the next s i x
o r s e v en y ea r s) o r an exce s s of plutonium ( a t l east du ring a non ­
d e fined per iod afte r 1974 ). Con s i der in g these inc e r tit u de s a n d
t a k i n g i n t o acc ount t hat Be lgium want s to d eve lo p l a r gely i t s n uclear
fuel i n dus t ry , a coo r dinat ed progr am has b e e n de c ide d . As a m a in
o bjec tive this program cove rs the use of plutonium a s a fa st r e a c­
tor fu el. But on the oth er han d i t i n co rpo r a t e s a l s o a ge ne ral study
o f the r e c ycling of plutonium in the thermal r e actors a n d a study
on the inte r e s t of fuelling fas t re actors wit h ur anium 2 3 5 in s tead
of plutonium. It h as in fact to b e conside red that the industr y must
h a v e the n e c ess ary k nowle dge t o offer a c o r e for the o pe rat ing
r e a ctor s w h a teve r the s ituat i on c o u l d b e a s far a s plutonium avai l ­
a b i li ty is conc e r ne d .

The w o r k c a r r i e d out in Belg ium on the re c ycling of plutonium
in thermal reactors h as been performed up t o n ow in the fr ame work
of c on t r a c t s c o n clu d e d wi t h Euratom a n d the a c t ual c on clu s ion s are
e nco u raging . A des cription o f the gene r a l program i s giv en in the
com m u nicat ion of P. Kruys ( E u rat o m ) o n the " Eur atom Progr am
on Plutonium Recycle d Fuels in Thermal Re a ctors " a n d in the
p aper e n ti t led" Irr a d i at ion of Plutonium F uel in the BR - 3 " b y
H. Bairiot ( Be Ig o Nuc Le ai r e }. Bot h r e ports a re pres ented during
thi s sympo siu m .

As s a id before, in case of a temporar y l a c k of pluton ium, a
fue lling of fa s t r e a ctor s wi t h u ranium 23 5 could r e d u c e th e p roblem
of fu el r equir ements. So m e con side ration s about thi s concept a re
given he reaf te r .

In ter e s t of fu elling F as t R e a ctors with U raniu m 2 35

A s p o inted out a bove , th is so l u tion could be e nvisaged i n c ase
of t emporary pluto n ium shorta ge. It i s fo r in s tance suppos e d that
t h e p lutonium p roduce d in a u raniu m 235 e n r iched fas t re a ctor is
d ire ctly r e c ycled in the same o ne .

A r e a ctor fu elle d with ura n ium 235 i s not a true b reede r
r e a ctor so that during the fi rs t cyc le s a n ext ra a mou n t of plu tonium
is n e eded to get the r eactor c r i t ical , but a ft e r a f e w c ycles th e
quan t i ty of plutonium produc ed e x c eeds the r equested on e . The ex ­
cess can then be introduc ed in the core of other re actors.

An a n a l y si s of this c o nce p t h as been made b y B e IgcNu c l ea.ir e
( 1) in the fr amework of the Euratom - B elgium Ass o ciation c o n t rac t
t a k ing as a refer ence the Na 1 1,000 MW e prototype fast r eactor
studied b y the Kar lsruhe C enter (Gf K - Germa n y ) .
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case

c a s e 2

case 3

One h a s t o con sid e r fi r s t that r epro c essing of the c o r e a n d the
b lanke t s , ei the r t o gether or not, i n flu e nce s of c o u r se the ext r a
q uanti ty o f pluto n ium n e e d ed during the f i rst c ycles. Thre e m a in
cases can b e e nvi saged:

s eparate repro c es sing of c o r e , axi a l blanket a n d radial
blanket,
co m mo n repro c ess ing of c o r e a n d axi a l blank et, the radial
blanket being r eproc e ssed s eparately,
c o m mon r epro c e ssing of c o re , axial blanket a n d radial
blanket.

Figure 2 s how s for th e thr e e cas e s a t the upper side o f the
c u rve s the e x tr a quantity of plutonium needed and at the lo wer side
of the curve s the a m ou n t s o f e xcess of plutonium produced. It can
be se e n o n the figu re that fo llowin g the r e processing conce p t , c alled
case 1 , for ins tance 250 kg o f fi s si le plutonium are n eeded for the
fi r s t r e c y cling, som ewhat more than 100 kg for the se cond r ecycling
a n d a p p r oxim ately none for the third one. At that po int the c o nve r ­
s ion r atio becom ing g r e a te r than l , an e x cess of plutonium i s pro ­
duc ed.

T able II summarizes for the three r eprocessing ca s e s the
a m o u nt s of plutonium n e eded a n d the quanti ti e s of t h at m aterial
produ c e d in exces s a fte r t he fi r s t cycle s .

Anothe r inte re s ting r e s ult is given o n fig u r e 3 s h ow ing th e
d e cre as e fr om cycle to cycle of the U 2 35 enr i chment. R eprocess­
ing the fuel follow ing case l, a uranium 235 c o nc e nt ration pra ct ic al­
l y e q u a l t o the n atur al value i s reached aft e r six r e c yclings.
F ollo wing r eproc ess ing case 2 this poin t i s reached afte r four r e­
cycling s a n d in the l atter r eprocess ing case, the r e a ctor needs only
thr e e re c ycling s to low er the ur anium e n r ich m e n t to the n atural
val ue .

As f ar a s ec on o m i c s a re c o n ce r n e d , this conc ept w ill not alter
c on s ide rab ly the cost of the fuel c ycle itself. Indeed, it will be
a p p lied on ly in c a se of plutonium shortag e a n d i n such a s ituation
the value of plutonium w i ll b e d ire ctly d etermined b y that of uranium
235 s o th at a s a pr inciple, in such e vent the fuel cycle cos t o f a
urani um enriched o r a pluto n ium e n r iche d r e actor w ill be v e r y
s imi l ar. This of c o u r se i m plie s that fast r eactors should b e clos e
to competition if the y a re enriche d with u raniu m 2 35 .

T a ble I II gives the ave rage fu el cycle co s t s ( calculated for the
va rio u s c ycle s up to the equi lib r i u m) .

A s a con clu sio n of th e study briefly s ummarize d a bove , i t
seems that it is perfectly pos s ible t o shift progressiv ely from a
ur anium e n r ic h m e n t to a plutonium o n e a n d this proc ess cou l d be
use d in t emporary c a s e s of plutonium shorta ge. Ne v ertheless, we
h a v e t o conside r that :
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1) r eproc essing the c o re o f the reactor s eparately a llow s t o use a
lim i te d ext ra quantity of plutonium dur ing the two fir st r e c y­
cling s, the res idual u ran i u m 2 3 5 enrich ment r e a c h ing the n a tu r al
v alue afte r s ix r e c y clin gs.
Thi s process give s the poss ibility t o r e c ycl e a ll the r e s i d u al
e n r i c h e d uranium 2 35 in the r e a ctor . A d is adv a nta g e of this
come s f rom the pro gress iv e increase o f t he par as i t i c i soto pe
uranium 2 3 6 with th e n umber of u raniu m cycle s . Thi s phe nome ­
non c o u ld fo rce to limit t h is numbe r and to shift s o o ner t o a
fu ll plutonium enr i chment .

2) r epro c essing the co re a n d the b l ankets t ogether leads to a n
increas e of the fu el c ycle cos t due to the r eduction of the
e n r ic h m e n t of the m ixture in ur anium 235, but d e cre as es the
ur anium 236 concentr ation . This proc ess gives of c o u r se a
g reat e x cess of r es idual e n ri c he d uranium whi ch h as to b e s o l d.
The extr a plutonium quantitie s n e eded to opera te the reactor
dur ing the first r e c yclin g is much higher than in the first case
mentioned above .

General Conclusion.

A plutonium fuel requirement estimation is difficult to
e s tabli s h f a r in advanc e, m a inly be cause o f the large incert itudes
r elative to the development of the differ ent nucle ar r eactor types
( th ermal a n d fast), but a l s o be caus e of ext e r n a l factors w hich
c oul d l a rgely influence the nuclear m ark et. Therefore, we c ould
h a ve to face temporarily e ither a l ac k o r a n exce s s of pluton ium .

Consequenlty, e v e n if w e c on side r that p lutonium has to b e
us ed i n pr iority in fas t r e a ctors, we h a v e to b e prepared to abs o r b
a not yet defined plutonium exce s s in thermal reactors a n d a lso to
envisage the possibili t y t o fuel fast r e a c t ors with ur anium 2 3 5 in
the even t of a temporary l a c k of plutonium .

Bo th a lte r n a tive s a r e te c hnically an d s e e m eco n o mic ally
fe as ible . They will be a c o m plementary in sur a nc e again s t the
unforeseeable fluctuation of fissil e material a v ailabilities and
c ould therefore decre as e th e im po r t a n c e of the fuel requ ire m ent s
problem.
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TABL E I

Thermal capacity to be installed in Belgium

Year MWe Remarks

1967 145 BR - 3
50 % of the Belgian - French
SENA reacto r

1972 ~ 1100 -1500
Two power stations to b e located ,

1973 (
one at Tihange and the o th e r at
Doel

1976 750

197 9 7 5 0

1980 750

3500 - 39 0 0
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TABLE II

Uranium 235 fast reacto r enrichment

Numbe r of P lutoni um n eeded (kg)
r e c y clin g s

case 1 case 2 case 3

1 220 800 12 80

2 125 15 0 7 5

3 20 - -
4 - - -

P l u t on i u m in excess

2 - - 170

3 60 80 2 10

4 11 0 160 225

5 14 0 19 0 230

6 17 0 205 230

7 180 210 230

TABLE III

Uranium 235 fast reactor enrichment - Fuel cycle cost

Actualization P u value
Fue l cycle cos t (mills / k Wh )

yie ld '10 ¢ /g

case 1 case 2 case 3

7 22 0.77 0 .72 0.72

11 22 1. 12 1. 07 1. 08
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CENTRAL STATION FAST BREEDER REACTOR
Plutonium Fuel Requ irements

French Program

F. Sebilleau - C.P. Za leski

Ab s t ra c t

The French Fast Breeder Fuel Pro gram is mainly ba s ed on
mixed uran ium-plutonium ox ides. Th is choice e ns ure s continuity of e f­
fort from Rapsodie to the large fast reactors beeing bu il t at t he e nd of
th e next decade.

Fo r Phenix (250 MWe) t he plans are to u s e pellet type fuel
made by a s interi ng process and stainless steel canning . For e conomic s
and fabr ication reasons. t he ma in effort is directed towards improvement
of indu s t ri a l stainless steel thou gh noticeable work is performed on
ni cke l based alloys.

On a parallel line. other types of fu els materials: carbides
a nd carbo nltrtde s , other fa brication proce s s like vibro compa c tion and
other ty pe of fuel like vent ed fu els are studied . They are consid ered as
solutions which could provide bette r economics of the fu el cycle for
large bre eder reactors.

Commissa r iat a l'Energie Atomiqu e - B. P . n" 6 - 92 Fontenay aux Ros es
Association Euratom-CEA - Cont rat n? 006 /62/1 RAAF
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REVIEW OF THE FRENCH PROGRAM FOR FAST REACTOR FUELS .

Ge ne ra l t rends .

On account of the large a mou nt of e ff ort re qu ired for the
re s earch and develo pme nt in t he fast rea c tor fi eld, th e French program
is ma inly concentrated on one re a c tor type: sodium cooled fa st reactors.

As fas as t he fuel cycle is concern ed, it seems th at sodium
cooling has greater advantages th an va por or ga s cooling , in particu lar
be c au s e of t he low pressure and small coola nt velocity involved . The
s itu a tio n is not the same for ot he r compo ne nt s like heat e xchangers for
example a nd more deve lo pme nt is needed in thi s field.

Concentration of efforts re qu ir es a continu ity in the deve­
lopment whic h is out li ne d by the characteri stic s of the two prototype s
prece ed ing t he fu ture large powe r plants: Rapsodie and Phe nix.

Rap sodie is a sm all experimental reactor, the fir st of its
k ind in France . It is expe cted to provide experie nce no t only on fas t
c ore op eratio n but on othe r components like sod ium pumps and he at ex­
changers. It i s also a conve nie nt irradiatio n fa cility for testing fuel
prototypes for Phen ix a nd future large power re actors .

Phenix w ill be a demonstration prototype more industrial in
c ha racte r; it is expected to provide informations on the design a nd con­
cepts validity of large power stations . Though not e conomically c ompe­
titive, it w ill provi de a fi rm basis for powe r ge neration cos t s evalua ­
tions . Be cau s e of its indu s t ria l c haracter it w ill probably be le s s fl ex i­
ble th an Rapsodie for irrad ia tio n s tud ies but on account of its greater
neutron fl ux it will provi de essentia l informations especially on c anning
mat e r ia l behaviour .

Fuel ty pe s .

In fast reactor fuel development , fir st pr ior ity is gi ve n to
mixed ura n iu m pl utonium ox ide fuel with sealed stainless steel cans.
Such a design is con s id e red at t he mome nt a s sufficiently pro oven to
co ns titu te a bas is for the developm e nt of economi c fu e l s for the nex t
future .

On a pa ra llel line a s ma ll effort i s made on ve nted fu els.
It seems that the ma in intere st of thi s de sign lie s in the po s s ibility of
reducing the fuel length a nd cons e quently the core height by su ppre s -
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sion of the ga s pl enum. That poss ibility lies in turn on the a vailability
of a reliable venting sys tem other than the d iving bell, the development
of wh ich re quire s a gre a t d e al of effort . The s ituation s e em s to be dif­
ferent for ca rbide or nitride fuels where the sod ium may be a llowed to
e nter in t he can thus requ iring a s imp ler venti ng device .

Fundamental studies of c arbides and nitrides are performed
on the same level than oxides, but on account of the pr iority g iven to
oxide the effort on deve lopme nt of carb ide fue l s is sm a ll, a s shown in
figure 1 which g ives t he number of irrad iated c arbid e and ox ide prototy­
pe fue l pins vers us time. It is e xpected that th e ra t e of e ffort on carb i­
des and nitride will inc re a s e in th e ne x t few y e ars .

For c a nning materials, stud ies are ma inly devot ed to sta in ­
less s teels. AISI 316 was c hoosen fo r Rapsod ie and a s imilar alloy will
be u s ed for Phenix, th ough th e exact grade is no t yet dete rmined . Indus ­
t ri a l s ta inless s teel s exhibit acceptable c ha racteristics for the ir u se as
canning mate r ia l , it seems to u s that the fi rs t step i s to improve th e se
chara c te r i s tic s such as creep s t re ngth and irradiation be haviour by al­
loy ing additions and modifications of the fabrication process. If th e ir ­
rad iation beha vi our of sta inless s teels c a nnot be satisfactoril y improved ,
ni cke l ba s ed alloys can be u s ed . Ne ve rthele s s th e se alloy s w ill proba ­
bly be ne eded for carbide fu e l s a t high linea r power .

An important part of the work on canning ma te ria l s is con­
centrated on non destructive testing and fabrication control in order to
determine reject criteria compatible with low fabrication costs a nd re­
lia bility.

Fuel fabri cation and reprocess ing .

The fuel for Rapsod ie ha s been made by s intering, a nd the
same te chni qu e will be used for Phenix. The fa br ication proces s i s
be e ing adapted to low de ns ity pellets e it her in the porous or in the an­
nulus form. For Phenix the present pl ant capacity w ill be increased by
a fa ctor of t en (3 to 30 kg of mixed ox ide per day) mere ly by ext ra po la ­
tion of the actual process .

A d iscontinuous process ra t her than a conti nuous one w ill
be employed, t he smaller fi s s ile material concentration allowing in c reased
batch s ize . This solu tion ha s be e n selected be cau s e it i s believed that
it l e ad s t o more reliable and flexible equipment, and in order to take
advantage from previous studies for Rapsod ie.

A small effort i s made on vibratio n tech niques . For mixed
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oxide fabrication the question seems to be at present whether this tech­
nique provides better fuels from the standpoint of irradiation behaviour
rather than economics comparisons between fabrication processes.

Reprocessing of the Rapsodie fuel will be performed in a
small pilot plant the capacity of which is 1 kg of mixed ox ide per day.
For Phenix no decision has been taken up to now, but it is likely that
the adopted process will be an aqueous one. Our reprocessing studies
include aqueous and dry processes like volatilization of fluorides, the
last one need ing more development to demonstrate its valid ity .

EVOLUTION OF FUEL CHARACTERISTICS,
EXPECTED OPERATING PARAMETERS FOR LARGE PLANTS.

Burn up.

Economic incentives for high burn up are obvious. Fuel cycle
cost evaluations indicate a rapid decrease of costs in the vicinity of
60000 MWd / t, the curve s howing a minimum at about 130000 MWd/t .
Calculations made in France indicate that the fuel cycle cost is 20 %
less if the burn up is increased fro m 70 to 100000 MWd/t, t he gain
beeing very low for greater values.

These economic cons iderations must be faced with technical
feasibility. At the moment it seems that 70000 MWd /t i s reasonably at­
tainable with ox id e fuel canned in sta inless steel, the next step will
require more development effort than the first one toward s gre at e r burn
up in the 90 - 100000 MWd/t range. The main difficulty lies in impro­
ving canning materials properties , especially creep res istance and post
irradiation ductility.

In view of these considerations, t he design burn up has been
chosen as 30 000 MWd /t for Rap s odte , 60 - 70000 for Phenix and from
70 to 100000 for the first large power station.

It should be noted that, s ince increas ing t he burn up is not
the unique way to improve the fuel cycle economy, it may be of greater
benefit to act on other reactor characteristics. For e xample the same
20 % reduction of the fuel cycle cost can be gained by i nc re a s ing th e
burn up from 60 to 70000 MWd /t or by minimising the a xial flu x d istri­
bution factor from 1,3 to 1,17.

Finaly, it seems that burn up values in the range 70 -
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80000 MWd/t must be reached. Higher values are des irable but not ne­
cessary since t he corresponding loss may be compensated by a better
re a ctor design or a better load factor .

In order to accomodate t he swelling some void fraction must
be ke pt in the fuel and two que s tions a rise which had not bee n g iven up
to now very clear answers: w hat is the amount of swelling for a given
bu rn up and which is th e be s t void di s t ribution inside t he fuel ?

For mixed oxide s, at h igh linear pow er , it appears from re­
c ent expe ri me nt s that the swell ing ra t e ha s probably been overestimated
a nd in vi ew of t hese results one c an a nticipa t e a substantial decrea se
of the void fraction in t he fuel from th e a c tua l 20 % value . In th e ca se
of carb ide s , more e xperiment s are ne eded but it already appears that
s e vere tempe rature limitations will be nece ssary if rea sonabl e swell ing
ra te s a re requ ired .

The vo id fra ction may be distributed in the fuel either in the
form of a c entral hole or in the form of u niform porosity. From th e hea t
e xchange point of vi ew, these two s olu ti ons are very different at th e
beg inning of the irrad iation bu t it is like ly that the s ituation will be ap­
prox imately th e s ame for both at the e nd of t heir life. The choice be twe e n
th e two solutions w ill t here fo re be guided by other factors li ke t he stres­
ses induced in t he can by fu e l swe lling a nd fabrication e conomic s .

Linear power.

With mixed oxide fuels , reasonable linear power can be a t ­
ta ine d in the 500 W/cm range with fuel dia meter 0 ,5 - 0,6 cm , This leads
to 0,7 - 0 , 8 MW per kg of pl utonium. High er values could be reached
provided a certa in amount of c entral melting is not ruled out during the
life of t he fuel, but mor e statistical expe ri e nce is needed in order to
determ in e th e exa c t limits.

As fa r as thermal bonding is not used, betwe en can and fuel,
carbide a nd nitride performances a re not ve ry d iff e rent from ox ide's ones
because of severe t emperature limitation imposed by swelling. Improve­
ment of linear power fo r these fuels s eems to lie uniquely in increa s ing
fuel dens ity , he nce heat conduction, a t t he max imum value compatibl e
with swell ing.

Provided the fuel-canning temperature d rop i s lowered at
a small va lue , by sod ium bonding for e xample , carbides and nitrides
could probably be operated at linear powers in the 1500 - 1800 W/ c m
range. Difficul ties aris ing from t he rma l stresse s in the c an a nd from
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heat e xtraction in the sub-assembly may well reduce th is figu re to
10 00 W f cm . This high linear power, comb ined to corresponding larger
fuel dia mete r , is a strong inc itation to further s tud ies of these s econd
ge ne ration fuels as they have been called by some authors .

Internal breed ing gain.

Internal breeding gains not very d ifferent from 1 are de sira ­
ble. This allows to minimise the reactivity loss due to burn up and thu s
improve s th e ge ne ra l c ha racter is tics of th e reactor . One can cons id er
that internal bre ed ing ga in values be tween 0,9 and l , 1 a re ve ry suitable
one s , 0, 8 be eing still acc eptable. It seems that one of the be tter ways
to a c hie ve high inte rn al breeding ga ins i s to increase the fue l de nsity
and thi s g ives cons idera ble intere st to the u s e of carb ides even w it h me­
d ium linear power .

An other way to inc rea se th e internal breeding is to increase
the fue l proportion in the core at the exp ense of coolant. The limiting
factors in thi s way are me re ly of safety concern a nd it is probable th at
more rea c tor operation expe rie nc e i s needed before assigning reasonable
limits .

Maximu m can temperature.

The max imum can t emperature de pends upon sodium outlet
tempera tu re a nd hot c ha nne l factors . The sod ium outlet te mperature i s
de t e rmined by t he va por t emperature and th e trend is obviously to a dopt
the sta nd a rd value for conventiona l tu rbine s w hich, in France, is 565 °C
for the 250 and 600 MW power levels.

On the other ha nd the c re e p properties of th e c annin g mate­
ri a l introduce limitatio ns of the max imum can te mpera ture . For the s t ain­
le s s s tee ls it seems that 700° C is about the uppe r limit , highe r tem pe­
ra ture s re qu iring other materia l like ni ckel alloys. The tempera tu re dif­
fe rence 700° C - 56 5° C = 135 °C is s heared in two parts: the temperature
drop in the heat excha nge r a nd the hot c ha nn el factor .

For th e Phenix pro]ect , th e actual design i s
- sod ium ou tle t tempe ra ture: 566° C
- va por tempera ture : 5l 2° C
- max imum can t empe ra ture : 700 °C.

Obviously, except for t he max imum can temperature , these
tempe ra tu res resu lt fro m optimisation of the heat generat ion system which
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can lead to somewhat d ifferent results for larger reactors.

As far as the fuel is concerned. it seems t hat some improve ­
me nts could be made in reducing the hot channel factor, especially by
a be tte r know ledge of sod ium mixing in the sub-assemblies a nd reduction
of other uncerta inty parameters . This could lead not only to a higher va­
por temperatures but to a lower maximum can temperature e ns uri ng a
longer life for the fu el.

Since the incentive for vapor temperatures hi gh e r tha n 565° C
is poor. th e use of ni c ke l alloy cans would allow some impro veme nts in
the can des ign in account of their better creep properties rather than an
in c re a s e of the maximum can temperature.

CO NCLUSION.

Table I illustrates the evolution of fuel characteristics from
Rapsod ie to the first large power station in the French program. It is
ob viously d ifficult a t the pre sent time to know if t hese e va luations are
pess imistic or optimistic , operation of in te rmedia te s ize plants like
Phe nix w ill provide priceless exper ie nce in this fi eld . Neverthele ss it
can be ho ped th at the ma in difficultie s will be ove rcome le adi ng to e co­
no mic powe r gene ration by fa s t reactors in th e next futu re.

30 11

1965 197 0 19 75

200

. co

100

200
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first core
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TABLE I - FUEL CHARACTERISTICS

RAPSODIE PHENIX POWER PLANT

fi rs t core other cores first core other cores

Fuel U0
2-

Pu0
2

U0
2-Pu02

U0
2
-Pu0

2
U0

2
-Pu0

2
U0

2
-Pu0

2
(carb id es) (carbid e s) carb id e s

Canning material AISI 316 AISI 3 16 X 18 M (316) X 18 M (3 16) -
X 18 M (316)

Pu/U 1/3 1/3 1/5 - 1/3 1/5 - 1/3 1/3 - 1/5

Max imum can temperature 650°C 700°C 700°C 700° C 700° C

Maximum linear power (W/ c m) 340 - 360 400 - 500 430 400 - 600 400 - 600
1000

Burn up MWd/ t 30000 30-50000 60 - 70000 70000 - 10 0000 70000-100000

Fuel diameter (mm) 5 , 7 5 , 6 5,5 5 - 6 5 - 8

Core height (mrn) 34 0 340 - 600 850 700 - 1000 1000 - 14 00

Maximum neutron fl ux 2 , 5 . 10
15

8.10
15

8. 10
15

10
16
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PLUTONI UM FUEL REQUIREMENTS *)
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Abst r a c t

Some basic decis i ons on fuel an d pi n type int r oduc e i nto t h e
field of t h e principal criteria f or the f ue l of large f ast bree­
de r r eactors , whi ch are presently in a conceptional s t a ge. As the
German dev e l opment pr ogram pursues i n pa rallel t he two lines of
a sodiu~ cool ed f as t breeder and a steam cooled vers i on, the fuel
pin r eq uiremen ts a r e co mpil ed for both cases . The pi n layout
charac ter i s t ics t rans lat e t he requirements t o real desi gns and
a lso to fu e l and pin spec ificat i ons . I n concl us ion t he f uture
de ve lopment l i nes conc e r nin g fuel types and pin f eatures are
shor t l y mentioned an d compa r ed t o possibl e futur e fu e l r equire­
ment s.

Institut f ur Ang ewandt e Reakt or phy s i k
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r eac tors be t ween the Eur op ean Atomi c Energy Community and Ge­
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I NTRODUCTION

The f as t reactor f uel requirements ar e evaluated i n di f fer­
en t s t a ges of development. I n t h e German fas t br eeder pr og r am
th e fi r st s t a ge was dedicated t o some principal sel ec t i on s t ud ies,
a procedur e , which of co urse i s typi cal f or all l arge tech n i cal
de ve lopment pr o j ec t s . As a f irs t basic decision, ox id e t ype fuel
for the fast breeder proto t ype r eac tor designs was selec t ed. A
metal fu el was considered to be t oo limitating wi th respec t t o
the ne cessary l inear power r ating at high fu e l t emperatur e and
t o the a ch i evable bur nup . On the ot her hand carbide ceramic i s
no t ye t enough ex perienced, a t l ea s t no t wi t hin th e avail abl e
t echnological kn ow-how f or our pr oj ect . A second approach, how­
ever, may be performed with carbide f uel leading t o an economi­
cally i mpr oved fuel cyc le.

A further ba sic decision pertain s t o the ex t erna l an d inter­
nal geomet r y of t he f uel arrange men t. Having also s tudied t he
feas i bil i t y of ball - sh a pe d f ue l units , we selec ted pi n type geo­
me t r y , t h e lat ter be i ng mor e eva l uated , bo t h in the inpile cool­
ing behaviour and in the fabri cation t ech ni ques. The interna l
geome t r y i s conventional. As we propose a t i gh t f ree st an di ng
s trong can, pr ovi sion s are to be made for t he fiss ion ga s es and
vapors and also f or th e sol id f uel swelling i n radial and ax ial
direc t ion. Thus the total l en gth of th e fu el p in is distribu ted
t o t he active f uel zone , to lower and upper axia l bl anke t re­
gi on s and t o a fi s s i on ga s plenum .

The design ideas for f a s t reactor fuel pins are s tron gly
ori ented to our f as t reac tor desi gn s tudi es for a sodi um co ol ed
pr ot otype reac tor (1 ,2 ,3) and a s team cooled proto type (4) .
Th er e might be s ome di f fer enc es between pr ototype designs and
futur e centra l s t ation f ast r eac tors with a ca paci ty of, say ,
1000 MWe , ma i nl y concerning the enrichment i n f iss i ona bl e i s o­
t opes an d the pin lengt h. Thes e differ ence s ar e cons idered t o be
of mi nor influen c e t o t he overall perfor man ce of the pin t yp e
fu el and henc e can be neglec t ed in thi s s t a te of evaluation . The
desi gn principl es fol low a rather con servat ive line a s far a s
preparational a s sumptions f or a pin l ayout ar e conc erned. They
are ba s ed on so me i r radiation t est pin experienc e (5) , on t he
singl e e fforts of our f ue l development pr ogram (6) an d also on
our i r r adiation pe rformanc e cons i dera t ions and resul t s (7) .

The pa per h er e des cribes at f i rst the ba s i c cr i t er i a, which
a r e the s t a r t i n g point for the pin des i gn logic. Thes e l ead t o
the f uel pi n r equiremen t s for pro totype fast reactor s . The re­
quirements have t o be translated to deta iled wor d i n g with i n spe­
c i f i ca t ions, s ome h ighlight s of which we ar e pre s en ting in the
ch a pt er on pin l ayo ut charac t eristics, toge t her with a few typi ­
ca l drawi n gs . In conclus ion, t her e is a discussion on t he mai n
limita ting f actors for a pin l ayou t an d on possible f uture an d
futuris t ic development l i nes .

It shoul d be mentioned, that t h e r eq ui r ement s concerning t h e
who le subass embli es bring cer t ainly s ome important en l argement,
whi ch refer mai nly t o the cool ing t h ermodynami cs . As t h e sub-
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assembly features are only of minor influence to the pure fue l
and fuel pin t ech nique , they ar e no t i nc l uded her e . Above that
such s ubassembly requirements are no t yet i n a s tage of t ech n i cal
ev alua t ion as to be eas i ly ex pressed i n co mmon principles.

BASIC CRITERIA

The ba s i c criter i a f or the f uel pin des i gn have their sources
in th e tr i ang l e : safe ty, economy an d br eeding pot ent ial . A f orth
point of view, which is l e s s scient i fic but i s of practica l
importan ce is t he adjustment to the av a i l able development
ba ckgr ound . The following paragraphs wi ll out l ine, i n mor e de tail ,
thes e considerations.

The safety criteria re fer t o normal reactor operation con­
di t ions, if they ask f or duly adapt ed smoot h l i near power rat ing
dis tribution. They refer al s o to pos s i bl e sudden overpower con­
di tions i n the reac tor core, when react ivity ch an ges must be out­
ruled by inherent s afety f ea t ur es . Their word ing might be in
short terms:

The fuel specifications concerning the longitudinal dis­
tribution of fissionable material are t o be es t ablished as
to guar ant ee a smooth hea t so urce distribution over the
pin length according t o the requirements for the hot
channel analysis of th e subassembly.

The reactivity f ee dba ck according to an expectedly
ne gat ive t emperatur e coefficient f or the Doppl er effec t
i n the fuel mi xt ur e mus t become effective within calcu­
lated short delay t ime in a reac tor power t r ans i ent . Thi s
asks for specified homog enei t y i n the pl ut onium distr ibu­
t i on . In th i s context reference is made to a recent theo­
re tical work (8 ).

Anot her limitat ion is i ndu c ed by t he socalled "s l umping
danger". The internal geomet r y of the fuel pin ha s t o
l i mit axial f ue l movement to a specified ex tent, i n order
t o avoid i nh er ent l y f uel conf i gurations, which pr oduc e
an uncontrollable react ivi ty increase. A gener a l mea s ur e
i n th i s contex t i s t o l i mit the f r ee volume in the fu el
ceramic. This leads to a lower limi t for t he smeared
density of t he f ue l .

The economic criteria receive thei r language from different
a s pects concerning t h e fuel cycle:

A pl a i n , but most i mportant truth is, that the f uel pin
s peci f i ca t i ons are to be established as a f it to t he whole
fuel cycle in an optimized manner.

There are special limitations due to the fact, that the
source material market and prices are not yet developed.
Hence the fuel pin requirements get an incentive to pro­
ceed in a direction of the " l ea s t amount of fuel i n t he
fuel cycle", which may not be the cheapest way.
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Another criterion spells out, that the fuel pin produc­
tion must be possible at dates according to t he time
schedule of the prototype planning. Hence the specifica­
tions take consideration of the really available tech­
niques and t he really foreseeable price situation (9 ).

Finally a principle of continuous evolution de mands, that
the initially established specifications are al s o appli­
cable to recycle f uel without ma j or economic influence.
This means for instance, that a fuel fabrication l ine,
which is adjusted to a set of s pecifications, can handle
also plutonium of equilibrium isotopic composition.

The breeding potent ial as a target is implicitly involved
in the economic criteria. Above t he pure economic op t imization,
however, there i s an add itional special incentive:

In order to make comparable the "doubling t i me " of the
future expanding energy demand to the dOUbling time of
an expanding breeder reac tor population, a h igh breeding
potential is a separate criterion for the reactor design.
Hence the fuel layout via the internal breeding ratio is
directly affected. In this context belong also the evalua­
tions presently underway for a pure uranium start­
up with U 235, in order to soften the condi tions of a
"dry" plutonium market.

The basic selection criterion with respect t o available expe­
r imental and t echnica l experience reads e. g. as follows:

A fuel pin design for a large fast breeder reactor can be
based reliably only on a sufficient fabr ication experience

at least i n pilo t plant scale and on t he positive
results of irradia tion performance t es t s wi t h a number of
pins, which allow at l ea s t some statistical j udg ement .

FUEL PIN REQUI REMENTS FOR PROTOTYPE DESIGNS

The elements of t he fuel pin requirements are ge t t i ng t he i r
incentives and l i mitations by

reactor physics
fu el cycle economics
safety considerations

Taki ng a l s o in to a c count t he basic criteria formul a ted ab ove ,
these requirements are outlined and discussed in t he following
sta t ements.

The enrichment of fissionable mat eri al is dictated by t he
core magni tude and t he detailed core design. The content in
fiss ionable Pu is for large fa s t ox i de breed ers i n the range
be tween 10 and 25 % of total U and Pu cont ained in the fue l . Nor ­
mal l y t wo r adial zon es dif fer en t i n the enr i chment are pr ovided
in order to ge t a r ad i al power fl attening. For a 1000 MWe s odium
cooled design e. g. t he f igures ar e ab out 10 % i n t he central zo ne
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and 14 %i n t he outer zone , wh i le at t ypical pr ototyp e desi gns
(ca . 300 HWe unit s) the contents are 15 and 23 %, r espect i vely .

The isotopic compo s i t ion of the plut onium it s e l f will corres ­
pond in the l on g t erm r an ge t o th e r el a t ed equilibri um condi t ions
of the fuel cyc le. At co mbined core and blank et reprocessing ma­
nagement , ther e might be a co mposi t ion of , s ay, 75 %Pu 239 , 22 %
Pu 240 , 2 %Pu 241 and ab out 1 %Pu 242 . At a s eparated reprocess­
ing rout ine th e conten t of higher Pu i s ot op es in the core cycle
wi l l be mu ch hi gher, of course.

The l inear rod power i s selected t o have values which guaran­
te e no c en t r a l melt ing of the fuel . Hence at no minal condi t ions
the maximum f igures are in t he region of 500 wa t t s/em. The s e ar e
t h e da t a , whi ch are typical for s odium cooled fast reac tors. At
th e steam co oled versi on the economic al l y reasonable surfac e heat
t r an sfer makes further limitations to bring the maximum nominal
rod power i nto the ran ge of 350 watts/em a t s t i l l reasona bl e dia­
me t er s .

The fuel diamet er a t sodi um cooling is deter mined by t he opt i­
miz ed rat i ng value and the select ed rod power . At steam cool ing
the di ame ter is a compromise be t ween t he incen t ive t o a l arge
r a ting, th e f easible s team cooling t echnique and an econom ically
favour ed increased diameter. In both cases t he region be t ween 5
and 6 mm in fuel di ameter is t he res ult of recent reference de­
s i gn evalua t ions.

The l ength dis tri but ion of a pin i s gov er ned by t he r equest
fo r axial br eeder blanket s an d a f iss i on ga s plenum. The volume
demand of the latter is i n s trong re l a t ionshi p t o the mech anica l
pin concept and the int ernal fu el geome t r y , see below.

The i nt er na l br ee ding r a tio r ec e i ves its " s ourc es " on l y fr om
f ertile mat erial in the core . Therefor e the highest a l l owable
fuel de nsit y ea ch addi tional density percent i s of full bene-
fit to the f ertil e pot entia l is aim ed for.

The s meared fuel densi t y i s a co mpromise be tween t h e neces­
sary por os i t y i n the ceramic body for ga s eous and solid fi s sion
products which defines t he higher density l i mi t and
breeding loss as well a s t h e slumping danger concerning th e l ower
limit. The most pr omising density r ange f or oxide type fuel i s
accor ding t o our knowledg e be tween 80 and 85 %of theore t ical
density . For first co r e equipment of prototype s we pr op os e t o use
80 %of theor et i cal densi t y taki ng into accoun t a s acr i f ic e i n
internal breeding . It is hoped that furth er i rradiat ion perform­
anc e experi en ce wi l l justify a moderat e fu el densi ty i n cr ease
f or l a ter c en tral s t a t i on fast reac tor fu el pins .

The f uel burnup is expec ted t o be i n r anges between 50 00 0
and 100 00 0 meg awatt days per metric t on of heavy element s . A
st eam cool ed reactor might have the schedule a t ab out 60 000
MWd/ t on , while a sodium cooled pr ot otype asks f or 80 000 t o
90 000 MWd/ton , al l expressed as maximum burnup values. The re­
quirements for fut ure l arge central stations may be still some­
wha t higher.

The level of the cladding temperature distr ibution i s forced
to t he highest pos s ible data by the required therma l e ff iciency
of t he s yst em. The maximum no minal can mi dwall t emper atur e i s
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ab out 6000 c f or sod i um cool ing and a bo ut 6500C for steam coo l ing .
The mech anical req uirements on to th e pi n s ar e ou tl ined by

the s trong can concept. For s od i um coolings t he necessary mechani­
cal pr op erti es a r e de f ined by th e fi s sion ga s pressure bui l dup
during bur nup and t he therma l s tresses i n t h e can wall . The raWaI
solid fi s s i on produc t swe l l ing is considered t o be the mos t dan­
ger ous mech an i cal a t t a ck to t he cladding wall. The pin lifetime
i s solely gover ned by the s e i mpa ct s , if t h e cladding mat er i a l
l ayout is to withstand the fission ga s and therma l s tresses for
t he expec t ed loadtime a t f ast neutron envir onment . Henc e t he me­
chanical clad ding layo u t is to be adj usted t o the av ailable
s well ing vo l ume f or the s olid fis sion pr odu ct s .

For s team cool ing the pr es sur e s i t ua t ion with r espe ct to the
c l adding is turned a r ound . The high coo l ant pr essur e ou tbalances
by far the inter nal ga s eous pressure within t h e pi n . This situa­
tion i s a ccompanied by t he mech a nical creep bu ckl i n g pr obl em.
This i nstabil ity dan ger mus t be handled by ad ditional tub i n g spe­
c i f ica tions i n high t emperatur e creep stren gt h and i n in i t i ally
limit ed oval i ty an d a l s o by possible i nte r nal s uppor t fr om the
cera mic f uel. For steam cool ing t he "s t rong can" t hinkin g has
l ost some of t h e a bs ol ut enes s .

The internal geomet r y of t he pin has two main sources of de­
fin i tion. The first one deals wi th the homogene i t y of t he f ue l
mixtur e . Due t o t he f act that t he i nher ently ac t ing nega tive
Dop pl er co e f f ic i en t shall op er a t e inst an t aneously, t he largest
admissi ble pur e Pu02- par t i c l e s a r e i n the magnitude of 100 mi cr on .
Above that mi cr ohomog enei t y , t her e i s a request for "macr ohomoge­
ne i t y" i n th e fu el , which mean s an overa l l un i f orm distribu t ion
of the fi s sionabl e i sotopes in t h e f ertil e ma t r i x .
The s ec ond source of def i nition i s embedded i n th e upp er and
lower dens i t y limi t s , see above . The chosen s meared dens ity can
be rea liz ed by di fferen t fu el densi t ies (for pelle t f uel ) , cor­
respond ing t o a pr oper amount of open voids for ga p , dishing and
c entral hol e . Th e ga p between pellet sur fac e and can, di ametrally
ab out 100 to 200 mi crons, pr ov i de s f or th er ma l expansion and s ome
f i s s i on pr oduct swelling. It favour s a l s o fue pelle t f ill-in s t eps
a t t he pin product i on . Accor di n g to ou r kn owl edge , t he re i s no
specia l i nc entive for pell e t di sh i n g a nd c en t r a l hol e f rom t he
i r r adi ati on performan ce s tandpoin t , i f the r od power is high
enough t o plas tic iz e t he cen tral f ue l region . The fabr i cation
pr oc edur e , however , i n some cases ma y pr efer a di s he d or cor ed
pel l et , in order t o di rect th e bulk dens i ty of the pel l e t i nto
high er r an ges , wher e sint ering pr ec ision is ea s i er to be con­
t r ol l ed .

PIN LAYOUT CH ARACTER I STICS

I n t h i s pa ragr a ph it is i n t end ed t o summar i ze a l l a c t ua l i n­
fo rmation co nc er n i ng the real pi n l a yout. Of c our s e the mai n
exampl es a r e taken f rom the r e f er enc e design s t udies (1 , 2 , 3 ,4 ) .
Ot h er to s ome ex t ent very r epresentat i ve exampl es ca n be de riv ed
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f r om t h e layout char ac t er i s t ics f or pin irr adiation pe r fo r mance
t est s l i ke t he fu e l i r radiat i on s i n t he Enr i co Fer mi Fast Br ee ­
der Rea c t or (EFFBR) (5) and t h e pin irradiation i n a t r e f oil r i g
of the Dounr eay Fa s t Reac t or i n Scotland. Al l imp ortant da t a a r e
co mpi led i n Tabl es I and II . Ther e was made a dist inc t ion between
performanc e parameter s and f abr i cat i on pa ram et er s . The l a tter
ones cons t itute the ne t wor k of pi n specificat i ons, whi le t he
f i r s t ones s how the opera tional condi tions in the reac t or core or
in the irradi ation test bed.

The pin da t a for t h e Na 1 reference design ar e so mewhat fu tur ­
istic, ma i nl y in the ex pec ted maxi mum bur nup compared t o th e
a s sumed smear ed f uel den si ty . The Na2 r ef erence des i gn concentra­
t i n g now t o a pr ototype reac tor of 300 MWe capac i t y t akes mor e
caut ious pa ramet er s on t he ba sis of very conserva t i ve s ol i d
fi ssi on pr oduct r ad i a l swelling ca l cul a t i ons. The D1 reference
desi gn f or st eam coo l i ng outlines an evalua t ion co mpara ble t o the
Na 1 sta ge. The D2 des i gn f or t he s teamcooled prot o type , which i s
pr es en t l y under evalua t i on, i s no t ye t i n cluded her e . The r e a r e
thr ee exampl es f or i rradia tion t est pins . The two data se t s f or
EFFBR s pec i mens include bo th a pelle t pi n version and a pin wi t h
vi brocompac t ed powder f ue l . The s pecimens f or t he DFR irrad i a t ion
fin ally are more developed to a conservative pi n l ayo ut.

A demonstrat ion of the pin layo ut i n simpl i fied drawings is
included in Fi g . 1 for t he reference design pi ns and fo r t he i r ra­
di ation t est pi ns . Henc e the mai n geomet rica l fea tur es can be
compar ed.

MAIN LI MITATI ONS AND FUTURE DEVELOPMENT

As t o t he presen t status of ex perience we see t h e mai n l i mi­
t a t i ons f or a high perfor mance oxi de f uel pin l ayout i n the
radial swelling problem and i n the ha r dl y s uf f ic ient h i gh tempe­
r ature creep behaviour of the cladding mat er ial . Es pec i a l l y at
a s teamcooled f ast reactor the hi gh ex ternal pressure may cause
a mechan i ca l instability by creep-buckling.

If a conserva t ive low smeared densi ty f or the fu e l i s t aken
in order t o provide vo ida ge for the solid fi s s i on pr oduct s

the slumping danger ar i s e s . Al s o the inte r na l conversion r a t io
i s adversel y a f f ec t ed . One of th e goa l s of fu t ur e s ystema t i c
exp erimental eval ua t ions i s t o find t he fu el de nsi ty, just
high es t pos s ib l e i n view of rad i a l impa c t on t o t he cladding .
Thi s density fi gure , of cou r s e , wil l be de penden t on a ne t work
of parameter constella t i on s like internal f uel geome t r y , t empe­
ratur e di s tri bution, c l adding restrai n t and bur nup level.

The f ission gas pr es s ur e buildup i s pa rt l y gover ni ng the
mechanical anal ysis of t h e cladding. But pr inc i pally in a l l
cases t he f i s s i on gas plenum can be foreseen l arge enough, a s t o
shift the crit ical path for t h e cladding desi gn to other claims
like t h er mal stresses or r adial swelling forces. Th er e f or e the
concept of fuel venting ge t t h e j ustification only from sp ace
ava i l a bi lity arguments, becau s e t h e pin geome t r y wi t h f i ssi on ga s
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plenum reduces the axial blanket amount.
The ceramic fuel of the mixed carbide and nitride type is

considered to be of remarkable potential for future pin designs.
The high heavy metal density is of sensitive benefit t o fuel
cycle economy, as the breeding ratio is favorable influenced and
a higher fuel rating is possible. This trend is fully on the line
of future fuel requirements. After the present development
efforts, which are mainly directed to specify a uniform produc­
tion, to investigate the compatibility to cladding and to over­
come the large fission product swelling, there may be some switch­
over from oxide to these new fuels.

A further field of urgently necessary development is with
the tubing material and technology. New alloy t ypes for sodium
cooling, as e.g. the vanadium base alloys, are under investiga­
tion. But also the class of iron base alloys, t he steels, need
a "tailormaking" procedure, as the bulk of the now available
steels were not developed for reactor design requirements. Es­
pecially t he fast neutron induced irradiation damages ask for
new "streamlined" steel alloys.
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Na-1 Design Na-2 Design D-1 Design
Table I PIN LAYOUT FOR REFERENCE DESIGNS (1000 MWe, (300 MWe, (1000 Hiie,

sodium-cooled) so di um- cool ed ) steaJ:l-cooled)

lmx. Linear Rod Powtr, nominal (ii/em) 566 446 326
Max. Can Midwall Temp., nominal (oC) 625 627 622

<l
(oC)0 Max. Can Midwall Tomp., hot spot 654 696 737..-t...

~ Max . Internal Gas Pressure (Iltm) 70 70 260...
Cl>

( a tm) 4l>o Max . External Pres sure 6 170
0

Max. Burnup, axially averaged (I1Wd/tMetall ) 100 000 68 000 55 OOG

External External Diameter (mrn ) 6 . 7 6.0 7 .0

Geometry External Length (mm ) 2572 2475 2155

Wall Thickness (1IlIII ) 0.35 0 .38 0.37

Dinmetral Gap (fl ) - 140 180
Internal

'"
Ceomet r y Upper Axial Blanket Lengt h (em) 400 400 350.,

Fuel Length (mm) 955 950 1510...
Cl>

~ L?wer Axial Blanket Length (mm) 400 400 (separate)

'"~ Fission Gas Plenum Position Bot t om Bottom Top
'"<l Length (mm ) 800 650 250
0

..-t...
:ladding Mat er i al Incoloy 800 16/13 CrNi Inconel 625al

u
..-t

'"~ Fuel Shape Vibr o Powder Pellet Pellet
al U02-Pu°2-r.. Composition in Zone 1/2 (w/o Pu02) 16/ 20 20/30 13/16

Fuel
Smeared Density (% th.d .) 90 80 87

U02-Blanke~ smeared Density (% th .d.) 90 90 87

Be Filling, initial preesure at room temp. (atm) 1 1 56



~
Ol

Teat Irradiation in EFFBR Test Irradiatone
Table II PIN LAYOUT AT PERFOR~~ CE TESTS Pel l et Fuel Vibro Fuel in DFR (Trefoil)

Max. Linear Rod Power, nominal (W/cm) 600 615 500

g Max. Can Kidwall Temp., nominal (oC) 602 602 650
~ .
~ ~mx. Can Kidwall Temp., hot apot (oe)..8- Max. Internal Gan Pressure (a't m) 78 78 <100

I .~. External Pressure (atm) (low) (low) (low)
I l~ . Burnup, axially averaged (MWd/tMetall) 50 000 50 000 80 000
. --IExt er na l External Diameter (mm) 6 . 35 6.35 6.35

I Geometry External Length (mm) 128(. 1286 709
i --- - - - --
I Wsll Thickness (mm) 0. ':0 0.40 0.40

I Diametral Gap (}') 150 - 150
: Internal ------

G t Upper Axial Blanket Length (mm) 150 150 130
.. eome ry
~ Fuel Length (mm) 700 700 360..= Lower Axial Blanket Length (mm> - - 70

~ Fission Gas Plenum Posi tion Top .. Bottom Top + Botto'Q Top

<: Leng th (mm) 188 .. 195 188 + 195 130
~ L--. ._.. __ . _

~ Cl addi ng Material 16/13 Cr Ni 16/13 CrNi 16/13 CrNi
o

~ I Fuel Shape ~ Pellet '1ibro Powder pe{~~t .-- -.- -- -
'" UO -PuO - ,

1.. 2 2 l Compos ition (w/o Pu02) 15 15 20
Fuel Smeared Den3 i t y ( ~ th.d.) 83 85 83

- - ----- --- -- - - ._- - - - - - ------ -- - - -f------- -- -_... _- -
U02-Blanket, Smeared Density (% th.d.) 83 85 83

- - - - -- - --- - ._-
He Filling, initial pressure at room temp . (atm) 1 1 1
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CENTRAL STATION FAST BREEDER-REACTOR PLUTONIUM
FUEL REQUIREMENT JAPANESE EXPERIENCE

Y. Nakamura

Abstract

A development program of fast breeder reactors has been
initiated by the Power Reactor and Nuclear Fuel Develop­
ment Corporation with a wider support from JAERI and
industries in Japan. Design studies on 1000 M\ve breeder
are discussed from the stand point of fuel technology.
The present status of plutonium fuel development for the
JFER are described.

Y. Nakamura is the manager of Plutonium Fuel Development
Laboratory, Tokai Works, Power Reactor and Nuclear Fuel
Development Corporation, Japan.
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1. INTRODUCTION

Japan has to depend upon the nuclear power
generation more and more in the future in order to keep
its economical growth rate. Light water reactors will
be introduced in the near future as the main nuclear
power stations. However Japan has very poor uranium
resources and no isotope seperation plant, so that the
nuclear fuels problems are very serious.

Plutonium should be best used as the fast breeder
reactor fuels, and Japan Atomic Energy Commission
established a policy to promote fast breeder reactors
development in the country. Also JAEC showed another
policy to use plutonium as the direct substitute of
enriched uranium in order to utilize imported nuclear
fuels as effectively as possible in the intermediate
future.

The design study of fast breeder has been conducted
in the Japan Atomic Energy Research Institute (JAERI).
JAERI is now engaging in final conceptional design for
the construction of the Japan Fast Experimental Breeder
Reactor (JFER). The present plan of the construction;

Completion of Design ---------- Early 1968
Breaking Ground --------------- Early 1969
Fuel Loading ------------------ Middle 197 2
Dry Critical ------------------ Middle 1972
Wet Critical ------------------ End 1972
Full Power -------------------- End 1973

A prototype breeder reactor will be critical around
1975 under the supervision of a new organization which
is established recently to promote the development of
FBR and ATR. This new organization, the Power and Nuclear
Fuel Development Corporation, PNC is established with
an aim that JAEC's policies on these advanced power
reactor development are to be realized with a wider
supports inside the country including JAERI, AFC,
industries and utilities.

1,000 ~nve fast breeder design studies have been
carried out by JAERI and will be succeeded by P.N.C.
No program of fixed central station fast breeder reactor
is yet established at the present, but the survey studies
by JAERI are very useful. The first conceptual design
study on 1, 000 ~fWe fast breederl) was completed in April
1966. The second conceptual design study2) has been
finished recently and will be published from JAERI.
The results obtained by these design studies are
reflected to the detail design of JFER and to the design
philosoply of prototype breeder.

As for the plutonium fuel development, main efforts
have been paid by the Plutonium Fuel Development
Laboratory of the Atomic Fuel Corporation. Three papers
were presented by this laboratory to the IAEA Symposium
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on the Use of Plutonium as a Fuel, held in Brussels in
Harch 1967. The Corporation is reformed to the above­
mentioned new organization. Close co-operation between
JAERI and AFC (new organization) are maintained in the
field of fuel design and fabrication of these fast
breeders.

Plutonium balance between production and requirem~nt

in the near future in Japan was reported in Brussels. 3 J

2. JFER AND 1,000 Mlve BREEDER DESIGN STUDY, FROM THE
STANDPOINT OF FUEL TECHNOLOGY

The purpose of the JFER is to design, construct
and operate it at the earliest future in order to use
it for fuel testing. Experiences obtained through design
and construction are to be used directly for prototype
breeder program. The designed thermal out put of JFER
is 100 ~nvt, and future installation of in-core loop is
considered. The reactor power was obtained with the
bases as follows;

(a) Core height is desired to be 600 mm in order
to irradiate fuel elements for prototype
breeder in the reactor.

(h) The right cylindrical geometry is desired for
the least fissile fuel inventory requirement.

(c) A moderate power density in the core is
required in order to irradiate test fuel at
shorter period. Thus a moderate linear rod
power rating and neutron flux level are obtained.

The design principles of the JFER are in general
conservative, as this is the first experience in Japan,
and the safety consideration are seriously required
against nation's feelings. However we bave advantages
to use informations and experiences in the advanced
countries, and one of the features of the JFER is that
the reactor is designed with the most flexibility for
fuel testing. As the reactor size is not so large, the
peak to average ratio of power rating in the core is
inevitably not so small, while it has advantage that the
sodium coefficient is enough negative and the reactor
is inherently safe. The long burn-up capability of fuel
is not necessarily required for the first inventory,
and the minimum requirements are to provide stable
irradiation behaviours at the designed power level and
thus to provide a moderate fast neutron flux for fuel
testing.

Specially designed in-core monitoring systems are
to be installed, and alpha-gamma monitoring cave capable
of some non-destructive testings and necessary mechanical
handlings such as the measurement of pressure drop along
the fuel element by means of inert gas flowing and minor
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repairing, will be constructed ad jacent to the reactor.
Periodical inspections o f fuel assemblies are to be done,
and capabilit y for f u r t h e r irradiation is estimated stage
by stage. High density pellets might be used for the f i r s t
loading in order to provide known in-pile properties such
as thermal conductivity and thermal expansions and also
to provide minimum fuel movement in case of an unexpected
reactor abnormal conditions. Lowe r density pellet is
thought to g i ve longer burnup capability, but has man y
uncertain irradiation behaviours.

Final preference on the pellet density is affected by
the availability of data on the irradiation behaviours and
by our own irradiation experiences. The final choice is
to be done in Mi d - 197 l .

Two kinds of design study on 1,000 ~'e breeder reactor
have been done by J AERI, based on the sodium cooled, and
mixed oxide fuel system. Safety, power generation economy
and breeding gain are three components to be considered
for such a commerical power breeder plant. The safety
aspects of the reactor design g i v e more difficulties as
the reactor size becomes large.

The 1st 1,000 ~IWe breeder design study dealt flat
cylindrical (D/H = 2.15) core g e ome t r y with an aim that
a higher breeding gain could be obtained (1.44). Two­
zone enrichment (10.5% and 14. 8% PU02) was applied to get
flat power distribution. Calculated sodium coefficient at
the worst case was more than + 3 $ , while it could be less
than +1 $ in case of loss of sodium in the central 19
channels.

Sa f e t y aspects were emphasized in the 2nd design
study from the following stand points;

(a)

(b)

(c)

Maximum sodium coefficient was reduced in order
to have more nuclear safety margin,
Power density intthe core was reduced in order
to have more thermal sa fety margin,
Clad thickness was increased in order t o have
more mechanical strength.

A ring core geometry was selected in the 2nd design
study.

Main reactor core parameters related to the fuel
design and calculated fuel performances in t h e t wo design
studies are shown in Table 2.

3. FUEL FOR THE JFER

Key parameters of J EFBR design are shown in Table 4.
The enrichment of fuel is 30 - 35 a/o fissile as

shown in Table 4. The weight percentage of Pu02 is changed
in accordance with the isotopic ratio of plutonium which
i s used for the reactor. If the plutonium from t h e Toka i
Reactor of Japan At omi c Power Company, a Calder Hal l Type
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Reactor of 166 MWe, is used for this purpose, the weight
percentag e of Pu02 in U02-Pu02 is about 40. The mixed
oxide of this range is easy to be reduced during sintering,
and the stoichiometry in the pellets becomes less than
2 . 00 . The hypo-stoichiometric U0 2 -40% Pu0 2 has two phases at
room temperature, while it has single phase at high tempe­
rature, as shown in t h e Vienna Panel of I AEA.4)

Minor changes were observed by X-ray diffractometry,
di1atometry and differential thermal analysis in our
laboratory. The di fferential thermal analysis, and X-ray
diffractometry are carried out to study the materials in
detail. The thermal c ycling effects are being investigated
and short period irradiation testing s in a thermal material
testing reactor are planned.

However if we should avoid the l ess-known meta110gra­
phica1 and thus irradiation behaviours o f t h i s composit ion
o f the mixed oxide, and this will be more realistic f r om
the standpoint of plutonium availability a t t h e planned
construction s tage, we must cons ider the e n r i c hme n t both
by U- 23 5 and Pu- 23 9 e n r i c hme nt which means less content of
U- 23 8, and the Doppler dependency from reactor safety
standpoint must be reestimated. Fission pat erns in mixed
oxide crystals are di fferent in 239-2 38 system and 23 5­
239 -2 38 s ystem.

As for t h e designed thermal performances of f u e l pins
and fuel pins assembl i es o f J FER, the levels are almost o f
the same order expected in the prototype or demonstration
r eactor. So we e xpect that we c ould proceed t o the proto­
typ e r eactor fuel development wi thout g r e a t e r difficul ties.

4. PRESENT STATUS OF FAST REACTOR FUEL DEV ELOPMENT I N
J APAN

As described in t he introduct ion, de tail design o f
f u e l element f o r JFER, hydraulic studies, and mechanica l
assessments of fuel assembly are being carried out in JAE RI.
Fu e l material development and studies are mainly done by
t h e Plutonium Fuel Development La bo r a t o r y of PNC. Stud i es
o n c ladding mat erial s and basic s tudies on mixed carb ide
and n itride and som e o f mixed o x ide are to be done b y t he
meta llu rgy g r o up i n J AERI. I ns pect ion t e c hn i q ues have heen
de veloped and are appl i ed in the Inspection La b o r at o ry o f PNC.

An irradiati o n test i ng o f fuel pins i n t h e Enrico
Fermi Re act o r is planne d by t he collabo r at i on of J AERI,
PNC and t he Ja pan Ce nt r a l Rese arch Institut e of El e c t r i c
Powe r I n dust ry ( CRI EPI). 5) The fue l test assembly cont a i ns
24 fue l pins suh-assemh1 ed iu 4 t himbles . The com hina t ion
o f sampl e p ins is planned t o oht ain in formations as much
as poss i bl e f r om the single test assembly irradiation.
As there are the reactivity lim i ts both o f upper and
l owe r va lue for the in-reactor irra diation, and we
must consider f iss i le material ava ilabili t y, two k i n d s
o f e n ri c hment were selected, t h at are 40% Pu0 2-U02
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density with

( ZO % U- Z3 5 enriched) and ZO% PuO - UOz (90%
enriched). The maximum line a r rod powers at
overpowe r a r e 3 Z0 wlcm a nd 540 wlcm, and Z40
4 Z0 wl cm at normal condi t ion, respectively.
o f fue l specimens are planned .
Ty pe II; 40 wlo PuOZ- UOZ ( ZO% EU )

Vi b r at o ry compact ed, 80% Smeared
crush and sinte red particles.
Cl a d O. D. 6 . 30 ± 0 .0 5 mm
Cl a d t h i c kn e s s 0. 40 ± 0.05 mm

U- Z35
the reactor
wlcm and
Se ve n t ypes

Ty pe III ; 40 wlo Pu Oz-UOZ ( ZO% EU)
90 % T .D . pelle ts, 5 .5 mm diameter mechanically
b lend ent and sintered .

O/M Z. OO + 0 .01 \ IS I 31 6 clad_ O.O Z' t

Clad O.D. 6 . 30 ± 0 . 05 mm
Cl a d thickness 0.35 ± 0.05 mm

Type IV

Type V

Ty pe VI

Ty pe VII ;

Ty pe VI II ;

40 wlo PuOZ-UOZ ( ZO % EU)
Holed 90 % T.D. pellets, 80% Smeared densi ty
5 . 5 mm
O.D. pellet mechanicall y blended and sintered.
Sa me O/M ratio.
Cl a d t h i c kne ss 0 .40 ± 0.0 5 mm

40 wl o Pu OZ-UOZ ( ZO% EU )
Vibratory compact ed t o 80% Sme a r e d dens i t y
with So l -G e l UO~-PuO z particles.
Clad O.D . 6 . 30 _ 0 .0 5 mm
Cl a d t h i c kne s s 0 .40 ± 0 .05 mm

40 wlo PuOZ- UO z ( 20X EU)
90% T. D. pellet with low olM (1. 93 - 1. 9 6 )
Cl a d O.D . 6 . 30 ~ 0 . 05 mm
Cl a d th i ckness 0 . 40 ~ 0 . 0 5 mm

ZO wlo PuO Z- UO Z ( 90% EU)
90 % T .D . pellet , o/to! Z. OO ~ g:g ~
Clad O.D . 6 . 30 ± 0 .05 mm
Cl a d t h i c k nes s 0 .35 ± 0 .05 mm
Zo wlo Pu Oz- UO z ( 90% EU)
8 3% T.D. pellet, O/M Z. OO + g .g~
Clad O. D. 6 . 30 ± 0 . 05 mm - •
Clad t h i c k ness 0 .35 ~ 0 .05 mm

Tes t specimens are e x amined a t s everal bu r nu p l evels.

An ot he r s eries o f irra diat i on testing in t he
Doun r ea y Fast Reactor is bein g planned . The firs t
program i s t o be done wi th a ma i n emphasis o f the
in vestig ati on on t h e cladding mat erial. fiI S I 31 6

53



stainless steel pipes of different g r a i n size, cold
drawn and solution t r e a t e d , will be irradiated at t he
higher temperature in the reactor. Natural Uranium
Dioxide pellets and control ori ficing of sodium flow
are used to keep clad temperature at designed levels.
Mixed ox i de f uel pins of the design for f i r s t loading
of JFER are to be irradiated in the second program.

Studies on mixed c a r b ide and nit ride are not yet
s ta r t e d in the p r e s ent. Howe ve r JAERI is modifying
research facili ties for this purpose . Uranium carbide
and nitride have been investigated fo r these years both
by J AERI and private compaines . Interests are being
shown to t h e nitrocarbide .
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Table 2 . Ma i n React or Core Parame ters Related
t o the Fuel Design

1st Des i gn 2nd Des i gn
Reactor power MWt 2 , 500 2 ,500
Ac t i ve core height em 80 80
Core outher diameter em 264. 8 3 24.4
Core inner diameter em 160
Core volume .t 4,400 5,000
Length of axial blanket em 40 40
Thickness of radial blanket em 40 40
Core composition Fuel % 44 41.4

Sod ium % 39 36. 2
St r uc tur a l % 16 21.6

Fuel material Pu 02 -U02 PU02-U0 2
Enrichmen t (Pu fi s sile %) I 10.5 13. 0

II 14. 8
Isotopic composit ion o f Pu 239 77 .4 77 . 4

(Initial ) 240 17. 7 17. 7
241 4.3 4. 3
242 0.5 0. 5

(Discharged) 23 9 75.4 74.7 70. 8
240 19 . 8 20. 2 23.3
24 1 4.0 4. 4 4. 8
242 0. 7 0 .7 1. 1

Fuel inventory PU- 239, 241 , kg
Tot a l Pu, kg

Breeding ra tio
internal
blanket

Power peaking f acto r
Spe c i f i c powe r HWt/ kg fi ssile
Power densit y w,v/.t -core
Number o f fuel assembl i e s
Numbe r o f r ad ial b l a nket assemblies
Number of pins per f uel assembl y
Pin p i tch mm
Fue l assembl y p i tch mm
Fuel pin

Oute r diamete r mm
Cl ad t h ickness mm
Inner d iame t er mm
Pel let d iamete r mm
Act i ve core lengt h e rn
Ax i a l b l a nket length e rn
Gas r eservoir ern
Total l eng th em

1, 930 2 , 335
2 , 350 2 , 858

1.44 1. 29
0 .96 0 . 81
0 . 48 0 .4&

1. 6 1. 55
0. 6 5 0. 96
0.50 0. 45

33 7 390
234 31 2
265 265

7 .7 7 .7
13 5 1 3 5

6.4 6 . 4
0 .2 75 0 .35
5. 85 5 .7
5 . 8 5 . 6

80 80
40 x 2 40 x 2

60 60
220 220

Coolant sodium
Ve l ocity

55
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Flow rate
Pressure drop
Inlet t emp.
Outlet temp.

t/sec
kg/cm 2

°C
°C

12.3
10.0

400
550

9. 86
5 . 0

400
60 0

Table 3. Designed Fuel Performance

1st Design 2nd Design
Fuel material Pu0 2-U02 PU02-U02
PU02 content % I 1 2. 8 II 18.1 15. 9
Density g / c c 10 10
Cladding material AI SI 316 AISI 316
Av . linear rod power w/ cm 312 272
1>lax . linear rod power w/cm 50 0 4 20

Pe a k /Ave r age 1.6 1.54
Max . fuel temp. °C 2 , 358 2,556
1>lax. clad temp. °c 68 4 7 23
1>lax . thermal stress in

clad kg/cm 2 795 711
1>la x . pressure stress in

clad kg/cm 2 424 (610 °C) 58 8
Av . hurn up MWD/ T 8 6 , 300 8 3 , 00 0
1>lax. burn up MII'D/T 100,000 100,000

Table 4. Design Parameters of JFER

Pl a nt performance
Reactor power
Core power
Re acto r inlet temp.
Re a c t o r outlet t emp .
Core r egion coolant velocit y
Pr imary system allowable pressure

drop
Co r e pressure drop ( grid spacer)

HWt
lofWt
°C
°C

m/sec

kg/cm 2
kg/cm2

100
9 3

350
50 0

5

6
3. 2

Dime ns i ons
Core v ol ume (including control rods) L
Pitch of fuel assemblies ( triangular) mm
Pi t c h of fuel p i ns ( triangular) mm
Clad outer d iameter mm
Clad t hickness mm
Fuel d iameter mm
Core he ight mm
Ax i a l blanket height mm
Ra dia l blanket height mm
Ga s reservoir height mm

Core Performance
Core average power density ~V/£

Core material
Enrichment
Co r e volume fraction Fuel/Na/SS

56

200
80

7.7
6 . 3
0 . 35
5 .5

600
40 0 x 2

1,400
20 0

0.45
PU02-U0 2

0.35
38/38/23



Core fuel density g/cc
Number of core fuel assemblies
Number of control rod
Number of radial blanket assemblies
Number of fuel pins per core assembly
Max , fuel pin linear power w/cm
Peak to average power ratio in core
Max . heat flux at pin surface w/cm 2
Max , clad surface temperature °c
Max. fuel temperature °c
Max. burnup a/o

57

10
55

6
257

88
500

1.6
250
580

2,300
5



CENTRAL STATION FAST BREEDER REACTOR PLUTONIUM FUEL
REQUIREMENTS - U. S. EXPERIENCE

J. H. Wright

The near term u s e for plutonium in fast breeder power plants is expected
to be quite modest from now until the mid 1980' s , two to three tons per
year covering the foreseeable situation. Plutonium requirements for the
anticipated fast growing breeder capacity in the late 1980's may exceed
the supply from all sources on an annual basis but a modest holding time
could cover the pos sible shortage without undue economic penalty.

The amount of plutonium required as initia l inve ntory a nd produced annu­
ally by the fast breeder is a function of the breeder design parameters of
which specific power and breeder ratio are most significant. The devel­
oping status of breeder technology leaves open at this time the ultimate
choice of breeder fuel material, but economic and performance objectives
stress the desirability of a high performance ceramic fuel.

J. H. Wright is a senior consultant for the Atomic Power Divisions,
Westinghouse Electric Corporation, Pittsburgh, Pennsylvania.
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Introduction

The U. S. experience in plutonium requirements for central station
breeder reactors has been essentially non-existent. Whereas some
fast breeders have been operated, these reactors have either been
fueled with U-235 or cannot be characterized as central station power
plants. This paper is concerned only with the future requirements of
plutonium and the design characteristics of the breeder which will
affect these requirements.

Influence of Breeder Design Characteristics

The design characteristics of the breeder determine how much
plutonium is required for i nitia l inventory in the core and in th e total
fuel cycle, and its doubling time determines the rate of new material
production.

The net plutonium balance for a large (1000 MWe) breeder reactor
i s illustrated in Figure 1. In this illustration an in - core specific
power of 1 MW thermal per kilogram of fissile plutonium was used and
an additional one third of core for out-of-pile i nve ntor y was assumed.
From this we find that 3.3 tons of plutonium are required a s an ini tia l
inve s tme nt. The compound doubling time s of 6 to 12 years were used
to illustrate the net cumulative plutonium production available from one
reactor after reprocessing. As can be readily seen, the actual time
required to recover the ini tia l plutonium requirements i s from 9 to 18
years. This example shows the importanc e of understanding the
"doubling time" parameter. (The rate of plutonium production from a
uranium fueled PWR is shown by dashed line for comparative purposes.)

The compound doubling time assumes that the plutonium dividends
are being reinvested in other new breeders having the same rate of
return as the present breeder, whereas the simple doubling time does
not include interest on the dividends. Doubling times are also quoted
with and without out-of-core invento ry . Broad definitions covering
most of the more commonly used doubling time expressions are
summarized in Table I.

Further refinements such as average bred plutonium, time-compo­
s ition function to reach equilibrium, etc., can be incorporated to
improve accuracy but these are more difficult to apply and require much
more detailed information on the fuel cycle, thus losing the desirable
characteristic of a s imple and easily applied criterion for breeder
performance evaluation. This author has chosen definition no. 4 as
the most meaningful, yet simple, approximate criterion for breeder
performance. The out-of-pile inventory is included for obvious
reasons, and the compound expression more accurately depicts pluto­
nium ga in when the breeder reactors are being built in large nu mbers.
All the fast breeder concepts which have been conceived to-date will

59



probably have higher capital costs than the present and future water
reactors, thus emphasizing the criti ca l importance of the fuel c ycle
economic s.

The breeder do ubling time is more than a s t a t e ment of plutoniu m
gain potential; it is also an index to the econom ic potential of the fuel
cycle. For example the plutonium credit from a breeder ca n be accu­
rately approximated by the following expre s sion:

Net Pu credit , mills/kwhr = O. 04~ (BR-l ) x Pu Va lue, S/ gm

Furthermore , th e inve ntory co s t , expected to be the larges t s ingle
component in t he breeder fuel cycle cost , is an inverse function of
specific power making it similar to the doubling time expression:

Unit inventory cost at 80% load factor

a) in-core inventory:

1 1- x - x
S E

(:x) (Ii) 10 3

7000
m/kwhr

S
f
"'X
'i

10 3

7000

Specific Powe r MWt/kg Pu fissile
thermal efficiency
Pu value, S/gm fi ssile
annual charge for non-depreciating assets
mills/S
hours/yr at 80% fa ctor

b) out of co re i nventory

m/kwhr

FT Tota l fuel in cycle

Fc In - core fue l

c ) inventory on Bred Pu

IB = function of detailed fuel cycle characteristics influenced
by residence time , burnup, breeding ratio, fuel reloca­
tion, etc.

0.12 x 10-3 (BR-l) (1-3) (X) (PF)
(1 + F) (E)
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d) total inventory co sts

I = Ic + 1
0

+ IB -mill s / kwhr

Thus, a s the core design parameters are altered to improve (reduce)
doubli ng time, the economics of the fue l cycle are advantageous ly a ffe c t ­
ed. Fig ures 2, 3 a nd 4 show graphically these effects. In Figure 2 the
inve ntory cos ts are related to t he plutonium specific power; separately,
the plutonium credit i s shown also as a function of specific power . In
th is gra ph plutoni um value is taken at 10$/ gm fissile and annual charges
at 10%. In Figure 3 the net plutonium costs (inve ntory cost less cr e dit)
are pl otted with specific power again us ing 10% annual charges but
showing two va lue s for plutonium . Here, the advantages to fuel cycle
cost fo r high specific power and bree ding ratio are clearly ind ic a te d .

The ultimate purpose of any new reactor system . includi ng breeder,
is purely e co nomic . The breeders developed for ut ility use should serve
thre e import a nt and re lated functions:

1. They should be economically attractive compared to all
o the r power s ou rces a t the time of in s ta llation .

2 . The y shou ld have fue l cy cle characteris tics which provide
for con tinuing good e conomics independent of future uranium
or plu tonium prices. Fa il ur e to achieve th is objective remove s
mo s t of the incentive of a ny breeder s ystem.

3 . The breeder should create a more stable fuel cycle environment
fo r a ll existing reactors. The breeder ca n accomplish this if it
re duces the future demand for large quantities of uranium and if
it prov ides a truly premium ma rk e t for plutonium from other reac­
tors . It can eventually supply an adequate but alternate source
of fi s sile material in compe tition with enriched uranium .

Fig ure 4 indica te s the net plutonium unit cost as a function of
plutonium va lue for some selected values of breeding ratio and specific
power. Here we note that a breeder having a specific power of 1.1 and
a bree d ing ratio of 1 . 4 would have zero plutonium costs inde pe ndent of
t he va lue placed on the plutonium. This corresponds to a high gain
bre e der having a seven year doubling time a ccording to de fi n ition (4).
The s e de s ign parameters would then me et all three of the breeder
obj ectives.

Breeder De s ign Con s idera tions

Fro m the foregoing discussion the plutonium co sts are minimized in
designs havtnq high s pecifi c power a nd high breeding gain . To redu ce
unit fa brica tion costs a nd ex te nd operating intervals between refueling ,
there i s considerable e conomic incentive fo r high burnup fue l . In the
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ideal case the core composition would be limited to uranium and pluto­
nium atoms. Each additional substance added has the effect of reducing
spectral hardness and, consequently, breeding ratio. Metal cladding
and structural material take their toll in performance downgrading in two
ways - softening the neutron spectrum by elastic and inelastic scatter­
ing and by absorption of neutrons. Spectral hardness is also affected
by the composition of the fuel material. For example, the reduction in
heavy metal atom density and increased scattering that occurs when
fuel in the form of uranium-plutonium dioxide is used causes a reduction
of the ideal or theoretical breeding ratio by as much as 40 - 50%. This
dilution of fuel concentration and the resulting reduction in breeding
ratio requires a compensating increase in the ratio of plutonium (fissile)
to uranium (fertile) material to maintain criticality for the desired fuel
lifetime. The use of more dense fuel materials, such as carbides and
nitrides, minimizes this effect.

One of the chief detractors from the breeder performance is the
effect of the coolant. In this regard helium has the least effect and
steam the greatest with sodium somewhere in between. It is conceiva­
ble that various breeder reactors will be built in the U •S. using each of
these coolants, but further remarks in this paper will be limited to
sodium cooled systems for many reasons, principally among which is
the fact that the LMFBR program is most likely to achieve early success
because of their advanced technical position and the huge domestic and
international effort in this area. Similarly, ceramic fuels seem to be
the almost unanimous choice as breeder fuel in spite of extensive and
somewhat encouraging results obtained with metalic fuels.

Within the framework of sodium cooled ceramic fueled breeders,
the plutonium enrichment requirement is one of the most important
parameters to the performance of the breeder. When plutonium loading
requirements go up beyond the 8 - 10% minimum requirement, two
adverse effects are noted on breeder performance:

I. the internal breeding ratio is reduced as noted in Figure 5,
adversely affecting not only the breeding gain but causing
a reactivity drop with burnup , This latter effect requires
additional plutonium loading in order to provide reactivity
through the lifetime of the fuel charge. This results in
excess reactivity at the beginning of life and gives rise
to certain potential accidents which must be considered
and provided for in the design.

2. the fissile plutonium specific power rating of a fuel havtnc
a defined upper thermal limit is reduced as plutonium is
substituted for U-238.

Thus, increasing the plutonium loading adversely affects specific
power, breeder ratio, doubling time and economics. Why, then, would
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one not use the minimum e nri c hme nt of plutonium? The answer, which
is trans itory in nature, is related to the curre nt understanding of safety
characteristics in large breeders . A large breeder core , coole d by
sodiu m, will exhi bit a positive sodium temperature and void character­
istics if de s igned for minimum pl utonium content , because, in order to
use the minimum plutonium content, it i s necessary to minimize the
ne utron le a kage ; t his i s done by minimizing the surface to volume ratio.
In such a core the inte rna l breeding ratio is high but the sodium
provide s significant spectral softening during normal operation. On the
loss of sodium, the neutron energy spectrum tends to harden , a nd the
re activity increases. Pre s e nt technology ha s not determined ex a ctly
ho w much reacti vity incre a se from this sourc e can be satisfactorily
dealt with by oth e r safety mechanisms (Do ppler coe ffi c ient I thermal
expansion, fast acting rods, etc.) nor how muc h reacti vity inc re a s e
will actually occur. Therefore I it may s,eem prudent to avoid the
problem at this time by des igning cores having h igher neutron leaka ge
resulting in negative sodium coefficients but re quiring hi gh e r plutonium
lo ading.

A general pi c ture of the e nrichment requirement shown as a fu nction
of su rface to volume (le aka ge) ratio is given in Figure 6 where it can be
no ted that current designs require 15 to 18 % plutonium loading . Figure
7 gives a general re lationship of breeding ratio versus surface to volume
ratio (le a ka ge ). Although th is fi gure indic a te s that the loss of int ern a l
breeding ratio may be compensated by additiona l breeding in the blanket I

it i s import a nt to note that the blanket must be much larger and more
cos t ly and that the increased enrichment re quired for this abortive
des ign reduces the s pe cific powe r dra s tically.

It is both likely and impera ti ve that the neces sary a nswer s to the
safety qu estions be s oon forthcoming and breeder design development
be pushed more toward the optimum. Eventually, the an swer must be
found in the overall power coefficient ra ther tha n in th e one term ,
sodium coefficient .

The specific power design of the breeder i s su bject to all of the
usual materials con straints - fue l center temperature lim it I maxim um
allowable clad temperature I c lad thermal stress, fuel swelling and gas
release I irra di a tion embrittlement of clad and structura l materials, etc .
The des ign infl ue nce of two of these limitations , fuel center tempera ­
ture and fuel clad temperature , a re illustrated in Figures 8 and 9.

Although ceramic fuels have found widespread use in the growing
nuclear power systems throughout the world, the performance dema nded
of these fuel s has been modest compared to fast -breeder fuel re qu ire ­
ments . Specific power and bum-up re quirements for bre e der fuels wi ll
exceed the pe rformance pre vl ou s ly demanded of nu clear fue ls by a
fa cto r of three or fou r.
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When fission heat i s liberated within a ceramic fuel pellet, the
temperature of the fuel must rise until all of the heat generated is con­
ducted out of the fuel, through the cladding, and into the coolant. The
temperature rise within the fuel is dependent upon the amount of heat
being generated, the a mount of fuel throug h wh ich the he at mu st be
c ondu c ted (pin diameter}, the thermal conductivity of the fuel clad, the
g a p between the fuel and clad, a nd the heat transfer coefficient and
bulk temperature of the reactor coolant.

With liquid sodium us ed as reactor coolant, excellent he at transfer
from clad to coolant ex ists, but ca re must be taken to prevent the
sodium temperature from ris ing to its boiling point. The cl ad mat e rial
(usually 316 stainles s steel) add s further constraints on the tempera­
ture pro file by impos ing maximum clad temperature limit s. This limit
for stainless steel is thought to be in the range of 1300-1400 degrees F
a nd is determ ined, in pa rt , by the temperature-dependent rate of nickel
removal by sodium.

With a fix ed maximum clad tem perature, the rea ctor sodium temper­
ature must be well below this point. The relationship be tween average
sodium outlet t emperature, average sodium t emperature rise, de viation
of hottest part of core from core average (hot ch annel factor), a nd
maximum clad temperature i s shown in Figure 8 . For exa mple , with a n
a verage outlet sodium te mperature of 1000 de gre e s F, a sodium tem pera­
ture rise of 250 degree s F. a ho t - channe l factor (F6 H) of 2.0, the maxi­
mum sodium temperature i s 1250 degrees F for an inle t sodium tempera­
ture of 750 degree s F (Fig . 8). With a sodium flow of 3 x 10 6

pounds/hr-ft2 and a hea t flux of 2 x 106 Btu/hr-ft2, the max imum clad
temperature will be 1310 degrees F (Fig . 8) .

To mini mi ze the temp erature rise across the clad-to-fuel-pellet
gap, thi s gap is filled with s odium .

The temperature ris e from the outs ide to the center of a cylindrical
fue l pellet i s g iven a pproxima te ly by the formula,

.6Tpellet =~ r2
4k

wh ere AT is the temperature difference between the outs i de a nd center
of th e pellet, .Q... is power density in the fuel (Btu/ft3-hr),..!: i s the
radius of the fuel pellet , a nd.!s. i s the average th ermal conductivity of
t h e fu el m aterial.

The thermal conductivity of many ceramic materials, including
uranium and plutonium compounds, changes with temperature; there fo re,
a s impler expre s s ion , kilowatts (thermal) per foot of rod length is often
use d to describe thermal performance capability of fuel rods.

If center fuel melting is to be a voi de d for a ll fue l during normal
operation, a design basis for steady-state operation mus t be e s t a b­
lished that is well be low the melting point. One such criterion mi ght
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be to allow center fu el me lting only at 15 perce nt over- po wer. In such
a case , the maximum thermal rating per unit length of fuel ro d can be
e s tabli s hed , The specific power of the tota l fuel then be come s a
function of the fue l pin diameter. A pl ot of thi s rela tionshi p i s shown
in Fig . 9 for three ceramic fuel mate ria ls .

An example will illustrate the application of the s pe c ific power­
fuel ro d diame ter curve . For a mixed carbide fue l with a fuel pin
diameter of 0 .300 inch , the maximum s pecific power , limited by t he
center melt ing criteria previous ly described , is 0 .65 MWt per kilog ram
of total fue l material (Fig. 9) . Thi s maximum s pe cific power , d ivided
by FQ, t he he a t genera tion hot cha nne l factor (Fig . 9) , gives an a ve rage
specif ic power for the fuel of 0 .2 MWt. To get specific power per unit
of fi s s ile pl utonium, average s pe cific power of the rod i s divided by the
pl utonium content of th e fuel (Fig. 9) to get 1. 5 MWt pe r kilogram of
plutonium . And finally, this value is correcte d fo r the ap plicable fue l
density (Fig. 9).

At this time all of these relationships are under developm ent and
there for e a re being continually re vised a s more i s learne d in experi­
menta l work . For example , hot cha nnel fac tors a re empiri ca l in nature ,
and vary from one reactor design to another with such factors a s total
s ize , core geometry and fuel assembly design. Hence , a full - sized
pro totyp e fu e l assembly can provide a c cura t e va lues for a significant
pa rt of the ove ra ll performance evaluation .

Also, there are many other constraints on fue l pin diameter in
addition to ce nter temperature, which may tu rn out to be the co nt ro lling
fa ctors; fo r examp le, fuel swe lling or ga s release, be cau s e of the
extremely high bumups that are being sought, may be come limiting
factors . However , the relationshi ps i llu s tra t e d by these curves point
out the desirability of high fu e l dens ity , high thermal co nduc tiv ity,
lo w plutonium enrichme nts , and low hot-cha n ne l fa ctor in o btaining
larger , more economic fuel pin diameters.

One of the most critical a spects of attaining re a lly high the rma l
and neutronic performance is in reducing the plutonium loading by mor e
profound safe ty de s ign criteria .

Future Plutonium Requi rement s

From the previou s section s of thi s pa pe r t he pa ra meter s affecting
the inve nto ry a nd production rates of breeder re actors have been di s ­
cu s s e d. In order to discus s the plutonium re quirements for future
bre e ders it is ne cessary to make some estimates on performance
characteristics and rate of breeder installatio ns .

Nea r Term

For the next 8 to 10 years pl utonium requireme nts for fast breeder
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reactors will be quite nom inal. Principal users in the near future will
be the Fast Flux Test Facility . the Enrico Fermi Fast Breeder Reactor.
and a small number of sodium prototype plants and. perha ps, steam a nd
gas cooled breeder experiments. Criti ca l facilities will require a few
tons of plutonium and fuel experiments will add on ly slightly to the
total requirement. Rough estimates of these requirements a re t abulate d
in Table II .

The fi gure s in Table II i ndic a t e that FBR plants will requ ire a pprox­
ima te ly 2 to 2 .5 tons of plutonium annually in the near future. This
e s tima te i s on the high side because it includes rather optimistic
assumptions for th e ex per imenta l breeder projects and optimi s ti c
scheduling of LMFBR prototype pl ant s.

The source of plutonium during th is period wi ll be the production in
water re a c tors . The co mpos ition of the wate r re a c tor plu tonium, having
a bou t 70% fi s s il e atoms, will charge only s ligh t ly during its irradi ation
in the core, but the new bla nket plutoniu m will be much higher. > 95%.
in fi s s ile content. Depending on the management of the vari ou s fu e l
streams recovered, the composition of the e quili br ium breeder core plu­
tonium may be quite s imilar to t hat from wate r reactors . This would be
the case if the core and axia l blanket are combined and the radial
bl anket s eparated for use elsewhere. In thi s case the fiss ile plutonium
content would still be a bo ut 70%, but there wou ld be a shift in is o topic
dist ri bution toward Pu-239 at the expense of Pu- 241 . Generally spe a k­
ing , pl utonium from or recycled in water reac tors te nd s to build up in
the heavier isotopes, and that recovered from breeder cores is a l te red
s lightly in the same dire c tion , while the new blanket pl utonium is
predominantly Pu-239. It is, therefore, evident that water reactor
plutonium can be most satisfactorily used fo r starting up breeders a nd
will be the dominant source of plutonium in the Un ited Sta te s for a
grea t ma ny ye a rs to co me.

The growth rate of breede r capacity wil l occur in three time ph ase s ,
each phase subject to d ifferent constraints a s noted in Figure 10 .

Phase I Technical Limitations

First, the growth rate i s technologically li mited a t t he
present time . Althoug h a large breeder could be buil t with
pre s ent da y knowledge , a ttaini ng economic attractiv enes s
fro m the breeder depends on furth e r technica l pro gre ss .
This paper a s s ume s tha t prototype breeders will be come
operational in the mid 1970' s and th a t margina lly attra ctive
breeders wi ll be come operational in the late 19 70' s ,

Phase II Transition Period

It is reasona ble to expe c t that some transitional pe ri od will
exist between the start-up of the firs t margina lly e co nomi c
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units and full s c a le growth . This period may be from fi ve to
e ight years dura tion. Dur ing this pe r io d additional breede r s
will be placed into operation, but they will be bucking the
more established types and regarded by many as a more risky
inve stment . A few years of s uccessful o pe ra tion will be
required to surmount these financial and psychological l imi ­
tations . New units are expected to add only 200 0 MWe
a nnually during this transitional phas e.

Phase III Electrica l Growth Rate a nd/or Plutonium Limitations

By th e mi d 19 80 ' s it i s expected that a la rge flow or or ders
will begin for breeders causing a s trong upward surge in
breeder on-line capacity by 1990 .

From this point on and a ssuming a co ntinua t ion of e c onomic
a ttra c t ive ne s s a nd good technical performance, the growth of
breeder capacity can be expected to accelerate subject onl y
to the continuing demands for electri city, plutonium avail ­
ability and the manpower a nd facilities required to fill the
orders.

Barring major catastrophe it i s a foregone conclu sion that the
demand for increa s e d e le ctri ca l capacity will continue at or
near it s pre s ent pace for ma ny decade s . In Figure 11 the
total nuclear capacity is shown derived from an estimate that
nuclear power w ill account for approximately 60% of a ll new
gene rating capacity. The large initia l capa city of water
reactors dwarfs the breeder capacity for many ye a rs to come;
the e stimate given here i s that a 50 - 50 water reactor­
breede r mix may occur arou nd the turn of the century.

The future plutonium re qu irements can now be found by combining
the growth rate curve s with the breeder de sign parameters. In Figure
12 the pl utonium production and requirements are s ummari zed. The s e
curves are ba sed on available pl utonium obtained from a di s pla c ement
in time of the production curves to allow for core o pera tion, cooling
and reprocessing. Plutonium re quirement s for th e breeder a re based on
a des ign ha vi ng a specific power of 1 MWt per kilogram of fissile plu ­
tonium and one third of a core out of core inventory cou pl e d with the
growth rate predictions in Figure 11. It was assumed that the plutonium
would be required one year before pl ant operation . The curve indic a te s
mi nimal re qui rements until the mid 1980' s. The a cceleration of breeder
growth i s illu strated by the steepness of the annual requirements fro m
1985 to 1995. Toward the end of thi s period , new breeder additions
will have reached 45,000 MWe per year, and that rate may be expected
to hold with only slight inc rea se for t he succeeding lO or 20 years .

Dur ing this period plutonium production come s from two sources ,
water reac tor s and br ee ders. The wate r reactor production rate, shown
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in Figure I, for a single plant, i s based on 85% plant factor. The total
a nnua l production curve, Figure 12, i s shown to take a dip in 1990,
refle cting a slight reduction of load fac tor for water reactors. The
breede r plutonium production i s based on a de sign having a 7 year com­
pou nd doubling tim e (ex amp le: br e eding ra tio 1. 4 , spec ific power 1.1,
one third of core out of rea ctor) . With a longer doubling ti me th e bred
plutonium would be re du ce d.

For this particular set of a s sumptions it can be noted that the
amount o f wa t e r reactor plu toniu m i s cons i derably in exce ss of bree der
re quirement s unt il the la te 1980 ' s , shortly after wh i ch there may be a
bri e f pe rio d of time when th e plutonium requ irements exceed the produ c ­
tion . Most of th e breeder fue l will come fro m water rea ctor plutoniu m
through out this c entury. Figure 13 illustrate s the net diffe re nce
between total plutonium ava ila ble and fast breeder requirements. On a
yea r by year bas is a de fi cit could a ppear in the ea rly 1990' s . This
curv e illu s t rate s that a brief hol ding period, say 5 or 6 years , wo uld
provide plutonium fo r continue d expa nsion of breeder capacity during
th e s e year s . The curve a l so ind i ca tes tha t there will be approxima te ly
300 tons of water re actor plutonium which wil l be in excess of bre e der
requirements and, th erefore, a vailable for recycle in water reactors.
This recycle plutonium will redu c e the ur anium requirements duri ng tha t
pe ri od by as much as 60 ,000 ton s . Thi s c urve also s how s that pluto­
nium will be in excess ag a in by the late 1990' s , thus providing a re­
placeme nt for 10,000 tons/ year of uraniu m by t he tu rn of the c e ntury
a nd going up sharply th ereafter.

These indicated re qui reme nt s a re s ub ject to ma ny envolved a s s ump­
tions . For example, this a ppa re nt plutonium shortage would not exist if

1 . the water reactors cont inu e d through 1995 a t 80 - 85% load
factor,

2 . higher specific power designs are developed for th e br eeder,

3 . the growth of breeder capacity i s sma ller tha n projected .

O n the other hand the appare nt plutonium deficiency cou ld be c ome
s erio us if,

1. breeders ha ving worse performance characteristics are used ,

2 . wa te r re a ctor capacity does not grow a s anticipa ted ,

3 . breeder growth rates are greatly a ccelerated .

In the case of a s u s tained plutonium defi ciency , bre e de r re a ctors could
be initia lly fueled with e nric he d uranium, but a s ignificant e conomic
penalty would result.

Pluton ium fue l fabri cation vo lu me i s g iven in Figure 14 . The annual
vo lume o f plutonium be aring fuel , tons /year , i s plotted on the ba sis that
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all bree der fuel contains 15% fissionable plutonium a nd th a t water re­
c ycle require s 3% fissionable plutonium loading. The water recycle
plutonium is included for comparative purposes. The fabrication re ­
quirem ent for breeder fu e l i s quite nominal until the mid 1980 ' s after
which it rises sharply a nd continuou sly.

The annua l fabr i ca tion volume of plutonium re cycle in wate r
re a ctor s is expe c t ed to re ach a peak of more th an 1 . 50 0 tons by the
mid 1980's but may drop s harply therea fter due to the anticipa te d
dem a nd for plutonium in the s ta rt- u p of new breeder re a ctors . So me
leve l of plutonium recycle is expected to continue i ndefi nite ly . In
Figure 14 the volume of re-recycle plutonium fabrication is e stima t e d .
It is mor e likely that new plutonium would be preferable in wate r
reactors to the s econd a nd third recyc ling of water reactor plutoniu m
in or der to limit th e bu ild- up of heavy i so tope s . The c urv e onl y serves
to identify thi s plutonium o f somewhat different composition a s being
availa bl e wi t h th e expecta tion that the best method of utiliz ing it will
be determined later .

The c ur ve s in Figure 15 give estimates of the total fue l fabricate d
for th e nuclear- electric indus t ry through th e turn of the century a nd
pro vide a relative compari son of th e wa te r reactor a nd breede r fuel
fabrica tion requirem ents . Whereas the total water re acto r fuel volume
may be expe c ted to reach 15 .000 tons/yr. it i s important to note t hat
the pl utoniu m recycle fuel fo r wate r re actors doe s not exceed 15% of
the total wa te r re actor fuel duri ng any yea r , a nd the fas t bre eder fue l
will not reach even the 1975 vol ume o f water reactor fue l duri ng th e
remainder of th is ce ntury .
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Dou bli ng Time Expres s ion Approxima te Formula Example*

1.

2 .

3 .

4.

Sim pl e Doubling Time I core inventory o nl y

Simple Doubling Time I inc lu di ng out-of-core
inve ntory

Compound Dou bling Time, co re inve nt ory only

Compound Doubling Time I including out-o f-core
inventory

**SDT
core

S DTtotal -

CDTc

C DT
T

3 .2
S (BR-l)

~(FT)
S (BR-l) (Fc)

In 2

l~~~- S~Tc)
I n 2

In fl+ S~TT)

8.0

10.7

5.9

7.8

-J
o

*Th e exa mple use s the same reactor des ign in a ll
fou r ca s e s ;

Specific power 1 MW the rma l/kg fissile Pu
Bre eding ratio 1 . 4
Refueling cycle 1/ 3 of core and bl anket a nnua ll y

**Ex plic it form i s
2.6 1 + F

SDT = L.F. S (BR-l) 1 + ~

Where F is fast fi s sion e ff ec t in U-238
a nd Cl) is capture to fis sio n ratio in Pu

As sum ption in Formul a
1. 80 % load fac tor

2 . ~,-vl 0
1 + ~ .

Wh ere S = Specif i c powe r I MW the rmal/kg
Fi s sile Pu in co re

BR = Breeding ra tio
FT = Total fu el in c ycle
Fc = Fu el in co re

TABLE I
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Pu ENRICH. 1971 1972 1973 1974 1975 1976

EFFBR 40% 800 400 150 150 - -
FFTF 25% 625 625 400 110 110

LMFBR PROT. HI 15% 900 300 - - -

LMFBR PROT. H·2 15% 900 300 - -

LMFBR PROT. H3 15% 900 300 -

SCRE 25 - 40% 400 140 140 15 15 15

GCRE 50 - 80% 400 200 150 150 150

LMFBR PDR HI 15% 1800 600

LMFBR PDR H2 15% 1800

NET Pu REQUIREMENTS, TONS I YR 1.2 2.4 2.3 1.9 2.3 2.5
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FF'I'F PLUTONIDM FUEL DEVELOPMENT

B. R. Hayward

Ab stract

The Fast Flux Test Facility (FFTF) mixed oxide plutonium
fuel development program is summarized. This test facility
represents t he fi rst large U.S. fast react or using
plutonium fuel. Its purpose is to provide a well
characterized fast reactor test environment. Only l i mi t ed
data exist on mate rials and components exposed to t he goa l
burnup of 75,000 MWd/t and 1.3 x 1023 fluence . High
performance r eli ab i lit y is emphasized in the program. The
fuel pin and fuel subassembly designs are shown along with
t he design requirements and initial operating characteristics .
It i s anticipated t hat a strong advance in fast reactor
fuel techno logy will be provided through this process
development and i r radi at i on test program fo r t he FFTF.

B. R. Hayward is Manager, Fast React or Fuel Development
wi t h Battelle Northwest Laborator ie s , Ri chland, Washington.
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The Fa st Flux Test Faci l i t y or FFTF is t he ke y facilit y construc ­
tion program in the U. S. Liquid Metal Fast Br eeder Reactor Program
today . I t will be construct ed at t he Pac ific Nor t hwest Laboratorie s
in Ri chland , Washington with criticality current ly planned f or ea r ly
1973 . The FFTF will include a Fast Te st Reactor (FTR) and a Nuclea r
Pro of Te st Fa ci l i t y (NPTF ). The FTR will be a sodium cooled , 400 MW
fas t react or using -700 kg Pu pe r yea r in mixed oxide fu el. Tne
associ ated Nuclear Proof Test Facility or NPTF will use about 800 kg
Pu tota l f or phys ics measurement s . The conce ptual driver fuel sub­
a ssembly f or t he Fast Test Reactor cons i st s of a bundl e of 217
one -quarte r inch diameter 304 SS cl ad pins . Each seven f oot l ong by
.016" wal l pin conta ins approximat el y 36 " of high density s int e red
pellets . The fu el core average composition is approximately
U02 + 25 wt% Pu02 with an oXJ'gen -to-metal rat i o of 1 .98 . Ther e are
about 75 subassemblies in t he cor e , t he nu~ber dependi ng on the
complement of experiments in t he cor e . The initia l bulk sodium
exit temperature is 900 Of with t he plant to be de signed fo r 1200 ~
sodium .

Tni s test facil ity is significant to the U. S. Program i n t hat it
r epre sent s t he fi rst large fa st reactor using pl utonium f uel t e chnology .
I t s primary purpose is to provide a known and cont ro l led envi ronment
fo r large sc ale fu el, mate r i a ls , an d fa st reactor component te sts i n
both open and closed l oops . The initial ser i es of mixed oxide cores
with stainless steel clad a re usi ng conventional de si gn and existing
mate rials pro perti e s . The r eli ance on existing da t a r equi res some
extrapolation f or a chievement of t he peak burn up goal of 75, 000 I~d/tonne
on t he fuel and 1. 3 x 1023 n/cm2 exposure t o the clad . No data ex ist
on materials and fue l conf i gurat i ons tested in full scale t o t hese
pea k condi t i ons. Through an extensive process and i rradi ation test
development program at t he Pacific Northwe st Laborat ori e s and similar
AEC sponsored LMFBR development pr ograms elsewher e , confirmation of
t he proposed design wi l l be obt ained well in advance of plant operaticn .
This development pro gram pl us a cont inuing fuel surveillance program
i s expec ted t o contr ibute to and advance the status of materials
t echnology i n such a r eas as nonde st ruct ive testing, quality assurance
stand ards and method s , prope rties of i r rad i ated fuel, statistical
per f ormance r e sults, and in semi - remote and automated fabrication
methods . The Br i tish and French f a st reactor f uel work has signi f i ca ntl y
contributed to t he FTR fuel t echnology and design .

A maj or goal i n t he development of the f uel subassemb l y is high
r eliabi lit y . Extens i ve efforts a re in progres s to a s sure t he hi gh
pe rformance goal s . All detailed operations f rom the f uel and cl adding
mate rial sou r ces t hrough to the f inal prod uct are being thoroughly
character ized and eval uated to a s sure t hat only high qua l ity design
mate rials and workmanship are used . The product specif ications are
stringent and ea ch f uel and claddi ng suppl ier will be r equired t o
qua l i fy by f ab r i ca t i on of prot otypes with re presentat i ve materials
on r epre sentati ve sca l e equipment and t o r epresentative quality assurance
standards . With thi s emphasis on reliability, t he mixed oxi de
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specifications developed will probably repr esent the starting state of
plutonium technology for t he initi al f nst r eact or demonstration power
plants. Othe r ce rami c fuels such a s ca rbi des and nit rides t hat show
potentia l f or i ncreased performance will be tested i n the FTR. Present
plans anticipate an advanced core fo r FTR operation. This reactor
will significantly contribute to all aspects of fast react or development
and plutonium technology .

Tne following t hree f i gures show t he conceptual subassembly design,
t he fuel pi n design, and t he FTR test envi ronment .

FTR FUEL SUBASSE MBLY DESIG N REQUIREME NTS
ANO OPE RATI NG CHARACTE R 1STI CS

Heat

Reactor

Reactor Power, (MW):

Thermal

Pin aD , (i n. )

Cladding 10, ( t n .)

Sodium Coolant :

Flow Direction

Average Velocity , (ft/sec)

Core Pressure Drop, (psi )

Li near Po wer, (kW/ ftl :

Average

Maximum

FlUX , (106

Average

Maximum

Coolant Inlet Temperature

Coolant Outlet Temperature:

Average

Maximu m (with hot chan nel )
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CEN'l'RAL S'l'ATI ON BREEDER REACTORS : PLU'rONIm.l FUEL REqUIRlllENTS

Uni t ed Kingdom Experience

B. R. T. Frost

Abs t r act

The Uni ted Ki ngdom programme f or the ins tallat ion of nuclear power
s tations envisages that the f irst commercial f ast br eeder s tat i on wi l l
s t art operation between 1976 and 1978 . Since the P.F .R. is scheduled
to reach f ull power in 1971 t he fuel pi n and sub-assembly des igns for
the first central stations must follow that of the P.F .R . qui t e closely.
The cor e par amet ers of t he P.F.R. and a published 1000 ~nVe design are
compared; it is shown that the only essential di fference is the larger
number of sub- as semblies in the latter and hence a l ower length: diBl:leter
r atio f or the core. The key materials problems whi ch need to be s t udied
to improve fast reactor economics and safety are discussed.

B. R. T. Frost is l eader of the Advanced Fuels Group in Met all urgy
Division, At omi c Ener gy Research Es t abl i shment , Harwel l , Berksh ire .
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Early Commercial React or Des i gn

The United Kin~om has decl ared that it does not intend to recycle
plutonium in its thermal reactors (1). It believes that greater
economies can be achieved by developing fas t breeder r eactors, burning
plutonium fuel, on as short a time-scale a s possible. Constructi on of
the 250 MWe prototype fast reactor (P.F.R. ) be gan in 1966 with a t arget
on-power date of 1971. Its main purposes are:

1. to gain engineering experience of the operation of a large
sodium cooled f ast reactor,

2. to develop fu el technology, and

3. to obtain physics da t a on a large core, including control and
instrumentation.

This reactor project i s suppor t ed by the Dounreay Fas t Rea ct or (D. F.R . ),
whi ch is now primarily a materials testing reactor, the ZEBRA f ast zero
energy as sembl y , numerous sod i um loops and extensive plutonium labora­
tories and hot cells.

The r ate of production of pl ut oni um in thermal reactors in the
United Ki ngdom wi l l be sufficient to suppor t the construction of the
first commercial f as t reactor ( ~ 1000 trwe) for an on-power date between
1976 and 1978 (2). In the absence of t hermal recycle this earl y
construction date is desirable. For it t o be technically feas ibl e
there can be little deviat i on f r om the des i gn principles al r eady
incorporated i n the P.F .R . The basic 'building block' f or t he core
must be the P.F.R. sub-assembly, the ext ra power output being obt ained
by increasing t he core di amet er , i.e. by adding more s tandard sub­
as sembl ies to gi ve a more pancak e-shaped confi guration.

The P.F .R. reference fuel pi n design i s shovrn in Figure 1. It i s
a type 316 s t ainless steel tube 0 .200-i nch I .D. and 0.230-inch 0.0 .
containing a 36-inch length of fuel wi th -v18-inch sect ions of axial
breeder on either si de and a plenum section 47- inches long whi ch has a
smaller di amet er to reduce t he coolant pr essure drop. The fuel is ~~

theoretically dense (U, PU )02' the form being either annular pellets or
vibrocompacted granules . The P.F.R. core has ~vo enrichment zones f or
flux flattening (1 9~ Pu in the inner zone, 25% Pu in the outer). Other
important parameters are included in Tabl e I.

325 pins are assembl ed inside a hexagonal sub- assembl y wrapper and
are spaced on a 0. 290 -i nch pitch by means of met al grids (Figure 2)
spaced at 4-inch intervals over the core length. The t ot al l ength of
each sub-assembly is 12-feet 6-inches. The P.F.R. core i s made up of
78 of these sub-assemblies gi vi ng a core di amet er of 5- f eet sur rounded
by 42 radial breeder sub-assemblies containing natural or depleted U02
(Figure 3).
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The 1000 MWe core design (3) uses 195 of t he fuel sub- as semblies ,
giving a core still 3-feet long but 9-feet in diameter, i.e . wi t h an L/ n
ratio of 0 .33 (Fi gs . 4 and 5) . The parameters are summarized in Tabl e
II . This C.F.R. design involves a higher sodium outlet temperature
(6100C cf. 580OC) and a higher maximum fuel rating (234 w/gm cf', 210 \1/gm)
but these differences are unlikely t o have a marked effect on fuel element
performance . The essential point is that the parameters of the early
C. F.R. 's will resemble t hose of P.F.R. very closely.

A number of individual fuel pins and several 77 pin sub-assemblies
containing (UO.8~ Pua .1S) 02 fuel in pellet and vibrocompacted f orm have
been irradiated ~n the D.F.R. core. The fuel pi ns have i ncorpor at ed
the es sential f eatur es of the P.F.R. design , parti cul arly the correct
radial dimen si ons , but have been shor t er than the 36-inches of the P.F .R.
core since the n. F.R. core is only 21-inches long . Neverthel es s the
tests were representative ' of P.F.R. temperatures and rati ngs . The
incidence of cladding f ail ur e up to 7.5~& burn-up was very low (4,5 ) .
It therefore appears that this is a reasonable target f or the peak burn­
up in P. F.R. The failure rat e of single pi ns increase s above t his
level, t he cause being the strai n induced by fuel swelling i n cladding
which has become embrittled by transmutation products . I mprovements
i n burn-up wi ll depend t o a large extent on gaini ng a better under­
standing of these phenomena. It is alr eady clear t hat cl ad failure
occurs wel l before the initial 2~~ voi dage i s consumed by fuel swelling.
A mor e eff icient use of this voidage woul d be poss i bl e i f t he cooler
regions of t he fue l were mor e pl as t i c and if the cladding aff orded
greater restraint; t his sugges ts t wo l ines of research which mi ght lead
to higher burn-ups .

The behaviour of the cladding is complex . It has been known f or
several years that t he irr adiation of s t ainless s t eel s in a thermal flux
~roduces a loss of ductility due t o the production of helium f rom 10B
t6, 7) . Helium bubbles form in the grain boundaries and grow under a
tensile stress unti l they weaken t he grain boundaries (8) . I t has
been observed t hat the embrittlement is greater f or a gi ven f ast neutron
dose than a thermal and t he r eason appears to be that not only are
helium bubbles produced in a fas t neu tron flux but also voi ds which may
be vacancy clusters cont aining some gas atoms ( 9) . These can produce
a nett swel ling of the met al . The effect of fuel swelling s t rain on
the density of void populat ion i s unknown but may be si gnif i cant . Thus ,
fu el -clad i nt er ac tion studi es acquir e an added significance i n t he quest
f or hieller burn-ups.

Mixed oxi de fuel technology has been built on the fi rm f oundat i on
of U02 technology and t his has largely det ermi ned its choice f or the
P. F.R. f irs t charge and for early C.F .R . ' s . Other fuels , particul ar ly
mixed carbide , have been s t udied as possible r eplacements f or oxide .
Carbide has s ome of the attributes of a cer amic fuel (hi gh melting point
and isotropic s t ructure ) combined wi t h some of those of met als
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(particularly higher thermal conductivity and density). The basic
problem i s how to capitalize on these advantages. One way i s to use
the hi gher conductivity to use larger diameter pins without centre
melting; this reduc es the number to be made and may increase the fuel
fraction in the core, provided sodium heat transfer limitations are not
exce eded.

Alternatively the higher conductivity may be used, in conjunction
with s odi um bonding, to maintain the fu el at a low temperature thereby
effectively immobilizing the f i s s i on products, minimizing the size of
gas bubbles and the aggregation of s olid f is si on products. Carbide
already offers the a t t r act i on of better breeding. I f this can be
accompanied by a burn-up at least as high as that of oxide t here is a
s t r ong economic i ncentive to introduce it into the C.F.R. programme at
an early dat e .

Fuel cycle costs represent only a fraction of t he f ast reactor
power costs. Si gnif i cant cost reducti ons may also be ach ieved through
engineering devel opment s , e.g. impr ovements in heat exch anger de sign and
ultimately through the us e of alternative coolants. However, it is
clear that the timescales di s cus sed above do not permit much deviation
from the established pattern and t he concept embodying oxide fuel in
sealed stainle ss steel pi ns cooled by sodi um whi ch us es two heat exchange
circuits to generate s t eam i s likely t o dominat e the scene until well
into t he 1980's. The longer term prospects in the Uni t ed Ki ngdom,
summarized in an earlier paper by Searby and I l i ffe (10), are shown in
Figur es 6 and 7. These show the total national electricity capacity up
to 1990 and t he contributions of di f ferent r eactors sys t ems to t his,
making r espectively pes simi stic and optimistic as sumptions on national
needs. It sh ows a pos s i bl e maximum i ns tal lation of 49 ,000 1tVe of f ast
reactors by 1990 with a potential cost advantage of ..... £500 million or
~1.2 billion. Thus t her e s hould be t he economi c incentive t o pursu e a
large and vigorous pr ogramme of development and the capacity in whi ch
to introduc e new concepts .

Acknowl edgement s : This paper has been wri t t en more f ro m t he viewpoint
of fuel element development t han of r eactor economics , in whi ch f iel d
t he author freely acknowl edges his ignorance . In consequence, free use
has been made of publi shed works of his colleagues in the U.K.A .E .A. and
t he Uni t ed Ki ngdom nuclear indus t ry .
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TABLE I

P.F .R. - List of Main Paramet er s

Thermal Output

Gross elect r i cal out put from
generator

Nett electrical out put from station

Coolant temperature at core inlet

Coolant temperature at core outlet

Secondary sodium t emper a t ure at
steam generator i nlet

Secondary sodium temper ature at
steam generator outlet

Primary f l ow t hrough core

Pr imary pump head

Secondary coolant f l ow

Secondary pump head

No. of fuel pins per sub-assembly

Outside diameter of fue l can

Fuel can thi ckness

No. of sub-assemblies in inner zone

No. of sub -assemblies i n outer zone

No. of radial breeder sub-assemblies

Length of fuel in pin

Length of axial breeder

Overall length of' pin

~eight of mixed oxide f uel in core

Wei ght of Pu02 in cor e

Di amet er of primary vessel

Wei ght of sodium in primary vessel

St eam temperature at T.S .V.

St eam pr essure a t T.S .V.

Reheat pressure inlet

Feed t emperat ur e

559 LIN Core

265 MW approx.

248 1m appr-ox,

400-4300 C

560-Goo°c
5300C

23.2x106 lbs/ hr

117 p.s . i.

23.2x106 lbslhr

45 p. s.i.

325

0 .23 in

0.015 in

30

48
42

36 in

9 in

103 in

4.0 t onne

.902 t onne

40 f t .

900 t onne

513-5 66°C

2315 p.s .La.

495 p. s . i .a.

288°C

41 11\'1 Br eeder

752-806OF

1040-1110OF

9860F

70, 500 l/min

8 .23 kg/aqv om

70, 000 limine

3. 15 kg/sq.in

.585 cm

.038 em

91 . 5 em

22. 9 em

262 em

1221 em

955-1050OF

163 kglsq. cm

34.5 kglsq .cm

5500F
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TABLE II

Fast Reactor Power Plant Design Parameters for Nominal 1000 ~Ve

Nett electr ical out put per reactor

Over all plant efficiency

Cor e thermal power output (fuel cycle equilibrium)
Breeder and reflector thermal power output

Total thermal power per reactor

Core and breeder size and performance
Height of active core
Axial breeder length at each end
Diameter of active core
Diameter over radial breeder
Core volume

Number of sub-assemblies:
Cor e fuel
Radial Breeder
Control
Reflector

Initial fuel loadi~ (PUO? + U02)
Initial Pu loading tmet al )
Mean r at i ng of fuel
Average core dens i ty
Exponential fuel doubl i ng time

Fuel and axial breeder sub-assembly
Outside dimension across flat of hexagon
Pitch
Number of fuel pins
Pin pitch (triangular)
Peak can temperature (mi d wall )
Des ign maximum burn-up
Wei ght of fu el i n SUb-assembly
Wei ght of axial breeder per sub-as sembl y

Primary Sodi um
Outlet t emper at ure f r om cor e
Inlet t emperature to core
Flow r ate in cor e
Flow rate in breeder
Primary circuit pressure drop

Primary circuit pumping power

Secondary Sodium
Inlet temperature to primary heat exchanger
Outlet temperature from primary heat exchanger
Flow rate
Secondary circuit drop
Secondary circuit pumping power

91

1046 11W

447~

2272 lJ,1
107 J~l

2379 MYI

91.5 em
23.0 em

269.0 em
350.0 em

5210 litres

195
150
18
66

15.1 tonnes
2.4 tonnes

150. 4 w/(!}'J oxide
436 .0 kvr/lit re

10 years

14.1 em
14.5 em

325
7. 37 mm

670°C
1<Y;:
51 . 3 kg
28. 1 kg

610°C
380°C
29x106 kg!hr
O.52x106 krhr
4.2 kgf/em
6. 2 MVI

340°C
580°C
28. l;.x106 kg!hr
7 kgf/em2
9 j,'!{l



Table II (Continued

Steam Side Data
TSV pressure
TSV temperature
Number of reheat stages
Reheated steam inlet pressure
Reheated steam inlet temperature
Superheated ste~ flow
Reheat steam flow
Feed temperature

92

163 kgf'/cm2

560°C
one
39 kgf'/cm2

560°C
3.16x105 kglhr
2.48x106 k&!hr
252°C
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OPERATING EXPERIENCE WITH PLUTONIUM FUELS IN PRTR

M. D. Freshley and S. Goldsmith

Abstract

A major objective of the Plutonium Utilization
Program at Pacific Northwest Laboratory is to provide
base technology for use of plutonium fuel in commercial
thermal power reactors. Toward this end, the Plutonium
Recycle Test Reactor (PRTR) in support of a diversified
plutonium fuel development effort, has produced over
43,000 MWd of heat energy utilizing plutonium fuels.

To date, approximately 360 experimental fuel ele­
ments have been irradiation tested in the PRTR. Utilizing
a basic 19-rod cluster fuel element design, such fuel
materials as UOZ, Al-Pu, and UOZ-puOZ have been evaluated.
Packed-particle oxide fuels fabricated by swaging or
vibrational compaction have been emphasized. Over 10
tonnes of UOZ-PuOZ packed-particle fuel has been irradia­
ted in PRTR. Fuel material has been prepared by mechani­
cally mixing discrete UOZ and PuOZ particles during load­
ing or by pneumatic impaction. Plutonium compositions
ranged from 0.5 to 4.0 wt% PuOZ in UOZ' Maximum element
burnups of over 11,000 MWd/tonne have been attained with
prototypic UOZ-PuOZ power reactor fuel assemblies. Maxi­
mum fuel temperatures have been above melting.

M. D. Freshley is a Research Associate and S. Goldsmith is
Manager, Fuel Design and Evaluation Unit at Pacific
Northwest Laboratory which is operated by Battelle Memorial
Institute for the Atomic Energy Commission.
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The Batch Core Experiment currently in progress in
PRTR is providing statistically significant irradiation
behavior data on High Po wer Density U0 2- Pu0 2 fuel elements
operated at power generations greater than those currently
employed in c ommercial power r eactors. Ma x i mum linear rod
power generations are 20 kWjft with maximum fuel tempera­
tures near melting. Go a l burnups are over 13,000 MWdj t o nn e .
The comp a r a t ive performance of powder and pellet fuels is
also being e valuated. Two v i b r a t i o na l l y compacted U02-Pu02
elements instrumented to measure plenum gas temperature and
pressure are included in the Batch Core loading.

Re s u l t s of the program to date indicate that for the
low plutonium concentrations of interest in t hermal reac­
tor fuels the performance characteristics are not signifi­
cantly different for U02 and U0 2- Pu0 2 fuels. Experience
wi t h in-service failed and deliberately defected packed­
particle fuels has been v e ry encouraging. Deliberately
defected irradiation tests wi t h U0 2- Pu 0 2 fuels, some oper­
ating under molten core conditions, have been conducted in
the Fuel Element Rupture Test Facility (FERTF), a pressur­
ized water loop in the PRTR.

Concurrent wi t h t he Batch Core Experiment, irradia­
tion t ests of U02-PU02 fuel rods utilizing a special 8-rod
test e l e me n t are being conducted at higher power genera­
tions in the FERTF. Tests wi l l be performed to evaluate
the effects of fuel form (powder, pellet), power genera­
tion (20 to 28 kWjft), and defect behavior on fuel perfor­
mance.
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Introduction

The objective of t he Plutonium utilization Program
(PUP) at Pacific No r thwe s t Laboratory has been to develop
base technology to support the commercial appl ication of
plutoni um recycle i n thermal reactors (1). I nclude d i n
t h is program is a maj o r eff o r t to (1) develop inexpensive
a nd safe me thods o f fabrica t i ng plutonium fuels and (2)
demonstrate t hrough extensive irradiation testing the per­
f o rm a nc e c haracteristics of such fuels.

The Pl u t on i um Recycle Te s t Reactor (PRTR) (2), which
b e g a n operation i n July 1 961 , is the principal irradiation
fac ility used in support o f t he PUP. It is a pressure t ub e
r e actor cooled and moderated with heav y wa t e r. The 70
MW(t ) r eactor is ideally suited for testing e xperimental
fuel assemblies under power r eactor conditions. Rod clus­
ter fuel assemblies wh i c h are prototypic of power reactor
designs can be tested in any of its 85 pressure t ube s . Th e
Batch Core Experiment*, which has been underway in PRTR
since January 1967, uses High Po wer Density (HPD) fuel ele­
ments. Prior to this time the reactor was operated on a
graded charge-discharge scheme utilizing fuel of various
designs and compositions and fabricated by various pro­
cesses.

The PRTR wa s originally loaded wi t h 33 Al - Pu spike
elements and 52 s wage-compacted n a t u r a l U0 2 eleme nts.
Starting in April 1962, the swaged and v i b r a tio na l ly com­
pacted mixed-oxide elements containing me c h a n i c a l ly mi xed
or incrementally loaded fuel we re added t o t he core replac­
ing t he Al - Pu spike and U02 e lements. The first r ecycled
pluton ium wa s returned to the core in May 1 96 3 . Irrad i a­
tion o f s waged and v i b r a t i on a l ly compacted mixed- oxide ele ­
ments fabr icated from pne umatically i mpacted f e e d material
began in October 1963. Irradiation o f t he f i r s t vibration­
ally compacted Hi gh Powe r Density elements contai ning pne u­
matic a lly impacted U0 2- 2 wt% Pu02 f u e l commenced i n
October 1964. The Batch Core Experiment utiliz i ng a core
loading of High Po wer Density fue l got underwa y in PRTR
dur i ng t he first part of 1967.

Basic PRTR Fu e l Eleme n t Design

The basic PRTR fuel e l emen t design consists o f 19
rods assembled into a 3-1/4 inch diameter cluster (Figure
1). The Zircaloy clad rods are 0.565 inches in diameter

* The High Power Density Program includes the Batch Core
Experiment in PRTR to evaluate the physics parameters
o f a plutonium enriched fuel loading as a function o f
bu rnup under controlled conditions (3).
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with a cladding t h i c k ne s s of nominally 0 .030 inches.
Twelve o f the r ods in the element are helically wrapped
with a n unbonded s p a c i ng wire (0 .072 inch diameter) on a
10- inch pitch . PRTR fuel elements used prior to t he cur­
rent High Power De n s i t y fuel loading were 98 inches l on g
with an a ctive fue l l e ng t h o f 88 inches. Detailed d e s c rip­
tions of the princ i pal pre -H igh Power Density fue ls t es t e d
i n t he PRTR are giv e n in ~ferences 4 , 5 , 6, 7 , and 8 .

The High Power Density f u e l current ly being used in
t h e PRTR i s 76 i nches long wi t h an active fuel l e n g t h of
58 i n c he s. A 7- i n c h long plenum was inc o rporated in t h e
top of each fuel rod to accommodate the increased ga s
release at the higher f u e l temperatures . Fuel rod diameter
and cladding composition a nd thicknes s i s the same a s used
i n the pre-High Po wer Density fue l . A detaile d descrip­
tion o f the High Power Density fuel element i s g i ven i n
Reference 9 .

Mo r e than 70 variations i n fabrication technique s ,
fue l compos i t ions, a nd c ladding u t il i z i ng t h e basic
Zirca l oy cla d 19-rod cluster have been teste d i n t he PRTR
(10). I nc l ud e d in the 36 1 e l ements i r r adiated i n the PRTR
are 75 a l uminum-p lutonium spi k e enrichment elements , 68
U02 elements , and 216 U0 2- Pu0 2 elements . Both swaged and
vibrationally compacted oxide f u e l s have been emphasized
wi t h most attention being given r ecently to v i b r a t i on a l
compaction . A summary of the f uel elements irradiated i n
the PRTR is given in Table I .

Pre-High Power De n s i t y Fu e l Irradiations

The s pike enrichment elements u s e d du r i ng i n i t i a l
operation o f the PRTR contained non-segmented hot extruded ,
Al-2 wt% Ni-l .8 wt % Pu al loy c o r e s inserted into Zircaloy
cladding (4 ,5) . A diametral g a p o f 4 to 8 mi l s between
the f uel cores and t he Zircaloy cladding was partial ly
closed by differential thermal e xpansion during operation .
These AI - Pu elements we r e i rradiated at maximum rod powers
of 15 kW/ f t to burnups of 83 % of the initial f i s s i ona b l e
atoms (0 .74 x 10 2 0 fissions /cm3) . The most no t iceable irra­
diation effect wa s progress ive rod shortening upon repeated
he a ting and cool ing as a r esult of i n t e rm i tte n t core-clad
interaction . Fue l rod s horteni ng c aused t he non bo nd e d
spacer wi r e s to appear loose after i r r a d i a t i on . Differen­
t ial thermal expansion retightened the s pacer wire s during
operation because no evidence of fretting or wea r wa s
obs erv ed .

The irradiation performance o f U02 p a c ke d - par t i c l e
elements fabr icate d by s waging and vibrational compaction
h a s been excellent . A swage c omp a c t e d U02 element wh i c h
has reached a burnup of over 9400 MWd / t on n e at maxim um r od

99



powe rs of approximately 1 4 kW/f t i s stil l being irradiated.
One U02 eleme n t f abri c a t e d by ho t s waging wa s irradiate d to
a bur nup of approximately 1700 MWd/ t onne .

The e valuation o f irradiation performance o f U02-pu02
e lemen t s fabricated by s waging (7) or v ibrational compac­
t ion (8) is continu ing. Se veral pel let rods a re also being
irradiat ed . Pu02 concentra t ions include 0 . 50 wt%, 0 . 75 wt%,
1. 0 wt% , 2. 0 wt %, and 4 wt %. I n t he fi rs t mixe d-oxide f ue ls ,
me chani c a l mix i n g or incre mental l oading o f U0 2 and Pu0 2
powders (11) wa s used to obtain a r elatively u n ifo r m gross
a x i a l d i s t r i bu t i on of Pu02 i n both s wa ge-compacte d and
v i br a t i o n a l l y compacted e l e me n t s . Mo d e r a t e layering o f the
Pu02 occurred wi t hin increments dur ing loading and gamma
scanning wa s used to a s sur e that no ho t spots cause d by
loca l concentrati o ns of plutoni um wou ld e xceed t he maximum
permissibl e poi nt hea t f lux l imi t . In ge neral, the i rra­
d i at ion perfo rmance o f t he mechanical ly mixed U02 -Pu02 ele­
me nts i n PRTR has been exce l l en t (1 0 ) . Ma x i mum burnup s o f
11,000 MWd/ t o nne hav e been ob t ai ned at ma x imum r od powe r s
of approx i mately 1 6 kW/f t . Local i zed r e g i ons o f bulk sin­
tering, grain g r owt h , and c entral vo i d f o r ma t i on were not
d e t rimen t al to t he fuel per formance i n PRTR.

Hi g h-dens i ty U02 - Pu02 f eed ma teria l subseq ue n tly use d
i n PRTR wa s p r e p a red by hlgh-energy- r a te pneumat i c im pac­
t i o n o f b lended powder mixtures (1 2) . I n th i s mater i al ,
t he -3 25 mesh Pu02 partic l es a re uniformly di s t ributed in
the U0 2 matrix . Pneuma t i c a l ly impac ted U02 - 1 wt % Pu02 fuel
elemen t s h av e achie v ed a maximum bur nup o f a pproximately
85 00 MWd / t on ne in PRTR (13). Pilot q ua n ti t ie s of High
Po wer Density eleme nts containing U02 - 2 wt % Pu0 2 fuel
ma teria l have attaine d maximum bur n ups o f a pprox i mately
50 00 MWd / t on ne (14) .

Mi no r c hanges i n t he element des ign s uch a s widening
t he end f ix t u r e bear ing sur f aces marked ly i mprov e d r es is­
tance to fretting o r wea r corros i o n be tween f ue l eleme n t s
and process tubes. During pre-High Power Density f ue l
operation PRTR fuel elements we re man i pu l a t ed mor e often
t han in most r eactors because fuel man a gemen t exper i ment s
were being pe rforme d. A t otal of 3500 f ue l element move­
ments we re made (e ach e lemen t wa s moved an a vera g e o f 12
t i mes). Damage to some c i r c umf e ren t ial bands and s pi ra l
wire s pacers r esu l t ed. Remo t e rep a ir t echniqu es have been
deve l oped which pe r mit d amaged element s t o be re t urne d to
useful ser vic e.

Of nearly 5 300 fuel rods irradiated in t he PRTR prior
to the start o f High Po wer Density operation, only 38
f ai l e d in s ervice (1 U02' 3 Al - Pu , a nd 34 U02- Pu02 ) ' Even
t hough severe localized emb r i t t lement and loss o f cladd i ng
fragme nts occurred i n some i nsta nces, little or n o f ue l
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loss into the c ool a n t resulted and no severe reactor oper­
ating diff i c u l t i e s were expe r i e nc e d , Fue l wa s h ou t r esis­
t a nce i s i mpro ved a s a r esult of i n-reactor sintering
whi ch occurs during t he early stages of irra diation. No
wa te r - l o gg i ng occurred in i n-service fai led and int ention­
al ly defec ted elements. In many instances , the re lease o f
fission products wa s f i r s t detected during post-shutdown
d epressurization o f t he reactor s ystem.

Al l of the UOZ- PuOZ fuel element failures , wi t h one
exception , wer e attributed to three t yp e s of impur ities in
the f uel: (1 ) fluorid e contamination in plutonium , (Z )
sorbed moi s t u re , a nd (3) traces o f hyd r o c a r bon s i ntroduce d
by f a i l u r e of mechan i c a l processing equipment . Th e s e f ai l ­
ures c haracteristically occurred at low burnups as a r esult
of severe internal hydriding and embritt lement o f the c l ad­
ding caused by a gas phase hydriding mechani sm . Typical
PRTR v i brationally compacted UOZ- PuOZ f uel rod f a i l u r e s
caused by fuel contami nat es are s hown i n Figure Z.

High Power Density Fue l Irradiat ions

Th e Batch Core Experiment is providing statistically
signi ficant irradiation behavior d a t a on High Powe r Density
UO Z- PuOZ f ue l e lemen t s operated at power generations
greater than t hose c urrently employed in commercial power
reactors . Ma x i mum linear rod power ge nera t ion s are near ly
ZO kW/ft wi th maximum fuel temperatures near melti ng . Goal
element average burnups are over 13 ,000 MWd / t o nne wi th
peak burnup s near ZO,OOO MWd / t o nne (14 ,15). Th e present
core loading status is summarized in Table II . Two v ibra­
tiona l ly compacted UOZ- puOZ elements containing four rods
ins t rumented to measure plenum gas t empera tur e and pressure
are included in the Batch Cor e loading . A similarly instru­
men t ed v i b r a t i o na l ly compacted Th OZ- PuOZ element wi l l be
c harge d into t he r eactor in t he near future .

Vi b r a t i on a l l y compacted UOZ-Z wt % PuOZ e leme n t s in the
Ba tch Co r e have reached an average burnup as h i gh as ZlOO
MWd / t onne . No nd e s t r u c t i v e a nd de s t r uc t ive e xamina tio n s o f
s elec t e d f ue l rods i ndicate t hat performance is satis fac­
tory. No f ue l f a i l ure s have occurred t hus f a r in t he pro­
gram . A transverse cross - section of a vibrationally com ­
pac ted UOZ- Z wt % PuOZ fue l r od irradiated in PRTR at
a pp r oxima t e l y the maximum power e xpected during the Ba tch
Co re Exper i ment (ZO kW/ f t ) is s hown in Figure 3.

Irradiation o f selected UO z and UO Z- PuOZ f ue l e l emen t s
(p r e- Hi gh Power Densi ty vintage ) containing 0 .5 , 1. 0, 1. 5,
and z. o wt % PuOZ i s c ont i nu i ng in fringe positions o f t he
PRTR during the Batch Core Experiment. These elements are
bein g i r r a d i a t e d to determine t heir performance at h i ghe r
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exposures. A listing of these elements and their current
bu r nu p status is given in Table II.

Th e fringe elements contain both pneumatically impac­
ted and mechanically mixed (incrementally loaded) U02-Pu02
fuel material. The highest burnup (over 11,000 MWd/ t on ne )
is being obtained on one of the first mechanically mi xed
U02-Pu02 elements charged into the PRTR. Periodic under­
wa t e r examination of these elements indicates that their
performance continues to be satisfactory. Irradiation of
t hese elements wi l l continue for the duration of the Ba t c h
Core Experiment.

Irradiations to Establish Re a c t o r Po wer Limit

Among the first fuel irradiations to be per formed in
the PRTR during the Batch Core Experiment we r e tests t o
d e t e r mi ne the maximum allowable r eactor power l evel based
on a maximum fuel temperature limit. The limiting PRTR
power level is established by the linear rod power that
produces fuel t emperatures ( ~2790 °C) just below melting.
Thirteen fuel rods we r e me t a l l o gr a phi c a l l y e xamined and
maximum temperatures attained we r e deduced from the fuel
structures formed during irradiation. These experiments
indicated that under PRTR operating conditions t he onset
of melting in vibrationally compacted U02-2 wt % Pu02 fuel
rods occurs at a he a t rating of 20 .5 + 0.5 kW/ft. This
power to produce melting is equivalent to an f 6mKdT of
about 68 w/cm. Results of these e xaminations also show
that:

(1) the t emperature at wh i c h columnar grain
growth apparently begins i s approximately
2000 °C for irradiation times up to 80 hours ;

(2) ceramogr aphic 2vi d e n c e of typical once-molten
f ue l structures formed during irradiation
are erased by time-temperature dependent
diffusion phenomena in less than 72 hours irra­
diation under nonmolten, but high temperature
conditions;

(3) fission product distribution patterns t ypical
of molten f ue l operation, as indicated on beta­
gamma a u t o rad i og r a phs , are not completely e rad i ­
cated during 72 ho u r s of subsequent nonmolten
irradiation;

(4) fuel structures formed in different rods irra­
diated under the same nonmolten conditions are
comparable; and
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(5) structural equilibrium is reached more rapidly
at the higher power generations.

Fuel melting occurred in two of the vibrationally
compacted rods examined. Fuel in one of the rods melted
to approximately 10 % of the radius (Figure 4) and to
approximately 33% of the radius in the other. Both rods
were presumably irradiated under the same conditions of
approximately 21 kW/ft. The reason for the difference in
the indicated melt radius is being investigated. Evidence
of fuel melting at the time of shutdown is thought to be
indicated by the formation of a subgrain structure in the
thermal center of the fuel specimen (Figure 4). The extent
of the central dark region on the beta-gamma autoradio­
graph corresponds with the subgrain region on the micro­
graphs. Alpha autoradiographs of once-molten mixed-oxide
fuel specimens show a centrally located dark region. The
boundary of the dark area on the alpha autoradiograph
extends beyond the high density grain region which surrounds
the once-molten subgrain region. It is postulated that this
dark region represents the molten fuel boundary at the start
of the irradiation and recedes as the fuel sinters and the
effective thermal conductivity improves.

In conjunction with the irradiation to establish the
PRTR power level, autoradiographs were obtained of some
irradiated U02-Pu02 fuel specimens within 48 hours after
shutdown of the reactor (Figure 5). The sample shown in
Figure 5 was irradiated in PRTR for 48 hours at a linear
rod power generation of approximately 18 kW/ft. In addi­
tion to the normal fission product distribution patterns,
high concentrations were observed on the inner surfaces of
cracks and large grain surfaces located equidistant from
the thermal center. The fission product concentrated in
these areas is apparently one with a high vapor pressure
and a short half life. A second autoradiograph taken six
weeks after fuel discharge showed no concentrations of fis­
sion products in these areas. Studies are underway to mea­
sure fission product concentrations in fuel as a function
of time after shutdown.

Internal Gas Pressure Measuring Experiments

Pressure buildup in vibrationally compacted mixed­
oxide fuel rods is being measured as part of the Batch
Core Experiment in PRTR. Four instrumented fuel rods
(Figure 6) presently operating in PRTR contain thermo­
couples to measure plenum gas temperatures and null-balance
pressure transducers to measure internal gas pressures dur­
ing irradiation. These measurements will be made to aver­
age rod burnups as high as 15,000 MWd/tonne.
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Two of the instrumented rods have operated at a maxi~

mum l inear rod power generation of nominally 9.5 kW/ f t ,t o
approxi ma t e ly 1 20 0 MWd/ t o nne a nd t he other t wo rods have
ope rat e d at a n omina l maximum linear rod power o f 16.5
kW/f t to a bu r nu p of approximate ly 2400 MWd/t onne .

Th e pre s s ure e xerted by t he sorbed gases and mois tur e
in the f ue l (the pre s s u re at zero burnup ) wa s l e s s t han
ca l c u l a t ed i f 100% r elease o f t hese gases is assumed. How­
ever , t he rates of pressure i ncrease are consistent wi th
rates predi c t e d from fiss ion g a s r e l e a s e mea s ureme n t s pre­
vious ly made f o r simila r f uel (1 4 ). This comparison indi­
c ates tha t approxima t e l y 13 % o f t he gases are be i ng
rele a sed from the l ow powe r f uel (vo l ume t r i c averaged f ue l
t emperature of 1250 °C ) . Af t e r a bout 1000 MWd / t onne e xpo­
sure , the t wo h i gh power fuel rods operated f o r a s hort
t i me ( ~5 ho u r s ) at a pe a k l i nea r he a t rating o f 20 kW/ f t
and fue l t emperatures above melting. No unusual gas
r ele ase wa s noted. The rate of pressure increase in the
h igh power fuel rods wa s l ower during recent operation than
during the first 1000 MWd / t o nne because peak linear heat
r at i ngs, and hence fuel t emperatures, were lower. The me a ­
sur ed internal gas pressures du r i ng operation in the low
and high power rods are prese ntly a bout 20 and 55 psi, res­
pectively.

Plenum temperatures have been measured in all of the
i nstrumented fuel rods and are primarily a f u n c tion of
coolant outlet temperature; fuel temperatures have an
insignificant e ffect on plenum temperatures. A one -hal f
i n c h long depleted pelle t a t the e n d o f t he fuel column
acts as a n effective t he r mal i nsulator. At no time du r i ng
operati o n (maximum f ue l t emp e ratures 200°C to melting and
maximum coolant temperatures of 270 °C ) did the mea sured
plenum temperatures e xceed t he coolant outlet t emper a ture s
by more t han 13 °C.

Commerc ial Fuels Study

An i mportant part of t he Plutonium Ut i liza t i on Progr a m
Fuel Development stud i es is t o procure a nd test plutonium
f ue l r ods designed and fab r i c a ted by commercial fuel ven­
dor s . A 19-rod cluster o f commercially designed and f abri­
cated fuel rods contai n i ng hot pressed U02-1.9 4 wt % PuOZ
pel lets was irradiated i n t he Fu el Element Rupture Te st
Fa ci li t y (FERTF) (16) at a l inear rod power o f 21 . 2 + 1 . 0
kW/ ft to an average element burnup of 1900 MWd/tonne~

Periodic examination of the element in the basin indi­
c ates that it is performing satisfactorily; no adverse
e ffec t s of irradiation have been observed. Postirradiation
exami n a t i on of one of the rods indicates that incipient
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fuel melting occurred and that structures typical o f
pe l le t f uel r ods f ormed during irradiation (Figure 7).
Incipient fuel melting is evidenced by the presence of a
centrally located high fission product activity region on
the S- y autoradiograph. The fuel structure is c haracter­
ized by an unaffected region adjacent to the cladding, an
equiaxed grain growth region, a columnar grain growth
region , and a central r e g i on composed of high density pore­
free grains. Ceramographic examination and the beta··gamma
autoradiograph indicate that molten fuel was extruded into
radial cracks that apparently existed during irradiation .
Irradiation of this pellet-containing element is to con­
tinue in the Batch Core . Another s i mi l ar pellet element
will also be irradiated in the Batch Core .

Three fue l rods containing cold pressed and sintered
U02 -Pu02 fue l pellets have also been obtained from a com­
mercial ~uel fabricator. The performance of t hese fuel
rods wi l l be investigated and compared to that of the hot
pressed pellet rods and to vibrationally compacted fuel
rods designed and fabricated at BNW .

U02 -Pu02 Solubility Studies

The dissolution behavior of various unirrad iated and
i r r a d i a t e d mixed-oxide PRTR fuels in HN03 has been studied
(17). The per c e n t of plutonium in mixed-oxide fuels which
is soluble in HN03 was f ound to be a fu n c tion of fabrica ­
tion technique and irradiation his t o ry . The high-energy­
rate pneumatic impaction process provides an oxide mixture
that apparently dissolves more readily in HN0 3 than mixed­
oxide fuel prepared by t he mechanical mixing or incremen­
tal loading proces s . However, over 95 % of the plutonium
in fuel irradiated to 5000 MWd/tonne or higher is s oluble
i n HN03 regardle s s of fue l fabrica tion p r o c e s s (Table III).
Ceramography and autoradiography s how t h a t loc alized
regions of high Pu02 concentrations persist in the l owe r
temperature peripheral fuel regions throughou t the irradia­
tion . The s e results indicate that the Pu02 in the nons in­
tered lower temperature peripheral regions of the fuel rods
becomes s o lub l e in HN03 as a consequence of some as yet
u n i d ent i f i e d irradiation effe ct . The Pu02 i n t h e h igh
temperature fu e l r e g i o n s forms solid sol u tion with U02 du r­
ing irradiation and becomes soluble in HN03 '

Fuel Defect Behavior

The defect behavior of ful l- sized PRTR fuel elements
operating und e r power reactor conditions is being investi­
gated in the Fuel Element Rupture Test Facili ty (FERTF ) (16 ) .
Irradiations of intentionally defected PRTR fuel rods have
p r ovide d information on the relative fi ssion product re ­
l e ase rates from different types of defects . Defects have
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been as holes and longitudinal slits up to six inches long
through the cladding of swage-compacted as well as vibra­
tiona11y compacted PRTR fuel rods. Release characteristics
for the different types of defects we r e determined by
analyzing the ratios of nucl ides released to the coolant.
Generally, the defect behavior o f ceramic packed-particle
elements h a s been excellent (14). No appreciable f uel
wa shou t , f ue l rod defo rmati on , wate r - l og g ing effects, o r
hydrid i n g o f t he Zirca10y c ladding wa s observed in any of
the packed-particle fuel e lement de fect tests. The only
exception was the rupture of a deliberately defected
U02-Pu02 rod operating with considerable fuel melting at
the plane of the defect (18). A l ist of the defect tests
performed in the FERTF is given in Table IV.

Th e current FERTF program i s d e signe d to study t he
effec t s of speci f i c power a nd burnup on the defec t behav­
i ro of pe l let and p a cke d - powd e r fuel (19 ). An e i ght- r od
element has been de signe d a nd buil t to provide t he s afety
and e a s e o f fuel rod ma n i pu l a t i on required for defect test­
ing in the FERTF . The FERTF Test Element illustrated in
Figure 8 comprises a protective sleeve assembly surround­
i n g the fuel rod rack t hat supports a n e ight-rod r ing o f
fuel rods. The sleeve assembly p r ovid e s protection for
t h e s u rrounding z irca10y pressure tube . Th e fue l rod r a c k
assembly can b e r emove d from the sleeve a s s embly as a n
i ntegral unit to f a ci l i t a t e rod mani pu l a t i on s . Th e f uel
rods are suspended f r om t he top o f the r a ck asse mbly a nd
are f ree to e xpand or contract i ndep e nd e n t l y . Four circum­
ferential strip bands secure the rods to the rack a s s e mbl y .
Po wer generation of fuel rods irradiated in the FERTF Test
Elemen t can be v a r ied by using var ious sle eve and insert
mater ials in the assemb ly.

Vi b r a t i ona 11y compacted U0 2-Pu02 f u e l rods, pe11et­
conta i ning U0 2- Pu02 fuel rods, a nd v ibr a tiona1 1y c omp a c ted
e nriche d U02 fuel rods will be i r r ad i a t ed i n t he FERTF Te st
Element at linear heat ratings to 2 0 kW/ft . This tes t s e r­
ies will require a p p r oxi ma t e l y nine i r r a d i a tion periods.
Subsequent test series are planned for rod powers of 23 a nd
28 kW/ft wi t h considerable fuel melting. Testing wi l l
include irradiation of both no ndefe cted and del i be r a t ely de­
fec t ed fuel rods unde r t hese test conditions.
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Table 1 . - PRTR Fuel Element Irradiation Summary

Maxi mum Element
Numbe r Linear Ave r a g e

Element Of Elements Rod Power Burnup
Type (Sub-totals) kW/ft MWd / t o nn e )

Al-Pu 75 "'1 5 ("'80 % of PU)
UO Z 68

Vi p a c (1) ",1 0 2,200
Swaged

(1 Hot Swaged) (65) ",1 4 9,400
Vipac Tubular (1) 1 ,50 0
Vipac Inver ted

Cl u s t e r (1) 150

U0 2- pu02 216

U02-0 .5 wt % Pu02 (81)

Vipac ( 20) ",1 6 11,000
Swaged (61) ", 1 3 1 0 , 20 0

U0 2- l. 0 wt% Pu02 (49)

Vipac (16) '" 15 6,300
Swaged (33) -v 17 8,500

U02 -2.0 wt% Pu02 (84)

Vi p a c (79) '" 20 5,400
Swaged (2) '" 20 3,200
Pellet (Hot

Pressed) (2 ) '" 21.5 1,9 00
vip a c Sal t Cycle (1) '" 17 1,600

U0Z-4.0 wt% Pu02 (1) -v 27 1,100

U0 z- l. 5 wt% Pu02 (1) '" 6 3 ,000

MgO-2. 1 wt % Pu02
(Swa g e d ) 1 '" 12

ThO~-5 wt% Pu02
( i p a c 1 '" 10
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Table II. PRTR Core Loading St a t u s (a s of 9/1/6 7 )

Element (a)
Type

Batch Core Experiment:

Vi pa c PI (b) U0 2- 2 wt%
pu02 (Batch Core
Experiment Elements)

Hot Pressed Pel let
U02-l .94 wt% Pu0 2

Fringe Position Tests:

v i pa c PI U0 2- 2 wt% Pu02
(Pilot HPD Elements)

No . of
Elements

65

2

6

Ma x . Rod
Power Gen.

(kW/ft)

'" 20

'" 21. 5

'" 20

Element
Average

Burnup
(MWd/tonne)

2,100

1, 90 0

5 ,400

Swaged PI U02-2 wt% Pu02

Swaged PI U0 2- l wt% Pu02

Vipac PI U02-l wt% Pu02

Vipac MM (c) U02-O . 5 wt %
Pu02

Swaged MM U0 2- 0 . 5 wt% Pu02

Swaged U02

1

1

2

1

2

1

'" 20

'" 17

'" 15

'" 16

'" 13

'" 14

3,200

8,500

6,300

11,000

10,200

9 ,400

(a) PRTR elements are 19-rod clusters of 0.565 OD Zircaloy­
clad rods with active fuel lengths of 58.5 and 88 .5
inches .

(b) PI Hi gh-energy-rate pne uma tic a lly impacted fue l .
(c ) MM = Me c ha n i c a l l y mixed fuel .

109



Table III. Dissolution of U02-Pu02 PRTR Fuels in HN03

Nominal Approximate Plutonium
Fabrication Initial Linear Rod Burnup, Soluble i n

Process % Pu02 Power,kW/ft MWd/tonne HN03_'_%_

MM (a) -Swaged 0.5 0 None 0 .62

MM- Vipac 0.5 12 2,000 74 .5

MM- Swaged 0.5 10 4,000 99.4

MM- Swaged 0.5 12 5,000 99.0

MM - Swaged 0.5 10 6, 7 00 99.7

PI (b) -Swaged 1.0 0 None 6 .2

PI - Vipac 2.0 0 No ne 5.3

PI - Vipac 4.0 27 1,100 95 .2

PI - Vipac 2 .0 19 3,700 94 .6

P I - Vipac 2.0 19 5,1 00 93.4

(a) MM

(b) PI

Mechanically mixed or incrementally loaded fuel .

High-energy-rate pneumatically impacted fuel.
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Table I V.- Coolant Activities From Defected PRTR
Element s Irradiated ~n t h e FERTF

Loop Activity, Icpm)

Maximum Steady ON Burst
Test Element Cladding Rod Power, State IDelayed Activity Type of
No. ~ Defect IkWltlJ GM tByl Neutronl ~ Release- - -
A AI-Pu 6 in. Cracks -7,0 15,000 13.000 Recoll'a)

FE-5008

Swaged UOz 0.06 in. diam 7.3 8.000 4,000 220,000 EQuilibrium(bl
FE-I069 Hole

C Swaged UOz 0.62 in. long 7.0 _ 23, OOO'cl -13, OOOICI 700.000
FE-1039 Longitudinal Slit

0 Swaged UOz 3.2 in. long 7.0 23,000 13,000 100,000 Diffusion'd)
FE-1039 Longitudinal Slit

Swaged UOz 6.5 in. long 6.1 68,000 38, 000 ISO, 000 Diffusion
FE-1030 longitudinal Slit

Vibrationally 3.0 in. long 7.3 47,000 26,000 170,000 Diffusion
Compacted UOz Longitudinal Slit
FE-I067

G Vibrationally 3.9 in. long 7.3 60,000 31.000 Diffusion
Compacted UOz longitudinal Slit
FE-I067

H Vibrationa lly 0.06 in. diam 24 SO,OOO 4.000 660,000 Equilibrium
Compacted UOz- Hole
2~ PUOz
FE-6004

Vibrationally 0.06 in. dia 27 7.7x 1000c) 1.6x loSlcl (Ruptured)
Compacted UOz- Hole
4~PuOz

FE-6504

la) Good communication between fuel andcoolant - zerodelay time.
(b) Poor communication between fuel andcoolant - long delay time.
Icl Test was discontinued before stableform of releasewas established.
(d) Good communication between fueland coolant - short delay time.
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ZIRCALOY CLADDING
AND HARDWARE

OVERAll LENGTHOF
ELEMENT -1 9~ .4 om
FUEL COLUMN
LENGTH• 149.~ om
FUEL ROD 00. - 1.44 om
WALL THICKNESS -O.7b mm

SIX CIRCUMFERENTIAL
6AND5

FISSiON GAS PLENUM
16 0m LONG SUPPORTED
6Y AN INCONEl SPRING

DEPLETED UOt PELLET

0 " ..01:3>-- - VI6RATIONAllY
COM PACTED UOt- ZwIY.
PuOt IMPACTED FUEL
(a s- an.TD)

SPIRAL WIRE WRAPS
ON A la - INCH PITCH

DEPLETED UO, PEl l ET
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THE EBWR PLUTONIUM RECYCLE DEMONSTRATION EXPERIMENT(a)

C (b) h (c) d Bal' ley (d)• H. Bea n ,R . E. S arp , a n W. J.

Abs t ract

The re cycle of plutonium fue l was demons t ra ted in th e Ex perim enta l
Boiling Wa ter Re actor a t Argonne Nationa l La boratory. 1 , 2 Eng ine ering
a nd physics data were obtained from thi s experiment for u s e in the design
of future (or mod ifi ca tion of existing) ce nt ral-station power plants oper ­
a ted with recycled plutonium .

The fuel elements cons i s t ed of pneumatica lly-impacted, vibration­
ally-compacted , mixed -oxide fuel in Zirca loy-2 tubular jackets . A work­
able te c hnology was developed for fabricating and ins pecting the fuel.

Both capsules and production-type e le me nt s were irradiated in sup­
porting fuels development evaluation tests. No fa ilure s occurred duri ng
evaluation testing.

The reactor operated in a predictable, trouble -free way, and the fuel
elements did not show a ny physical changes during the length of the
expe rime nt.

(a) Thi s paper is based on work performed under Contract W -3l -l09 ­
e ng -3 8 and Contract AT(4S-l)-18 30 with the Atomic Ene rgy Commiss ion.

(b) Associate Metallurgical Engineer , Argonne Nationa l Laboratory ,
Argonne , Illinois .

(c) Form erly Se nior Research Engineer, Pacific Northwes t Laboratory ,
Richland, Washington . Mr. Sharp is currently with th e Plutonium
Fue ls Development Laboratory , Val e citos Nuclear Ce nter , Pleasan ­
t on, Californ ia.

(d) Research Associa te, Pacific Northwes t Labora t ory , Rich land, Wash ­
ington.
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Introduction

Engineering -sca le de mons tration of t he practica li ty of plutoni um
re c ycle in wa ter rea ctor s a nd pe rtine nt phys i c s de s ign da ta we re ob ­
ta ined fr om a n AEC s pons ored e x pe rime nt consisting of a plutonium fue l
loading in the Ex perimental Boiling Wa ter React or (EBW R). 3 The EBWR,
a prototype for a direct -cyc le , natural-circulation , boiling-water-re a c­
t or , inte gr ated power pla nt . i s located a t Argonne . Illinoi s .

This e x pe rime nt was a imed a t o pe ra ting EBWR to ob ta in information
us eful fo r the utili zation of plutonium a s a fu el in light-wa te r thermal
sys tems. In pa rt i cu lar , da ta we re nee de d on the i s otopic behavio r of
plutoni um a s it i s irradiated in a thermal rea c t or . Plutonium fue l tech­
nology a l s o would benefit if it could be shown that pluton i um fue ls
c ould be fabric ated t hat wo uld operate reliably in a pow er re actor . It
i s this te chnology that i s the subj e ct of this pa pe r .

The Plutonium Re cycle De mo ns t ra tion Ex pe r iment was a j oint pro ­
gram cond ucted by Argonne Na tiona l Laboratory (ANL) and Pa c ific North ­
wes t Labora tory (PNL). The pl utonium loadin g, the central part of th e
EBWR core . was fabricated a t PNL. The Zir ca loy- jacketed mecha nically­
mixed U02- 1 . 5 wlo PU 0 2 pa cked -powder fuel e leme nt s conta ined a
t otal of 14.1 kg of Pu (8% Pu240) a nd 1.9 kg of U2 35 in 108 0 kg of
U0 2-Pu0 2 ·

EBW R Fuel Performa nce

EBWR, U02 -Pu02 Fue l De s ign

The c e nt ra l po rt ion of the core loading cons iste d of 36 assemb li es
containing 1296 U02 - 1 .5 wlo Pu02 rod -type fue l e lements . Fuel e le ­
me nt a nd fu el ass e mbly construction ma y be note d in Figur e 1.

The v ib ra tiona lly - compacted, Zirca loy - jacketed fue l e le me nt s we re
1 .07 c m OD by 148 em lon g . The s e e leme nts were jointly de s igned by
PNL and ANL to be capable of a chieving a burnup of 25, 000 MWd / tonne.
A 13. 97 em long plenum was located above th e fu el. This plenum wa s
adequa t e t o a ccommod a te 100% releas e of all fis sion gases . A single
Zr02 pe llet was inserted on top of th e fu el column . A sta in less s tee l
spr ing loa ded t o 2 .268 kg was pos itioned betwe en this pe llet a nd th e
top e nd plug t o maintain the fi s sion ga s s pa ce a nd preve nt shifting or
d is location of the fuel c olumn duri ng s hipping , handling, a nd fue l load­
in g a t th e reactor. The fue l assembly boxes held 36 rod s . The assem­
b lies we re des ig ned t o a llow in dividual e lements. or rod s , to be wit h ­
drawn and replaced . This e s sentia l fe ature pe rmitted is oto pic a na lys i s
stud ies. t he main obje ct ive of the expe riment, to be made a s burn up
pro ceeded wit hout having to re pl ace e ntire fuel a s semb lies . Thus the
mixe d oxide fu e l loading, plus a fe w specia l e leme nts of d iffe re nt fu el
or i s otopic Pu c omposition s , offered a grea t dea l of fl e x ibility fo r c on­
ducting a n e x tens ive set of experiments .
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U02 -PuO? Fuel Fabrication

The flow dia gra m for the fuel-element fabrication proces s i- 5 is
shown in Figure 2. Specified requirements for materials and fuel e le ­
ments 4-6 are shown in Tables I and II. The mixed-oxide fe ed mate rial
wa s prepared by mechanically blending de ple ted U02 (-65 me sh) with
Pu02 (-325 mesh) , pneumatically impa cting the mixture t o > 98% TD,
crushing , a nd scre ening.

Two vibra tiona l compaction te chnique s we re used for this fabrica­
tion , a ve rtica lly -excited re sona nt -pla te c ou pling and a trans versely­
exc ited re sonant-beam coupling. 7 , 8 Up t o 50 e le ment s per 8 -hour
shift we re vib ra tiona lly compacted with the pilot-scale units .

The t otal of 22 50 fu el e le ment s pre pa red by PNL included 129 6 for
the core, 750 for PNL physics tests, 25 s pecial test elem ents a nd 179
spare e leme nt s for the core loading. Ov er two tons of mixed oxide we re
processed and loa de d into mor e than two miles of fuel-jacket tubing.
Cost data has be en published 9 on the fa brication of these e le me nt s .

Fuel a nd Material Acceptance Controls

Fuel-Jacket Ins pection. A newly deve l o ped ultrasonic test dete c ­
te d internal cracks in the jacket-to-end ca p we ld s of a number of th e
U02 -1.5 wlo Pu02 fu el e le me nt s after they were fabricated. Ultra ­
s onic techniques had been us ed to test th e cladding of se lected e le ­
ments in previous studies and no defects we re observed. How ev er,
near the completion of the fabricati on , s everal elements broke during
vibrational compaction. Thes e fa ilure s prompted an intensive in vesti­
ga tion in nondestructive exa mina tion . Existing techniques were unable
to detect defe ct s with in about 0. 64 ern (0.25 in.) of the tube e nd s be­
cause of background signals . Approximately 200 elements (10% of th e
total), representing all fabrication histories, were inspected by a modi­
fi ed pro cedure that pe rmitted these regions to be scanned. Defects
were found in the end cap region in more than half the e le me nts. Me t ­
allographic ex a mina tion of s e le cted e le me nt s supported th e ultras onic
e vidence in every instance and showed t ypical fatigue-type cracks.

Finished e le me nt s were inspected by the modified procedure and
many exhibit ed ultrasonic indications of internal cracks. Thermal­
cycling tests were conducted by Lob singer l O to ev a l uate the potential,
in-reactor propagation t endencies of defects in thes e e lements. Eight
e le me nt s with repres entative ultrasonic indications were heate d t o
400 °C and 60 atm (100 0 psig) in 1 hr , held at this t emperature and
pressure for 3 hr , and c ooled t o lOO°C a nd 1 atm ov er an 8 hr pe riod .
In most cases the cracks propagated a ft er lO cycles. None of the s e
elem ents failed in 52 cycles, at which time the test wa s terminate d.
Although th e test conditions were mor e severe than any anticipated
reactor service conditions, and the probability of e le me nt s fa iling in
s ervice wa s remote, it wa s decided that all we lds showing indications
of defects would be repaired.

A process for repairing fuel e lement s wa s deve loped . In this
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re pa ir pro ce ss th e t ube was pa rt e d just below the de fe ct, th e end cap
pulled from the tube , the weld area decontaminated , and a new end cap
welded in place . The elements were successfully repaired in one month .

•
Plutonium Distribution in Impacted Fuel. The degree of uniformity

of the Pu02 distribution in impacted mixed oxide was analyzed . 11 , 12,1 3
The average Pu02 particle size in the EBWR fuel was ~2 5 microns. The
thermal time cons tant* for th is fu el - -slightly greater than 33 micro­
seconds. the time constant for 22 micron particles - -was more than satis ­
factory for a thermal reactor fuel.

Plutonium Distribution Along Fuel Rod Length . A gamma-scanning
device . still under deve lopment . was used to investiga te the plutonium
distribution along the fuel element length. It es sentially monitors
gamma ra y emis s ions only from the plutonium . Ni nety production - run
fuel e lem ents - -one or more from e very lot of impac ted mixed-oxide fuel - ­
were scanned (100% covera ge) while be ing rotated a nd trans la ted in the
de vice. The qualitative indica tion showed that th e pl utonium dis tr ib u ­
tion was very uniform . a s expected. Subsequently . all e lem e nts were
s ca nned with this device t o provide additiona l qualitative assurance of
proper plutonium di s t ri bu tion . All fuel e lements were accepted .

Linear Variation in Fue,-Rod Bulk Dens ity. A gamma abs orptiom­
e t e r with a 10-cur ie Cs13 s ource provided dat a on the poss ib le va r ia ­
tion in fuel bulk dens ity along the rod le ngth . Bas ed on dete rminations
from 90 e leme nt s a t ro ughly 0 .318 ern (1/ 8 - inch) intervals, the typical
bulk density along the element length was within ± 1 .0 to 1 .5% of the
ove ra ll bulk density of the e leme nt.

Irradiation Performance

Prototype Testing . Fuel deve lo pme nt and evaluation for the mixe d
oxide loa ding for EBWR included prot oty pe irradiation in other reactors
of 32 capsules and 58 production-run e leme nt s . The irradiation tests
were conducted to study fission gas release , sintering, plutonium and
fis sion - prod uc t mi gration , is otopic c hanges, compatibility --e. g . ,
jacket-coolant, fuel-jacket, s pring - pellet -fuel - -effect of fa brication
variables and adequacy of des ign . Irradiation of all ca psules a nd a ll
but 21 of the rods is comEf.lf7e . Some of the results of these tests have
been published . 14, 15 , 1, Ce lculated burnups as high as 27 , 600
MWd /tonne (6 .8 x 10 20 fts s ions.Zcmv) were attained. S pecime ns oper­
ated with linear powers of 1280 w/ cm (39 kw/ft ) , well beyond those
for EBWR.

Fission gas data are show n in Figure 3 . The re s ults 16,18 ind i ca t e
a re a s on a bly good c orrelati on ca n be obtained if on e a ssumes 100% re­
lea s e of the fiss ion ga s at fu el t emperatures > 1800 °C and ~ 1 0 t o 15%
rele a s e below 1800 °C.

*The th e rmal time constant is a mea s ure of the rapidity with which he at
is trans ferred from th e Pu0 2 t o t he surround ing U0 2, a nd is ma inly a
function of the Pu02 particle s ize and Pu02 conce ntration in the fuel.
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The capsule in Fi gure 4 op erate d initially a t ~46 0 w/cm (14 kw/ft)
and a t ta ined a burnu p of 18 , 300 MWd/ tonne . In-reactor homogenization
of the im pacted fu el can be not ed in the reg ions where gra in grow th and
c olumnar grain formation have oc curred . This is evidenced by the more
un iform expos ure on the beta-ga mma a nd a lpha autoradiogra ph s for these
re gions . The dark are a s on the autora diogra phs correspond to re gions
of high radioactivity. The bla ck dot s on the a ut orad iog ra phs are site s
wh ere the initia l plutonium e nrich me nt was located. Note the initial
plut onium e nrichme nt sites ne ar the outer edge of the fu el a nd the
metallic inclus ions (fiss ion products) a t th e s pecimen center.

Plutonium s egre gation studies we re made by Fre shle y1 5 on pne u ­
ma t i ca lly- impa cted mixed-oxide fu el ope rating under molten cond itions .
Segregation of a lpha e mi tters wa s observed on inte ntiona lly defec ted
spec ime ns by autoradiogr aphy only .

Fis s i on-pr oduct migr ation was not ed in U02 - l . 5 w/o Pu02 s peci­
mens which operated at high linear powe rs --e .g. , 31 kw/ft . The re
wa s little migration of Zr95-Nb95 , Sr 90, and Ce1 44 - Pr 144 . Ma rked
migration wa s observ ed fo r Cs 13 7 and Ru l 06 . Little or no change wa s
not e d in th e fission prod uct dist ri b ution , ex ce pt for Cs 13 7 , a t lower
linear powers - -e .g . , 10-1 6 kw/ft.

Mass spectro gra ph ic da ta for irradi ate d EBWR test s pecimens are
included in Table III. This is a mor e accura te determi na tion of s am pl e
burn up a nd supplem ents the flux-m onitoring-wire burnup data. Data
we re ob t a ine d on isoto pes of interes t for s ome of the high er burn up
s pe c ime ns because of handling problems - -e . g . , Pu238, Pu236 , Pu 240- ­
or a s i sotopic heat sources --e. g., Pu238, Cm244 •

Fue l -Z irca loy reactions we re ob served in test s pecimens th at oper­
a ted at ve ry high linear powers - - e .g . , > 1150 w/ cm or 35 kw/ft. Reac­
tions were not e d betwe en the fuel a nd Zr02 pellets at the top of the fuel
column in low burnup , <8000 MWd / tonne , ca psules that ran at line ar
powe rs > 22 kw/ft. Fue L-ZrOg re a ction s that were time-tem pe rature de ­
pe nde nt also were noted in high er-burnup s pecimens, ~1 5 , 000 MWd/
t onne a t line ar powers of ~5 9 0 w/ cm (I8 kw/ ft ).

Examination of full-size EBWR e leme nts irradiated in the Plutonium
Recycle Test Re actor , (PRTR), showed th e m to be in good condition ,
both exte rn a lly a nd internally . No e viden ce of hydriding was detected.
Plenum components we re examined and autoradiogra phs bore no indica ­
tion s of fis s ion -product or a lpha -emitter migration into the Zr0 2 pe llets .

Irradiation proof te sts t o da te with ca psules and prod uc tion - run
e le me nts continue to indica te that the fuel e le ment s are function ally
adequate and capable of operating un der EBWR conditions to th e pro­
posed bumup of 25,000 MWd/tonne.

Pe rformance in EBWR. All plutonium fu el e le me nts we re ava ilab le
for s ervice in EBWR by July, 1965. Fuel was loaded into th e reactor in
1966 and used t o obtain phys i cs da t a before ' bringing the rea ctor to
power. Zero powe r critica l experiments; a nd subcritica 1, cri tica 1, and
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low-powe r tra ns fe r - func tion meas ure me nt s we re ob tained with the plu ­
t onium fu el .

The reactor was rais ed t o power , 42 MW (t), in November , 1966 . It
op erated a t this le vel until Ma rch , 1967, a t whi ch time th e power wa s
ra i s ed t o 70 MW (t). Ex ce pt for s ch e dule d interruptions fo r re moval of
test e lements a nd for critical meas ureme nts prior to in cre a sing power ,
the re act or opera ted c on tinuou sly until the t ermina tion of th e progra m
on June 30 , 1967.

Only 60% of the re a ctor power was prod uced in the plu toniu m fueled
port ion of the co re . The rema ining 40 % was produced in the slightly e n ­
riched uranium-ox ide dr iver fu el t hat s urrounded the plutonium fuel in
th e core . Fue l burn up was c on c entrated in the lower 91 cm , (36"), of
th e 1296 plutonium fu eled e le me nt s in t he c ore during the 42 MW (t) oper­
a tion . The average line ar rod power was 210 w/ cm, (6. 5 kw/ft ) . The
power wa s increa sed by further withdrawa l of the control rods with out
increasing t he line a r rod power .

The first gro up of ex pe rime nt a l e leme nts was rem oved from the
re actor in March , 1967, after 1300 MWd / t on ne burnup , The second
group was re moved after 2200 MWd/ tonne burnup. The s urf ace of thes e
e lements was bright with no evidence of d i s c o loration or other phys ica l
cha nge. The s e e leme nts were shi ppe d t o PNL for controlled re a ctivity
me a sure ments a nd fue l c omposition a nalysis.

The maximum burn up fo r the plutonium fuel at the t e rmination of
th e program was 3 , 000 MWd/ t onne . This is appreciably le s s th an the
maximum des ig n burnu p of 25,000 MWd / tonne . The plutonium fuel did
pe rform reliably a nd c omplete inte grity wa s maintained on a ll fuel e le ­
me nt s at a ll time s .

The re a re no plans for continued irradiation or de structive ana lys is
of the irradia te d fue l .
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TABLE I - REQUIREMENTS FOR FUEL AND CLADDING MATERIALS

FOR EBWR Pu RECYCLE FUEL

Fuel Material

Fuel Composition

Pu240 Content in Pu

U235 Content in U

Fuel Particle Density (Min.)

Size Fractions

Moisture in Fuel, (Max.)

Cladding

Material

Cladding Specification

Tubing Dimensions (As Purchased)

Inside Diameter (Nominal)

Wall Thickness (Nominal)

Tubing Dimensions (After Etching)

Wall Thickness (Min.)

124

U02-1.5 w/o Pu02

~8 a/o

~0 . 2 a/o

10.76 g/cc (98% TD)

55 w/o, -6 + 10 Mesh

25 w/o, -20 + 65 Mesh

20 w/o, -200 Mesh

100 ppm

Zircaloy 2 Tubing

ASTM-353-62T

0.945 ern (0.372 in.)

0.0685 em (0.027 in.)

0.058 cm (0.023 in.)



TABLE II - SPECIFICATIONS FOR EBWR Pu RECYCLE

FUEL ELEMENTS

Test Core Elements (Total of 22 25)

Overall Length

Active Fuel Length

Fuel Weigh t

Plenum Length

Stainless Steel Spring

2r02 Pellet Thickness

Special Test Elements (Fiv e Each)

Fuel Core Composition

Al-3 . 35 Pu-2 Ni Alloy

Al-3 . 35 Pu-2 NiAlloy

U0 2 (Normal)

U02-1. 5 Pu02

U0
2-1.5

Pu02

1 25

148 em (58.3 in .)

122 em (48 in.)

825-8 30 g.

14.6 em (5.75 in.)

Type 30 2

0 .64 em (0.25 in.)

Pu 240 Content in PUt (w /o)

8

26

20

26



TABLE III - BURNU P AND ISOT OPIC DATA FO R U02-1.5 w/ o Pu02 FUEL, IRRADIATE D IN THE MATERIALS
TESTING REACTOR (MTR)

MASS SP EC TROGRAPHI C DATA(a)
MEASURED
BURNUP PLUTONIUM, (a / o) URANIU M, (a / o)
MWd/tonne 23 6 238 23 9 240 24 1 242 23 4 235 236 238
of fuel - - - - - - - - - -

0 9 1. 53 7 .75 0 . 69 0 .0 3 <0 . 0 0 1 .....0 .22 <0 . 00 2 99 . 78
910 88 . 69 10. 30 0 . 95 0 .060

1 ,540 85 . 76 12.76 1. 47 0 . 096 -- 0 . 148 0. 0055 99 .8 46
2,750 8 5 .22 13.08 1. 48 0 .22
4 , 290 7 2 . 94 22 .90 3 . 67 0 .484 0 .0024 0 . 122 0.0095 99 .868
4, 950 69 .66 24 .93 4 . 74 0 . 670 - - 0.11 3 0 .0116 99 .8 75
6,330 63 .52 29 . 18 6 . 15 1. 15 0

..... 8 ,400 (b) (b) 55 . 15 35 . 04 7 . 65 2 . 16 5
l>:l 10,900 (b) (b) 4 7 . 47 38 . 62 9 .93 3 . 98a>

ND (d)12 , 5 60 1 . 8 x 10 - 7 0 .23 47 .28 3 7 .2 2 9. 24 6 .03 0 .03 76 0.02 14 99 . 94 1
13 ,650 (b) O. 32(c) 4 1 . 75 40. 8 0 10. 94 6 . 5 1 <0 .00 1 0 . 042 0 .02 3 99 .935
16,930 2 .2x l 0-7 0 .32 38 .47 40.70 11. 23 9 .33 < 5 ppm 0 .0259 0.02 28 99 .95 13
18, 300 5 .0x 10 - 7 0 .42 38 . 8 7 38 .22 11. 74 10.76 ND 0 . 02 34 0 .024 0 99 .95 3

( a) Typica l un certaintie s (a t th e 95% confide nce level) a re: for Pu 239 a nd Pu 240 ± 0 .1 t o 0 . 2; fo r Pu24 1,
± 0 .02 to 0.1; fo r Pu242, ± 0.00 2 t o 0 .08 ; for U234, 5 ppm (detection limit) t o ± 0 .009 ; for U235 ,
± 0. 0008 to 0.0 02 ; for U236, ± 0 . 0004 t o 0.00 9; a nd for U 238, ± 0 .0008 to 0 .00 2 .

(b) Analys i s currently i n progress .

(c) Value (0. 32 ± 0 .3) obt a i ne d by a l pha energy analys is .

(d) ND = not dete c t ed .
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OPERATI NG EXPERI ENCE WI TH THE SAXTON REACTOR
PARTIAL PLUTONIUM CORE 11*

R. S . Mi l l er
J. B. Roll

Abstract

K. R. Jordan
J. L. Rolin
C. J. Kubi t

Operation of t he Saxton Reac t or wi th ni ne cen t r a l fuel ass emblies
con t a i n i ng 6 .6 w/ o PuOZ i n natural UOZ and clad with Zi r cal oy- 4
was begun in December, 1965 and cont i nues through the present time.
Observed nuclear, thermal-hydraulic, and fuel materials performance
to date have agr eed very wel l wi t h the performance pr edi c t ed during
t he des ign pha s e of the program. The results of the post-irradia­
t i on ex amina t ion an d ev aluation of two pellet and t wo vipac fuel
rods, r emoved from t he cen t r a l 3 x 3 subassemb l y at a peak bur nup
of 6100 ~&m/MTM , are discu ssed.

*The Saxton Plutonium Project i s conducted by the
Wes t i ngh ouse Electric Corporation in coope r a tion
wi th the Saxton Nuc l ear Experi mental Corporation
(SNEC ) under USAEC Contract AT(30-1)-3385.

The authors are with the Engineering Department of the Nuc l ear Fuel
Div i sion , Wes t i nghous e Elec t r ic Cor por a t i on , Pittsburgh, Pennsylvania .
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Introduct ion

The ec onomi c i nce n t ive fo r recycling plutonium i n thermal
r eactors i n the United States wi l l be particularly s t r ong in t he
mi d- 1970's to mid- 1980 's . This i s the per i od whe n l arge quantit i es
of plutonium will be discharged from operat i ng water r eactors and
as sur ance of pl ut oni um va l ue by gover nment purch a se will have
terminated. Furthermore, a s ignificant de mand for thi s material
f or us e i n fabr i cating fu el f or f ast r eactor cores wi l l not deve l op
until l ate in the per iod.

I f the plutonium were he l d until r equ i r ed f or fas t r eactor us e ,
t he inventory cos t could r educe the plutonium va l ue co ns i de r a bly,
thereb y increasing fue l cycle cos ts for a l l operating wate r r eactors.
Althou gh this sit ua t i on ha s long been r ecognized by the nu clear
industry, the r apid gr owth of wa ter r ea ctor sa l es i n t he past t wo
ye ars has r e-emphasized t he probl em of plu toni um value . The r e sult
has been a st i mula ted plutonium r ecycle ac t ivi ty i n bo th gover nmen t
and i ndus t r i al organ i zat i ons. The nature, direc tion, a nd emphasis
of t he va r i ous plutonium r ecycle programs have be en di s cu s sed at
l en gth a t previous t echn i cal sympos i a. l ,2

The basic ob j ective of the Westinghouse r ecycle program is to
achieve commerc ial r ec ycle of plutonium in pres su r i zed wat er r eactors
(PWRs) in the Uni ted St a tes i n the ea r ly 1970's . Since there are no
ques tions of basic t echnical fe as i b i l i ty to be r esolved , ach ievemen t
of th i s obj ect i ve i s viewed a s being an evo l utiona ry process . How­
ever, in or der to participate in t he plutonium fuel bus iness on a
truly commercial basis , certain t echni cal objec tives hav e been
ident i f i ed:

1 ) Dev elop and evaluate plutonium core des i gn t echnology and
accumulate s uf f icien t op erat ing ex pe r ience on plutonium ­
fueled r eactors t o ens ur e that t he design and licen s ing
of plutonium co re r egions can be accom plishe d in a period
compa rable to t hat r equired to per form t he same functio n
fo r a U0

2
replacement co r e r egion.

2) Demonstrat e pluton ium f ue l manufac t ure on a n engineering
scale wi t h proc es s es which yiel d fue l cyc le cos ts
compe t i tive with t hos e fo r s ligh t ly enr iche d U02 fue l .

3) Succes s fully i r radia te Pu02 -U02 f ue l in ope ra t i ng PWRs
at peak power l ev els and to peak ex posure l evels anti­
cipated to be t ypical of core opera ting conditions in
the mi d- 1970 ' s.

A vital first step in this overall t echni cal program is the
Saxton Plutonium Proj ect . This paper briefly de scribes this
program a nd pres ent s the r e sults of a r ecently comple ted exami na t ion
of low burnup fuel.
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Saxton Plutonium Project

The Saxton Plutonium Project is the first AEC-Westinghouse
plutonium recycle effort and const itutes the technological base
upon which our overall program is being dev eloped. This project
is an integrated recycle program which includes core design, fuel
fabrication, reactor operation and core operational follow, post­
irradiation fuel examination, and post-operation evaluation of core
materials performance as well as core design methods capabi l i ty .

The Saxton Plutonium Project is part of the overall Saxton
Reactor Program* for advancing PWR technology. The reactor involved
is particularly well suited' to conducting commercial bulk engineer­
ing tests of plutonium fuels because it is highly instrumented and
core performance can be closely observed and continuously evaluated.
The major objectives of the project are to:

1) Perform pilot-scale tests on Pu02-U02 fuel in a PWR
enrichment;

2) Provide a statistically valid performance comparison
between two economically promising Pu02-U02 fabrication
techniques; and

3) Provide a preliminary basis for plutonium fuel selection
and design for a large PWR.

To accomplish these objectives , nine assemblies (9 x 9 rod
arrays) were inserted in the central region of the core in October,
1965, and will remain there for approximately two and one-half years.
The central assembly contains a removable 3 x 3 subassembly construc­
ted such that f our of the fuel rods can be removed at exposure levels
intermediate to those which will be achieved at the end of core life.
Several of the rods within the 9 x 9 array ar e individually removable
for intermediate examination or replacement. Seven of the assemblies
contain pelletized fuel and two contain vibrationally-compacted fuel.
Zircaloy-4 cladding was employed for the bulk of the fuel rods, with
some Type 304 stainless steel cladding included for comparison. The
post-irradiation examination scope includes physical, chemical and
metallographic examination of several fuel samples at both inter­
mediate and terminal burnup levels. In addition to providing statist­
ical i nformation relative to the two fabrication techniques, the
program will enable evaluation of Pu02-U02 performance limitations.
It will thus furnish a basis for either partial or full-core loading
of a large water reactor, as well as provide valuable preliminary
design i nf or ma t i on .

*The Saxton Reactor is operated by the Saxton Nuclear Experimental
Corporation in technical coope r a t i on with Westinghouse.



The project was initiated in early 1964 and core design and
fabrication activities were completed with delivery of the core at
the r eactor site in Oct obe r 1965 . Loading of the core and initial
opera tion were accomplished by December 196 5 , and full power oper­
a tion began i n J anu ary 1966.

Plutonium Cor e Design

Nuclear Des ign

The nuclear de sign wa s conduct ed in three s teps . I ni t i a l l y ,
pa r ameter s t udies were ca r ried out to determine t he performance
cha r ac teris t i cs of the Saxton r eactor containing a partial cor e of
plutoni um. Later, more specific nuclear des i gn ca l cul a t ions were
per f ormed to set the en r i chment spec i ficat ion and determine the
available burnup f or a core con t a i ning nine cent ral plutonium f ue l
as s emb l i es wi th t welve s ur roundi ng ur an i um a s sembl ies . Finally, a
series of cr i t i ca l expe riments using the de s ign fu el and a s upp ort ing
program of analys is were us ed to co nf irm t he specif i ed nuclear de­
s i gn . Deta ils of the nucl ear des i gn are de scribed in Ref erence 3 .

The Saxton Core I I nuclear des i gn predicted a l ifet i me capa­
bility of 9 ,300 MWD and an average burnup i n t he plutonium f ue l of
15,350 megawa t t days t hermal per met ric tonne heavy met a l (MWD/MTM) .
The current es tima t e s of Core I I l ifetime (overal l , as wel l as
plutonium r egion ) show t hat t hese predictions wi l l be essent ia l ly
duplicated by actual operation to end of life.

The supporting cri t ical exper imen t program4 provided significant
beginning-of - l ife phys i c s i nf ormation abou t t he f ue l and fo rmed t he
basis f or i mprov i ng t he cor r e lation of ana lys is with experi ment f or
plutonium-fu eled systems . Cri t i ca l ex pe r imen t s wi th water mode ra t ed ,
s i ngle r egion and multi-regi on Pu02-U02 fu eled cores were performed
in the CRX reactor critical f acility at the Westinghous e Reac tor
Evalua t i on Cen t e r (WREC) a t Wa l tz Mi l l , Pennsyl van ia . Clos e a gr ee­
ment was thus f ound be tween pred ic t ed and meas ured beginning-of- l ife
nuclear cha rac t e r i s t ics .

Mechanica l , Thermal , and Hydr aul i c Des ign

The mechani cal , t hermal, and hydrauli c de sign guidel ines f or the
Pu02-U02 port i on of Saxton Core I I incl uded : a ) 20 ,000 MWD / tonne
peak r od average burnup ; b) 16 kw/f t maximum heat rate in t he r ods ;
c) i nter na l ga s pressure a t end of design life t o be l e s s t han
ex ter na l r eactor operating pressure; and d) fue l r od outs ide diam­
eter , length and l a tt i ce spacing to be the same a s for the U02 rods
i n Cores I and II . The details of this as pe c t of the progr am a re
r eported i n Ref e r ence 5.
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I n addi t i on t o the f ue l rods, the ba s ic components of each fuel
as sembly consis t of four grids, t wo enc l os ure halves, and top an d
bo t tom nozzles . The gr id assemblies are of bra zed "egg crate"
cons t ruc tion and are sp aced axially on t en- i nch centers to provide
la teral suppor t f or t he fue l r ods. The enclosure halves a re wel ded
t o t he per ipheral s t raps of t he grid a ssemblies to support t he gr ids
an d to tie t he f uel as s embl i es t ogether. The noz zles, which provide
a means of ha ndl i ng the fu el as sembl ies and of posit ioning the
as semblies in the r eactor core , are wel de d t o the top and bottom end s
of the enc l osure ha l ves.

The fu e l rods a r e arranged i n a 9 x 9 squa r e l att ice with a
O.S80-inch pitch in a t ypi ca l main fue l assembly . Of t he possible
81 l at t i ce l ocat i ons i n t h i s pa tter n , ni ne locations a t one ou ter
co rner are eliminated from each fue l assembly t o provi de room for
cruc iform control r ods posi tioned be tween t he assemblies . In ad­
di tion , t wo l a tt i ce l ocat i ons i n each f ue l assembly were lef t
vacant during fab rica t i on t o a l low for inser tion of flux wi re
t h i mbles, source r ods, or r emovable f uel r ods when t he as sembly
was installed in t he r eactor .

The i nd i vidual rods are 41 i nches long; active fu el length
be i ng 36 .6 inch es. Rod outside d iameter i s 0 . 391 inches. Cl ad
thicknes s i s 23 mils f or t he Zi rcal oy clad and 15 mils for the
s tainless s teel clad .

Ma terials Design

Materials des ign entailed selec t ion of the cladding an d f ue l
r od fab rica tion t echniques empl oyed f or the project , development
of f uel specifications , an d provision of material s i nf ormation t o
o ther design groups f or es tablishing design paramet ers and s a f e ty
c r i teria. The de t a i l s of t he mater ials design are given in Refe r ­
ence 6 .

Oxi de f uel was selec ted because it offers the best compat ibility
wi th pr es ent water r eac t or f ue l cy cles. I n selec t i ng the fabr ica tion
processes, the f ol low i ng f actors were considered :

1) In-pile r eliabil ity of f ue l fabrication by the method;

2) Projected economics of the pr ocess ; an d

3) Sta te of development of the process .

Eval ua tion of the availab le evidence l ed t o select ion of vi bra­
t i onal compac t ion and pelletization of mechanica l ly blend ed fuel.
Fuel fa brica ted by both methods already had been tested i n va rious
shor t -term ex pe riment s . Tes t i ng of bul k quantities of vi pa c fu el in
EBWR is r eported in another paper in this conference . 7 Other fabri­
ca t ion methods, s uch as ex t r usion and swaging , were not co nsidered
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sufficiently advanced f or proof-tes ting in commercial reac tors.

Zircaloy-4 c ladding was used for the bulk of t he plutoni um­
bearing fuel r ods because it was expected to be general l y emplo yed
in future cores . Some Type 304 s tainless steel c l addi ng was included
f or comparison.

Table I su mmari ze s the mater ials selec t i on for the program. Al l
fu e l i s natural U02 enr iche d t o 6 .6 w/o Pu02 . The plutonium contained
8 . 6 a /o Pu- 240 . Table I I surr~riz es the r eactor operating conditions
for the program.

Reactor Ope r a t i ng Expe r i ence

Operation of the pa r tial pl ut oni um core at full design power
l eve l s has been compl etely satisfactory t o dat e . A continuing progr am
of nuclear operat i ons analys es has shown no signif i cant dev iat ion from
expected core operating char ac t e r i s t ics . These ana lys es have included
investigation, a t power, of boron and cont rol rod wor ths , temperature
and power coefficients, core deplet ion rate, and core f lux wi re an d
detector maps . Core nuclear parameters have also been evalua ted in
t wo series of l i mit ed ze r o- power test s performed a t approximately
one-third and t wo-thirds of t he ex pec ted cor e l ife. These latter
t ests included measureme nt s of boron and cont r ol rod worths, t emp era­
t ure and pressure coe f fi cients , mi nimum shut down r eactivity, an d
xe non de cay. References 8 to 11 descr ibe the plutonium core opera­
tions in detail.

Compl e t i on of operation with the partia l plutonium core is
scheduled for the first qua rter of 1968. At t he end of core l ife,
the ave r ag e ex pos ur e in t he plutonium region will be 15,500 MWD/MTM;
t he av er a ge ex pos ure in t he peak power plutonium assembly wi l l be
23 ,500 MWD/MTM ; and the exposure in t he peak plutonium pellet wi l l be
31 ,800 MWD /MTM . The overall ave r a ge core fuel exposur e at t he en d
of l ife will be 11, 500 MWD /MTM . The r eactor was shut down from
J anuary t o August , 1967, to comple te i ns t a l l a t i on of an in-pile test
loop . Estimat ed fu el exposure values at tha t time were 7,390 MWD/MTM
average fo r t he core; 12,210 MWD /MTM average f or the plutonium­
enr i ch ed region; and 21 ,500 MWD/MTM for the peak plu tonium pellet.

The eval ua t ion of material s performance wi l l be accomplished in
t hree di s tinc t ef fo r ts :

1) The destructive examination of two r ods removed from the
core at relatively low bu r nup as described in t he f ollowing
section .

2) The end -of-life maj or pos t -irrad iation examination and
eva l ua t i on ef f or t , planned for mid-1968, described l a t er
in the pap er.
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3) An examinat ion of nine rods conducted dur i ng the r ecent
ex t ended shu t down a s described be l ow.

Dur ing the ex t ended outage in the first ha lf of 1967, five of t he
indi vidua l ly r emovabl e f uel rods were removed f rom the co re, exami ned
wi th an und erwater periscope and remote profilometer, stored in the
pool f or use as reference rods, and r eplace wi t h spare rods . Four
other such rods were removed, examined and reinserted i n t he cor e .
Typical grid contact marks wer e noted on all the r ods . Further , t he
exami na t i on of these ni ne r ods revealed no ev i dence of c l add i ng
deformation , strain or othe r evidence of anomalous performanc e . Thus,
continued satisfac t ory performance of t he plutonium fu el was indica ted .

Examination of Low Burnup Fuel

In add i t i on to the major post-irradiation examination and evalua­
t i on effort planned fo r plutonium rods remov ed f r om the fuel assemblies
a t the end of core lif e, t wo pellet ized fuel rods and two vibra tionally­
compacted fue l r ods were removed from t he ce ntral 3 x 3 subassembl y in
April 1966. Thes e r od s had ac cumulated ca lculated average exposures of
about 4500 MWD /MTM and calcula ted peak exposures of about 6100 MWD/MTM.

Vi sua l and di mensional examina t i on of t he remov ed fuel rods re­
vealed no anomal ies or evidence of fretting cor r os ion at the area of
contact between t he support grid spring- c l i p fingers and t he cladding
tube . The diameter meas urements obtained wi th a remot e spiral trace
prof i l ome t er showed no deviation from t he or iginal f abr ica tion
t ol erances. Bambooing or unus ua l ovali t y was no t ob s erved . There
was no difference observed in the dimens ional pe rformance between the
vipac and pellet rods .

The r ods were punctured to determin e t he volume of fission ga s es
released from t he Pu02- U02 fuel and the contained gases were col l ec t ed
fo r mass spectrometer analys es . The r esults of t he analyses are shown
in Table III. Rods of the same kind yi e l ded similar gas sampl es . The
Xe/Kr ratios wer e similar for all rods. Observed differences in the
composition of the vibrationally-compac ted fue l and pelletized r od
gas samples can be pa r t ly expl a i ne d by t he different gas a tmos phere
used in welding the r ods. Fur ther, the high nitrogen cont en t of t he
vipac rods is believed due to r e l eas e of pre-irradiation nitrogen im­
purity i n the fu el at eleva t ed t emperatures . A releas e of 20 percent
of t his i n i t i a l con t en t would account fo r the 7 to 8 standard cubic
cen t ime ter s observed .

The distribution of the va r i ous xenon and krypton isotopes was
found to ag r ee wel l with that whi ch woul d be predicted using the
fission yiel ds r epor ted by Katcoff . 12 The observed r e l ea s e of xenon
and krypton cor res ponds to 2 . 1 perc en t and 10.8 percent for the pellet
and vipac rods, r espectively . Calculations 14 based upon t he diffusion
model and a r ealistic axi al and radial t emper a t ur e distribut ion predict
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3.0 percent and 33 .3 pe r cent f or the xenon and krypton release f or the
pellet and vipac rods , respective ly . The ca l culat ion for the vipac rod
used a model based upon pellet-type fuel and, further, assumed conser­
vative 6 thermal parameters. However, the observed release for the
vipac rods agrees well wi th that observed in irradiations of vipac
fuel in the PRTR.13 At the approximate average fuel temperatures f or
the se low burnup rods (~7000e) , a 14-15 percent re lease was observed
in the PRTR rods.

A gamma scan was taken of ea ch of the four rods. A t ypical result,
rod D, i s shown in Figure 1. Also sho~~ is the location of t he various
samples taken for the destructive analyses. Gr aphi ca l integration of
the gamma s can curves confirms the axial peak-to-avera ge power ratio
of 1 . 37.

The burnup samples were analyz ed f or cesium-137, strontium-90,
neo dymium-148, and he avy-element isotopic ratios . The results of
thes e c~~mical analyses were then us ed to infer a burnup for each
sample . These i nferred burnups are shown in Table IV along wi t h
the burnup calcula ted based upon the reactor operating log and the
ave r ag e radia l power fa ctors for the particular f uel subassembly
whi ch contained these rods. Although the bur nup i nferred f rom the
heavy element i sotopic data was a lso calculated, some of the input
data a r e suspect . Thus, the va l ues are not r epor t ed . The discrepancy
between the calculated and inferred values of burnup (average absolute
percent difference ~10 ) is due in part to the us e of average sub­
as s embly r adial power f a c t or s . The power skewing ef f ec t s known to
exist across the subassembl y were not considered in obtaining the
calculated burnup. The algebraic avera ge percent difference is only
2 .4 percent. Thi s is consistent wi t h the reported16 estimated error
i n measurement of burnup by t he f i s s ion product method of ± 2 percent
a t 1 a .

Photomacrographs, taken in t he as-polished condition, are shown
i n Figur e 2 (left: Rod D, l2x; right: Rod, X- I , 8x) . Etching
r evealed no substantial differences in s t r uc t ur e f r om the as-polished
sections . The microstructural f ea t ur es are essentially the same as
t hose shown for unirradiated pellet17 and vipa c18 Pu02-U02 fuel.

Figur es 3 and 4 show t yp i ca l photomicrographs of the etched fuel
s urfaces . (All are 250x except 4a which is 100xJ The average gr a i n
s i ze at the center of the pellet fuel (Fi gur e 3a) is larger than that
a t the mid-radius (Figure 3b) or at the edge (Figure 3c) . Further,
the re is a complete absence of columnar gr a i ns . Since equi axe d grain
gr owt h be comes apparent at about l4000e, an d columnar gr ai ns form at
fu el temperatures be tween l7000C and l8000e, the microstructure sug­
ges t s a maximum fuel temperature between l4000e and l7000e. This is
cons is tent wi t h a maximum observed power rating of t he f uel of 10.6
kw/ft, which corr esponds to a maximum ce n ter t empe r a ture of approxi­
mately l5000e.

Figure 4a shows t he vipac f uel at an r/a=0. 6. Two anomalies were
observed in the materials evalua tion of t he vipac rod, X- I :
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1) The cladding f rom the vipac rod shows an average hydrogen
cont en t approximately 18 ppm higher than t hat from t he
pelle t r od (Tab le V) ; and

2) The I. D. su rface of t he vipac r od ha s an 0 .6 -mil th ick
reac tion l aye r (Figure 4b).

In each case, calculations wer e made to identify the sources and
estimate the consequences of the observed effect.

I n the fi rs t ca s e above , fuel ch emical analyses showed signifi­
can t ly higher moisture content in the vipac t han i n the pe l le t f ue l ,
indica ting t hat t h i s ex t ra mois t ur e may be a pos s i ble source of the
hi gher hydrogen cont en t in t he vipac c l addi ng . Precise calculations
ar e i mpossible because several batches of fuel, of va r yi ng moisture
and hydrogen cont en t , wer e us ed for both the vipac and pelletized
rods.

Examinat ion of the chemica l analyses of t he va rious fu el batches
shows 25 ppm as a r easonable value for the differenc e in moistur e
content fo r t he t wo fuel t ypes . If all of this mois ture r eac t ed and
released hyd r ogen which was subsequent l y absorbe d by the cladding,
t he clad hyd r ogen content i ncrease would be 15 ppm. It is therefore
r ea s onabl e t o hypothesize that the higher mois ture content of the
vipac fu el is the sour ce of the hi ghe r hydrogen content of the vi pa c
c l addi ng .

The hydr i de distribution is shown in r epres enta t i ve photomicro­
graphs of the cladding in Figure 5 (lef t: from pe llet r od ; r i gh t:
from vipac rod; bo t h e tched , 100x).

I n i nves t i gat i ng t he second case no ted above , t he r eac tion l ayer
was not identified positively . Howev er , calculations based on fu el
chemistry show that t he extent of reaction canno t be expl a i ned on t he
basis of ni t r ogen or moisture i mpurit ies in t he f uel. Reduc tion of
the hypers toi chiometric fu el (O/M 2 . 01-2.02 ) to stoichiometric could
account for the observed r eaction l ayer. Also , this possible s ource
is consistent wi t h the absence of a similar reaction layer wi t h the
pelle t fuel s i nce the l a tt er material was hyposto ichiornetr ic .

The possible consequences of th is l ayer have been eval ua ted with
r espect to t herma l performance . Considering possible fu rther reac tion
of the fuel and clad to a fuel OIM r a t i o of 2 . 00 , t he resulting in­
crease i n the fuel cen t e r temperatur e at end -of-life has been estimated
to be - 25°C. This small increase wil l no t significantly influence
fu el rod performance .
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End of Life Examination

Dur ing the l ast quarter of 1967 , t he Saxton r eactor power wi ll
be escala ted to 35 MWt , r esulting in a ma xi mum calculated r od power
of 19.1 kw/ ft . Ope r a t i on wi l l continue at t his higher power l eve l
unt il the end of operation of t he Saxton part ial plutonium core
(Core I I) , pr esently ex pec ted i n early 1968. At t hat t ime it i s
planned t o s ubjec t f ifteen rod s t o a more detailed non-des t r uctive
a nd de struct i ve examina tion . It i s ex pec ted that the maxi mum burnup
of f ue l t o be examined will be about 31 , 000 MWD/MTM.

El ements of this exami na t i on program wi l l i nc l ude a t least t he
fo l l owi ng:

1 ) Physical ex ami na tion of the i n tac t as s embl i es and rod s
for twis t , bow, wea r , or other i nd ica t ions of und esirable
mechanica l performance .

2) Single cha nnel and mul ti-channe l gamma s ca ns of t he r od s .

3) Fission ga s ana lysis.

4) Burnup and i sotopic a na lys es of selected fuel samples
using cesium-137, s t r on t i um-90 , ne odymi um- 148, and heavy
elemen t i so topics as indicators.

5) Metallographic ~xaminat ion of s e lec ted fuel a nd cladding
samples.

6) Auto rad iograph i c exami na t i on of selec t ed fuel s amples .

7) Clad t ensile and bur s t t ests.

A final r eport wi l l document the r esult s of thes e exami na t i ons .

Conc lusions

The Saxton Plutonium Proj ect has been t he ve hicle for the de sign,
fabr i ca t i on , irradiation and eval ua t i on of the f i r s t l arge-scale
plutonium f ue l demonstration. All ev i de nce obtai ne d t hus far through
post-irradi ation examina tion of the fuel and by de duc tion f r om r eactor
ope ra t ion da ta shows t hat, as ex pec t ed , t he plutonium-enriched mixed
oxide f ue l performs as well as the standard U02 fue l . It is a lso
a nt ic i pa ted that excellent f uel performance wi l l con t i nue to be
demons t r a t ed throughout cor e l ife. By mid 1968, the abili ty to
design , fabricat e and operate plutonium-enriched mixed oxide fuel
to peak expos ur e l ev els i n exces s of 30 ,000 MWD/MTM in a pressurized
wa t e r reactor wi l l have been successfully demons trated.
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TABLE I

MATERI ALS SELECTION

Powder Prep. Fuel Density No . Rods
Clad Form Met hod % T.D.** I ns e r t ed

In Reactor

Zr-4 Pellets Mec hani ca l Mixi ng 94*2 470

Zr-4 Vi pac Mech. Mixing - Nupac* 87 *1 138

304 55 Pellet s Mec hanica l Mixing 94 *2 20

304 55 Vi pac Mech . Mixing - Nupac* 87 *1 10

* Battelle Nor t hwe s t Laboratories high energy impaction process .

** Percentage The ore t i ca l Dens i ty .

TABLE II

SAXTON REACTOR OPERATING CONDITIONS

Maxi mum Power Level

Max imum Linear Power Density

Maxi mum Heat Fl ux

Aver a ge Coolant Temperature

System Pr essure

Max i mum Clad Surface Temperature

Average Clad Temperature at
Hot Spot (55)

Average Cl ad Temperature a t
Hot Spot (Zr-4)

Maxi mum Fuel Central Temperature

Peak Burnup

Chemical Shim, Beginning of Life

Initial Loading - Pu02-U02
I niti al Load i ng - U02

141

23.5 Mw(t )

16 kw/ f t

531 , 400 Btu/hr-ft 2

277°C (530 °F)

2 , 000 psia

339 °C (642°F)

367°C (692°F)

2200°C (3992°F)

>25 , 000 MWD /MTM

2, 000 ppm Boron

345 Kg/9 as s embl i es

525 Kg/ 12 assemblies



TABLE III

POST-IRRADIATION GAS SAMPLE ANALYSIS RESULTS

Gas Volume, cc at STP

Gas X-I X-5 D E

H2
0.004

He 4.555 2.677 4.445 4.897

N2
7.970 9.881 0.047 0.018

O2
0 .057 0.143 0 .022 0.007

Ar 0.004 0 .010 0 .287 0.303

Kr 0.389 0 .494 0 .080 0.097

Xe 5 . 886 7.507 1 .185 1.445

CH4
0.037 0 .001

Total Volume 18.86 20.75 6.07 6.77

TABLE IV

FUEL BURNUP

Sample D-BU-1 D-BU-2 X-BU-1 X-BU-2

Inferred Burnup

Cs 6146 5520 5207 4881

Sr 6445 6143 5277 4819

Nd 6223 5514 5246 4717

Avg , 6305 5725 5243 4805

Ca l cu l a t ed Burnup 6015 5210 6240 5240

Ca1c-Inferredx100 -4.8 -9.9 16.0 8.3
Calc

TABLE V

HYDROGEN CONTENT OF IRRADIATED CLADDING

Rod No. Sample No. H2 Content (ppm)

X-I 1 61

X-I 2 82

D 1 52

D 2 55
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IRRADIATI9Jl O}' PLUTONIUM FUELS I N THE BR-3 J\

AA
H. BairiotJ\'AA
A. lhos t

Abstract

The paper describes s chematica l l y the dif f erent types of f ue ls
which have been t es ted in t he BR-3 react or.

The f i r st campaign enables to compare pel let i zed uran i um f ue l
to vibratory compacted and to swaged pl u t oni um f uels. Furthermore ,
different types of U0

2
have been uti l i zed f or the powders .

The burnup has been of the order of 5, 000 MWd/t. The main
result concerns the gas r elease of he terogeneous part iculate fuels
compar ed t o pellets and the effect of t he U0

2
powder used as s tarting

materi al.

The BR-3/Vulcain ex periment will enable to compare at high
burnups (30, 000 MWd/t ) vibr atory compac ted and pelletized plut onium
fuels. In thi s experi ment, i t has a lready been possible to eva l uate
some very import ant detai ls co ncer ning a simplified t echni que util ized
f or the manufact ure of the plutonium fu els .

J\ Work performed i n the f rame of the Cooperat i on Agreement
Eurat om/Un i ted Sta tes Contrat Nr 001-64-1 TRUB, between the
C.E.N. (Centre d ' Etude de l'Energie Nucl eaire) - BelgoNucleaire
Association and Euratom.

AA Ingenieur, Chef de Service at "BelgoNuclea ire" (Soc i et e BeI ge
pour l ' I ndustrie Nucleaire, S.A.).

J\'AA I ngeni eur at "BelgoNucl eaire".
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1. INrRODUarION.

The work presented in this paper has been performed by the
J oint C.E.N. - BelgoNuc leaire Plutonium Group, under contracts
fon~arded by the Euratom Commission within the Euratom/United States
Joint Research and Development Program. It is part of the broad
Belgian effort undertaken since 1958 to study the recycling of
plutonium in thermal reactors .

The main fue l development effort has been devoted to assess the
merits and di sadvant ages of a s pecial fabrication technique based on
powder packi ng pr ocesses (Vibratory compaction or Vibratory compaction
fo l lowed by a small swaging step). The particularity of the investi­
gated process consists of introducing the plutonium into the fine size
fraction of the fuel only (1) ; this fabrication route has also been
developed in the pas t at Hanford but has been superseded at the
Richland site by the Dynapak process.

Among t he main advantages (1) , one should notice :

- a reduction of the fabrication steps involving the handling of
pl ut oni um,

- an enhanced heat transfer within t he fuel rod (2, 3),

- the possibility of profiling the enrichment longitudinally.

Among the disadvantages, the two major ones are :

- the necessity of a l ong and tedious development effort,

- the occurr ence of local pl ut oni um concentration ; the local hot
s pots might impose a reduct i on of the fuel performances under
cert ain circumstan ces (1, 4, 5) .

The evaluation of this type of fuel is made primarily by
comparative tests in the BR-2 reactor (2). Since "an evaluation
of irradiation behaviour based upon a few specimens may be subject
t o considerable error" (6), these orientation tests are supported
by a demons tration program performed in power reactors, whic h will
be t he subject of t he present paper.
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2 . BR-3IPloJR.

This exper i ment is the first s t ep of t he demonstration program .
I t is representative of the st ate of art pr eva i l ing in Belgium i n
1962, when the fabrication technique was s t i l l i n its infancy and a
l ar ge uncertainty exi s t ed on the a ppl i cabili ty of the cor e design codes
to plutonium containing l attices . As a result, the fuel i s of poor
qualit y compared t o our present standards and t he power ratings t o
which t he f uel was s ubj ect are very l ow.

2 .1 . Description of t he fue l .

The fuel consists of three size fract i ons mi xed together while
l oadi ng the tube ; the coarse and the medium f r actions ar e f us ed and
ground U02 or Dynapak U02 (rods R 298 and R 307) ; t he fine fraction
is a blend of fus ed and ground U02 with s i ntered (U - 10 %Pu)02 or
a blend of Dynapak U02 and sintered Pu02 (r od R 307) or sintered
(U - 5.65 %Pu)02 (rod R 298). I n all cases , the uranium was natural
and t he t otal enrichment t herefore 0 .7 %u235 and 0.96 %Pu containing
5.7 %Pu240, except for r ods R 298 and R 307 (7.7 %Pu240).

The fuel rod design is repr esented in f igure 1. The vibrated
rods have a fu el de ns i t y of 86 %TD and a plenum partial l y filled
with a hold down s pring (0 .7 cm3 of the tot a l 10 cm3 voidage).
The plutonium dis t r ibut i on along the r ods may be characterized by
maxi mum l oca l )84 KeV gamma peaks of 27 to 40 %in the hot zone
(1/ 3 t o 1/ 2 of t he f ue l height) and up t o 140 %at the upper end ;
t hese values are measured with an unc ertainty of + 10 %. The swaged
r ods ha ve a fuel density of 90. 5 %TD and no plen~m ~otal voidage :
7 cm3) . The pl utoni um distribution may be charact er i zed by max imum
l ocal }84 keY peaks of 7 t o 26 %in t he hot zone and up t o 210 %at
t he upper end.

The fuel rods are l ocated in a now classica l assembly made by
"Met allurgi e et Mecanique Nucleaires" , in t he positions indicated
i n figure 2. This figure also i nd i cat es the position of the assembly
in the core .

2 .2 . I rradi at i on dat a .

The i r radiation condi t i ons are summar i zed i n Ta bl e I.

I t had been computed t hat fo r a core l i fe of 4, 000 EFP hours
t he burnup of t he 12 pl ut onium r ods would be betw ee n 3,500 and
4, 800 MYld/t de pending on their l ocat i on i n the ass embly . The compute d
longitud i na l and t ransversal power di stribut i ons are given i n f igures
5, 6 and 7 .
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The plant has been on power f r om December 1963 to Jul y 1964
with a load factor indicated in figure 3. The reac t or was shut down
at 4, 800 EFP hours because of the r equ i rements of the Vulcain Program .

2 .3 . Post-irradiation tes t s.

The visual examination revealed no def ormations or de f ects of
the cl addi ng . The cr ud was uniform in col or. Within the exper i ment al
errors (+ 0.02 mm) , no dimensional changes have been f ound . a small
dec rease-i n diameter (0.01 mm, i.e . 0 .1 %) mi ght have occurred in the
swaged rods . The hot s pot s did not show any departure from the
average behavior of the r od, both fo r what crud deposition and dimen­
s i ons are concerned .

Due to the late commissi oning of the required hot cell equipment ,
the gamma act ivity was only suf f ici ent l y hi gh at 0 .1 MeV and 0 .66 MeV
t o perform a gammascann ing . The s cann i ngs at both energies are
ident i ca l within the er r or limits (f i gure 5).

Figure 4 compares the gammascanning of r ods fabricated by
different methods. In t he uranium rod uti lized as standard, t he
location of t he grids is noticeable . The plutonium r ods show the
effect of the heterogeneous distribution of t he plut onium amongAthe
fue l. The "Eur opean Institute f or Transuranic Elements" C.C .R.
(Karlsruhe) has demons t r ated that t he fue l is still mobile by tapping
a rod and comparing the gammas cans taken bef ore and after thi s test .

The swaged r ods have maximum act i vity peaks of 0 t o 16 %in the
hot zone (f or instance, figure 5) within the accuracy of t he mea sure ­
ments (±. 6 it ) .

A Joint Nuclear Rese arch Centre - Eur atom
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The vibrated rods have maximum local acti vity pea ks of 9 to 25 %
in t he hot zone (f or instance, f igure 6) . Assi mil at ing these peaks
t o power peaks, it can be deduced from these figures that the 384 keV
activit y profile over estimat es the l ongitudinal variations of t he
pl utoni um di st r i but ion by a factor 2 , this conc l usion is confirmed
by t he analysis of numer ous ot her activat i on and irradiation tests .
The comparison of the gammascans with the ca lculated longi t Udinal
power distribution (figures 5 and 6) shows that the fuel assembly
has stil l run at a high power at the end of life.

One vibrat ed r od (V 41 ) has been chopped into 15 se gments of
10 cm f or the determination of the burnup pr ofile along the r ods .
The bur nup of other r ods has been measured by sampl ing a spec imen
f rom t he r od ; t he average and maximum burnup data were deduced from
the gammascann i ng profi les. The burnup of the other rods is ca lculated
from the re l ative gamma intensities alone . The r esults des cr ibed
her eunde r are based on t he data obta ined at Mol, which are near l y
complete . t he work at Karlsruhe is s t ill in progress .

V 41 r od . The r od has been chopped and the fu el dissolved at
t he LMA ~'~ a HNO) 10 ~ boiling s oluti on, t hen in a HC1 5 ~ +
HEr 5 ~ + HF 0 .1 ~ boiling solution . An aliquot of each solution
has been s ent to t he Radiochemistry Ser vi ce of the C.E.N. ; s ome
have also been sent to Eur ochemic fo r isotopic compos i t ion det er­
mination ; some have f i na l l y been used at t he ur~ f or Csl37 analys i s .

The separati on of Cs137 at the L~ i s based on ohe pr ecipi tation
of f ission products carbonates other than caes i um on an anionic
exchange r esin . The el uat ed s olution is analyzed and measured
spectrometical l y . The claimed ac curacy of the method i s ± 10 %.
The results are given in Table I I.

The separat ion of fission products at t he Radiochemi s try Ser vice
of t he C.E.N. (7 ) i s ef f ected by determining the fission density of
irradiated fu els by measurement of t he conc entr at i on of Cs137, Cel 44

and Sr90 • This method is based on a separation on Dowex 50 r esin
with use of compl exant product s (7) . From these di f ferent measur ements,
t he burnup i s determined by t ak ing into account t he uranium and
pl ut onium i s ot opi c compos i t ion after irradiat i on for est i mat i on of
fissi on yi elds , and t he i r r adi at i on and cooling t imes .

---- -- - --- ,- - -- ---
Laboratoires de Moyenne Act i vite - GEX - C.E .N.-Mol
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Ii:A t hird control was established by the ECMN , which determines
directl y t he Cs137 content by mass spectrometry of t he initial
solution .

To t he accuracies g iven by the authors should be added 10 %
for the err or in the fission yi eld of t he different pr oducts .
The t ot a l ac curacy is then 20 %. The expe rimental dat a given in
Table II do not support such a l ow figure for the accuracy . The
compar i so n of the various experi ment al dat a i s given graphically in
figure 6.

Other rods . The only other experiment al data concern two r ods ;
t he average and peak burnups based on t he data and on t he gammascans
ar e given in t abl e III . These values confirm t he data obt a i ned by
comparison with the r od V 41 on the gammas can basis, except f or the
average of R 289 .

The aver age adopt ed bur nup dat a are selected from t he experimental
data (r adi ochemi ca l analysis, gammascanning, isotopic compositions)
and predicted power di str i but ion . These values are mapped i n figure 7.
In general , the agreement between experimental and predicted data is
good i n t he case of pl utonium r ods .

Tabl e IV gives t he resul t of 5 determinations of t he isotopic
composition perfonned at Eur ochemic. From the r esult s on thr ee
segments of r od V 41 the burnup was ca lcul ated , t he va:ues (Tab le II )
are in agreement with t he adopted va lues within trle limi t of accuracy.
Li kewise it may be seen t hat t he i sotopic composition var i es continu­
ously with t he adopted burnup data ~J1thin t he limits of ac curacy .

A fe w new fiss i on gas r elease data have been obt a i ned s i nce
the pr evi ous paper (4) , a summary i s gi ven in Table V.

The i sotopic compos it i on of t he r eleased xenon and kr ypt on
(Tabl e VI ) i s s i mil ar f or all plutonium rods , but s l i ght l y different
for the uranium r ods . The influence of t he proximity of t he contr ol
r od is not i ce able, r ef l ect ing t he diffe~ence in irradiation history.

A Central Offi ce for Nuclear Measurements , J oi nt Nuc lear Res earch
Centre, Eurat om, Geel, Be l gium .
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The efficiency of t he ga s collec tion during t he post-irradiation
test lies in t he region 14 - 26 %, except f or r od R 298. The high
figure f or thi s r od is surprising, taking int o ac count the hi gher
densi t y and smal ler grain s ize of t he swaged f ue l .

The free gas es at r oom temperature represent a pr e s sur e of
4 - 9 atm . One shoul d be careful in extrap olating t hi s residua l
r oom tem perature pressure t o t he gas pressure under uperati ng
condit ions . I t is noticeable t hat the highest pressures are f or
"dyn apak" fuel , whi ch s noul d have t he highest surface ar ea f or gas
adso rpt ion .

The l~drogen content of t he ga s corr esponds t o a hydrogen
cont ent of the fue l of 0 .05 - 2.5 ppm or t o a moisture content of
the fue l of 0 . 4 - 22 ppm . Bot h con~ents are within t he specifi cation
of t he initial fuel. The lower va l ue for "dyna pak " f ue l i s
probably due to the fact that it was careful ly dried j us t be f ore
t he fabr i ca t ion of t he r ods .

The CO and CO2 content of t he r ods with "dyna pak" powder does
not confirm t he analyzed carbon cont en t of t he f uel (40 ppm c) .
It s houl d be noted that t he car bon content of the f us ed U02 was of
the s ame or der of magnitude (SO ppm C) .

The f i s s ion gas r elea s e is mur e than one or der of magni tude
higher for t he powder fuel than f or t he pelle t ed fue l (0.9 5'6 ) .
Since the cent r a l fuel t emperat ur e is estimated at 600 °C in both
cases (figures 8 and 9), t he r el ease rate f or the powder fuel can
only be explained by the het erogeneous nature of t he f ue l (pl ut onium
i n the fine s i ze fraction onl y) . I t s hou l d be expe cted that sma l l
gr ai ns release more fiss i on products i t he recoil di s t ance i s indeed
of the s ame magni t ude t han the gra i n s ize . The compar i son o f r esul t s
f or r ods R 307, R 289 and R 298, i n which t he pl uton i um was in sol i d
solut ion in 1.10 and 18 %of t he fuel r espect i vely (Ta ble V), sugges ts
however t hat t he saturat ion of the fuel l attice coul d be the main
ef fect , i n Table V, t he burnup and the re lease r ate wer e computed
f or the pl utonium containing part of t he fuel, as s uming 60 %of the
power was generated by t he i ni t ia l pl ut oni um and t hat a l l the r e l ease
came from t he f i ne size fract ion of the fu e l. It can be noticed t hat ,
on t his ba s i s , 20 %of the fis s i on pr oducts enter the adj acent fuel
by recoil , i f one estiw~tes t ha t at 200,000 ~vd/t and 300 - 600 °C
t he fuel is compl ete l y saturated .
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Figures 8 and 9 present a macr ography, an «- and a ~ - r
autoradiography of a cros s-sect i on of two representative rods .
No ma j or modificati on of the s t r uctur e has occ urred under irradiation,
except an overall s pi ke s i nter ing phenomenon i n the swaged fuel ;
the s trengt h of the sinter ed joints is such that c i r cumf er ent i a l
coo ling cracks are visibl e throughout the hottest specimens .
This observation i s not i n contradiction with the assumed 600°C
maximum central temper at ure since .

1 ) one of the authors f ound that swaged U02 sinters when s ubjecting
the r od t o 1, 000°C (and even 900°C) for 1 h

2) i t is wel l demonstrated t hat t he f i ssion process can l ower the
sintering t emperat ure by 30 %. The 900 - 1,000°C r ange corresponds
therefore t o 550 - 600°C unde r i r radiat ion .

The pr e f er entia l pl ut oni um and power distribution at the outer
edge (4) is onl y aight l y visible in the au t oradi ographs due t o
polishing effects. The f lattened t rans versal d i s t r i but ion of
temperature (2 ) is support ed by the uni f ormity of t he structur e and
by the pattern of cracks . These obser vat ions ar e only qual i tative
and even not concl us ive by themse l ves .

3 . BR- 3/VN .

The program has bee n presented at t he Brussels Symposium en
the Use of Plut onium as a Reac t or Fuel, Mar ch 13-17,1967 and its
status wil l onl y be men t i oned br iefly hereafter . Characteristic
data are given in Table I .

A f uel as sembly cont a i ning 18 pe l ~ eted r ods and 19 vibrated
r ods has been made of pluton i um enr iched natura l uranium . The
vibrated r ods were of t he heterogeneous t ype.

The pr i nc i pal actua l resul t was t o s how the gr eat i mportance
of t he pess i mis tic hypothes es adopted for tne interpretation of
the control dat a and fo r t he calculation of the burnout margin.
The de ve l opment program has been adapt ed consequently .
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3.2. Irradiation da ta.

By the time of t he pr es ent symposium, t he plutonium fuel will
have reached an average burnup of 9,000 MWd/t and a peak burnup of
12,000 MWd/t in the highes t rated vibrated r od .

4. COMPARISON WITH RESULTS FROM IRRADIATION TESTS.

The past BR-3/PWR run is representative of the power rating
of t he lowest rated 40 %of the fue l charge of a modern wat er cooled
power s tation . The pr es ent BR-3/VN run i s represent ative of the
power rating and the burnup of the lowes t rated 60 %of such a
fu e l charge.

The pr esent section wil l summarize the resul ts of irradiation
tests conduct ed under more extreme conditions. Those irradiations
are reali zed in two faci lities of t he BR-2 , a hydraulic rabbit (HR)
and a "boiling water capsule" (CEB).

4.1 . HR (Hydraulic Rabbit).

A research program to chec k the t hermal behavior of plutonium
enriched oxide fue l is perf ormed in a hydraulic rabbit of t he BR-2
at Mol in Bel gi um.

The tests inc l ude a series of specimens reaching full power
a f t er 15 min at linearly increasing power and a series of specimens
reaching f ull power in 0 .2 s , Each t es t also includes homogeneous
and heterogeneous fuel .

Four irradiations have already been performed (2). The obtainec
powers are actually estimated in t he 140 to 1,400 W/cm range (2).
The most important results are a better determination of the factors
of

q' L....n.-
f J kdT with f f f

n g

wher e q ' (W/cm)

f

f
n

power rating

correction for the het er ogene i t y in t he
transversal di s t r i but i on of the power
density (W/cm3)

correction factor for a homogeneous fuel
due t o t he neutr on f lux depression
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corr ect ion factor f or the heterogeneous
distribution of the f i s sile mat erial .

For vibratory compact ed fu el at 85 %TD, t he integral from
o to 2, 800°c i s equa l to 70 W/cm for s peci mens f i l led wit h argon
and 70 - 80 loJ/ cm for helium containing rods . The f factor is
r espectively 0 . 7 - 0 .8 and 0 .8 . g

This means that , under normal conditions of modern water r eac­
tors , t he melting point shoul d just be r eached at 600 - 800 W/cm
for homogeneous fu el and 900 - 1, 000 W/ cm fo r het erogeneous fu el .

On t he basis of these data, it has been ca lcul ated that i t
would be possible to des ign and f abricat e a fu el wi t h a f down
t o 0 .6 . g

4.2. Boili ng wat er ca psule.

The continuous monitoring sys tem of the capsule (8) gi ves t he
evolut i on of t he heat rating and the cladding t emperat ure at various
l evels a l ong the channel .

Only t he f irst of t he fou r irradiation capsules t es ted i n the
BR-2 i s being examined pr es ently in hot ce lls . The characteristics
are given i n Table I . The specimens were made by increment a l loadi ng;
ea ch increment of powder was a blend of the three s i ze fracti ons .
This produced a l ong itudinal segr egat i on of plutonium to 4 levels
cor r es ponding to the i nter f ace between ea ch of the four increments .
The pl ut oni um gamma activi t y of the r ods pres ented 4 peaks up to
30 %(figure 11) ; the loading process avoided to a maximum extent
any transversal heterogeneity of the plutonium distribution .

The i rradiation hi s t or y is given in figure 10. It can be
notIced t hat t he power rating was increased from 170 to 320 W/cm
at 50 %of t he fu el l ife ; t his simulates power peaking that ight
arise f r om a reshuffling . The peak cladding temper ature was 550°C.
I n a homogeneous fue l the central t emper at ur e would have bee n
1,600 - 1 ,700oC and the average fu el temperature 1 , 200° C. The total
irradiation time was 2,400 h of which 200 h have been i n high power
rating after 1 ,200 h of irradiation . From the recorded data, the
burnup has been estimated at 10,000 MWd/t .

The dimensiona l tests revealed no change due to the i r r adi ation,
whi ch was a s urpri s e consi de ring the high cl adding temperature.
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The gammascanning (figure 11 ) i nd i ca t es local power peaks
equal (wi thin t he ac curacy) t o t he plutoni um activi ty peaks measured
before irradiation . This 1s bel i eved t o conf i rm the good transversal
di str i but ion of the plutoni um, althougll t he effect of het er ogene i ties
on the plutonium activity i s much less in such small r ods than in
large ones .

The r adiochemical burnup determinat i on i s stil l in progr ess
at t he moment of writing . From the neu tron flux moni t or s , t he
burnup should be of t he order of 16, 000 MWd/t ; t he peak power
rating sh ould t hen be 500 W/ cm and t he peak central t emper at ure
would have been 2,400 - 2,600°c in a homogeneous fuel .

The gas release data are gi ven in Table V.

The s t ructure of one of the s pec i mens (V 62) is gi ven in
f i gure 12 . The modific at i ons are onl y a s pike sintering f ro m the
cladding to a de pth of 10 - 20 %of the r adius in rod V 62 in a
s ection at ave rage power , 5 - 10 %of t he radius in t he s ame r od
i n a sect i on at 120 %of average power and 50 %of the r adius in
r od V 59 at 90 %of tile average power of r od V 62 . In rod V 62,
t he plutonium ha s mi gr at ed to a 50 ~ depth in the l arge U02 grains
in the central port ion ; such a phen omenon has not occurred in r od
V 59. Since the metallographic examination i s not compl eted, it can
only be conc luded t ha t the central temperatures wer e respectively
ranging f rom 1,500 t o 1,600°C in r od V 62 and f rom 1,300 t o 1,400°c
i n r od V 59. These f i gures l i e in t he pr esent r ange of unc ertainty
of pea k t emper at ures based on t he ava ilable power data (conti nuous
moni tor i ng and neutron dosimetry ) ; a conclus ion will only be
possible when the r adi ochemi ca l ana l ysis wi l l have defined more
precisely the burnups . I t wil l then be possible t o see t o what
extent the bur nup i nfluences the i mproved heat t r ans fer pr oper t i es
of the fu el.

The f i s s ion gas release i s given in Table V. The t otal of t he
collected gases f rom r od V 59 was only 20 %of t hat from r od V 62
and too small t o enable an analysis to be performed . These r ough
values do not permit to dr aw a conc lusi on since t hey might be
influenced less by the dens ity than by the extrac tion efficiencies
whi ch can be as low as 20 % (Table V) . The isotopic compositi on
of the ga s eous fissi on product s is gi ven in Table VI ; no major
d i f f er ence exists with t he case BR-3/PWR. The hydrogen release i s
l ower than in the BR-3 r ods ; since t he same powder and the same
fabrication techniques have been us ed , it i s pro bab ly an effect of
the higher permeability of the cladding t o hydrogen at higrl tempe­
ratures . The 70 %fission gas r el eas e can be i nf l uenced both by
the higher temperature and t he higher bur nup . The comparis on of
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the releas e and the burnup reduced both to the plutonium bearing
part of the fuel shows a good agreement wi t h the BR-3/PWR r esults
and tends to indicate that t he t emperature has not t he major
influence.

CONCLUSIONS.

The l ong term i r r adiat i ons per formed up to now have proved
the beneficial effect of het erogeneous fuel on ga s release .
From the data ava ilable at t he time of writing, the burnup influence
on t he i mprovement of heat transfer .demonstrated in t he r abbit
exper i ment could not be deduc ed .
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TABLE I

IRRADIATION CONDITIONS

~-

Unit BR-3/PWR BR-3/VN CEB-1

Dc t e 1963 - 1964 1966 - 1968 1965 - 1966
Number of rods 12 19 3
Number of rods per assembl y 108 37 1
Outer diamet er mm 8 .7 8 .5 6
Tot al lengt h em 152 125 15
Cladding SAE )48 304(L) 348
Thickness mm O .~ - 0.61lf( 0 . 5 0.5
Enrichment Pu % 0 .96 6 .6 5
Density %TD 86~ - 90. 51lf( 85 83 - 87
O/Mrat i o 2 .01/2 .02 2.00/2.01 2 .00
Coolant ~O press . H20 - 020 press. NaK
Max . c ladding t emperature ·c 300 340 550
Max . power rating "I/cm 130 200 320
Max . heat flux \-I/cm2

50 70 180
Max. burnup MWd/t 6, 000 (25,000) (10 , 000 )

~ Vibrated rod

1lf( Swaged rod
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TABLE II

BURNUP D ETERMINAT ION O F ROD V 41 ( M W d / t)

Operator LMA Radiochemistry Se r vi c e C. E . N. BCMN E u r o ch e mi c
Adopted

Method C.
137

C.
1 37

C .
14 4

S r
9 0

Am
241

C.
I 37 Isotopic value

(1) ( I) (I) Co m po sition

Seament n r 15 660 5 30 700 650
Seament n r 14 9 50 800 1,000 1 ,1 00 950
Seament n r 13 1,840 1, 50 0 2 ,000 1, 800

------------- --------- - ------- - ---- - - - ------- -- - - - - - - - - --------- ---------
Seament n r 12 2 .470 2.620 2 ,200 2,600 2 . 500
Segrnent nr II 2, 64 0 3,550 2 , 90 0 3, 4 50 3.400 3. 10 0
Seament nr 10 3.220 , 4.04 0 3, 300 l , 6 50 3.50 0

~------------ --------- -------- ---- ----- ------ -- - - - - - - -- --------- ---------
Segment nr 9 3,010 and 3,250( 2) 4, 920 4.100 4.000 3.80 0 3.800
Segment n r 8 3,930 5, 30 0 4 ,350 4.900 5,000 4 ,600
Segment n r 7 4 , 01 0 5. 680 4 ,600 5. 100 4, 9 00

------------- --------- --- - - - - - ----- - --- -- ------ --- ----- --------- ---------
Segment nr 6 4 .300 6,210 5, 10 0 5.200 4.350 4 , 200 5,000
Segment or 5 6,510 5 , 300 5 ,200 5 ,300 5 ,400
Segment n r 4 4 , 87 5 4 ,000 4 , 500 4 , 4 00

------------- - - ---- --- -------- ---- ----- - ---- - - - -------- - - ------- ---------
Segment nr 3 2.900 4. 64 0 3. 80 0 4,200 3, 800 3 , 9 00
Segment n r 2 3 , 0 80 2 , 550 2, 700 2,400 2 , 9 00
Segment n r I 2 , 130 1 ,800 1,800 1. 9 0 0

Average burnup (3 .20 0) 3,700 3, 40 0 3, 400 3, 40 0 (4, 000) (3 , 4 00)
Accuracy ". 7 13 6 7 9 10 5

Peak burnup (4 , 400 ) 6,500 5 , 10 0 5,200 5,000 (4.00 0) (4.100) 5,400
Accuracy 1. 20 20 25 25 25 30 30 5

N ote : ( ) indicates t ha t th e va lu e is no t de d u c e d dire ctly f rom measure m ent

(I ) inaccura te r e sult s (cf. 2 . 3.2.) - Only th e r ela ti ve l ong i tud inal fi g u re s were de d uc e d from the experi me nt al dat a

(2) results of two mea surements o n different aliqu ut s of th e s oluti on



TABLE III

BURNUP (MWd/t ) OF THE BR-3/PWR RODS

.....
Ol.....

Rod

r~
I

v 4
v 4

, V 4
Iv 4

I v 4
; H 28IR 28

I
R 28
R 28

i R 29
: R 307

Ii,
Aver age Peak

From direct From comparison
IAdopt ed value (3 )

From dir ect From compariso n
measurement (1 ) wi th V 41 measurement (1) with V 41

(±. 10 %) (±. 10 %)

(3,300) (3, 700 ) (5,000)

I (3,300) (3, 500 ) (4,300)

crI. (1 ) I
2,900 2,900 4,600
2,900 3,000

4 ( ' ) (1)
4, 600

3, 400 (±. 5 /0) (2 ) I 3,400 3,300 5, 00 ±. 5 % (2 ) 5, 400
), 800 (±. 20 %) 3 ,500 3,600 7,100 (±. 20 %) 6, 100

3,000 3,000 4, 500
3 ,400 3,300 5,100
2, 900 2,900 4, 500
2,400 2, 400 3, 900

: 2, 400 (±. 20 %) (2 )
3, 200

I
3, 100 I 3,900 (±. 20 %) (2) !

5,100
4,000 3,200 5, 000

! ) , 100 3, 200 I 4,700
2 .600 I 2 .600 4.000

(1) see Tabl e II
(2 ) from radiochemical determinat ion of a segment and calculations based on gammascans
(3 ) from experimental det er mi nat i ons and theoretical data (s ee figure 7)
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TABLE IY

ISOTOPIC COMPOSITIONS

Rod Unit Initial R 289 V 42 V 41
data i

ISegment 17 16 9 3 6

Adopted burnup MWd/ t 3,200 3,200 3, 800 3,900 5, 000

!! ,!.s£t ... .s:.o!!!p£s...
~34 % 0.004 0.005 0.003 0.006 0.005
u235 % 0.71 0.55 0.56 0. 585 0.56 0.53
u236 % 0. 034 0. 032 0.03 0.032 0.038
U238 % 99.3 99.41 99.40 99.38 99.40 99.42

fu_c£nleat

Pu/ u + Pu w/o 0. 96 0. 87 0. 85 0. 93 0. 90 0. 91

fu_i~ol·_c£m£o§.._

Pu239 % 93 .7 74 74.9 75.8 75.0 71.6
Pu240 % 5.7 18.5 18 .1 17. 8 18.5 20.0
Pu241 % 0. 6 6. 8 6.3 5.8 5. 9 7.4
Pu242 % 0.77 0.68 0.59 0. 635 0. 96

I i i
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T AB LE V

F I S S I O N GAS RELEASE

BR-3/PWR CEB-I

~
tJ U

z
V 41 V 4Z R Z89 R Z98 R 30 7 V 6Z

Un it
I

F ree apace
3 8 10 10 7 7 7 0. 33em

Ave r ag e b. u. MWd/ t (3 .500) 3,30 0 3,MO 3, ZOO 3,ZOO Z, 600 (10,000)

~2li'!.e!'!.<L&.a.!!.!..

Ar + He + N Z + 0z
3

5. ~ 2, I 2.6 1.4 I. Z 4.4 1. 0 0.59e m
3

H e m
3

7.2 4 .7 2.3 Z.5 0 . 8 0. 2 5 O. 5 0.01
cOt COZ em

3 - - - - - 29.0 2. 7
Xe +Kr e m

3
0.3 O. Z2 5. 3 3.6 Z. 6 6. 9 4. 36 3. 56

T otal em 13 7.0 10 .2 7. 5 4 . 5 41 8.5 4. 18

Efficie nc y of the gaa 1. Z6 14 17 6 3 14 100
c olle c ti on 68 26
Gal pre 8 lure at ro om

a tm 2. 4 3.4 4 5. 3 4 9 9 13
tempe rature
H released ppm/U02

.1. S Z. 4 I.Z Z.5 L.6s 0.05 O. 5 0. 0 5
C released ppm/U02 - - - - - 40 17
F iadon ga l relealed 10

0.7 0 . 9 3Z 39 Z7 19 55 70

Burnup in the
MWd/t (22, 0 00) (Z3, OOO) (ZO, 000 ) (1 1,000) (2 0 0, 0 00) (1 80 , 000 )

(U . Pu)0 2
F i ••i on gal relealed

(50) (60) (4 0) (32) (80 ) (75)
of the (U. Pu)02

Note : ( ) indicates that th ,. va lue. a r e estimated by c alcula tions f rom experimenta l de te rm ina tion s
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TABLE VI

ISOTOPIC COMPOSITION

OF THE RELEASED XENON AND KRYPTON (70

I BR-)! PWR CEB-l

Rod V 41 V 42 V 289 R 298 R 307 U1 U2 V 62
1-----

Xenon

1)1 12 12 12 12 11 14 10 12
1)2 20 l SI 19 18.5 19 .5 21 15 18. 5
1)4 28 27 27 29 27 29 )0 26
1)6 40 41. 5 42 40 4) 36 45 43

Krypton

83 18 17 17 17 12 15 20 12
84 28 28 29 29 27 30 35 )1
85 7 7 6.5 7 4 6 - 7
86 47 48.5 48 48 58 49 45 50

I .I ,
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PLUTONIUM-URANIUM DIOXIDE POWDER AND PELLET FUEL MANUFACTURE

C. S. Caldwell and K. H. Puechl

Plutonium-uranium dioxide powder preparation and pellet fuel
manufacturing methods have been developed to meet increasing
demands for critical assembly, test reactor and demonstration
power reactor fuel elements. This paper reviews current
conversion and fabrication processes and discusses techniques
for control of mixed-oxide pellet characteristics including
plutonium microhomogeneity and oxygen/metal ratio. Experience
gained during fabrication of thermal recycle and fast breeder
type Pu02-U02 fuel materials in quantities up to 500 kg
is presented. Product variability data are included.

Nuclear Materials and Equipment Corporation
Apollo, Pennsylvania
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INTRODUCTION

Plutonium-u ranium dioxide fuel manufac turing methods have been
developed t o meet i ncreasing demands for crit i cal assembly, tes t reactor,
and demonstration power reactor fuel elements. (1) The most important
areas which have been deve loped are (a) conversion of plutonium nitrate
and metal to sinterable grade PuG via four different process routes ;
(b) fabrication of Pu02-U02 pellets from mechanically blended Pu02-U02powders; (c) fabrica t ion of Pu02-U02 fuel pel let s from coprecipitated
Pu02-U02; (d) preparation of pellets of different oxygen- t o-met a l ratios
over a wide range of plutonium concentrations to opt i mi ze the st oichio­
metry with regard to in- reactor performance; (e) control of pellet
physica l and mechanica l properties such as density, dimension, and void
distribution ; (f) control of trace metallic impurities and other con­
t aminant s such as C, N, H, F, Cl, moisture , and tota l gas, having
closely specified upper l i mi t s ; (g) control of precise plut oni um assay
of fue l lots as wel l as microhomogenei ty of individual pel lets ; (h) fuel
ro d loading , welding , l eak checking , radiography , gamma scanning, and
aut oclaving ; (i) suppor t i ng operations i ncluding mat er i a l s receiving and
product shippi ng , shi ppi ng container development and t es t ing ; account­
abi li ty , critica l i ty control, l i cens ing, qual ity assurance, qua li ty
control, and radiological safety ; ( j) recyc le and r ecovery t echnology
for a l l process s tages ; (k) specia lized equipment designs f or a l l
pro cess s tages.

During t he fi rs t fo ur year period betwee n 1961 and 1965 the above
stages of deve l opment progressed from a kilogr am s cale t o contracts
r equi r i ng over 500 ki l ograms of fuel. One mul ti- t on or der for SEFOR
is now being processed by a commercial supplier and additional l ar ge
order s are expected t o be fabricated by industrial suppliers during
1970 and bey ond . (2)

The salient features of several alternate plutonium-uranium
dioxide manufacturing processes now in use are described below. (3)

PROCESS DESCRIPTIONS

Preparation of Sinterable -Grade Plutonium Dioxide Powder

The Pu oxalate and peroxide routes, which have been used extensive­
l y for t he conversion of plutonium nitrate i nto high reactivity inter­
medi at e compounds f or subsequent hydrofluorination , are also wel l -suited
for making PuO . Addi tional requirements for the resu ltant sinterable
Pu02 inc lude croser cont rol of impurity contents, physical proper ties,
and assay . Comparative data on alternate r outes have been obt ai ned
by proces s i ng and eval uating tes t ba tches prepared in safe geometry
equipment. Direct convers ion of metal to oxide i s a lso des cribed .
Pr operties are summar i zed i n Table I.

1 ~



Continuous Precipit ation and Calcination of Pu(lV) Oxalate

This is the current reference proce ss f or preparing nuclear grade
Pu02 wit h controll able physical properties and sinterability. Pre­
cipItation is easily controlled to yield a final sedimentation average
powder size of 2-4 ~. Fi l t rate waste loss is less than 1 percent
providing that the oxidation state of plutonium is pre- adjusted to
PU ( l~) by the addi t ~ on of H202. : l ut onium recovery from the filtrate is
r equIred. Tap densIty, bulK oenslty, B.E.T . sur face area and residual
carbon content are controll ed by the time-temperature history during t he
thermal decomposition (calcination) s t ep . Powder properti es can al so be
adjus t ed by hammermill ing and by dry ball mill ing . Pur i ty of the pr oduc t
i s higher than the nitrate f eed solution. The Pu0

2
powder thus produced

has been used as a referenc e mater i a l to prepare (a) hi gh dens i ty PuO -
VO pellets by mech anical blending and sintering; (b) high density pu6

2peflets ; (c ) cont ro l l ed density Pu02 mi cr os pher es by powder agglomeratIon,
sizing and s i nt er i ng ; (d) plutonium carbide by r eact ion with ca r bon at
hi gh t emperatures under vacuum.

Cont i nuous Precipitation and Calc i nat ion of Pu(III) Oxa lat e

In t he recovery of plut onium from process scrap by nitri c acid
dissolution and ani on exchange , the final e l ut i on step can be accelerated
by es tablishing reducing conditions wi t h hydroxylamine nitrate , for
example . Oxalate precipitat ion from the r es ultant Pu(III ) e l ua te

\ so l ut i on is convenient , provides addi tiona l pur i f i ca t ion, and r esults
in s l i ght l y lower filtrate losses than the Pu ( IV) r oute. Calc i nat ion
cont r ol provides the same fun ction as previously described. The
resul tant Pu02 has higher bul k and tap density, l arger part i cle s i ze,
and sl i ghtly lower s int erabil ity than the previ ous method , but these
mi nor deficiencies can be impr oved by mi l l i ng if required. Accordi ngly ,
this process i s considered acc eptabl e fo r cas es whe re the feed so l ut i on
is a l ready availabl e as Pu( I I I ) nitrate.

Plutonium Peroxide Pr ec ipitation and Cal c i na tion

This ro ut e r equires c l ose control to obtai n repro duci bl e oxide
prop er t ies due to the t endency t o f orm var yi ng amount s of cubic and
hexagonal per oxi de crystallites during precipitation . In addi t i on ,
filter cak e washing and drying control i s more critical s i nce the
peroxide precipitates are l ess stabl e than the oxalates and genera l ly
contai n more r esidual nitrat e i mpurity. Phys ical pr oper t ies of the
final ca lc i ned puO Z are distinctly diff er ent from oxalate derived
material, and in spi t e of a high sur face area , the product has onl y mar­
gina l s i nterab i li ty . Wi th thorough cal ci na tion , combi ned with powder
milling to reduce the size of agg l omerates, an acceptab le product can be
obtained . Al t hough the peroxi de r oute pr oduc es the l owest total
meta l l i c impurity l evels of the three methods, the process is cons idered
sub-s tandar d wit h r espect to the ot he r s bec ause of more di ff i cul t process
control, poorer sinterability, and greater safety hazard associ ated wi t h
hydrogen peroxide .



Direct Convers ion of Plutonium Met a l to Pu02

Pl ut oni um metal buttons wer e oxidized direct l y to Pu02 in a fixed ­
bed pan reactor under an atmosphe r e of moist air or oxygen . Halide
impur i t ies wer e r emoved during calcining, but total metal lic i mpur i t i es
remained. To obt ain reproducible sintering characteristics the powder
was mil l ed to an average partic le size of 1-1.2 microns . Although the
Pu02 product was dense , when b lended with s i nt er ab l e- gr ade UO , good
fabri cation contro l was obt ained fo r mixt ures cont ain i ng 1.5 to 20% Pu02 .

Mechanica lly Blend ed Fue l Pel let Fabr i ca t i on

Powder Blending

In t he mechani ca l blendi ng pr oce ss , ind i vidual l y prepa red oxides
of uranium and plut onium are i ntimate ly mixed together i n t he r equired
proportion. Specialized equipment r equirements are mi nimal s i nce onl y
the PuO preparation, f inal blendi ng , and pellet fabr ication r equire
a lpha gl ove box conta inment. Si nt erable-g rade natural or depleted U02,
usu ally t he major componen t , is inspected, assayed, and pre-weighed fo r
ba tch blending prior to t r ans f er i nto the gl ove box sy s t em . In gener al
practice, an at t empt i s made to match the parti cle size and surfac e area
of the t wo components . Mechanica l t echni ques which hav e been ut i li zed
for t he mixing inc lude (a) t win-she ll pre-bl ending, (b) hammer-mi ll ing,
(c ) mix-mul l i ng (wet) , (d) paste bl endi ng (wet) , and (e) bal l-mi lling
(wet or dry) . Aggl omerate "snow-balling" has been obs erved wi th s imple
dry t win- shell mixing , resul t i ng in mi cr o-segregation which i s greater
than fu el specifi ca tions a l l ow . Dry pre -b lendi ng followed by hammer­
mi l l ing and dry ba l l -mi lling , wh ich impar t s i nter - par tic le shea r f orces
t o break down such agg lomerates , r es ults i n good micro- homogeneity as
shown by autoradiography of sintered pellets. Mi x-mul ling , wet ball ­
mill ing and paste blending produce uni form mixtures , but have the dis ­
adva ntage of uti l i zing liquids whi ch mus t be r emoved bef or e pel l eti zing .
Drying is a s low procedur e eve n in a vacuum dryer, s i nce the temperature
must be kept be l ow 80°C t o prevent oxidation of t he U0 2. Al t hough
accept able for t he rmal r ecycl e fuel composi tions, t he us e of hydrog enous
l i qui ds in gr i ndi ng , mixing, or gr anulat i on of f as t fu els cont aining 20
t o 25% Pu02 is l ess sat is f actor y due to criticality l i mit ations.

For example , t he ca l cu lated safe mass limit for 25% Pu02-U02 pas te
or slur ry i s 1 kg of contained Pu as compar ed wi th a dense powder dry
l i mit of 22 kg contained Pu. Safe mass limits for t ypi cal mat er ia l
con f i gurat i ons are shown in Table II .

To control mi cr ohomogene i ty, alpha autoradiographs of sinter ed t est
pell et transverse cross - sect ions are made and compared with visua l
standards . Wi t h the aid of e lect r on mi cr opr obe verification, it has been
shown that dry -mi l ling and wet ba l l - milling of mechanical l y blended oxides
wi l l meet propos ed microhomogeneity speci fi ca t i ons for fast r eactor fu els .
To i llustrate the re lative degree of microhomogeneity at tained with con­
vent i ona l ba l l -mi l l i ng , an ARL- EMX electron microprobe was used to
determi ne the micr ohomogenei t y of UO - 15% Pu02 f ue l pell et s prepared by two
a l te rnate routes, coprecipitat i on + ary s intering and mechani ca l -b lending
+ dry s i ntering .
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The reference NUMEC R&D process was used for coprecipitation. Pu-IV
oxalate derived PuO and El dor ado Minin g and Refining Company normal U0

2wer e mechanically-blended by dry ball-milling for f our hours . Al l pe l l ets
were s i nt er ed on a 4-4-4 schedule at 16500C in a N2-6% H2 atmosphere in
a 3 inch diameter mo lybdenum wound alumina muf f le sinterlng furn ac e.
Pellets wer e pressed wi t hout binders or lubricants in a double-acting
hand press die s et . "Dry" sintering denotes 100- 200 ppm mois t ure content
in the inlet gas to the furnace .

For purposes of visual comparison, the ful l pellet cross- s ect i ons
as polished for micr oprobe exami nat i on were aut oradiographed prior to
platinum sh adowing . The microprobe scanning target ar eas were se l ec ted at
r andom and the local plutonium concentrations and uranium conc entrations
were examined us ing the Pu L ~ or Pu M ~ and UL ,x x- ray lines, r espect i vely,
us ing an acce l er at i ng voltage of 30 Kv and beam current of 0. 2 ~ a . 11
inch LiF and 4 i nch ADP ana l yzi ng crystals were used for the L~ and M~

lines, respectively . St ep s canni ng at 1 micron i nt erv a l s with a 1 mi cr on
spot was select ed as the most sensitive procedure . Di splay sc an x- r ay
and e l ect r on backscatter TV display prints wer e t aken on most of the
sanplesafter quantitative s cann ing. These display prints illustrated
general features over a 45 mi cr on square ar ea wi t hi n whi ch the step scans
were made. Surface poros ity was clearly shown in the backscatt er displays.

Quantitative scan dat a wer e transferred from the strip charts to
tabular form and analyzed f or variance based on 95% confi dence limit
criteria .

Prior to r anking the product homogeneity, the dat a were t ested first
to:

1) determine that the CP data population variance was s i gnifi cant
with respect to the var i ance due to instrument background
variations ;

2) determine that the popu lation vari ances wer e the same f or the
duplicate s ets of data for the CP (2 scans on same pellet ) and
the MB-dry (2 scans on the same pellet plus 1 scan on a
duplicate pell et ) . The data wer e t hen t ested to establish t hat
the CP material was in fact more homogeneous than the MB- dry
material.

The analysis showed that the point-to-point dev i ation of pl utoni um
concentrat ion of the mechanically-bl ended oxide was + 3% whi ch is only
s light ly greater than the va lue of + 1. 4% for coprecIpitated materi al .
The r esults are summarized in Tab l e- I I I .

The abil ity to control lot-to-lot macrohomog eneity during
mechanically-blended fuel f abrica tion can best be illustrated by expe ri ­
ence gained during manufacture of 530 kgs of 6 . 6% PuO -U02 pellet fuel.
As shown in Table IV, product lot sampl e assays for plutonium varied f rom
5.75 wt % to 5 .85 wt % Pu whi ch represents a spread of only 0. 1 wt % Pu.
Thi s resul t was achieved for 13 blend lots which were prepared i n a t win­
shell blender. The l ot size was 35 kg .
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After powder b lending , t he fabri ca tion proces s follows a stepwise
pat h which i s simi lar to UO z pe l let manufacturing practice , with modifi ­
cations added to pr ovide a lpha containment . The proces s l ends itse lf
wel l t o the stringent pe l let i nspection requir ements which are neces sary
f or r eact or l oadi ngs . A typical dry process f l owsheet suitab le for PuO Z­UOZ fas t reactor fue l is shown i n Figur e 1. Each process step utilizes
a separate glove box unit.

Pelletizing

Fuel shapes are continuous ly and aut omatica l ly fab ricated by mech­
anica l compression of a powder pos ses sing sui tab le physical character ­
i stics . Such a powder must be free f l owi ng f or uni f ormity and dupl i cat ion
in the fill i ng of the die and must impart to t he compacted piece sufficient
green strength to a l l ow normal handling . Sinterab le grade ceramic powders
have an ave rage particle size of about one micron , and as such are not
free flowing . Therefore, the powder must be agglomerated either by dry
pre-pressing at 4 t o 8 TSI or by mi xi ng with a solution of soluble wax
and drying. A lubricant such as stearic acid is usually added to t he
granulated material t o maintain the f ree f l owing characteristics and to
f acil i t at e re l eas e from the die following compaction. Coprecipi tated
and mech an ically-bl ended powder s of PuOz-UOZ are genera l ly compacted at
10 to 30 TSI to give a r esul t ant green shape which has a density of 40
to 55 percent theoretical. Lower compaction pressures are insufficient
to give suitable strength to t he body and resul t in excessive shrinkage
during sintering . Higher pressures cause conical end cracking unless a
binder is utilized.

Si nteri ng

Fina l dens i f i ca t ion of t he compa cted fue l shape is achieved by high
t emper at ur e sintering . In thi s proces s the i ndividual par tic les coa lesce
giving rise to grain growth, solid solution formation, and volumetric
shrinkage. All of these effects are t i me , temperature, and atmosphere
dependent . Furthermore , traces of chemically bound water or unconverted
compounds will volatilize and thus may influence t he pellet structure .

Si ntering studies for PUOz -UO Z composi t i ons have bee n carried out
extensive ly. In general, t he system can be descr ibed as one of complete
sol id sol uti on between t he component dioxi des but compl i cat ed i n t he
PuOz -rich region by t he forma tion of lower oxides, namely ~ - PuZ0 3 ' This
forma tion occur s in the reducing atmosphere which is necessary to
maintain the s toichiometry of the UO z and at the temperatures required
fo r sintering , 1500 t o 1700°C. Various sintering atmospheres have been
utilized; Ar, Ar-HZ' COz -CO, NZ-H2, H2, He, He-Hz. The non-exp losive
nature of Ar-H? Nz-HZ and He-H wfiere the hydrogen content is below 8
percent is especia l ly well-suited for venting int o closed glove boxes.
The r educi ng characteris tics of such gases are l es s pronounced than pure
hydr ogen, but sui table oxygen/ meta l ratios are obt ai ned during sintering.
The behavior of mo lybdenum fu r nace heating e lements i n such atmospheres
is also sa tisfactory.
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The maximum practical charging r ate of PuO -UO in a continuous
p~s~er furnace ~per~ting unde: a non-explosive ~2-6t H2 at mosphe re is
llmlted by the ln Sltu formatlon of l arge amount s of moisture from the
r eduction of super- stoi chiometric oxide contained i n the green pellets.
If the charging rate is excess i ve, a high rat i o of wat er part i al pressur e
t o hydrogen partial pressure can occur in the furnace atmosphere , r esulting
in crack ed pellets, di storted pel l et shape , or exces s i ve "dish ing". Thi s
condition can be corrected by increasing the gas flow rate, improving the
countercurrent gas flow pattern or reducing the pellet charging r ate.
Decreas ing the excess oxygen content of the green pellets by powder r e­
duction or by presintering wi l l a lso increas e t he s intering furn ac e
capacity , in ac cor dance with straight-forward s t oi chiomet ry considerations .
Local t emperature profil es and gas compositions in the discharge or cooling
zone of the furnac e are cons i dered to be important f actors i n fr ee zing the
fi na l pell et s t oichi omet ry leve ls . Quant i tat ive data on equi l i brium
oxygen pa r t ial pressure fo r mixed oxides(4) and the u-o and Pu- O sys tems
are being used t o set a l l owab le rang es of gas compositions and t o i mprove
pellet stoi chiometry cont r ol .

The l ot-to-lot variability in pell et oxygen/metal r at io during pro­
duct ion s i nt er i ng of mechani ca l l y-b l ended 6 .6 % Pu02- U02 is shown i n
Tabl e IV. The oxygen/met al r at io of 13 production lots aver aged 1.99 wi t h
a s tandar d deviation of 0 .0 1.

Dens ity and s ize control of s intered pellets in the r ange 93- 95%
T.D. is achi eved by th e same t echniques developed for U02' that i s, by
cont r ol l i ng pellet green density and s i ze . Sintering temperature i s
adj us t ed initially within the range of l550 °C to 1650° + 50°C. Fina l
pe l l et dens i ty i s mai ntained wi t hi n + 1 to + 2% T.D. of-the ave rage .- -

Pr es s feed properties, and sintering temperature are held constant.
The die s ize is changed t o compensate for different powder properties.

Recent result s have shown that control of pel l et density i n the
r ange of 91 to 93% T.D. i s possibl e us ing a dry slugging-granul ating
process . Fi gure 2 shows t ypical fired density versus green dens ity
curves as a function of slugging pressure and granule particl e si2e.
The starting powder was 20% Pu02-U02 having a surface area of 5 M/ g and
Fi sher Subsieve size of 0. 9 mi cr ons . In general, coarse particl e si zes,
high slugging pressures, and lo w pellet pressing pressures r esult in
decreased density . The ~ugging - granulat ing method also off ers a f lexi b l e
means of controlling open and clos ed porosity. In gener a l , high slugging
pressures, an abse nce of "fi nes" , and low pellet pressing pressure l ead
to open poros ity. By decreasing slugging pressure, introducing "fines",
or i ncreas i ng pellet pressing pressure , the structure gradua l ly changes
t o a higher rat io of closed to open pores. Poros ity may be vari ed from
16% open /0. 8% closed to 0.9% open/4% closed .

Dens ity cont r ol i n the r egion below 91% T. D. can be achieved by
s ever al approaches that offer the possibility of control with further
development. These methods i nc l ude the dry addi t i on of organic
(bur nab l e) pore formers and the presintering of ceramic gr ade powders
prior t o pe l l et fabrication. Dry addi tions of 1.5 to 3% methyl cellulose,
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sucrose, dextrose and carbowax yi e l d adequate control of dens i ty range,
pr ovidi ng that the organic addi t i ve is r emoved prior t o sint er i ng by heat
treatment in CO2 at 880°C. The addi t i on of powder pr esintered at 1400­
1600°C in N2-6% H has a l so be en used to obtain reduced pell et dens i ty .
For exampl e, a 25~ addition of 1600°C presintered powder t o virgin powder
permits density contro l in the r ange of 88 to 91% T. D.

Pe11et Grinding

Center l es s gr i nder s of t wo t ypes have be en us ed f or obtaining close
con trol of pellet diameter; belt centerles s gr i nder s and abr as i ve whee l
gri nders . Thes e machines are capab le of controlling di ameters to
+ 0. 0005 - 0 .0 01 inch on pe l le t s of about 0 .2 i nch to one inch in
d i ameter . Mach i nes of both t ypes ordinarily r equ ire a reci r cul ating
wate r sp ray fo r cool ing and lubrication during grinding . Critical mass
control is t herefo r e a probl em as t he gr i nder sludge i s ent rai ned in the
coolant. Cont r ol has been accompl i she d either by weighi ng pe l l et s bef ore
and af ter gr i nding and lim iting pl ut oni um accumulation within the safe
limit (250 grams) by accountabil ity or by limiting the total l i quid vo lume
to l ess than 3 liters .

Tube Loadi ng and Welding

Pelle t loading and wel d area decontaminat ion represents the t r ans i t i on
point i n the process between compl et e glove box containment and se cond ary
cmt ainment in an open-front hood . In general, a ll external cladding
s urfaces should be pr otected f r om contamination throughout the l oadi ng
process . Usuall y t he only ar ea r equiring decontamination is the int ernal
s urface of t he tube i n t he end cap area . It is cr i t i ca l that thi s area
be cl ean as con t aminat i on is ot he rwi se trapped in the wel d metal and can
never be r emoved . Viny l t ape over the external tube end pro tect s t he
surfac e and can eas i ly be r emoved during decontamination . At l east t wo
t echniques have been s ucces s full y utilized for attaching the tub e end to the
gl ove box wh ile keepi ng the exter na l tube surface outside the box . The
most universal l y applicabl e t echnique is to at t ach a number of t ubes to
proj ections formed in a plast ic pouch by means of t ape and using the
stand ard bagging procedure t o connect t o a bag port. After l oading,
the vi ny l proj ection tubes a re sealed off with a diel ectric s ea l er and the
bag r emnant ca re ful ly removed from t he tube end in an open front hood .
The tub e end i s decontaminat ed with a l coho l - dampened cloth patches and swabs.
Clearance i s needed between the fuel mate r i al and the tube end in order to
t horoughly decontamina te the weld ar ea . A plastic or rub ber breather pl ug
is t hen ins erted in the tube to contain the fu el and control contamination
during subsequent eva cua tion i n t he va cuum we l di ng box . An a l t ernat ive
t echni que which can be us ed with r elat i ve ly dust -free pe l let s i s to insert
t he t ube through a rubber gr ommet mounted in a wall between a glove box
and a vent i lated ai r lock or open front hood . Only the tape protected
end of the t ube is insert ed f or l oadi ngs. After loading , the end is
withdrawn into the ai r lock, decontaminated , and closed with the
previ ously described p last ic plug. The se cond end cap i s then inserted
and t he tube closed by conventiona l welding techniques . Welding is
usu ally per fo r med in an evacuable chamber backfil led wi t h inert gas .
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Coprecipitation Pr ocess for ~Iixed Oxide Fuel Pel let Fabrication

As an alterna te to t he mechanical blending process described above ,
mixed oxide pe l lets have also been fabricated f rom powder prepared by
t he coprec ipitat ion process . The coprecipitat i on process provides
s light ly impr oved microhomogenei ty and a great er assurance of solid so l ution
in th e fina l pro duct . This pr oce s s has been us ed fo r fab rication of f ue l
for physics tests and fo r re fe rence mater i als which are us ed i n irradi ­
at i on t esting and thermophysical pr oper ty measurements.

The pre fer red chemical bl ending proces s is based on the copr eclplta­
t ion of a plutonium hydroxide-ammonium diurana te i ntermediate compound
fran mixed uranium-plutonium nitrate so lution , fo l lowed by filtration,
washing, drying , t herma l decomposi tion, and r educt i on in a N2-6 % H2atmosphere .

The corresponding mixed oxal ate or mixed peroxide coprecipitation
processes are uns at is f act ory because of high solubil i t y l osses, in­
complete solid solution , and sub -standard powder sinterab i li ty.

The fo l l owing features l ed to the choi ce of the ammoni um di uranate
plutonium hydro xide convers i on rout e as a final proces s.

1. The coprecipi tation pr ocess was unique ly suited to the
preparation of the r equi r ed s ing le-p hase homogeneous mixed
oxide ceramic fuel .

2. The continuous precipitation process t ook advantage of
extensive large-scale experience with t he closely-related
ADU/U02 conver s i on rou te which minimized the cos t of
deve lopment and assured better cont ro l of product quality.

3 . The pr ocess chemistry met r equi r ements of c lose U/Pu composition
cont r ol , f lexibility in t he choice of pr eci pitant s (i .e ., gaseous
ammonia or ammoni um hydroxide), negligible corrosion con­
t amination, and l ow pl ut oni um waste lo ss es.

4 . Pre lim inary s t udies showed t hat the operat i onal safety of t he
hydrogen atmosphere furnace reduction s tep cou ld be maintained
by us ing a dilute non-exp l osive mixt ure without sacrificing
product qua li ty.

Pre-assayed urany l nitrate and plutonium nitrate solutions ar e
blended t o yield f eed solution containing 0 .4 - 0.6 mols (U+Pu) per
li ter and 1. 0 mols free acid/l iter. The feed solution and ammonia
precipi tant are contacted i n an agi tated precipitator at a t emper at ur e
of 50-55 °C. An aver age residence time of 25 + 5 minutes i s used t o
obtain sat i sfact ory particl e s ize and agg l omerate struct ure . The
s l ur ry is cont i nuous l y f iltered and washed by r eslurr ying-fil t r at i on .
After a i r-dry i ng at l 80- 2200C, the sol id materi al is thermally decompos ed
and r educed to ur anium-plutoni um dioxide i n a nit r ogen-6% hydrogen
atmosphere at 850°C for 1- 1/ 2 hours. The pr oduc t is hammer -mil led t o
eliminate agg l omerates prior to us e . A process f low diagram i s shown
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i n Figure 3. The major process variab le affec ting f i nal pro duct s i nter ­
abi l i ty is t he t i me-temper atur e history during thermal decompos ition
and r educt i on . Precipi tation transient conditions , ammonia concentra­
tion , pH , and the ammonium nitrate r es i due i n t he i ntermediate pro duct
after washing, were al so variables which influenced th e fina l oxi de
properties ; however , thes e variab les ar e ea s i l y controll ed in practice.

The major cont rol f eatures underlying the su ccessful use of t hi s
proces s fo r mixed oxi de containing up to 35 percent PU0 2 are :

1. The basic powder pr ope r t ies requi red f or pellet
f abrication by co l d-p ressing and s i ntering to 93- 96
percent densi ty are cont r ollable within accept able l i mits .
This i ncludes homogenei ty , pur i ty , par ticle s i ze, bu lk densi ty,
t ap dens i ty, surface area , and oxygen/metal ratio.

2. Key properties can be clos ely cont roll ed to meet sp eci f i c
fabrication requirement s , f or example:

a.

b .

c .

d .

The plutonium content can be contro lled t o a relative
accuracy of ~ 0. 5 percent .

Any desired surfac e area wi t hin the r ange 3-1 2 M2/g can
be obtained by controll i ng the reduction t emper atur e,
r esidence t i me, and gas atmosphere .

Reduction t ime and t emperatur e may both be us ed t o control
the final oxygen/metal r atio wit hin the r ange of 2.10-2.30.

Subsequent hea t t r eatment i n CO 2 can be us ed to adj us t t he
oxygen/metal r at i o downwards ana to r educe surface area .

3. The basi c precipitat ion process gives low aqueous Pu lo sses
(0.0 1%). Cl ar ified fi l t rate is decont aminated by an in­
expensive s tandard water - t reatment floccul at i on process pri or
to di scharge t o t he envi ro nment.

Fabrication of pell ets f r om coprecipitated Pu02-U02 powder
utilizes th e same t echniques described i n the previ ous s ec t ion, however
i n order to guarantee r epr oducibil i t y of powder f abricat i on char acter-
i s tics addi t iona l precautions are r equi r ed . Cros s -blending i s requi red
for " leve lling" of prope r t ies on a day - t o-day bas i s during continuous
oper ation . This r equi r ement could be mi nimized by s ophis t icated proce ss
controls and by maintaining production at a steady r ate; however, util izat i on
of a l l mat er ial , including powder produc ed during transi ent operating
conditions is an economic nec es s ity and mus t be pr ovided fo r by cross ­
b l ending. It shoul d be poi nted out t hat t he coprecipi t at i on process
does not have th e inherent s ize advantage of the established mul ti - ton
batch ADU process used for the production of sinterabl e- gr ade normal or
depl eted U0 2 used in the mechanica l bl ending process.
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EQUIPMENT AND FACI LITIES

Fuel Fabrication

The mixed-oxide ceramic fuel fabrication facility at NUMEC has
been designed to fabricate full reactor core loadings , meeting a wide
range of specific fuel parametric specifications. This degree of
flexibility has been achieved by utili zing a unit process appr oach in
the equipment design . The equi pment t o perform each unit process is
installed wit hi n its own gl ove box and is complete. A fu el manufacturing
line is then assembled by locating ea ch unit process glove box in the
proper sequence and then conne cting boxes together with gloveport
transfer tunnels to reduc e handling and to allow cont i nuous flow of
product from one unit process to the next.

Utili zing this concept, we have fabr icated and loaded 400 ki l ograms
of 6.6% PUOZ-UOZ fuel for the SAXTON r eactor, involving 70,000 pell ets
which were produced from mechani ca l l y mixed Pu02-U02. Then , by r e­
arrangement of the unit pro ce ss es and substitutlon of a f ew process
alternatives, 500 kilograms of 1.5% Pu02-U02 fuel was pro duced for a
critical assembly, involving 30, 000 pellets made from mechanically­
blended and coprecipitated powder. Another rearrangement allowed
the fabrication of 30,000 20% Pu02-U02 f ast fu el pell ets f rom mech anically­
blend ed and coprecipitated powders. Irradiation testing of these pe l l et s
ccnt ainedin encapsulated fu el rods is now underway in EBR- I I. Performanc e
data wi l l provide fe edback to determine the opt imum proces s.

Greatly increas ed manufacturing capability can be obtained with
the above approach, by duplicating unit process modules which limit
the overall production capacity.

Whi le th is approach , at the pres ent state of equipment development,
does not r esult in a semi-automatic, lo w-hand contact, high capacity
pellet production line and mi nimum project ed fu el costs, the development
of impro ved equi pment for automat i ng a f ew of the critical unit process es
will be a major step toward such a line . Unfortunately, at the present
time and for at least the next five yea rs, the projected pl ut oni um fu el
f abrication business cannot justify much more commercial pro duct i on
capability than currently exis t s . Bet ween the present two major
commercial plutonium fu el f abricators (t hose who have produced over
50 kilograms of plutonium as mixed-oxi de fu el), there is an ex i s t i ng
mi xed- oxi de pellet fu el production capacity wel l in exces s of three
fas t reactor cores per year and this capacity could eas i ly be doubl ed
within a shor t time.

Additional capacity can be gai ned by addi ng improved equi pment
for powder and press feed preparation for the mechanical blending
process . Ot he r equi pment it ems designed specifically for plutonium,
such as the continuous sintering furnac e shown in Fi gure 5, have given
reliable service and therefore require only improvements r el ating to
gas atmosphere cont r ol in order to ga in capacity.
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Improved fini shing and inspecting equipmen t including center l es s
grinders , pellet c leaning stations , pel let automatic gaging and pluton ium
composi tional monitoring devices will be used t o augment capaci ty up
to the point offue l rod l oadi ng. Adequat e l oadi ng and welding equipmen t
is a lready avai lab le and improvement s now being made i n the rapidly­
growi ng UO z fue ls manufact uring indus try wi l l be directly app l icab le t o
Pu02- UO Z fue l manufacture .

Recyc le and Scrap Recovery

Recycle of fa brication scrap on a current basis and recovery of
p l utonium from end-of-job scrap , requi re faci li ties for dissolution,
ion-exchange or solvent extraction parti tioning of mixed actinide streams
and plutonium product concentration . Experience has been gained during
t he operation of an ion-exchange pilot plant facili ty in which 30 kgs
of plutonium was recovered from mixed -actinide scrap . Using t hi s
experience as background , improved facilities have bee n designed and are
being ins tal led for recovery and purification of plutonium as plutonium
ni t r at e or plutonium oxide . Additiona l process and equipment deve lopment
is needed t o cont r o l plutonium l os ses in l ow-l evel ra f f inate st r eams and
sol id waste s t reams.

Since t he current pr i ce of plut onium is $43, 000 per ki l ogram ,
about f our t imes higher t han 235U, the penalty f or l os ses which occur
during fabrication is ext remely severe . The high materi a l cost a lso
results in lease ~harges and insurance charges which are four times
higher t han for ZjSU processing . These cons i der at i ons may requi re
fut ure plants to have higher t hr oughput and lower ho ldup in order t o
minimize in-plant invent ory. Rigidly controlled mate rials management
and exploita tion of high-yield proces ses are mandatory . The prob lem of
reducing scrap gene ration and non-recoverable losses in plutonium pro ­
cessing is one of t he most impor tant economic cha l lenges to be met
during the growt h of th i s indus try.

Product Qua li ty Assurance

Fast t est r eactor fue l and demons t ration power react or fue ls wil l
be purchased to rigid sp eci f i cat i ons designed t o as sure the quality
and re l iabi lity needed for high-rat i ng pe rformance . Specificat i ons are
still under deve lopment, and feedback f rom manufacturing experience
and performance tes ts will be used to es tablish limits . Confidence
limits wil l be based on manufacturing experience and fuel designers '
requirements . Resolving t he details of product as surance for PuOz -UO zfast fue ls is a major t as k to the fuel manufac turer and to t he des i gner ,
since the re lationships between fue l pe rformance, and product variabi lity
are not ye t estab lished . Al t hough cost vs produc t vari abil ity r e l at i on­
ships can be es t imated from manufact uring expe r ience with UOz -based fuels,
es tab l ishi ng the economic crossover point wi l l r emain a major chall enge .
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Tabl e I

TypIca l Prope rt Ie s of Si nterabl e-Gra de OXIde Powders

760 0 1. 4-1. 9 Z. 0 - Z. 9 3 .5 -9 .5 1 . 5- 3 . 0 Z. 0- 4 . 0 91.S -9 Z.S 89 0 - 91 0

760 0 1. 2-1.5 1 . 7-1.9 1 .6 -4 .8 1. 5-5 .0 3 .0 -4 .0 90 .0 -9 1 .5 85 .0 -89 .0

490 HH Z. 0-Z. 8 4 . 0-4 . 9 Jl .0- Z6.0 1. 0- Z. 0 3 . 8-5 .8 86 . 5-9 1.5 81 .0 - 90 . 0

760 08M 4 5 3-4 .- 1. 0- 1. 5

840 Hr-I 0 .8-1. 4 1. 7- Z. 1 S. 0- 8 , S 0 .4-0 . 6 0 . 6- I.Z -- 95 .3-97 .5

500- HH 0 .7- 1 . 0 I. 7- 1. 9 8 .0-9 . 5 0 .5-0 . 9 0. 8-1.5 -- 93 .5-96 .5
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.....
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Table II

Safe Mas s Limits for Water Reflected Systems Cont aining PUO Z

Safe Mas s Limit 2

25 wt % Pu02-U02 Systems

Fue l in Solution

Fuel Pel l et s in Wat er

3 Ft. Fuel Pins in Water
(Optimum Spacing)

High Dens i t y Pell ets
(Unmoderated)

3 Ft . Fuel Pins
(Unmoderated)

Low Density Powder
t Unmoder at ed)

100% Pu Systems

Solution

High Density PU0 2 Powder
(Unmoderated)

Low Density PU02 Powder
(Unmoder at ed)

~ Kg PUOZ-U0 2

1.0 4.8

1.1 5.1

2.0 9.1

22 100

47 215

59 270

0 .25

4 .6

8.6
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Table III

Statistical Analysis of Microhomogeneity
i n 15% PUOZ -UO Z Sintered Pellets

(Electron Microprobe Step Scan - 1 Miron Spot x 1 Micron Step)

Plutonium Concentration

CP Dry MB Dry

Sample Vari ance Z 0 .08346 0.6570s

St andard Deviation s 0.Z89 0.811

Percent Deviation 1.4% 3.1 %

Uranium Concentration

Sample Variance

Standard Deviation

Percent Deviation

Z
s

2
s
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CP Dry

0 .4076

0 .638

0.76%

MB Dry

1. 3678

1.169

1.4%



Table IV

Lot-to-Lot Variability during Manufacture of 6.6% Pu02-U02 Pellet
by Mechanical Blending Process

Pu Assay
Lot Number wt % Oxygen/Metal Ratio

1 5.78 1.978
2 5.86 2.018
3 5.79 1. 981
4 5.75 2.009
5 5.75 1.978
6 5.81 1.983
7 5.81 1. 991
8 5.85 1. 979
9 5.85 1. 979

10 5.78 1.986
11 5.81 1.981
12 5.83 1.980
13 5.78 1.996

Average 5.80 1.988
Std. Deviation 0.04 0.012
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SOL-GEL URANIA-PLUTONIA MI CROSPHERE PREPARATI ON
AND FABRICATION INTO FUEL RODS*

F. G. Kitts
Chemical Technol ogy Di vision
R. B. Fitts and A. R. Ols en
Metals and Ceramics Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee

Abs t r ac t

The sol-gel process, or iginally developed for t hori um-base f ue l s , i s
currently be ing ex pl oi t ed t o produce experi mental quantities of urania­
plutonia fuel mater i a l . Th is pr oc es s provides an int imate mixture of
fissile and f ertile elements in an oxide of almost theoretical density.
Al t hough various f uel material prepa rat i on and fabrication processes are
being studied at ORNL, this pap er i s l i mited to a discuss ion of the
prepa r ation of UO z- PuOz micr os phe r es and the development of a low-energy
vibratory compa c t i on technique (Sphere-Pac) for using thes e particles to
prepare cyl i ndrica l fuel rods. Presently, mixed-oxide microspheres are
prep ared in ~lOO-g batches in a facility consisting of three glove boxes:
one for PuOz sol f ormi ng , one for sol mixing and microsphere forming and
drying, and one for firing and classification. The test f ue l rods are
loaded and closure wel ded i n t wo additional boxes.

Pl ut onia sol i s formed by precipitation of the hydrous oxide from
nitrate solution us ing excess NH40H , thorough washing of the precipitate,
pept ization at a N03- / Pu mole ratio of 2 , thermal den itrat ion to a N03- / Pu
rati o of 0 . 1-0 .2 , and resusp en s ion in water to a concent ra t i on of ~300 g
of Pu per liter. This material i s mi xed wi t h urania s ol I to obtain the
de sired composition . Micr ospher es a r e formed by disper s ing the homoge ne­
ous mi x ture i n 2-e thyl - l -hexanol , whi ch dries the drop l ets to gel spheres .
After separation of t he ge l f r om the alcohol and further drying, firing
to 1100 ·C yiel ds dense (~95% of theoretical) microspheres.

The Sphere-Pac fabrIcation process, employing the s equential loading
of t wo size fractions of t hese mi c r os pheres into vibrated tubes, yields a
volum e pac king density appr oachi ng 85%. Laboratory experiment s show t hat
f or our conditions the best Spher e-Pac results a r e obta ined using ~400

and <44-u- di am sp heres and 60-cps mixed axial and lateral vibration. The
t est f ue l r ods a re c l osed by remot e , automat ic, Tungsten I ne r t Gas weld­
ing t echniques.

Since nitrat e s ol u t ions, t he products of aq ueous r eprocessing, are
t he s tar t i ng mater ial s fo r both so l s , t he sol - ge l approach to r efabrica­
t i on i s consistent wi t h es t ablished r ecycle t echnology. The adaptab i l ity
of PuOz sol and UOz-PuOz microspher e forming to semiremot e techniques,
necessitated by t he a ccumul a t ion of heavy- i s ot ope radioact ivity with r e­
cycle, wi l l be demonstrated i n a recently-completed facil ity with a nomi­
nal kilogram-per-day capacity . The Sphere-Pac technique appe a r s to be
wel l sui ted to r emote f abrication. The irradiation performance of so l ­
gel-derived mi xed-oxide microspheres fabricated by the Sphere-Pac techni­
que i s being determined by t ests now in progress .

*Research sponsored by t he U. S. Atomic Energy Commission unde r contract
wi th t he Union Carbide Cor pora tion .
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INTRODUCTION

The f irs t ORNL so l -gel process was deve loped fo r t he prepara t ion of
thoria sol , an d was applied t o t he produc tion of dense, irr eg ul a r l y
shaped UO z-ThOz fragment s for vi br a t ory compac t ion i nto t ubes in t he
Kilorod Program . 2 The process was then adap ted t o t he prepara tion of
microspheres. 3 More r ecently it has been adapted to UO z , PuOz , and ZrOz
and to mixtures of PuO Z-UO Z, PuOz-ThOz , and UOz-ZrOz . The sol-gel
approach to all of these potent i ally useful r eactor fuel materials is
simple, y i e l ds a homogeneous produc t , and r equires rela tively low s in­
tering t empera tures (1100 to l200°C) to produce t he final dense, r e­
fractory fuel material . Deve l opmen t wor k at ORNL is presently concerned
wi th the prepara tion of man y t ypes of f uel material based on the sol-gel
process and wi t h fue l elemen t fabrication by a variety of methods . How­
ever, this paper i s r estric t ed to the discussions of preparing PuOz so l,
mixing PuOz and UOZ so ls , forming , drying an d firing microspheres , an d
the low-energy v ibrator y compact ion of this dense produc t (Sphere-Pac)
to prepare cylindrical fuel rods .

PREPARATI ON OF UOZ -P uO? MICROSPHERES

More t han 4 kg of 15- 20% PuOz- UOz and 0 .5 kg of 5% PuOz- UO z micro­
spheres hav e be en produced, i n ba tches of 50 t o 150 g , in t he ORNL
development f acility i n the Chemical Technology Div i s ion Pilot Plant .
Most of t hes e spheres were 300-600 ~ i n diameter ; however, enough f ines
«44 ~ in di ameter ) were produced to give a coarse material/fines r a t i o
of appr oxi ma t el y 3. Den s i t i es we r e generally ~95% of t heoretica l. All
this material was prepared by using t he s tanda rd ORNL sol -gel process,
whi ch consis ts of sol f ormi ng , so l mix i ng, and sphere forming. Spheres
~50 ~ i n diameter are f ormed in a t aper ed co lumn , while fines «44 ~ in
diameter) are made by the "s tirred pot" method . 4 Af ter drying, the
spheres are fired t o t he dense oxide under controlled atmospheres a t
temperatures up t o 1100°C. They are t hen classified wi th respect to
size and roundness .

PLUTONIA SOL FORMING

Over forty pl utonia sols (50- 150 g of plutonium per ba tch) contain­
ing over 3 kg of plutonium have been prepared using the s tandard pro­
cedure of precipitation, washing, peptization, den i tration, and resus­
pension . These prepa rations demonstra ted the operability of equipment
and t he reproducibility of t he s tandard flowshee t, and provided sol fo r
t he forma t ion of mixed-oxide and plut onia mic r ospheres .

The general ized f lowshee t for t he forma tion of plutonia sol is
presented as Fig. 1 . Thi s i s a f lexib le f lowshee t as shown by the r an ges
of concent ra t i ons over which i t ha s been demon s trated; t he batch s ize
s hown i s 150 g of plutonium. Prior to the us e of this flowsheet, if
netfssary, N~ gas is passed thr ough t he Pu(N03)4 so l ution to conver t bo t h
Pu and Pu 3 to the desired Pu4+. To date the Pu (N03) 4 sol ut i on t ha t we
have received ha s not r equired a pl u t oni um va lence adj us tment. A minimum
HN0 3 concentration of 1 tl is mai n taine d in the fe ed to prevent polymer i­
zation; succes s f ul sol pr ep arat i on s tar ting wi th f ree HN0 3 concentrat ions
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as high as 3 tl has been demonstra ted . In t he precipitation step, as
little as 48% excess base has proved satisfactory as l ong a s the mol a r i ty
of t he NH 40H in the final solution is ~l tl. The PU(N03) 4 feed s ol u t i on
is added to t he NH40H so lution a t r ates up to 30 cc /min wi th mode r a t e
agitation to ens ure rap id neutralization and precipitation of the PU(OH)4'
The NH4N03-excess NH40H solution is drawn off through a filter having
10-~-diam openings . The precipitate is washed four times; the f ilter
cake is resuspended in each wash . Filtration time i s ~40 mi n/ wash , and
four such washes give ade qua te NH4+ removal. Pl u t onium losses to t he
total fil t r a te have been l ess t han 0 . 01%. After washi ng , the precipitat e
is di ges t ed f or 2 hr in H20 a t 9s-l00·C; this treatment app ears to s t a­
bilize t he crystalline s t r uc t ur e and preven ts depo lymer ization in the
sub sequent denitrat ion s tep . A high-nitrate sol is then fo rmed by pep­
tiz ing in di l ut e HN0 3 at a N03-/Pu mol e r atio of ~2 . Al l the steps to
t his point are car ried out in a single precipitation-filtration vessel
that i s 8 in . in diameter wi th a porous s tai nles s steel filt er in the
bottom. The high-nitrate sol passes out through the bottom of the
vessel, leaving no so lids on the filter .

A minimum N03- / Pu r at io of 1 i s necessary f or sol f orma tion . Ratios
as high as 4 have be en demons t r a ted , but a ratio of 2 i s suff i cient to
produce a sol upon heating to ~9 0 · C . At this point a true so l (crystal­
lite size ~20 A) exists, but mic r os phe r e s form ed from this material have
a low densi ty and a low resistance to crushing . To f orm a desirable
produc t, a s ol mus t hav e a N03- / Pu r atio in t he r ange 0 . 1-0 .2 ; t his is
accomplished by thermal denitration (baking) . Severa l other met hods of
precipitation and denitration wer e tried, but none produced s atisfactory
r esults. s

The s ol is f irst evap or a ted to dryne s s at 100·C , forming a thin,
porous cake t ha t r emains i ntac t t hrough subsequent hea t i ng to ~2 40 · C .

The higher th e temperature, t he shorter the time required for denitra­
tion . Dur ing the evapora t i on to dryness, excess HN03 is evol ve d , giving
an initial N03- / Pu r atio of 0. 8-1.0 in the dry solid. Generall y, after
1-2 hr a t 240·C t his rat io will have been reduced to 0. 2-0.3; usually
ano ther 2- 3 hr is r equired t o a t tain a f inal N03-/PU r at i o of 0 . 1-0 . 15 .
Progress of t he denitrat i on i s f ol l owed by periodically r esuspending a
wei ghed s ample of t he dry mat erial and titrating with NaOH to determine
the N03- content. It is important that the heating of the solid be
uniform in order to produce a homogeneous product. If denitration is
a l l owed t o pr oceed until the N03- / Pu rat io is apprec i ably <0 . 1 , a fo rm
of Pu0 2 t hat canno t be r esuspended as a sol wi l l result. A sc hemat i c of
the den itrat ion vessel, which a l l ows independent control of t emperatures
of the top and bottom surfaces and limits radial gradients to ~2 °C , is
s hown as Fig. 2.

I n ad di t i on t o the decreas e in N03- concent ra t ion , c ry s t a l l i t e
gr owt h and agg l omer a t i on a l s o occur during t he denit r ation step. Af ter
this s tep , the av erage size of the crystallites is ~80 A; these f orm
agg l omera t es on the order of 1000 A. Crystallite growth is apparently
not detr i mental, but the de gree of agglomerat ion mus t be limited if a
s t able so l i s to be obtained. Denitrated sol having a N0 3- / Pu ratio i n
t he r an ge of 0 . 1-0 .15 can be r esuspended i n water , by only mild a gi ta t i on ,
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t o fo rm sols having plutonium conc ent ra t i ons appr oaching 2 ~; more­
concent r a ted s ols may be pr oduce d by s ubseque nt evaporat i on if desired .

FORMING OF PuOZ-UOZ GEL MI CROSPHERES

Sols droplets are conve r t ed to spherica l gel part i cles by the ex­
traction of water into an organic liquid such as 2- e t hy l - l - hexanol , in a
t apered column. To form wet gel microspheres of PuOz-UOZ it is necessary
to:

1. Measure the sepa r a t e sol s to produce the de sired composition,
combine, and mix t horoughly.

2 . Di sp erse t he mi xed so l into droplets of t he proper s ize and
s us pend t hem in an i mmiscible liquid that wi l l r emove water
t o cause gelat ion.

3. Maintain the dr ople t s as sepa ra te particles in t he drying
med ium until t hey ge l .

4. Main tain a cons tant dryi ng condi t i on in the so lvent by r emoving
water from it a t approxima te ly t he same r ate t hat it i s ex­
tracting water f rom the sol.

5. Separate the ge l spheres from exces s solvent.

The first s t ep , s ol mi xi ng , is ve ry important since this is the
point a t which the f inal compos i t i on of t he fu el particle is determined.
In the wor k r eported here, t he urania sol conce nt ra t i on was 0.75 to 1. 0 ~

and t he plutonia s o l concentration was 1.1-1.4~. Mixed sols were mad e
by measur ing the required volumes of t he ana lyzed sols and agi ta t i ng .
Simple s pa rging i s not sufficient since it doe s not produce thorough
mixing adj acent to vessel wal l s . Any sys tem containing urani a sol mus t
be protected wi t h an i ne r t atmosphere a t a l l times.

The Sphere Forming Column

Steps 2 through 4 l isted above ar e accompl i shed in equipment similar
to that shown schema ti ca l ly in Fig. 3. Sol is dispersed into droplets in
a two-fluid nozzle at the top of a tapered drying column. This operation
i s important s i nce the size of the ultimate particle is determined in
this s t ep . The rates of f l ow of the sol and the solvent through t he
nozzle are t he principal determinants of droplet size, a l t hough sol con­
ce nt ration , v i scos i ty , and no zzle conf i guration also playa pa r t . The
cons tancy of t hese flows, and nozzle di mens ions af f ect the uni fo rmity of
t he droplets. For d i ameters <800 ~ a mathem a t i ca l ex pres s i on has been
devel oped , assum i ng a va r icose mechanism , whi ch ca n be used as a firs t
ap pr oxima tion i n det ermini ng nozzle op erating co nditions to pr oduce a
given size r an ge. 6 Fina l adj us tment s to ob t a i n t he desired product are
based on experience wi th t he part i cular sys tem .

The sol droplets emer ge in the top of a sphere forming or drying
column where they are sus pended by an upward flow of solvent. As water
is extracted, the settling velocity of a sphere increas es until ultimately
it exceeds the solvent velocity in the throat (minimum diameter ) of the
column and it falls into the product receiver. The solvent entry, just
below the throat, i s t ang et i al, t hus gen erating a vortex and flatten ing
t he normal parabolic velocity profile i n the bottom section of t he
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column. This is necessary to keep spheres near the column wall from
dropping out of the fluidizing zone prematurely. Our column is 5/8 in.
at the throat, enlarging to 1-5/8 in. over 12 in. of height. For 350­
500-~-diam spheres the fluidi zing flow is ~l liter/min. A sol flow of
~1 . 2 cc/min and a normal residence time of ~1/ 2 hr result in an average,
steady-state column loading of ~1 6% , based on sol volume.

In order to keep the droplets suspended as individual particles,
the addition of surfactants to the 2-ethyl-l-hexanol is necessary.
Although more than half of the Pu02-U02 material was made with 0.3-0.6
vol % of both Ethomeen S/15 and Span 80,* 0.1 vol % Ethomeen S/15 and
0.4 vol % Span 80 was the most effective combination tried. Three
common column malfunctions -coalescence, sticking, and clustering- can
be caused by an improper surfactant system. Coalescence is the combi­
nation of two or more sol droplets to form an oversize droplet; this is
usually most noticeable on startup. Sticking is the adherence of drop­
lets to the wall of the column (usually smaller droplets, near the top)
where they coalesce to form oversize droplets. Clustering is the
adherence of spheres to each other while maintaining their original
shape. This usually occurs when the spheres are partially dry and is
not particularly detrimental unless t he clusters drop out of the column
prematurely.

One loop in the solvent recirculation system (Fig. 3) sends a
stream of the drying solvent through a continuous still, which maintains
a steady-state water content in the entire solvent s ystem; this is
represented schematically in Fig. 4. Saturated 2-ethyl-l-hexanol (2 .5
wt % H20) boils at ~lOO °C ; dry solvent boils at ~185 ° C . At a temperature
of 170°C, effluent from the still contains ~0 . 3 wt % water; the remainder
of the water is vaporized overhead wi t h ~lO volumes of solvent. This
stream separates into two phases upon condensation; the water (contain­
ing ~O . l wt % solvent) is disposed of as wa s t e , while the relatively
small volume of water-saturated solvent is returned to the still.

At the end of a period of column operation the gel microspheres are
submerged in solvent in a small glass vessel with a fritted-glass bottom.
This product receiver is disengaged from the bottom of the column, and
the excess solvent is removed through the coarse (40-60~) frit using
vacuum.

DRYING AND FIRING

After removal of excess solvent the spheres are dried by passing
argon up through the frit, with gradual heating to 150-170°C over a
period of about 6 hr. This temperature is maintained for ~16 hr, result­
ing in removal of most of the organic materials and residual water from
the pores of the microspheres. In a few batches a steam-stripping step

*Proprietary products of Armour Industrial Chem. Co. and Allied Chem.
Ind., respectively.
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a t lOS-130°C was incorporat ed ; this r emoved the 2-e thyl - l - hexanol more
quickly but whe t he r it has a beneficia l e f f ec t on the f i na l product has
not ye t been de termi ned .

Af t e r t he dr yi ng s tep t he PuOZ-UOZ ge l spheres are f i red a t t empera­
t ur es increas ing t o 1100°C a t an average r ate of ~2 7 5 ° C / hr , us i ng t he
fo l lowing sched ule of t emper atur e s and a tmospheres :

1. Heat to 450 °C in argon- 4% Hz.
2 . Hol d for 1/2 hr , t hen f l ush wi th argon for ~5 mi n .
3 . Hea t t o 850°C i n CO z .
4 . Hold fo r 1-1/ 2 hr ; t hen flush wi th argon f or ~5 mi n .
5 . Heat t o 1100°C in argon-4% HZ and hold for 1/ 2 hr .
6 . Cool to below 100 °C i n argon .

The total firing t i me is about 7 hr . A r educing a tmos phe re i s ma in­
t ained during heatup ex cep t fo r a pe r i od at i n termediate t emper ature s
when a mi l d oxidi zing agent (CO Z) is used t o burn out any carbon t hat may
s till be present as or gani c res idues. Flushing wi th a r gon precludes t he
poss i bil ity of any r eaction be t ween Hz and COZ' Af ter coo l ing, the dens e
spheres can be handled i n air .

EVALUATION OF PRODUCT MI CROSPHERES

Af ter f i r i ng , t he mic rospheres are sized us ing s tandard sieves , and
the produc t frac tion is passed over a roundome t er t o remove nonspher i cal
part i cles. Tab le I shows the size r anges, t o t a l weigh ts , number of
ba tches, an d physica l pr oper ties of t he t hree compos i t ions of PuOZ-UOz
micr osphe res produced in quantity t o date . The proper ties of PuOz- ThOz
and PuOz spheres a r e also shown f or compa r ison . Handling of t he mater ial
containing enr i ched and normal urania was similar excep t t hat a l lowab le
i nventor i es of the fissile material were much smal ler . No significan t
differences in pr oces s i ng or proper t ies were observed over t he r an ge of
PuOz co ntent (5-20%) . The two size r an ges of micros phe r es produced were
r oughly an order of magni t ude apar t a s appears t o be r equired f or den s e
pa cking in tubes.

Densi ties of mic rospher es of a l l compos it i ons were ~9 5% excep t fo r
the fines f rac t ion . The fines , when compac ted wi th t he coarse f ract ion ,
gave composite de nsi ties cons is tent wi th their high-pressure de nsities
(Table I) ra ther t han wi th their bulk dens it i es . Possibly t he ex t reme ly
smal l voids be tween t he smal ler sphe r es in t he fines frac t ion appear a s
por osi t y in the analyt i cal met hod used (Hg porosimetry ), t hereb y ca using
t he l ow bulk den s it i es shown . Surface ar ea s of the coarse mater ials were
~0 . 0 6 mZ/g, and ca rbon levels wer e less than 100 ppm in a l l cases . Gas
r e lease on heating f rom r oom temperature t o l200°C was usually ~0 . 05 cm3/g .
An average cr ushi ng s tren~th of 600 g/sphere was measured for 300-~-diam
s phe r es of t he 15% PuOz_z 8UOZ mater ial . Good r eproduc i bility i n crush­
i ng s t reng ths was obta ined ; thirteen dete rminations gave a r an ge of 475
t o 725 g/sphe re .

Elec tron microprobe t echniques were us ed t o meas ure t he homogenei t y
of t he 20% PuOZ-UOZ material . Two cross-sec t ioned microspheres (~OO ~
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i n diameter) were t r aver s ed a t 10-~ intervals near the centers of t he
s phe res and a t 2-~ i n tervals near the edges . No s i gnifican t differences
in composition were observed . The maximum dev i ation s from t he ca lcula ted
mean compositions were 1 .9 and 1.5 wt % uranium.

REMOTE FACILITY

We ha ve rece ntly comple t ed t he installat i on, i n Bui l d i ng 3019 , of
an a l pha - co ntained , r emote facili ty ; i t is ca pa ble of ha ndling batche s
of PuOz sol containing 200 g of Pu and producing mixed-oxide mic ro s phe r es
a t a r at e of 1 kg per day . A schema tic equipmen t f lowsheet of t his
facility is pr esent ed in Fig. 5 . The sol-forming equipment wi l l utilize
t he chemical f l owshee t i n Fig . 1 ; t he t wo principal pieces of equipment
were descr ibed earlier . Operation in t his f a c ility should have seve ral
advantages over t hat i n glove boxe s . Manua l ope r at i ons ha ve been mini­
mi zed; t hos e remain i ng wi l l be performe d wi t h man ipulators. Al l so l u­
tion t r ans f e r s wil l be made using gravity or vacuum techniques ; solids
wi l l be conveyed hydraulically or pneuma tically . Heat will be provi ded
by s team rather than by electrical r es i stan ce elements; t hus, hea t ­
t r an s f e r surfaces wi l l ope rate at l ower t empera t ures wi t hout t he poss i ­
bility of severe ove rheating or elemen t burnout . This fea ture should be
especia l l y be ne f i c ial in the so lven t s t i l l , r esulting i n longer sur ­
fa c tant life, wi th l ess makeup r equired, an d a s lower bui l dup of decom­
posi t ion produc ts in t he recirculating solvent .

REACTOR FUEL PREPARATION BY SPHERE-PAC

The high- de nsi ty spheres produced i n the so l - ge l process are ideal l y
s ui ted fo r f abrication i n t o r ea ctor fuels r ods by a l ow- energy vibra tory
l oading process . I n t his t echni que , which we ca l l Sphere-Pac, l ow- ener gy
vib ra tion of the cladding t ube i s employed to impar t energy to t he micro­
spheres; t his a llows t hem to assume t he pr e f e r r ed , closely-packed , high­
densi t y configura tion . The use of Sphere- Pac with sol-ge l mic rospheres
offers a fab ricat ion t echni que employing a minimum number of ope rat i ons
and i tems of eq uipment . The elimina tion of powder proc e s s es and t heir
a t tendan t dust problems would appear to be ben ef i cial with r egard t o
bo th equipment maintenance and inventory cont rol. These facto r s are
pa rticularly important for remo te fabrica tion operations . The need fo r
a two-step loading procedure and the limit on attainable densities are
possible obj ec tions to t hi s technique . Unce rtainty about i n-reac tor
perf ormance characteris t i cs , part i cularly t he the rmal conduc tivi ty of
the packed bed , i s t o be r esolved by irradiation t est ing.

LABORATORY EXPERIMENTS

We have conducted laboratory experiments, using sol-gel mi cr os pheres ,
t o inves tiga te loading procedures, eq ui pment requirements , time cycles ,
and a t t a i nabl e packing dens i t i es . Thes e ex pe r i ments were based on t he
r eported wor k of others7 ,8 and were di r ected t oward pr ovi di ng pr act i cal
experience wi t h t he t echnique and produc ing f ue l rods for i r radia tion
t es t i ng of pe r f ormance ch arac teris tics .
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Two size f ractions of microspheres wer e used in the initial tests .
The coarse fraction, 420-500 ~ in diameter, was produced by t he column­
forming technique, while the fine fraction, <44-~ -diam mi cr os phe r es , was
made by the sol-gel " s t irr ed pot" method . 4 As found by others , a l l
attempts at mechanical blending or simultaneous separate feed ing r esulted
in gross segregation of the t wo sizes of spheres and , consequently, low
pac king densi ties . Sequential loading, in which the coarse fraction i s
l oad ed into the tub e firs t and the fine f rac tion i s t hen inf ilt r at ed from
t he top , produces the most unif orm packing and the highes t density .

We tested a variety of vibrational frequencies and mode s of input .
Frequency had little effect on density; however , a fr equency of about
60 cps provided t he best loading rate . Vi br a t i on methods that i ncl uded
a lateral component gave f aster packing and higher den sities than di d
pure axi a l vibration. We ha ve obtained 84% vol ume pac kings in 9 mi n
using 0 . 230-in . -ID tubing with a fuel column height of 2 f t. The eff ec t s
of sphere s i ze variation within the s ize fractions app ear to be min imal
(e.g ., we have found no variation in loading characteristics using
spheres from 14 di f f e r ent ba tches). The optimum coa r se/ f i ne particle
vo lume ra tio is approxima tely 2 .7 for these particular size r anges .

A light f ol l ower r od on t op of the fine - par t icle be d pr event s ex­
pansion of the coarse-particle bed during i nfiltration and increases the
packing density. For fabrication i nvo l vi ng plutonia, where a low con­
t ami na t i on of t he upper part of the tube is desirable, we have used a
f unne l wi th a screen in t he bo ttom, as suggested by Ayer ,8 t o r estrain
the coarse bed during the i nf i l t ra t i on of t he fine spheres .

We have no t attempted to optimize all of the variables . Ut i l izing
the ava i l abl e sol-gel products , a ternary loading appear s imprac tica l
because the ratios of tube diameter/larges t mi cr os phe res and l argest
microspheres/fines fraction are about 10:1 . A ternary loading wi t h a
smallest s ize fraction of abo ut 20 ~ (the practical minimum) would r e­
quire a primary-size microsphere abo ut 2000 ~ in diameter, or about fo ur
times t he maximum diame ter now practical . Den s it i es of 82 to 84% are
r ead i l y a t taine d wi th t wo size f rac tions. Since t hi s is the densi ty
r ange required for high- burnup Liquid Metal Fas t Breeder Reactor fuels,
we have concent rated our ef f or t s in this a r ea .

TEST FUEL ROD FABRICATION

Twent y-four fu el rods have been fabr i ca ted from plutonium-bearing
micr os phe res using Sphere-Pac. The r esults of these test rod loadings
a r e shown in Table II; U02-bearing rods are included for comparison .
They consist of 3-in. fuel col umns in 7-l/ 2- in. long, 0.250-in . - OD by
O.OlO-in .-wall s tainless steel t ubes, or 6-3/4-in.-long f uel col umns in
9-l/2-in .-long, 0.5-in . -OD by 0 .035-in. -wa ll Zi rcaloy-2 tubes . The f ue l
column heights , dens it i es, and de nsi ty varia tions are qui te consistent.
The l ower-dens ity rods, which a re the resul t of l ow-d ens ity microspheres ,
s till exhibit the 84% volume packi ng that i s expec ted . Mos t of thes e
are presentl y being irradiated in the Engineering Test Reactor .
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The principal items of equipment employed i n t he fabricat i on of
t hes e rods were a Syn tron vibratory feeder, wh i ch was t ilted 45° to
obtain mixed l ateral and ax ial vibra tion, and a C- c lamp modi fied s l i gh t l y
to ho ld t he cladding tubes and t he s cr eened-end f unnel during vibrat ion .
These are l ocated i nside a 6-ft glove box. A vacuum glove box is also
empl oyed in whi ch end plugs are welded i nto t he top ends of the tubes
under a helium atmo s phere.

The as s embly of a r od is begun by introducing i nto the fu el l oading
box a pl as tic- covered s tain less s t eel or Zi rcaloy tube, wi th i t s bottom
end plug and ext r uded- thoria9 bot tom insulator already in pl ace . A
plasti c bag i s t ap ed to the top end of t he cl adding; this keeps i t clean
during hand ling in t he box. Other non-fu el port ions of t he f ue l rod are
inspected, weighed , ch ecked dimen s ionally, and placed i n the box i n
marked bottles .

In the l oading box t he large micr ospheres are poured in to t he
claddi ng tub e . The screened-end f unnel is inser ted into t he tube, and
thi s assembly is pl a ced i n the ho lder on t he vibra tor, c l amped in place,
and vibrated for appr oximatel y 20 sec . The small microspheres a re then
poured i n t o the f unne l , a fo l lower rod is inserted, and t hi s assemb ly i s
vibrated f or 2 min. The f ol l ower rod and the f unne l a re r emoved , and
the top thoria sp a cer i s pushed down to contac t t he top of t he fu e l
column . Out - gassed Fiberfrax* (30% den s e) i s pla ced on top of the thor ia
sp ac er to preven t movement of t he f uel bed duri ng s ubsequent handling .

The as s embly is t hen ready fo r i ns talla tion of t he t op end cap and
closure wel ding . It is bag ged out of t he l oading box and into t he wel d­
ing box. During th is transfer t he contaminat ed protect i ve bag on the
claddi ng is s t r i ppe d of f s o tha t only t he uncontaminated rod i s i ntro­
duced into t he welding box .

After Tungs ten Iner t Gas closure welding i s accomplished , the
finished rods are i ns pec ted . I n part i cu l ar, varia tions in dens i ty are
measured by gamma s canning , us ing a t echnique t hat was devel ope d fo r t he
Kilorod operation; 2 this t echnique has proved to be sa t isfac t ory fo r
detecting variations of ±l% of t he av erage density .

SUMMARY

We ha ve demonstrated, i n l aboratory and semi-engineering equipme nt ,
a r eli able s ol - ge l process f or t he produ ction of unif orm- composit i on,
high-density microspheres of U02-Pu02 containing 5 to 20% plutonium.
Equipment has been designed and i ns talled i n an existing semi remote
fac ility to pr oduce batch es of Pu0 2 so l cont aini ng 200 g of plutonium ,
and 1 kg per day of s ol-ge l mixed-oxide microspheres .

Usi ng t wo s ize f ra c tions of these microsp he r es (~420 ~ and <44 ~ in
diameter ) wi t h a seque nt i a l l oadi ng procedure and a l ow-energy vi br atory

*Fi berfrax i s a pr odu ct of the Carborundum Co. It is composed of equa l
quant it i es of Al 20 3 and Si02 plus abo ut 4% Zr 02 '
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compaction me t hod , we have fabricated 24 irradiation test rods having
uniform 84% volume packings. These rods are now undergoing i r r adi a tion
t esting.
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Tab l e I. Pu0 2-Containing Micr ospheres Pr epared in Glove Box Facility, Building 3019

Density by Hg Porosime try Surface Area
Type Size Total 10 ,000 psi Gas
of Range Wt. No. of Bulk Theoretical Carbon Adsorp tion Calculation

Material (}J) (g) Batches (g lee) (g lee) (%) (ppm) (m2/g ) (m2 /g)

20% PU02_23 5U0 2 300-600 1900 23 10.3 10.5 95 <10 0.02
<44 340 5 "'6 9.0 82 <10 0.04 0.08

15% PU02_238U02 300-600 970 11 10.5 10.6 97 <90 - 0 .06
<44 234 4 5.6 "'9 . 2 "-84 <100 - 0.5

5% pUOr 238U02 300-600 496 3

5% Pu02-Th02 300-600 1148 5 9.48 9.84 97 <10 0. 02
l»
0 <44 403 4 "'6 "'9 . 5 "'94 - 0.17
'"

Pu02 250- 600 251 4 11.13 11. 22 98 <30 0 .02 0 .03
50-250 571 7 11.06 11.19 98 <70 0 .01 0.02

<44 43 1



Table II . Sphere-Pac Fuel Rods

Mi cr o- Fuel
sphere Column Max. Fuel
Density (% Theo . Density Volume Column

Rodc Fuel (% of Oxide Variation Packing Height
No. Material Theo .) Density)a {%, ±) b (%) (in . )

IV-1 {Th+5% Pu)Oz 99.8 84.8 2 85 .0 6 .67
IV-2 {Th+5% Pu)OZ 99 .8 84 .7 1.5 84 .9 6 .70
IV- 3 (Th+5% Pu)OZ 99 .8 83 . 5 2 83 . 7 6 .69
IV-4 {Th+5% Pu)OZ 99 .8 84.0 1 84.2 6 .74
IV-5 {Th+5% Pu)OZ 99.8 83 .3 1 83.5 6 .69
IV-7 {Th+5% Pu)OZ 99.8 83 .3 1 83.5 6.73

2 (Th+5% Pu)OZ 99.8 84.0 2 84 .2 3.15
3 {Th+5% Pu)OZ 99.8 83. 8 1 84.0 3.16
4 {Th+5% Pu)OZ 99 .8 84.5 1 84.7 3.13
5 {Th+5% Pu)OZ 99.8 83.9 1.5 84 .1 3 .15

7 {U+20% Pu)OZ 91. 5 75 .8 1 82 .8 3 .14
8 {U+20% Pu)Oz 91. 5 76.0 4 83 .1 3 .13
9 {U+20% Pu)Oz 91.5 75 .9 1 83.0 3.14

10 {U+20% Pu)Oz 91.5 75.9 1 83.0 3.13

12 UOz 87.7 73 .2 2 .5 83.5 3.12
13 UOz 87 . 7 73.8 2 84.2 3.09
14 UOz 87.7 73.5 2 83.8 3 .10
16 UOz 87 .7 74.1 3 84 .5 3.07
26 UOz 87.7 73 .6 2 83 .9 3 .00
28 UOz 87 .7 73 .2 2.5 83 .5 3 .01

22 {U+15% Pu)Oz 95.0 80.3 2 84 .5 3. 17
23 {U+15% Pu)OZ 95.0 80.3 2.5 84 .5 3.12
24 {U+15% Pu)OZ 95 .0 78 .9 2 83 .1 3.04
25 {U+15% Pu)OZ 95 .0 81.2 2 85 .5 3.01
27 {U+15% Pu)OZ 95 .0 81. 7 2 86.0 2.99
32 {U+15% Pu )Oz 95 .0 81.4 2 85 .7 2 .99
38 {U+15% Pu)OZ 95 .0 80 .5 2 86 .0 2.99
39 {U+15% Pu)Oz 95.0 80.7 3 84 .9 3.02
40 {U+15% Pu)OZ 95.0 79.8 2 84.0 3.02
41 {U+15% Pu)OZ 95 .0 79 .0 2.5 83 . 2 3 .04

aCa1cu1a t ed from heigh t, weight , and inside diameter .

bDetermined by transmission gamma scan along rod.

cETR- 1V group rods were 1/2 in . in diameter ; all others were 1/4 in. in
diameter.
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A SIM PLIFIED SOL - GEL METHOD

MIXED

G. Cog liati

OXIDE FUELS

and G. S c h i l e o

SUMMA RY

Microparticles o f pluton i um, uranium-plutonium a nd thorium­
p lutonium oxides of a controlled s i z e (up to 600 microns) ,
n e ar l y theoretical de ns i t y , low surface area and good
c rushing strength, were p r oduc e d. The starting materials
were colloidal urania or thoria sols, as those used for
the previous urania sol-gel process developed by CN EN,
a nd plutonia sols with a r e l a t i v e l y h i g h nitrate content.
Plutonia sols with NO;/ Pu mole ratios between 1 and 1 , 5
were prepared from plutonium nitrate solutions by
extraction o f nitrate b y strong-base amines a n d evapor ation
to t h e desired plutonium concentration .

The sols then are d ispe r s e d a s un i form drop l e t s in an
organic liquid by use of two-fluid noz z l e s . The drop lets
a r e susp ended and converted to ge l spheres b y extraction
of the residual nitrate b y an amine dissolved in the
solv ent. The spheres are separated f r om the org anic liquid,
washed, dri ed and calcined t o 1 20 0° C.

Th e ability to produce dense plutonia, as well as homo geneous
urania-plutonia or thoria-plutonia microparticles at an y
desired r a tio has b e en demonstr a ted on a laboratory scale .
The f i r st spe cimen loaded with U0

2
- 16 % Pu0 2 is awaiting

i r radiat i on in the Av ogadr o test reactor o f Sa RIN in Sa l ug ­
g i a, It a l y .

Comitato Na zio n a l e per llEnergia Nu c lea r e - Vi a Belisario,15
Rome , I ta l y
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INTRODUCTION

Plutonium is attracting a growing interest as nuclear

fuel material. The Italian output of bred plutonium from

the three existing power stations has been estimated at

about a third of a metric ton of metal per year. However

the production rate is expected to grow significantly in

the coming years.

Substantial programs for plutonium utilizatDn have

been therefore undertaken both by Enel (Ente Nazionale per

llEnergia Elettrica), the Italian Government power agency,

and by C.N.E. N. (Comitato Nazionale per l'Energia Nucleare),

the Italian Gov e r n me nt nuclear agency.

Enel program was undertaken in cooperation with

Eur a t om and it is aimed at the practical and immediate goal

of thermal utilization. Su ch program covers comprehensively

all aspects of the problem, from the neutron design to the

technological specifications, and has as a main goal the

irradiation testing of a rather large number of full-size

plutonium-base fuel elements in one of Enel1s power stations.

C. N.E. N. program covers a wider scope o f research and

development, spanning from thermal to f a s t utilization. Such

program is an e i g h t - mi l l i on - do l l a r undertaking started in

1966 with funds allocated through 1969.

CN EN PLUTONIUM PROGRAM

The major obj ective of this program is to provide

CNEN in the shortest possible time with a plutonium c a p ab i l i t y

- both in personnel and facilities - in the area of c e r ami c

f ue l s . While the program is intended to include research
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work on non-ox ide compounds, such as c a r b i de s or n itrides ,

b y f a r t he ma in emphas is is now being put on oxide f ue l s .

The f ab r i c at i on methods c on s i de r e d are: (a ) t he pelletization

t e chnique , e ithe r by me chanical mixing or c oprec i p itat i o n

r o ut e s, where a c h o ice be twe en the two wil l b e mad e at a

l a t er d ate , and ( b) the vibrocompaction technique of mi c r o­

particles, produc ed by mod i fi ed s o l -ge l methods, t wo of

which a re n ow under inv es t i g a tion. One of these i s t he

s ubject o f t he present paper ; t he other i s a proprietry

me t h od develop ed at tm l aborat ories o f the SNAM- PROGETTI ,

in Milano, It a l y .

To fas ten the development o f said methods, t he

decision was made to build at CNEN La Ca s accia Ce n t e r near

Rome , It a ly a 2 1 , 000 - s q. ft . fa cility, a pproxima t ely half

of wh ich consists o f a l pha laborator i es. The building h as

bee n fi n i s he d and comple tion works are now underwa y .

While a wa iti ng f o r the plutonium l aboratory to b e

r eady f or us e in It a ly , it was de c ided to push the program

b y r ent ing some a l p ha l aboratory space where av a ilable,

a n d there fore ga i n t i me by starting the comp arison between

the two c ons i de re d s ol- gel methods without any f u r t he r delay .

To t his purpos e a c ont r a ct was signed e a r l y in 196 6

wi th t he Cent re d'Etude de l ' En e r gie Nu c lea i r e (C .E .N .) and

t he Soci et e Be Ige pour l' Indus t r i e Nu c l e a i r e (B e lgonuc l e aire )

fo r r ent ing i n Mol, Be lgium an em~y 600 - sq. f t . alpha

l ab or at ory plus co l d l aboratory s pace and offi ce s f o r ab out

ten pe ople . Cont ractua l previsions were also made to have

a nc i l lary s ervi ces performed, such as health physics

surveillance , a n a l y ses , e t c . The laboratory was t hen e qu i pped

with t en glove -boxes in t wo parallel l ines t o per form
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p lutonium chemistry ( precipitation , f i lt r ation , liquid­

liqui d e x t r a cti on , centri fugation, etc .) , t he r mal t r eatments

(in a i r, Ar-H
2

, Co
2

, Ar ) a n d some b a s ic c h a racter izations ,

chemic a l analyses, etc .

CNEN· SOL-GE L METHODS

CNEN's pre vious e x pe r i ence in t h e f ie l d of n i tra t e

ext racti on with s trong-base amine l ed t o t he de velopment

o f modif ied sol-gel processes c apable o f y i e l d i ng mi cro­

part i cles o f thorium a nd uran ium oxide or car bide wi t h

sat is fa ctory nuclear cha ract eris tics. The g eneral r esults and

f i ndings are reported here concerning the e xte ns i o n o f such

e x pe r i e n ce and methods t o the preparation of microparticles

o f plutonia, urania-plutonia , or thoria-plut onia. Fo r

de tailed dat a, re ference is mad e t o t he papers that have

bee n presented a f ew days ago a t t he Turin So l -Ge l Symp os i um

(2) .

I t might b e r ememb ered t hat al l k no wn sol-ge l meth ods

fo r the produc t i on o f heavy me tal oxide micr opartic les i n c l ude :

(a) the preparation o f a c o l l oida l solution ( s o l)ca rring t he

he av y me t al i ons, ( b ) the d i spers ion of s aid sol ution into

drople ts o f t h e de s ired d iamet er , (c ) t he dry i ng o f s aid

drople t s i nt o solid ( gel ) mi crop a r ticles, and f i na l ly ( d )

t he a pp r opriate t he r mal t reatme nt of said mi cropart i cles t o

conv e rt t hem into s mall an d c ompact oxide bodie s.

A s ub s t a nt i a l di f f erence b e t ween t he s o l -ge l me thods

developed by CNEN and t h ose developed a t other laboratories,

as in t he Unit e d States or United Kingdom ( 3,4 ), lies in

the NO; / metal ratio of the starting colloidal s olut ion.

Th e rat io i s at a r ela tively hgh v a l ue (N0
3

/ me t al = 1. 0 ~
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1 .5) with the CNEN method, while with the other methods

every eff o r t must be made to reduce i t as much a s possible

( do wn to a value of NO~/ metal = 0.1 + 0 .3) .

Th or i um colloidal solut ions with a low NO~/Th ratio

are r elatively easy t o prepare, almost inde pendently o f the

methods used: ( a ) by steam denitra t ion (5) , ( b) b y pept izing

t h e h ydroxide in nitr i c acid (6) , or ( c) by denitration of

thorium nitrat e solution by liquid-liquid anionic exch a ng e

( 7 ) ; a l l thes e methods y ie l d i ng a low-ratio thorium c o l l o i d a l

so l u t i on wit h s atisf a c t o r y characterist ics .

Gr e ate r d i f f i cu l t i es are enc o u nt e r e d i n the preparatio n

of the colloida l solut i ons of uranium-thorium. The di f ficult ies

i ncrease by increasing the U/ Th rati o unt i l instability or an

excessive viscosity might be ob tained .

Colloidal so lutions o f U(IV) with a l ow NO; /U ( IV ) r a t i o

are obtained with r e l a t i v e e ase by pept i zing uranous hydroxide;

however, when trying to obtain a c o l l oid a l s olut ion o f U( IV)

with the lowest poss ible content o f eit h e r N O~ or U( VI ) . much

greater care is required , as an inert gas atmosphere, a nd

much larger washing - and then waste - v olumes are needed (2) .

Lastly , plutonium colloidal solutions with a low NO ~ / P u
3

ratio are particular ly d i f f i c u l t and tedious to prepare ( 8 ).

Direct denitration of plutonium solutions do not y i e l d

colloidal solutions with a NO~/P u molar ratio less than one .

On the other handpe ptizing plutonium hydroxide leads to a

pr od u c t with a h igh NO;/ Pu ratio and the excess nitrate must

the n b e dis pose d of by cautious baking of the p l u t on i um

polyme r pro duced by pept i za t i on.

The n e ed fo r low - NO; / me t a l - r a t io col loidal solut ions

stems from the part i c u l ar type o f ge lation pro ce s s used . In
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fact with sol-gel processes using such solutions, the change

of a s~l into a gel is g e ne r a l l y accomplished by removal of

water. After syneresis,the shrunk mi croparticles cannot

therefore be washed in a ny aqueous medium, so that e s sent i a l l y

a l l the nitrate contained in the colloidal solution is still

in the solid microparticles undergoing the thermal treatments.

It is universally acc e pt e d that on e of the main reasons for

rupturing during the thermal treatments is actually the

presen c e of too high a nitrate content, and particularly o f

ammonium nitrate.

A process was then sought by CN EN in whi ch the gelation

would be per formed by e x t ract i ng directly the nitrate f r om

the c o l l o i d a l solution. In such a way the need f or a low -

NO; / metal - ratio colloidal solution is eliminated. As

indicated, in t he sol-gel methods dev eloped by CNEN, the

starting colloidal solution has a No; / met a l r atio b etween 1.0

and 1. 5. Th e gelation of a sol then is a ccomplished by r aising

the pH value of t he solution t hat had b een previously dispersed

into droplets o f the desired s ize , by me ans of a l iquid anioni c

exchang e agent dissolved in the dispersing medium. I n such a

fashion, the resulting process is t r e me nd ous l y simp lified

an d shortened, with c le ar e conomi c implications. In the

ur anium case, for inst ance, the c o l l o i d a l U (IV ) solution c a n

be dire ctly obt a i ne d during th e r eduction of U ( VI) t o U(IV)

from a starting solution of uranyl nitrate hav ing a NO; /U( VI)

ratio o f about 1.5. In 196 2 CNEN develop ed a process for the

hydrogen cata l yt i c reduction of uranyl nitrate solutions by

me ans of a platinum-alumina bed under pressure ( 9). Dilut e

a cid solutions containing up to 1 mole /l i t er o f uranyl nitrate

c a n b e r educed continuously ov er a fixed c a t a l yt i c b ed i n an
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autocl av e ; whi le con c entr a t ed a c i d - defic ien t s olut i ons

containin g up to 4 mole/l i t er o f uran ium can b e r educed

disc on tinuously b y mechanically agitat i ng i n an a ut oc lav e

b a tches of a dispersion o f cat a lyt ic powder in the same

solution . Na t u r a l l y , t he op erating c o nd i t i ons during the

r eduction o f U ( VI) , and hydro lis is and polimeri zation o f

U( I V) should b e set t o avoid any pre cipitation that would

inh i b i t the catalyze r from b eing further contac t ed by the

solution. As mentioned b e for e , co l l oi d a l solut ions o f U( I V)

ob t a ined b y r e d uct io n of acid - deficient solut ions o f uranyl

n i tra t e have a much h i ghe r NO; /U ( I V) r a tio t han those

prep ared b y pept izing uranous hydroxide in nitric a c i d .

Furthermore t he direct r eduction method permits to work on

solut i ons much more c once nt r a t e d in uranium t h a n wo u l d b e

otherwise pe r missible, with ne g l i gibl e c o n t e nts o f U (VI ) .

This i s a n i mport a n t a dvantage when preparing mi c r o p a r t icles

wi t h a d i ameter, afte r ca l c i nat i o n , g re a te r t han 50 0 micron s .

CNEN SOL- GEL HETHOD FOR PL UTONIUt-1 FUELS

P l ut o n i um colloidal s o l ut i ons with a NO;/ Pu rat io b etwe en

1. 0 and 1. 5 can b e e as i ly obtained eithe r b y p ep ti za tion o f

the hyd rox i de o r dire ct nitrate e x t r a c t i o n f r om a solution of

Pu ( I V) n i tra t e. On t he basis of CNEN expe r ience t he latt er is

by fa r the s i mp lest me t hod , since tediou s op erations, such

a s washing - with t h e r esult ing large v o l ume s of wa s te

so l ut ions - o r plutonium h ydroxide r e c overy, a re avo i ded

alt og e ther . Horeover th e d ire ct extra c tion t e chnique is more

ame nab le t o c ont i n u o us op erations .

On a small-s cale l abora tory line ( with a cap a city o f

ten to twe nty g rams o f mate ria l per bat ch ) t he solu tion o f
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Pu ( IV ) nit r ate i s contacted i n a separat o ry funnel wit h a

l ong-carbon-chain primary amhe (Pr i me ne JMT) in a n aliphatic

solution. The Pu(IV) / a mi ne rat i o is e stab l i s hed in order t o

ob tain a fina l NO; / Pu(IV) r a tio i n t he a queous phas e b e t we en

1. 0 and 1. 5. Since g e neral ly t he Pu( I V) nitrat e s o l ut i on

c omes from an ion-ex ch ange co l umn with a plut onium

c onc entr a tion o f 0 .2-0.3 mole / l i ter, the d i luit e a queous

ph ase i s evap orated a t 80 ° C to a f i na l plutoni um concent ration

o f 1 + 2 mole /liter. The r esidual plutonium content i n t he

org ani c phase does not e xcee d a few mil l i grams per lit e r a nd

can b e r e c overed a s usual by c onve nt i on a l means.

A high number o f b at ches have b e en pro cess ed d i s c on -

t i n uous ly through t he line ; while a mixer-s e t tler extractor

f o r c ontin u ous oper at ion i s under des i g n.

The Pu ( I V) colloidal solutions obtained as des cribed

s h ow a l ow vis c os ity eve n at a high plutonium c oncent rat ion

a nd c a n be saf ely store d f or months without s howi ng any

a l te rat ion whats oeve r . Such a c o l l oida l solut i on can b e used

a s prep ared f o r producing plutonia mi crop article s or c a n be

prop erly mixed with ot her c o l l oid a l s o l ut i ons of heavy

me t als, such a s te t rava lent uranium or thor i um, to produc e

mixed ur ania-plutonia or t h oria - p l utonia.

The dispers ion of c o l l o i da l s olut ions int o sma ll

drople t s i s e a s i ly performed b y c onventiona l tech n i que s b y

either mechanical s t irring or spraying two immi s cible f l ues :

on e, the a q ueous colloidal solution a n d t he othe r, a n

organ ic f l u i d wi th whi ch th e f i r s t is immis c ible. The l a t t er

c onta i ns i n solut ion the denitra t ion age nt to produ ce

ge lat i on .

The c h o ice b e tween the t wo s ys t ems, s t ir r ing or
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spraying, i s essentially determined by t he des ired size o f

the microparticles. The g elation of small diame t er mi cro­

part i cles ( l e s s than 100 microns a fter thermal tre a tment )

is performed in a beaker with d i aphragms. Th e ge lati on o f

micropart icles of a larger d iamet er is made in a Plexi g l as

column wi t h a conical section in whi ch the sprayed droplets

are lifted and kept i n a suspension by an ascending c u r re nt

of the organic phase c ontaining in solution t he den i tr ating

agent. Th e c o l umn is very similar t o t h at originally

develop ed by ORNL ( 5 ).

A low-cost commercial product "Alphanol 79", t h at

essentially consists of a mixture of high-carbon-number

alcohols, is used as the organi c dispersing med ium. I n

order to ke ep microparticle coalescence to a min imum, 0.5

volumetri c percent o f a t ensionactive agent (SPAN- 85) is

added.

Fi n a l ly the d en itrating ext r a ctant , 1 or 2 v olumetri c

percent of an ami ne mi x t ure, commer c ia l ly kn own a s Primen e

JMT, i s also added to the organ i c ph a s e. The amine s o f

Pr im ene JHT show als o a t ens ioa ctive action. The solub i l i t y

of wat e r i n the Al p hano l -79 is 3 or 4 percent in v o l ume; i f

used i n t h e anhydr ous s t a t e t he Al phano l -79 wou l d the refore

extract wate r f rom t he sol drop l ets. I n cidenta l ly , th is

pro cess of wate r extraction is pre cisely the cause of

ge lat i on in the ment ioned sol-gel processes developed b y

others whi le i n CN EN mod i fi ed s ol-g el process t he wat er

e xt racti on must b e strictly avo ided since it would form a

n i tr a t e- impervious thin l ayer at t he surface of the micro­

part i cles with the result ing di f f i culty to c omp lete the

gelation of the innermost parts of the microparticles.

Theref ore , be f o r e us ing it, the organic phase ne eds t o b e
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saturated with wat er at t he op eration t emperat ure . Among the

many fact ors t hat a f f e c t the duration o f c omplete gelat i on ,

the most i mp ort ant ones a re certainly the amo unt of nitrate

to be extracted and the microparticle d i ame t e r.

It has t o be borne i n mind, though, that the nitrate

extraction must be strictly c ontro l led not to exceed a l imit ­

ing rate , ot herwis e too rapid a ge lat ion of the oute r skirt

of the microparticles occurs that woul d cause gelation

inequalities. However , the nitrate migration i s not stopped

altogether by ge lation, b ut s im p l y s l owe d d own.

Ge lation is assumed to be c omp leted when a limit between

0 . 1 and 0 .2 of t he N0
3

/ meta l r a t i o is r e a ched. Suc h a nitrate

content h a s b e en s hown not t o have a ny h a rm ful effect on t he

characterist ics of t he mic r oparticles a f t er the t hermal

t reatment.

It has been rout i ne pra c t i c e i n t he re ported experimen t s

to discharge c omp lete ly the gelation c olumn afte r every r un.

After r i ns ing the gel le d microparticle with an orgaric vo lati le

solvent to free it of the Alphanol -79 e x cess , the product is

ready to undergo the therma l treatments .

The plutonia , urania-plutonia and thoria - plutonia

specimens r e f e rred t o in this p a per ,ha ve been all fired under

an argon - 5%hyd r ogen atmosphere in r e s i s t e n ce tubular ovens

for four hours t o reach the soaking temperatur e o f 1 ,200°C

at which they were he l d fo r two h our s .

The oxide micr oparticles s o produced showed a

satisfactory sphe r i c al f o r m in a l l batche s with diffe rent

d i ame t ers: f r om a few microns up to a maximum of abo ut 600

mi crons . The car b on content o f t he calcined p rodu c t is

tip ically l ess than 100 parts pe r mill i on. The i nd i v idu al
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microp a r ticle c r u shi ng strength v a l u e s f or 300 - mi c r on (U­

16%Pu) OZ mi crop arti cles showed a variance b e tween 6 a n d 10

kilogr ams. This value is very difficult t o keep constant

from part i c le to part i cle with in a s ingle b a t ch a n d t o

r ep roduce f r om batch to batch . X- r ay a na lyses s howed t h at

t he urania- p l ut o nia mi croparticles have a s olid s o l ut ion (U,

Pu ) OZ st r uct ure . The microparticle dens i ties r ang ed f r om

98 %, of t he oretica l densit y f o r uran i a -16 % plutonia, t o

consist e nt ly higher t ha n 9 9 . 5% of theoret i c al densit y f o r

mixed oxide of u ran i a or thoria with on ly a few unit s

per ce nt s o f plut on i a ( up t o 5 or 6 % Pu ) .

The a ppearance an d c r oss -section o f uran i a - 5% plutoni a,

urania -16 % plut oni a and thoria -5 % plutoni a microp articles

produc ed b y the modified s o l -ge l process here described are

given in the fig u r e s .

Pre liminary vibratory compaction tests of such mi cro­

particles in typica l f ue ls s heets i ndicated t hat sme ared

dens i t i e s around 81-8 Z% of theoretical using a binary s i ze

mixture and a ro un d 85-86 % o f the or etica l using a t ernar y

mi x t ure can b e a chieved.

The f i r s t s pecimen l oaded with UOz- 16 %PuO
Z

is awa i ting

irradi ation i n the Avogadr o test re a ctor of SoRIN in Sa l uggi a ,

I t a ly . A c omp r e h e n s i v e irradiation program is be ing now

started, fo r which u s e of t he HBWR r e a c tor in Halden, Norway

and the R- Z react or in Studsvik, Swe den , i s planned.

FUT URE ACTIVITY

Th e op t imiza tion of the sing l e s t e ps o f the described

p r o ce s s wi l l be continue d up t o a point whe r e a c omp ar i s on

c a n b e made with the othe r modified me thod under i nves t igation
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at CNEN laboratories. The latter method, that has been

developed by SNAM-PROGETTI, avoids altogether the use of

colloids and yields almost identical microparticles. Th i s

work will be performed at the rented laboratory in Mol,

Belgium. As soon as the 21,OOO-sq.ft. plutonium facility is

ready for use at the outskirts o f Rome, Italy ( s che du l e d

for 1 96 8 ) a similar comparison work will begin between

coprecipitated and mixed pelletization techniques on one

side and between the most promising pelletization t echnique

and (sol-gel + vibratory compaction ) technique on t he other

side.

The irradiation e x pe r i me nt s with such materials will

be continued and expanded.
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MIXED URANIUM-PLUTONIUM OXIDE
FUEL FABRICATION FOR RAPSODIE

S. BATALLER, M. GANIVET, H. GUILL tT
Y. MASSELOT, A. ROBILLARD, F. STOSSKOPF

Abstract

The fabrication of the 96 first ele ment s for the
Ra psodie reactor has been carried out at fue
Atelier de Technologie du Plutonium in 1965-1966.
It re?resents the use of 320 k g of mixed oxide
(U,Pu)02 containing about 70 kg of plutonium.
First, we ex amine the fabrication itself, the
total evaluation of the fabrication a n d the yield
of the different stage s are detailed. Then, we
s t u d y the p r o b l e ms a n d di f ficulties raised by the
fabrication. At l ast, we summarise, as an e x t e n s i o n ,
the studies devoted to the adjustments of the proce­
dure for the fabrication of low density oxide for
Rapsodie. In the end, we g i v e the specifications
considered just now for the first charge pellet s of
the Pheni x reactor.

Commissariat a l' Energie Atomique (France),
Direction des Materiaux et Combustibles Nucleaires,
SECPE R, Service de s Techni ques Apoliquee s au
Plu tonium (Centre d'Etudes Nucleaires de Cadarache)
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Up to now, nin e ty si x fissi l e a s s e mb l i e s for the
Rapsod i e Rea ctor have been ma n ufactu re d a t the At eli er d e
T echno lo g ie du P l u ton ium in CADARACHE. A f irst s eri es of
pi n s f o r s ev en as sem bli e s wa s made b e t we e n Ap r i l a n d Octobe r
1964 , in order t o a djust t he ma nufact ur ing pro c e s s a n d se t ­
tle the ~e c i f ica ti o n s . The pins f o r sev enty-nine st andard
a n d t h re e sp eci al a s semb l i es were t h en made betwe en
No v e mbe r 19 t h 1964 a n d Oc t ober 20 t h 1965 . The corre spond ing
asse mbl ies were f itted up d ur i n g t he fir st mo n t h s of 196 6 .
T h e furt h er st and ard a ss e mb lie s wer e mad e a t th e end o f t h e
same y e ar .

A rep or t 1 h a s des c r i bed i n de ta i l th is pr o d uct ion a nd
a co mmun i c a t i on was presen te d i n BRUSS ELS in Mar c h 19 67 2,
i n wh ich we s howed the e v ol ut i o n o f the p r o c e s s and its
e xtra po l at ion to the f uel f o r the P h eni x Fa s t Re actor P ro ­
j e ct . It a l s o ga v e i n di cati o ns on the e c on o m i c ~ l a sp ect of
the s e f abricati ons.

In this pap e r , we s ha l l d e al wi th t h e product i on of
mixed (U , Pu) 02 oxide pellets d ur ing the first and second
c a mpai gn s a n d we s ha l l con sid er the p ro b le ms c onnect ed wi t h
it.

Fa b ricat ion o f mi xed ox ide pellet s

Manufacturing proce s s and s pe cificati o n s .
The product ion f low line is sh o wn o n F i gure 1. It was

s e t t le d a t the e nd o f the fir st se r i e s , which a l s o s h owe d
th e go od qua l i t y o f th e pe lle ts a n d a l l o we d us to dete rmin e
t he f o l l owing l i mit s for t h e sp e cif i ca t i o n s :

22 , 8 4 + 0,25

25 , 9 1 + 0, 25Pu ° 2 co nte n t
We i ght Pu 02 x 100
Wei g ht mixed ox ide

We ight Pu x 100
or

Wei g h t mi x e d o x i de

S t oi chi omet r y °: U Pu+

Dia me te r o f t h e pelle t s . .•.... .•.. ••

2 ,00

5, 57

+ °- 0 ,05

:: 0,05 mm

Ge o me t r i ca l dens ity . . . . ....• • .. • ... •
(m e a s u r ed o n u nrect i fied pe l le ts )

95,5 :: 2 % of th e
th eoretical den s it y

Ex t e r nal a s p e c t o f t he p e l l e t s : no c hip o f mor e t h an 1 mm.
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Quant i ta t i v e r e s u l t s. The r esu l ts o f t h e meas ureme nts
c a r ri ed ou t on t h e p el le t s a re s h o wn as hi s t og ra ms o n the
s ub joi ned figu re s . Th e y c alIon th e f ol l owi n g r e ma r ks :

_ P l u t o n i u m c ont e n t : Ch e mi c al a na l y si s is ca rrie d ou t o n
f i v e sinte r e d pellets p e r half - ba t c h . On e b a tch i s mad e o f
a l l the pellets c ont a i n i n g u ra n ium f r om one re duct i o n s t e p ,
o ~ h a l f- b a tc h be i ng made o f al l t he pellet s c oming ou t o f
th e s ame sinte r i ng f u rn a ce ( o n e ha lf- ba t ch c ont a i n s 480 t o
5 5 0 p e l l e t s ).

Fi g ure 2 sh o ws that t he hi st ogram o f the fi r s t cam­
p a i gn i s ce n t ere d s l ight l y hi ghe r t h an th e n o mi n a l v a lu e.
Al t hou g h a l l the b atc h e s a r e g o o d , t h e me an v a lu e g i v e n by
che mic a l a na l ysi s i s 22. 9 5 %, wh er e a s t h e v a l u e ai med a t
by we i ghing i s 22 . 8 4 %.

This d i f f e r en ce i s l o we r fo r t h e se c ond c am pai g n , bu t
t he n umbe r o f ba tch e s i s te n tim es l e s s .

S t o ich i ome t r y : ~ r a t i o s a r e d e t e r mi n ed o n one pe ll et
pe r hal f - bat ch by X r ay d i f fra c t ion meas ur e men t o f t he
l at t ic e p a ra mete r . Th i s ca n be d o ne a c c u ra tel y on l y on
si ngle p h a s e o x i d e s 3 . Th e l a st t h i r d o f t he f i r s t c a mpa i gn
a n d al l th e s e c ond c a mp a i gn were d ou ble -ph as ed s o t hat t he
h i st og ra m o n Fi gu re 3 d oe s n o t sho w al l the fa b ri c a t i o n .

It i s h owe v e r noti ce a ble tha t al l t h e single pha s e
batc h e s ar e subst oi chiomet r ic , th e mean v a l ue being 1. 9 8 5.

- Diamet ers . The d i a me t e r s a r e d e t ermine d as the me an v alue
b etw e e n t wo me a s ur e men t s nea r t he e nd s o f e a c h p e l l e t on
10 %o f ea c h h a lf - b a t ch . Th e hi s t og ra m on Figure 4 sh ows
t h a t t h e s p e ci f i c a ti o n s ha ve e asi l y be e n mai nta i n e d . Th e
a v e r a ge v a l u e i s sli ght l y hi ghe r than the n ominal v a lue,
b ec au s e o f t he a d j u steme n t o f t h e p r o ces s . The r e a so n i s
that i f t he d iame t e r i s t o o l a r ge , pel l e t s c an e a s i l y b e
r e c t i f i e d . On ly 2 % o f th e ba t c hes fe l l in that c a s e.

- Den s i t y. De n sity i s dete rmi ne d by ge o me t ri ca l me a sure ­
ments a n d we i g h i n g o n 4 %of t he p ellet s f o r ea c h h al f ­
b a tc h. Fi gu r e 5 sh o ws t hat t h e h i s t og ra m i s ce nt e re d on
h i g h v alu es. A c er t ai n n u mbe r of bat c h es o f t he f i r s t c am­
p a i g n wer e e v en ou t o f t he s p e c i f icat i on s ( t h ey were
h o we ve r a ccept e d wit h de r ogat io n ) .

- Long i tud ina l ma s s . Lo n g i tudi n a l ma s s i s c a lcu l a t ed f r o m
t he diame t e r a nd th e d en si ty. F i g u re 6 g i v es the d i s tribu ­
ti o n o f t h e hal f - batc hes o f the f irs t c amp ai gn t hat wer e
n ot r e c t i f i e d wi th r e s p e ct t o t h e l i n es o f e q u a l lo n g i tu­
di n a l mas s . Fi g u re 7 s h o ws t h e h i s tograms o f l o n g i t ud i n a l
ma s s for t he fi rs t a nd s e c ond c amp ai g n s .

Ma t eri al bal an ce . The t o t al pluton ium ba l a n c e f o r th e
86 s t a nd a r d a sse mbl i es a n d t h e t h r ee spec ia l one s , fi rs t
s e rie s i nclude d , i s the f ol l o win g
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To t al quan tity o f plu t onium used
- e st i med by we i g h i n g
- pro f i t aft e r c he mic a l a naly sis

- t ota l quanti t y tak en i nt o account

Pluton ium d e l iv e r ed in the 89
fi s s i le a s s e mb l i e s a nd i n the
a ddi ti ona l a c ce p te d pi n s

Pl uton ium r e c o ve r a ble by c h e mi c a l
means
- analysi s a n d d e s t r uct i v e co n tr o l s
- fabr i cat i on sc r a p s
- t ot a l

Un rec ov erab le l osses

69.4 88 k g
. 25 2 k g

69 . 740 kg

67. 8 89 k g

1 . 353 kg
~ kg

1 . 811 k g

. 0 40 kg

100 %

97 .3 4 %

1. 94 %
. 66 %

2 . 60 %

. 0 6 %

Abo u t t h i s ba l a n c e, a sign i f icant de c r e a s e o f t h e
ox id e ma ss ( 0 .3 5 we i g h t pe r ce n t) duri ng sint e r i ng , l ubri­
c ant e x ce p te d , was s hown on the ov erall f i r s t run . Ch e mical
a na l y s i s o f t he ut i l i z ed U02 p o wde r l ed t o a n ~ r a t io eq ual
t o 2 . 06. We ass ume t ha t t h e PU0 2 Q r a t io i s M e qual t o
2 . 00 . The oxi des be ing ma nipu l a t eM in a pu r ified a rg o n at ­
mosp he re , we a ssume t hat U0 2 d o e s not u nd e rg o r e o xid ation ,
a n d that t h e o b s e r v e d we i g ht l oss i s d u e e s se n t i al ly t o a n
oxy ge n l os s du r ing sin ter ing . Tn t h i s case , c a lcu l a t ion s o f
th e a ve r ag e 0 r a ti o o f th e sint er e d o x i d e lea d t o the va l ue
1 . 986 . If

Th is v a l u e is to b e c o mpar ed wi t h t he averag e v a l u e
1 . 985 o b t a i n e d by X-ray diff r a c ti o n on s i ng l e ph as ed bat ­
ch e s . Th ere f o re , i t i s r eas o n a b l e t o as s ume that th e Q r a t io
f or d ouble p hase s ba t c h e s i s a l s o c l os e t o th is value~

Pro bl ems r a i s ed by th e fa bric a t i o n

Af t er t h i s r a p id s urvey o f th e res u lts , i t is i nte r e s ­
ti ng t o empha s i z e s ome imp o rtan t a s pe ct s o f t h is fab ri cati o n .

The o p t ions. The f abr i cati on wa s direc t e d f r om t he s t a r t
b y s ome lead i ng idea s on t he oxi de an d th e technol ogy o f t h e
pr o ces s .

The burnup es ti ma t e d for t h e firs t c harge was no t
h igh e r than 35,000 M W D / T, s o t hat t h e c ho ice of d ensi t i es
near t h e th eoretical v a lue h ad th e fo llow ing a d va n tag e s :
n e utron e c on o my , g o od mech an ical s t r e ng t h owi n g t o the l ac k
o f crac k s an d poro s i ty, l o w dis pe r s i on o f cha rac teri st i c s o f
t h e ma nu factu re d pe ll e t s .
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Consequently we tr i ed to opt imize t he f abric a tion
parameters , by studyin g ma i nl y the in fl u e n c e o f the A D U
calcinat ion te mpera t ur e , of t h e mi lling ti me a n d o f t h e
organ i c additions. Thus we wer e obli g ed t o e limi nat e t he
campho r pr o cess a n d to re place wet g r anu l a t i o n b y double
compacting .

We decided se c ondly t o p i lo t the f abri cati on by me a su ­
ring th e density o f the pellet s in the g r e e n st ate an d
v ary ing the pel l e t i n g press u re (this shows th e adv anta ge o f
a hydraulic press) . This meth od a n d t he c h oice o f the matr ix
a l lo w a go o d reproducib ility o f t h e sint e r ed p e l l e ts a nd
avoid , as much as po s s i b l e , re cti f ication wh ich may c a use
diff iculties with t he f uture be h a v i ou r of t he pel le t s and
with critical ity. Fi g ure 8 g i ve s a s a n e x a mp l e tw o par t s of
the diamete r con trol c urve c or res po nding t o tw o f a b r i c a ti o n
pe r iods .

The third c hoice i s the u se of s i n t e ri ng fu r n a ce s with
molybdenum res istors, whic h ne ed a reducing a t mo s p h e r e (non
ex plosive mixture o f hy dro ge n a n d a r g o n in 10 /90 p r o p o r t i o n ) .
Sint e ring u nder t h e ce co nd itions l eads t o su bst oi chi omet ric
o x i d e which seemed to b e a g o o d g u a ra n t e e a g ainst the a pp ea ­
r ance o f U308 in th e cas e of s l ow r eoxidation (stocking
atmos phere) which could e mb ri t t l e th e p e l le t s . I t wa s shown
later that s ubs t o ic h io me t ric d e s pi t e a 10Ier the rm a l c onduc­
t ivity ga ve an a d van tage f o r t he r es i s t an ce o f t h e ox ide t o
swell ing under irradia t i on . Moreover, it wa s f ou n d t hat
hyperstoic h iometric pel l et s cru mble to p o wder a f t e r a few
h undred h o u rs i n s odi um a t 600 0 C, p r ob ab ly be ca u s e o f t he
pr e se nce o f U3 08 a t t he g r a i n bou n da r ie s . On t he con trary
sub sto ich io metr i c pell ets h a v e a g o o d resis tance under
these cond it ions and this i s a g ua ra n te e in t h e c ase o f c an
faili ng .

Less ons drawn f r o m the fabricati o n . A f i r s t f a ct is th e
s atisfact ory external as pect o f a l l th e pellets. Even a fte r
recti f ica t ion no crack c an be s een in the o x i d e, th e mec ha ­
nical strengt h i s g o o d a n d the n u mb e r o f pe l l ets dis carded
because of c h ips be for e cl ad d ing is v ery s mall .

The second ob s erv a t ion is t he fo llowi n g :
Be c a u s e of t h e n e ed to mi n i mi z e the numb er o f d en s ity

measu r emen t s , wh ich long tim e req u ir ~ , i t a ppear ed more i n ­
ter e s ting to c a ra c t e r iz e t he p e l l e t s by t he ir linea r mass ,
whic h is ea sie r t o o bt ain t hrough mea sures a n d comput a t ions .

Mor e ove r , this paramet e r is of g r e at e r int er e st tha n
d e n s i t y f o r th e phy si c is t , i n o r d e r t o e v a l ua t e the lin e ar
pow e r withi n a p i n .

Fi g ure 9 sh ows th e r e sults o f density v s . di amet er
me a sure ment s for 3 half ba t che s c overi n g t h e who l e r an ge o f
linea r ma sses .
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It c a n be seen t hat a linearized r e l a t io n s h ip be twen
d iameter a n d density is q u i t e v a l i d wi t h in the r ange o f va ­
ri ati ons o f t hese paramet ers.

Furt hermore is m ould be rec o I led t hat the rate o f
c h ange of d e n sity versu s diameter d e pends upon each partic u­
l a r half batch : t h is ex p la ins th e slig ht variat ions of
s l o p e of the fi tted straight lines on these di agrams .

I t wa s checke d that the experim ent a l rel ati onshi ps
were qu ite c lo s e to t he ideal density v s . d i a me t er relati on­
sh i p for const ant linear ma s s ( s e e f igure 6).

Since p eo p l e are v ery in t ere sted in k e e p i ng a linear
mass a s c on s t a nt a s pos s i ble, they sh ou l d avo id centerless
g ri nd i ng wich, while red uc ing th e d iamete r dis persion d oe s
not k eep t h e linear mass cons tant si nce t here i s a mass l oss
at constant length .

A third fact is t he i mp o rta n c e of t he s p eci fica tions
on raw mat erials. Wi t hout talking o f t h e second pha s e , whic h
we s hal l see l at er, we h a v e observ ed t h a t is was necessary
to c a rry o u t new adjuste me nts on the p ellet ing pressure or
on t h e d iamete r of t he ma t r i x wh e n we u s e d a new b a tc h o f
A D U.

If we s u p p o se t ha t t h e p hysico-c hemica l pro perties of
r aw mate r ial s guarant ee a c e r tain qua li t y o f mixed oxide , i t
i s v ery impor t an t for t h e manufac tu re r that the f lu c tua t io n s
o f t h ese p rope rties be a s smal l as po s sib le . That is to say,
th e s e produ cts must b e a s h omog e n e o u s as possible.

This d e s ire i s n ot e a sy t o translate i nt o spe cific a ­
tions ; b u t it wo u l d l e a d t o the u s e o f b a tc h e s as l a rge a s
p o s s i b l e , t aking howev er, cr i tic al i t y into a ccoun t.

Dif ficu l t ie s e nco un t er ed . Two ma in dif ficu l ties were
encountere d during t h e p rod u c ti on : one is t h e s li g ht di f­
ference b et ween the Plutonium con te n t a i me d at by weigh ing
and the val ue determined by chemica l analysis ; an d the
othe r is the appearan ce of a se c ond phase i n s ome b a t c h e s,
wh i c h makes t he dete r mi n a t ion of s t oi c hi ome t r y di f ficult.

For the f i rst p oi nt , t h e r es u ~t s a re gi v e n i n t a b le I .
The r el a tive dif f erenc e i s 50 100 which is small and

v ery near th e error on che mi ca l a nalysi s . Howe v e r the d if­
f er enc e was s y s t ema t i c bat ch after batch and not a mean
v alue, so th a t t h is is a p r o b l e m.

Variou s hypo thes i s ha v e been s ugg e s ted :
Me th od s of a n a l y ~ i~ t o be improv ed
Pa r t i al r ed u c t io n o f oxides during s in t e r ing
Pre se n c e o f a me ric i u m
Initial hyperstoic hi ometry o f U02 .

Finally , the re tained expl a nati on is the f oll owing
a t h e o r e t i c a l value o f 2 2 .84 was d esired while assum ing
t hat the mi x e d o x id e was e xa ct ly stoic hiome tric . Ta king
i n t o a c c ou n t an ~ rat io equal to 1 .985 leads t o t he new
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value 22 . 8 9 . Furthermore, is was assumed that U02 was
exactly stoichiome tri c i n the i n i t i a l coumpound, but furt h er
chemical a na l ys i s s how ed t h e formul a to be U02 06' By a d d i ng
the corr esponding correction to the previous one, one finds
a Pu percentage equal to 22.94, which is remarka bly close to
the analytical average.

The s econd difficulty is t h e existence in the mixed
oxide of a second phase corres pond ing to the use of a cer­
tain batch of A D U, covering t h e last third of the 1 s t

c amp ai gn and all the second c a mpa ign.
This p h ase wa s f i rs t r evealed by X-ray diffraction and

micro gra phy ( F i g . 10 and 11). I t is made o f clust ers, 2 0 to
50 microns in size composed of small g r a i n s of .5 to 5
microns. Microprobe record i ngs of t he U and Pu con t e nt s have
shown thi s p ha se to b e richer i n uranium and poorer in plu­
tonium than the matrix, its co mpo sition being U02, as could
be predicted from X-ray dif fra ction measurem en ts. Electron
mi cro sco pic studie s by a two stage replica method showed
that the U02 g r a i ns were surro unded by a fine edging which
was supposed to be the (U,PU)0 2 matrix, for pl utonium was
dete c ted in these clust ers by autoradiography.

Although the s e c o n d phas e h as been well investigated
its origin i s still undetermined. The proce ssing conditions
did not vary and it seems that the properti es of the A D U
could a c c o u nt f o r it. A d iffer ent behaviour during the
milling or t he e x i stence of an impurity which could slow
down the dif fusion have been considered. Hi gh temperature
annealings should have made t h is second phase disappear,
but did not, and t hus elimi nates the first assumption (in
fact, the highest temperature used was 1800° C, and the
di ff u sivity of plutonium in U02 is still very low 4). As
regards t h e second assumption, we should have been able to
dete ct this impurity that did not appear in the other
b a t ch e s of A D U, but none was to be f o u n d . So that t he
q u est ion is still unan sw er e d.

Bec au se of thi s second p ha s e , it was impossible to
mea sure a c c u ra te l y the stoichiometry of the corresponding
b a tc hes. Be ca u s e stoichiometry is d etermined by X-ray dif­
fr a ction measure ments of the l attice parameter, it is neces­
s ary to know accurately the p erce ntage of t he se cond phase,
a n d i t is not t he case. Howev er if we take the utmost esti­
mated v alue, 4 % (1.6 % b e ing the mean value determined by
mi crogra phic counting) we have verified that t he oxide is
s t il l su bstoic hio metric, and t h is is confirmed by the g o o d
res i st a n ce to sodium that was observed f or do uble-phase
pell ets.

It is interesting to note that X-ray dif fraction eva­
l u a tions g i v e a hi g her p e rce n t age for t he s e co n d phas e ,
1 5 % b e i ng t he maximum. This could be due to the preponde­
r a n c e of very small isol ated particles wh ich are not counted
by micr ographic ex a mination.
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Studies of future development of oxide fuels

The burnup a i me d for the future cores of Rapsodie and
Ph en ix a r e n ear 100,000 M W D/T and it is nec essary to
s t u dy o x ides h aving a g o o d resi st ance to swell ing under
ir radi at ion. For that, we are try ing to obtain de n sit ies
between 7 5 and 90 % of t he theoret ical densi ty.

Prel iminary s t udies

A - During the t r ia ls that were mad e be f o r e t he fabr icat ion
we h ave jus t d e scribed, we were ab l e to see th e influenc e o f
si nt e ri ng t e mpe r at u re on t he fina l d ensi ty of the o xid e .

Therefor e we h av e st udi e d s y s tem a t ically the b e havi ou r
of U02 pell ets hav ing a g r e e n s tate d ensit y of 65 % o f t h e
theoret ical value, und er sint er ing te mpe rat u r e s va rying fro m
11 50 ° C to 1650° C. We can see on the corr e s pond ing curve o f
Fi gure 12 t hat t he d e nsi t i e s o bta ine d v ary f r o m 68 %f o r th e
low e st te mp erature (1 2 00 0 C) to 97 % fo r th e ma x im u m t emp e­
r atur e (16 50 0 C).

Th er e a re two disad vantages t o th is me t hod : ri s k o f
b ad d i f fus i o n in a mi x ed o x ide a nd la c k o f s tab i l i t y o f the
d e nsi t y f o r t e mperat ure s hi g he r t han th e s i nt e r i ng t e mp era­
ture. Onc e in t he pile, the z o n e o f low d e n s ity oxi d e cou ld
b e reduc ed to a fin e a nn u l a r l a yer nea r t h e c an.

B - We h ave th erefor e s e arc hed f o r a met hod a l l o wi ng sin t e ­
ring te mpe ra t ures of a t l e a s t 1 5 00° C :

a) with t h i s object we r e du c e d t h e sp e cifi c ar ea o f th e
p o wd e rs by h i g h t empe r a t ure tr ea tm e n t. A t r ia l o n U02 heate d
in a re duc ing a tm o s p h e r e a t 1350° C f o r 4 h o u rs , save af te r
sin te r ing a t 1500° C f o r 3 h ours a d en s i t y of 9 0 % t o 9 2 %
of the t h eor e t i c al va l ue fo r a g re e n s ta te d e n sit y o f 70 %.
This r e s u lt wa s st i l l i n a de qu a t e.

b) we d ecid ed to in c r ea se t h e q u an tity o f z in c b e he n at e
wh i ch was initially . 2 wt %a n d a d de d a r o u n d t h e ox i d e g r a ­
nule s a fter the f irst comp a c t ing.

By a dd i ng 1 wt % be henate in a mi x e d ox ide tha t h ad
been c alcined at 1100° C for 4 hours we o bt ained af te r sin­
t er ing f o r 3 hour s at 1500° C a d en s i ty o f 8 8 % of t h e the o ­
r e ti c al value . Th e poro sity was heterogen ou s a n d ma i n l y ma de
o f cracks d ue to the a c c u mu l a t i o n o f be hena te a r ou n d the
g ra n u les . It s e emed the refo r e i mp ossib le to i n c r ea se t he
q u an t i t y o f zi n c b e he na t e i n tro du c e d i n this ma nn e r .

c) we were t hu s l e ad t o th e me t h od now us ed wh ic h
c onsi st in th e in co rp ora t ion of b e h enate to t h e mi lled mi xe d
oxi de powde r before t he f i r s t comp a ct ing 5• Thus, b e h enate is
d i str i b u t e d much mor e r e gul arly in t he o xia e a n d we v er i f y
that i ts c a pac i ty to sl ow d own t h e d en s if i c a ti on is hi gh l y
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increased. We can avoid a high temperature initial treatment
of the oxide and still have densities near 80 % of the theo­
retical value after sintering f o r 3 hours at 1700° C (Fi gure
12) •

Spectrographic analysis o f the pellets show that the
zinc content is below the detection lim it (50 ppm) and
carbon analysis give results lower than 50 ppm.

Fabricat ions for irradiat ion tests

A - Irradiation of mi xed ox ide in Enrico Fermi reactor.
This new method was first a pplied to the fabrication of

low den sity (85 % of the theoretical density) mixed
(U.8 , PU.2) 02 oxide for irradiation in the Enrico Fermi
reactor which should have star ted in 1966 (Figure 13).

In this manner 15 pins, containing 2.5 kg of mixed
oxide in conformity with the s pecifications were made in
June and July 1966.

For the same irradiation programme 15 other pins, con­
taining the same quantity of mixed oxide were filled with
annular pellets. These pellets have a density of 95 % of th e
theoretical value and a c entra l hole made directly during
pelleting, bringing the ap parent density down to 85 %.

B - Irradiation of mixed oxide in the Dounray Fast reactor.
A second fabr ication, to be irradiated in the D F R,

took place in December 1966. S ix pins filled with about
.5 kg of low de n sity (85 %) (U.8 , PU.2) 02 oxide were made.

C - Irradiation of mixed oxide in Rapsodie.
The fabrication of the p i n s for 4 experimental fissile

assemblies ha s started in Apri l 1967, filled of (U.8,Pu.2)02
pellets. They will be irradi ated in Rapsodie in July 1967.
They contain 5.5 kg of full pell ets with a density of 80 %
and 5.5 kg of full pellets with a density of 85 % of the
theoretical value.

Four further as semblie s containing a similar fuel
(partly with annular p el lets) will be manufacturel in th e
second half of 1967).

Specifications con sidered for the Phenix reactor fuel.

The fabrications we have just mentionned show that 10. den­
sity ox ide falls in t he domain of p r a c t i c a l a pplication.
They have also been us ed as a base for the s pecifications
con sider ed for the fuel for Phenix reactor a n d which we hope
to c onfirm by the irrad i ations in pro gress.

These specificat ions a re the following :
weight Pu x 100 'central zone 20

Pu0 2 cont ent: weight mixed oxide = ( external z on e 25

Stoic h iometry: U ~ Pu 2.00 (desired: 1.96)

239



Diam et er o f the p e ll ets: 5.5 mm

Longit u d inal mass on unrect i f ied
pel lets (full p ell ets of densi t y
e q u a l to 85 % of the t h e o r e t i c al
v alue)

(central zone 2.23 g cm- 1

)
(ext ernal zone 2 . 2 4 g cm- 1

)
External as pect of the pellets : maximum of 5 chips

or 1 chip

Conclu sion

1 mm
2 mm

T h e fa b r i cat i on of the f irst c h arge of Rapso d ie and t h e
s tudie s o f low dens i ty mixed oxid e i n an ex t ended irrad i a tion
program me ha s ena bled u s to co l le ct a l arge i nf o r mati o n as
wel l on the f a bri c a t ion a nd con trol p r o ce sses a s on the
p h y sico-c h e mical pro p er tie s o f t h e o x id es. Th is know led ge is
now u sed f o r the de f i n it ion o f t h e f u e l fo r th e Phenix reac­
tor and for the s u r v e y o f the manu f acturing pl ant, c ap able
of producing every d ay 3 0 k g of oxide, which will be e quip­
ped in 1968.
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Ammonium Diurana t e

60% enriched U

Reduction

9000C- 2h
in H 2 +N 2 110_90% 1

calcined oxa la t e

300·C

Granula tion
Compacting 1500 bar

Granule from 315 to 600~
+0 .2 % z inc behenate

Pelleting 4500 to 7000 bar

Sinterin g
8OO·C _ 1 h

16 5 0·C. 5h
(H2+Arlll0. 9 0 %1

X Ray-Micrography
Chemica l a na lys is

PEL LE TS

Fig.1 _Processing d iagram of the pellets .
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F ig.2_Histogram of plutonium content
(chemical analysis)
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Fig .3_H istogram of O/M Ratio for single
phase batches of the first campa ign
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Fig.6. Diam<Zt <Zr d<Znsity distribution a nd longitudina l
m a ss c ur-ve sy st.e rn for th<z whol<z o f th<Z batch<Zs

of th<z 1 st and 2 nd c ampaig n _

Nu mber of half N u mb<z r of hal f
balch<zs. b a l ch<z s .
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(U-PU)C PARTICULATE FUEL FABRICATION

J . E. Ayer

Abstract

A series of uranium-plutonium carbide elements were fabric ated
f or fuel element pe rfor manc e studies . The fu el consi s t ed of mi xed
ura nium and pl utonium car bi de s and solid- sol ution uranium-pl ut onium
carbide . The fuel elements were manufactured by v i bratory compaction
employing an infiltration technique . The loading proces s pa r amet er s
were determined on the basis of model studies ca r r i ed out on non­
f i s s i l e materials .

El even r ods cont a i n i ng 80% uranium carbide and 20 plutonium
carbide and f ive r ods c ontaining sol i d- sol ut i on carbides were fabri ­
cated . The mixed carbide fuel elements were all loaded t o "smear"
de nsities of 80% of theoretical wi th the exc eption of one whic h was
compacted to 83 .8% theoret ica l densit y . The solid-solut i on rods
were f ormed t o f uel den sities of 84 . 2 ~ 1 .3% of theor etica l .

Fabr i cation revealed t hat the pa cki ng characteri st ics of carbides
deviated f rom t he model studies due t o attrit ion of the fuel mat er i a l .
In some ca s es 20 percent of t he f irst compone nt ad di t ion was r educed
to finer screen sizes during loading . Unifor mity of dens ity i s
pr omoted by i nfi l t r at i on , although angular partic les are conducive
t o l ow i nfi ltr at i on rates .

J . E. Ayer is the Leader of the Pl utonium-Mat erials Fabr i ca t i on
Group , Met a l l urgy Div ision , Argonne Nat ional Laboratory , Argonne ,
Illinoi s.
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Car bi de fuel fabr ica t i on dev el opment a t Argonne Nat iona l Lab orat ory
is mot ivated by two st i muli. One is t he desirabi l ity of dev el oping
improved f abr i cat ion t ec hniques and the s ec ond is t he need of the car ­
bide fuels per formanc e program which exercises a cont inuing demand
for fabr icated elements . Both facets of the development program ar e
i ncorporat ed i n the results desc r ibed in thi s paper .

Generally cer amic f uel s are present ed t o the j acket i n one of
two f orms; pe l l ets or granules . Because a f uel body de ns ity between
80 an d 85% of t heoret ical is desired for our fue ls evaluation program ,
particulate f ue l col umns f ormed by v i br a t ory compac t ion a re of
i nt er est . The interest in part iculate fuel co l umns de r i ve s fr om t he
vo id space that must accompany fuels of this l ow density . The voids
offe r paths for the accumulation a nd r elease of f i s s ion gases and
provide space i nt o whi ch swel l ing may be accommoda t ed . Smal l parti cle
s ize promotes fi s sion gas r el ea se by limiting the distan c e that the
gas mu st t r av el i n order to diffuse t o the par tic le sur face .

The attainment of capabil i ty to fabr icate ceram ic f uel bodi e s
by vibr atory compaction was prec ed ed by cons ider ab le dev elopment.
Studies were ca r ried out on model sys t ems to determi ne the ef fec t of
par t icle geometry an d v ibratory mode on packing character i s t ic s . The
ini tial studi e s wer e conducted with spherical part i c les in single and
mul t i -component sy stems . The r esul t s of exper i ments wi th mall eable
steel shot have been pub lished in t he Journal of the American Cer amic
Soc i et y (1 ) and a re shown in Fig. 1. This i s a plot of t he void
packing efficiency ver sus diameter r a tios of contai ner t o fir st com­
pone nt spheres and sp heres t o spheres . The vo id packi ng ef fi ci ency
is define d as the f raction of available vo i d vo lume t hat i s occupied
by the entering component . The equat ions given on the f i gure are
l ea st - squar es f its to data po i nts determi ned from exp erimentat ion .
The st andar d dev i ation of data f r om the mathemat i cal expre s s i on was
fo und to be 0 .01 for over 200 individua l data poi nts deter mined on
single component systems . I n the case of binary systems 60 data
po i nt s showed a standard deviat ion of 0 .013 fr om the curve f it .
The se f ind ings pe rmit one t o predict achi evable dens ity by mathemat i cal
ca lcul at i on ( 2 ). These data wer e ga thered by empl oying an i nf i l t r a t i on
t echnique , thereby the l ower cu rve i n Fig . 1 represent s t he vo i d
pa ck ing eff ic iency of t he s econd component i n t he f i r s t component
mat r ix spheres . The l ower cur ve is un i v er sal i n t he s ense that i t
r epresents the packing eff iciency of any size sphere i n a ma t rix of
sphe res .

The abov e work has been extended to the compaction of angular
shapes . In t his stUdy the i nfiltrat i on t echnique was us ed to fi nd
the influence of part i cle dimen s ion and shape upo n vo i d packi ng
eff i c iency. The result s of t his study , whi ch hav e a lso be en pub lished
i n t he J ourna l of the American Cer ami c Society ( 3 ) , a re sh own i n
Fig . 2 . Figure 2 like Fig . 1 is a plot of v oid pack i ng eff ic ienc y
versu s the d iameter r atios of co ntai ner and matr i x particle to
enter i ng part icle di mens ion . Part icle dim ension wa s de ter mined by
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s ieving and i s the av erage between screen openings through which the
particles pa ss and on which they are collected . The l east - squares
f it of the packing ef f i c i ency data i s shown as the mathemat ical ex­
press ion on the figure . The standard deviation of packing effic iency
of angular particles from the curve f it found on ove r 100 data po i nt s
was 0 . 009 for a single component sy s t em of particle dimensi on less
than 300 microns . The mat hemat i cal express ion generated f or spherical
and angular pa rticle packing are of s imi l ar form . The expression for
the angular system , however , has an added term . This middle term is
a function of r ec i procal of pa r t i c l e dimension and i s dependent upo n
the surface-to-volume ratio of the particles being packed .

The experiments i n sp herical and angular packing are su fficient
to define the spatial cha racteri st ics and limitation s of the systems
s t udied . They do not , however , reflec t the influence of attrit ion
of part i cl es or permit one to infer rate of i nf i ltration . Prel iminary
studies to determine t he influence of factor s ef f ec t ing the infiltration
r at e have been conducted . Results i ndicate that infil tr ati on r a t e is
a functi on of f r equency and accel erat i on of vibrat i on an d particle
shape. Generally , infiltrat i on t ime for bot h spherical and angu lar
particles vari es i nversely with accel erat ion to ab out 15 g ' s . Little
diffe renc e i n the i nf i l t r a t i ng r at e was ob served between 15 and 20 g 's .
This f i ndi ng suggests t hat a plateau is r eached i n the r a t e of infil ­
tration be tween t he se two values . The rat e of infi l tra t i on was a
maxi mum between 40 and 80 cycles per second for a l l accelerations to
20 g ' s . At driving f requencies bet ween 100 an d 400 cycles per second ,
infi l tration time i nc reased with i ncreasing f requency . This finding
prompted t he use of 60 cycle vibration for all fabr ication work . The
inf luenc e of part icle shape on infiltration t ime can be illust rated
through one expe riment in which comparable s ized spher es and an gular
part icles were loaded . I n this i ns t a nce, a 22-inch l ong , 1/4-inch
diameter column was loaded at 60 cycles per second and 15 g 's . The
i nf i l tra t i on time for the angular particles was about 25 minutes .
About 1 minut es was necessary to complete t he infiltration of
spherical part icles .

Tr anslat ion of i nf or mat i on from t he development studies into
fabrication was ac complished through the fabricat ion of 16 elements
for fuel evaluat ion studies (4) . The fuel spec imens consisted of
cyl i ndr i ca l metal j a cket s with welded end plugs , a fuel column, and a
retainer . The over -all l engt h of f uel elemen ts wa s 25- 1 / 4" . The fuel
occupied the lower 14" of the element and a plenum fo r the a cc ommodation
of fissi on ga s es occupi ed the upper 9" of the e lement between the t op
plug and the r et a iner . The inside di amet er of all elements was 0 .256" .
Per t i nent data on t he fu el-jacket combinations and the f uel composition
are sh own i n Table 1 a nd Table 2 . Two types of e lem ent s were fabri cated :
one was a un iform co l umn of solid sol u t i on (U 'PU)C at 85% theor etical
density ; the ot her consi st ed of a UC mat r i x into which PUC was i nf il ­
trated to ac hieve an ov er - a l l dens ity of 80% of theoretical. I n bot h
cases t he urani um- plutoni um r atio wa s to be 4 : 1 .
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Prev i ously de sc r i bed development work conduc t ed wit h mal leab le ,
non-fissile material indicated that t he maximum packi ng fr act i on for
a two-component system of a ngul a r pa r t ic l es in small diameter tubes
would be about 80% . Because t he dens ity of fuel car bi des was about
97- 1/2% of theoretical a two component sy stem would y i eld a fue l de ns i t y
of onl y 78% of theoretical. One method by whic h the pac king density
may be increased is to use a t hr ee -component system. This met hod has
been su ccessful in model syst ems u s i ng spher ical shapes . Howev er ,
efforts t o produce uniform density by an i nf iltration technique on
three component systems of angular particles has been unsuccessful .
Another alternative is t o blend t hr ee component s of pr edet ermine d s ize
an d quant i t y a nd i nt roduc e t hem t o jac kets whi l e v ibrating. Thi s
ap proa ch was re j ected because we hav e f ound t ha t in u nco nst r ained
columns the f i ne fracti on will settle, l evi t ate the coar se partic les ,
and result in non-uniform ax i al de nsity distribut i on . The problem of
ac hieving " smear" dens ity greater than 80% of theoretical was
resolved as a compromi s e betw een thes e two s olut i ons . Two s i ze
compone nt s were select ed su ch that the smaller component woul d be
small enough t o fit into t he voids in t he coar s e component mat r i x and
large enough t o be retained in these vo ids . The fi nely divide d third
component was infiltrated through this mixtur e . The coar se fraction
size was calculat ed t o give t he maxi mum packing effic i ency de termined
by t he use of the an gular par t i c l e packing efficiency curve pr evious l y
sh own in Fig. 2 . The mat hematic s neces sary t o de t ermine t he maximum
packing efficiency is a s fol lows :

PEl = 0 .635 _ 3~ .0 _ 0 .072 e-0 .207D/dl
1

(0 .072) (e-0.207D/ dl)(0 .207D)

d 2
1

o

0 . 0149D e- 0 . 207D/ dl = 32 .0

when, D = 6 .50 x 103 u (0 .256 i n .)

e- 0. 207D / dl = 0 . 330

0 . 207D/ dl = 1 .11

D/d l = 5. 36

d = 1. 22 x 103 u ( 0 . 048 i n . )1

PEl (Max) 0.635 32 .0 0 .072 - ( 0 .207 )( 5.36)
1220 e

PEl (Max) 0 .635 0 .026 0 .072 -1.11e

PEl (Max) 0 .63 5 0 .026 (0 .072)(0 .33 )

PEl (Max) 0 .609 0 .024 0 .586
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The opt imum s i ze for the coarse fract ion is found by se t ting t he
der i vative of PEl with r espect t o d l equal t o a and s olving fo r d l '
The maximum pa cking eff iciency of th is compon ent was f ound to be
58 .6%. The s ize of the coarse component to achi ev e this maximum
packing efficiency was de termined to be 0 .048" . The s ize and quant ity
of t he second component to r a ise the packing fraction to above 66%
wa s determi ne d by making model r uns wi th angular bl ast cleaning gr it .
By t his method we determined t ha t t he second compo nent size should be
about 1 / 2 of the first compone nt s ize . The model condit ions r equ ir ed
to yield a f uel body of 80% coarse mater i a l , 20% fi nely divided mater ial
and 82% packing f raction were thus de termi ned . I n terms of percentages ,
the carbide fuel charges were as follows : 62 . 4% of 12 / 14 mesh mater ial
blended wi th 17 .6% of 30/35 mesh mater i a l i nt o whi ch was i nfiltra t ed
20% of - 325 mesh powder . Simi lar calculations wer e made to determine
t he quant it ies and sizes of compone nts to achiev e 85% TD bod ies of
solid- sol ut i on carbides .

The f abrication proc edure is outl i ne d in Fi g . 3 . Al l jacket
mat erial wa s i nspected, measured for vo lume , and c l eaned before ent ering
the process. Mass ive chunk s of fuel materia l wer e reduced t o de sired
mesh s izes by hand u s i ng a Plattner mortar. The product was screened
to obtain the coarse fr actions and the una cceptably smal l s izes were
pa s s ed t hr ough a micro- pulverizer t o ge nerate f i ne s for i nfi l tration .
Fuel charges were weighed out ac cording t o calculat ion , placed i n
plast ic bottles , a nd s tored in a de siccator under vacuum unt il r ea dy
for u se . Once i n the glovebo xe s the jackets were atta ched to a vibrator
platen by a stud t hat wa s thr ea ded into t he bot tom pl ug . A r a t tle
cage was dropped over the t ube and a funnel i nserted i nt o the ope n
end . Figure 4 shows suc h an element r eady f or l oading. Pr e-weighed
coar se and i nt er medi a t e s i zed fra ctions were bl ende d a nd t he mi xed
cha r ge was poured i nt o the jacket through a l ong funnel. Dur ing the
i ntr odu ct i on of t he bl ended fu e l charge the 60 cycl e v i bra t or wa s
operating at about 5 g ' s determi ned by an acc elerometer attached to
the bottom s ide of the vibrator platen .

After c omplet e i nt r oduct i on of the large component the f unnel
was carefully r emoved to prevent cont aminating t he upper portion of
t he i nside wall of t he jacke t with plutoni um. The funn el was r epla ced
by a thimble and a shor ter funnel a s shown i n Fi g . 5 . The t himble
i s a brass tube so ldered to a standard Swage- 10k r educ er . The bottom
of the thimble contains a screen wi t h a mesh l arger than the most
finely divided fuel f raction and small er t ha n t he c oar ser fr action s .
The a-rings at t he bo t tom prevent t he i nfiltrating fraction f rom be ing
conv ey ed up t he f u el t ube wal l and co ntami nat i ng the fuel r od hardware .
The thimble was s ea t ed against t he fuel jacket top by downward pressure
on the reducer whi l e the fue l tube i s driven a t 60 cycles per second
and 15 g 's . When t he thimble i s sea t ed , v i brat ion i s stopped and the
Swage-10k fitt i ng t ightened agai nst t he top of the f uel t ube . The
fu nnel is then inser ted and the fine f raction is int r oduc ed . Intro­
duction of the coarse frac t ion took f rom 30 to 40 seconds and the
fuel level was invariable within 1 / 8" of the f inal calculated depth .



Five spec imens of sol i d- s olut i on (U·PU)C were f abr i cat ed for
the carbide fuels evaluation program . The densit ies attained were
84 .2 + 1 .5% of theoretical employing 97 .1 % TD particles . This is
equ iv;lent to an average void packing efficiency of 86 . 7% . An
indication of the uniformity of the solid-solution c ol umns may be
seen in Fi g . 6. The two elements on the left of this figure are
t he solid-sol ut i on- cont aining co lumn s . The rod on t he extreme left
is quite uniform and packed to a density of 82 .9% of theoretical .
The rod on its r i ght is packed to a density of 85 .5% of TD and
exhibits isolated low density regions at the top half of the r od .
Low density regions are acceptable from the standpoint of i r r a di a t i on
behavior s ince they form cold rather than hot spot s. They are, however ,
dev iations t hat may not yield to control and are thereby objectionable .
This kind of str ucture is not typical of vibratorily compacted rods
but i t does illustrate one of the anomolies that may occur during this
type fabrication . Ten specimens of mixed UC -PUC were assembled by the
described process . Five of these specimens are shown on the right
hand side of Fig . 6. Al l elements show a low de nsity region at the
top that is caused by the absence of fine fraction . The ext ent of
this low density r egi on varies f rom 1/2 to 1- 3/ 4" . The l ow density
at the top of the fuel col umn was brought about by the deviation of
the carbide system from the model system previ ously discussed. The
model system was made up of angular particles of malleable material.
The carbides , which are brittle , undergo attrition during the l oading
process due to the vibration . We have determined that att r i t ion will
bring about a change in particle surface-to-volume r atio and a conse­
quent change i n particle packing efficiency . This characteristic was
confirmed when some elem ents , which behaved in an unpr edi ct abl e
manner during loading , were emptied of fuel material and the material
was screened . We found that 20% of the fuel fraction could be reduced
to a smaller size during loading of the matrix material alone. It
is interesting to note that the " smear" density of the fabricated rods
would increase only one t o two and one-half percent by the complete
f i l ling of the vo id , which appears at the top of the rod , with the
inf i ltrati ng fine f r act i on .

The r esul t s of development work , and this fabrication effort ,
tend to support a number of conclusions . First , model studies
can be used t o determine , mathematically, the sizes and weight of
first component fuel charges to attain de s ired den s ity . This conclusion
is supported by our succe s s a t achieving desired co lumn height in the
matr ix compone nt . Secondly , prediction of fuel density from model
behavior is possible to within one to two percent ; a part of this
deviation is due to attrition of the matrix particles during vibration .
This conclusion is supported by the absence of the finely divided
component at the top of the UC-PuC rods . Finally , the low density
regions t hat occur unpr edictably when l oa ding irregular particles can
be avoi ded and f abricat i on r ates can be markedly i mproved by us i ng
spherical partic les . To suppor t this conclus ion , I submit Fig . 7 .
Figure 7 is a model of an integrated fuel rod containing simulated
fuel and upper and lower blanket without mechanical separation between
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the fuel and the blanket sections ot her than the particles them ­
selves (5) . This rod , whose " smear " density is 80% TD was loaded at
60 cycles per second and 15 g 's in a glass tube . The total loading
t ime for this model rod , which is f our feet l ong , was about one hour .
Here again it is poss ible to l oad a number of such rods on a single
vibrator platen . The charges of si mulat ed fue l a nd blanket wer e
determined u s ing t he mathemat ica l expression shown on Fig . 1 a nd the
degree of intermixing of blanket and fu el sect i ons is shown in Fi g . 8 .
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Table 1 . Average Composition of Fuel Car bides
f or Per formance Studies

Fuel Mat er i a l
UC PuC (U-Pu )C

r. Chemical Compos ition i n ',1/0

A. Uranium 95 . 12 76. 33
B. Plutonium 95 .02 19 .07
C. Carbon ~.59 ~ . 85 5.ll
D. Oxygen 0 .47 0 .044 0 .0066

II . Isotopic Analysi s i n ',1/0

A. U23'+ 1. 00 0 . 76
B. U235 88. 60 71.32
C. U236 0 . 24 0. 18
D. U238 5 . 29 4 .08
E. Pu239 90 .26 17 .43
F . Pu 2'+ O 4 .38 1. 50
G. Pu2'+ 1 0 .37 0 .13
H. Pu2'+2 0.02 0 .01

III. Density Measurement
A. Abso lute Density g/cc 13 . 28 13 . 24 13 . 21
B. Theoretical Dens ity i n % 97 .1 97 . 4 97 . 1

IV. Car bon + Oxygen/Met a l Rat io 1. 02 1. 02 1. 05

Table 2 . Specificat i ons for Carbide
I rradiation Spec imens

Number of Jacket Wall Fue l Density
Specimens Material i n i n . Form %T.D.

4 Hastelloy-X 0 . 015 UC-PuC 80
3 Nb- l w/o Zr 0 .012 UC -PuC 80
2 Ta- 10w/ o W 0 .020 UC-PuC 80
1 316- s s 0 .020 UC- PUC 80
1 304-ss 0 .020 UC- PUC 80
2 Nb-lw/ o Zr 0.012 (U-PU)C 85
1 V- 20w/o Ti 0 .020 (U' PU )C 85
1 V 0.020 (U·PU)C 85

1
W-coated 0 .005 (U'Pu)C 85Ha stel loy-X 0.015
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URAN IUM- PLUTONIUM ALLOY FUEL FABRICATION*

Ar thur B. Shuc k

Abstract

The uranium- plutonium al loys have been used pr incipally in zero­
power and f a st -react or experiments where a high den s i t y of fi ssile atom s ,
good thermal conduct ivi ty and high thermal expans ion are requi red . The
b i na ry uranium-plutonium alloys have ve ry poor mechanical properties and
oxidation r es i s t ance, except in low plutonium co nc ent rat ions . Modifying
elements , such as molybdenum, zirconium , or t itan ium , have been added to
i mprove the mechanical propert ies with some measur e of success . Thes e
alloys have been fabricated into reactor fuel elem ents .

The largest s ingle requirement , to date , for uranium-plutonium alloy
f uels has been fo r t he f as t ze ro- power physic s experiment s . Approxi ­
mately 11 , 000 kilogr ams of u-28.3w/oPu-2 .5w/oMo alloy i s being f abrica t ed
i nto 15 , 500 pl at e- type elements for t he Zero Power Pluton ium Reactor .
The elem ent s cons ist of r ect angular plates of t he fuel a l loy in tight­
fitting st a inl e s s s t eel j acket s . Conve nt ional hot-worki ng met hods of
f abrication r equired temperatures i n exce s s of 500°C to avo id bi llet
crack ing and a high-pur ity inert atmosphere to prevent ox idat ion . J acket ­
and pack- rol ling techniques were not promising because of the tendency of
t he alloy t o r eact with most of the commonly used jacket material s .

Vacuum melting and casting the u-28 .3w/oPu-2 .5w/oMo alloy i nt o r eus e­
able , mult iple-cavity molds was found to be a pract ical method for making
r ect angul a r - s ection bars f r om which the element plates were machined.
Directional solidification of the castings f rom the bot t om and cont inuous
feed ing of molten metal into the hot-topp ed molds was neces sa ry t o pre­
vent i nt erna l sh rinkages. The cast bars wer e parted i nt o t he i nd i vidual
plates , which were machi ned to t he specif i ed wei ght s and dimensions .

The stainless s teel jackets were stretch fo rmed from welded-and­
drawn , Type -304L tubing . As wi t h al l plutonium f ue l elements , l oading
the alloy cores into the jackets must be done by methods that do not
contaminate the weld joints and jacket exterior wi t h plutonium . The
jackets were enclosed in a protect ive f ixture and the cores wer e loaded
through a funnel that prevented contact of the cor e with the jacket lip .
Close-fitt ing end plugs were i ns ert ed i n the jacket sleeves and f orced
t ightly against t he co r es. The seal welds between the jacket sleeves and
end plugs wer e made at l es s than one-half atmo sphere pr essure of i nert
gas . The r educed i nt ernal pressure prevented i nflation of the f uel
element at operating condit ions .

Arthur B. Shuck i s a Senior Metal lurgical Engi neer with Argonne National
Laborat ory , Argonne , Ill i noi s .

*Wor k pe rformed under the au spices of t he United States At omi c Ene rgy
Commiss i on .
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INTRODUCTION

The uranium-plutonium alloy s have the advantages of high dens i t y of
fi ssile atom s , good thermal conductivi t y, l arge thermal expans i v i t y, and
mi nimal neutron moderation . The se advantages are such that there has
been a co nt i nu ed interest i n metallic f ue l s fo r fast r eac t ors in sp ite of
operating temperature and bur nup l imitat ions . Several t hous ands of
uran ium- plutonium alloy fuel pins have be en f abricat ed by in j ection cast­
ing methods l for exper imental use i n EBR II . Thes e have been alloyed
with fi ssium (a sy nt heti c fissi on product composit ion) , zirconium , t itan­
ium, or molybde num t o improve t he properties and i r r adiation r esist an ce2

of the binary al loy .

The great est appli cat ion for uranium-plutonium alloy fuels t o dat e ,
howeve r , has been for ze r o-power reac t ors . Approximately 11 , 000 kilograms
of u- 28 . 3w/oPu-2 .5w/oMo alloy is presently being fabricated into 1/4- inch
thick by 2- i nch wide , stainless st eel j acket ed plate elements for use in
t he Zero Power Plutonium Reactor , ZPR- 3, ZPR- 6, and ZPR-9 . These zero­
power r eact ors at Arg onne , I llinois and the Nat i onal Reactor Tes t St at ion
are l arge s eparable t abl es , each with a three-di mensional f ramework in
which one-ha l f a react or may be a s sembled . The f ue l , s t ructural mat er ials ,
coolant s , an d parasitic neutron ab sorbers may be mocked up, bui l di ng block
fashi on, f or any given r eactor de s ign . Control and saf et y mechanisms are
also incor porated and the r eactors are highl y i ns t rumented . When the two
one-half reactors are brought together , t he assembly may be made t o
appr oach and become crit ical , and to di spl ay t he nuclear characterist ics
of the full-scale reactor of whi ch t he des i gn is being studi ed . The
principal advantage of the ze ro-power reactors ( ZPRs) i s the eas e and
economy with whi ch t he bUilding-block ar r angement of f uel an d nonfi s s i l e
mater ials can be ch anged . Even greater ec onomy an d flexibility can be
achieved by zone assemblies, where smaller , highly instrumented zones ar e
bu ilt withi n the core of a larger r eact or assembly to study t he fine-
scale neutronic effects of fuel variability or compos it ion .

ZERO POWER REACTOR FUEL REQUI REMENTS

The zero-power reactors require f uel element s with the f ollowing
character i st i cs :

(1) Each f uel elem en t of a given s ize must be of known and
uni f orm weight and compos i t i on .

( 2) The fuel elements must hav e a prompt , positive expansion
in the longitudinal direction when heated by a nuclear power excur s ion .

(3) The core plates must not bu rn if expos ed to a ir.

(4) The outs ide of t he jackets must r emain f ree of
plut onium contamination .

( 5) The fuel elements must withstand shipme nt , normal wear ,
and r epeat ed use wi t hout core breakUp, di s tort i on or jacket leakage .

( 6) The f uel element s mus t be practical t o manufactur e .
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In order to meet these r equirement s, the cor e alloy should have a
h i gh coeffi cient of t hermal expansion , suff i cient s t r engt h to stretch t he
jacket and r es i s t an ce to oxi dat i on and igni t ion . The jacket mus t f it the
co re tightly in the l ongit udi nal di r ection , and have f lat ends to t ransmi t
t hermal expansion t o the adjacent elements in the r eact or . If the jacket
is gas bon ded t o the fuel element cor e , t he pressure of the gas should be
sUf f i c i ent l y l ow that the jacket doe s not inflate at r educed barometric
pressure and increased ope rating temperat ure .

The zero-power reactor fuel element should be of as simple a des ign
as poss ible . Figure 1 shows t he evolution of the plut oni um zer o- power
reactor fuel element. The f irst elements were Pu- l .2w/oAl , rolled plates
i n l oos e fi tt ing jackets . A spring held t he core against one end of the
jacket so that exp ansion was always against t he sp r ing . The fi r st of
these elements wa s made in Illinois and the jackets sealed at 600 feet
alt itude pressure . When the elements were taken to I daho, at 6 ,000 feet
alti t ude , al l of them i nflat ed so t hat they would not pas s t h e thickness
gages . Subsequent elements wer e welded in a r educed pressure chamber and
had an internal pressure of about 1/2 an atmo sphere . The s ides of t he
jackets now pressed so tightly against the cor es t hat the spring act ion
was l argel y defeated .

The s econd des i gn , Fi gur e l - b, was developed for the SEFOR crit ical
experiment in ZPR-3 . The cores were prec ision cast from U- 2Ow/oPu-2 . 5w/ oMo
alloy . The jackets were two dr awn half panels with t urned-out rims t hat
enc losed the co r e plates and wer e s ealed by a pe r iphe r al fus i on weld that
j oined the rims . A heavy weld bead was cast at each end of the j acke t,
which was mac hi ned to form a shoe to t ransmit expans i on . The jacket was
easily as sembl ed and fit the core qui te t ightly a s the result of contrac ­
tion of the weld . Precision individual cast ings , and jackets were r e­
qu ired with separate tool i ng for eac h si ze . The wel ds wer e eas i ly dam­
aged and the shoes tende d t o become bent out of shape . Product ion costs
were high .

The present ZPPR f uel element i s s hown by Figure l - c . The cor es
co ns i s t of rectangul a r fuel a l l oy plates , which may be cut from pr eci s i on­
sect i on bars . The j acket cons i sts of a r ectangular sleeve, which may be
cut f rom f ormed t ub i ng , and two end plugs . The co re i s l oaded t hrough
the sleeve openi ng an d the final weld is made under r educ ed pressure
while the end plug i s l oaded agai nst t he co r e .

FABRICATION PROPERTI ES OF URANIUM-PLUTONIUM ALLOYS

The uranium-plutonium alloys , i n the 15 to 40 pe rcent plutonium
r ange, are not satisfactory for f ue l -el ement fab r ication . The zet a- pha se
field occurs in this composition range , and the zeta-phase-containing
binary al loys tend t o fragment i n the cast ing molds and t o di s i nt egr at e
at r oom temper ature , probably a s a r esult of microfissuring and oxidation
of the zeta phase . Thes e b i na r y alloys are dec idedly pyrophoric . Heating
in air sh owed t hat ignition woul d occur a t temperatures a s l ow as 15 0oC3 •
Spontaneou s ignition has been experienced in air-filled gloveboxes on
several occas ions . The addit ion of 2 .5 weight percent of molybdenum to
t he b i nar y alloy modifies an d l ar gely eli minates the microfissuring and
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oxidiz ing tendencies of the binary alloy . The i gni t i on temperature of a
u- 28 .3w/oPu-2 .5w/oMo alloy was above 500°C an d i s s imilar to that of
unalloyed uranium . Fa i r l y good ox idat ion resistance was ob served wi t h an
alloy of U- 37. Ow/ oPu- 2 . 5w/ oMo .

The U-28 .3w/oPu-2 .5w/oMo alloy sol idifies over a range of 10 20 to
920°C and the as-cast microstructures show the coring an d mic rosegregation
that might be expected . The as- ca s t hardnes s is influenced by gamma­
uranium phase r et ent i on . Castings that were made in molds at 600 to 900°C
and very slowly co oled had a Rockwell C hardness of 45 to 54 , and were
quite difficult to machi ne. Cast ings that were made in molds at about
400°C, and more r api dl y cooled , were of Rockwell C hardne ss 35 to 40 and
wer e mac hi nabl e wi th carbide -edged tools . The alloy has ve ry little
ductility at r oom tem pe r ature . Compressive strength at room temperature
was between 140, 000 and 170 ,000 psi . Very little compre ss i ve plasticity
oc cu rs until t he alloy is heated above 450°C. It i s highly plastic a t
550°C.

The alloy, when cast into coated carbon molds , shows a very good
fluidity and r eplicat e s the mold surf ace pr ec i sely . About 300°C of
su perhea t was needed t o eliminate l aps and flow marks . The l iquid
vol umet r ic thermal cont r ac t ion is several times that of the solid met a l ,
and good f oun dry pract ices , direct ional s ol idificat ion of the castings
and continuous feeding of t he sol idifying i nt erf ace, are required to
prevent i nternal macro- and microshrinkage . The alloy is hi ghl y plast ic
between 600 and 900°C and gas pressure on the cas t i ng surfaces will
cau s e them t o d i mple in a s the met a l f reezes . Thi s is preventedby
vacuum casting or by ca s t i ng against a chi l l ed surface . Internal frac ­
t ur i ng may occur i f the mold dr af t is insufficient . Al l of these poten­
t ial de fects may be cor r ect ed by proper mold de sign and select ion of
cast i ng parame ter s .

There was an i nt er est i n metalwor king as a poss ible means of fabricat ­
ing the ZPPR fuel . Roll ing was t r ied on a number of ca st billets . Roll­
ing at billet temperatures below 500°C resulted in extensive damage to t he
billets at less t ha n five percent reduction as shown by Figure 2- a . The
met al became quite soft at 550°C and could be rolled by r ol l s heated to
250 °C , as shown by Figur e 2-b . Surface cracking occurred when the 550°C
b i llets were r olled between roll s at r oom t emperature. A ve ry go od i nert
at mosphere was r equired to prevent ex cess i ve ox idat ion . Oxidat ion was
excess ive in an atm osphere that contained about 0.1 percent oxygen and 30
ppm of moisture . Jacket rol ling was not succes sful because the fuel
alloyed with t he metals that were tried for j acket i ng , making it ver y
difficult to str ip t he jackets from the cor es . Si mi l ar probl ems were
exper ienced with sticking of the met al in steel ext r u s ion dies . Met a l
working was abandoned as a means of fabr icat ing the cores becaus e of these
difficulties .

DEVELOPMENT OF FABRI CATI ON METHODS

The met hod devel oped at Argonne Nat ional Laboratory f or the fabrica­
tion of t he zero-power reactor fuel elements consi sted of the f oll owing
oper at i ons :
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1 . Pl utonium f rom va r i ous so urces was melt-blended to
produce a compos ition containing 11 .5±0 .5w/o240pu . The blended
plut on ium was cast as i ngots that weighed about one kilogram each .

2 . A ur ani um- mol ybdenum binary alloy was prepared and
cast into ingots of su i table s ize for r emel t i ng .

3 . Af ter analys i s of the pl utonium and the b i na ry
a l l oy, they were alloyed together to produce a t er nary alloy
containi ng 25 . Ow/o(2 39Pu+241Pu ) and 2 .5w/o molybde num. The
compos i t i on of the r esul t i ng a l loy wa s approximately u- 28 . 3w/oPu­
2 . 5w/oMo. This alloy was cast i nto bars of f inish thicknes s and
of suf f i c i ent wi dth to allow machining . The l ength should be
select ed to allow two or more cor e plates 4 , 5 , 6 , 7 , or 8 inches
long to be machined from eac h cast ing . The experimental molds
wer e 10-1/2 inches l ong. Twelve or f i fteen inch molds may be more
efficient f or produc t i on of elem ent s .

4 . One edge of t he bar was machined f ull length .

5 . Core pla t es were parted fr om the cast bar s by
means of carbide-tipped milling saws . More than one mill ing
cut was made by mount i ng more than one saw on a common arbor .

6 . The edges of t he co re plates were chamfered and
the ends machi ned to fini shed l ength . The wi dth wa s cut t o the
top of the toler an ce range .

7 . The core plate was weighed , and , i f t oo heavy , the
wi dt h was remachined to br i ng the co re plate weight to with in the
wei gh t t oler ance range.

8 . J ac ke t s were f abri cat ed by stret ch f orming 1 . 35-inch
diameter by 0 . 016- i nch wall , Type-304L , stainless steel tubing int o
a box di e by means of an exp andi ng mandrel . End plugs were machi ned
and one end was TI G wel ded to t he jacket s l eeve .

9 . The jack ets were protected against pl utonium contam­
ination dur i ng co re- plate l oading by enclos ing t hem i n a protective
fixture , and the co r e plat es were l oaded t hrough disposable alumi num­
f oil funnels .

10 . Af ter r emoval of t he funne l , the second end plug was
i ns er t ed an d t he f i xture was closed to exe r t a clamping f orce of
40 pounds on t he two ends of the element. The l oading and weld ing
fixture was provided with t he copper chi l l pad s that wer e necessary
t o contr ol the contour and penet r at ion of the welds .

11. The ends and one side of the plug was welded to t he
sleeve with the welding chamber at atmospher ic pres sure . The f inal
weld was made af t er the chamber had been evacuated and back f i l led
with argon-hel ium mixtur e to six psia .
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12. Final inspection con sisted of alpha count , neutron count ,
l eak detec t ion , v i sual inspection , gaging and radiogr aphy .

Plut on ium Ingot Prepa r at ion

The av a i l ab l e plut onium var ied i n isot opic composition . The 24°Pu
cont ent r an ged f rom eight to f ifteen pe rcent an d there were similar varia­
tions i n ot he r isotopes . From many analyses it was determined that an
app r oximately uniform compos it ion could be achi ev ed by bl ending low and
hi gh 24°Pu material to produce a compos it ion that contained 11 .5w/ 024 ° Pu .
The plut onium was then added t o t he t ernary alloy i n an amount that woul d
yield 25w/o of f i s s ile 2j9Pu+2 4 1Pu in t he core plates . An order was
given at Hanford to produce the 11 . 5 pe rcent 24°Pu to Argonne specifi cation
as one kilogram i ngot s .

Prenarat ion of Bi na r y Al l oy

I t wa s fo und that much l ower l os s es of plutoni um and better cont rol
of composition could be ac hieved i f t he al loy were prepared in two step s .
The f i r st step was the preparat ion of a U-3 .54w /oMo binary a lloy . Ura ­
nium and molybdenum compacts wer e melt ed in yttria-washed MgO crucibl es .
The mol ybdenum compact s were obtai ned commerc ial l y . They were made f r om
hydrog en-reduced molybdenum , which was pre s sed i nt o 3/4- i nch diameter
t ablets that wer e l ow f i r ed to produce an out ga s s ed , somewhat po rous , and
easily dissolved tabl et . About 14700 C was f ound to be nec es sary to di s ­
s olve abou t 360 gram s of mol ybdenum in ten kilograms of uranium. A 40­
minute mel t i ng cycle gave complete di s s olut ion. The r esulting al loy was
made up to be slightly uranium-poor , so that a small amount of urani um
could be added fo r adjustment of the ternary compos it ion . The binary
al loy was ca st i n yttria-coated carbon bar molds of t he same t ype a s used
f or t ernary alloy cast ing . I n produc tion it would be adv i sable t o cast
i nt o molds of a d i f f erent shape.

Al l oying and Ca st i ng t he Ternary Alloy

Ternary a l loy prepar ation and ca s t i ng the bars f or co re- plate manu­
f acture was car r i ed out i n a s i ngle ope r at i on . Cast ing is s hown in
Figure 3 . All ope rations involving unj ack eted plutonium alloys wer e
car r ied out i n he l ium- f illed gloveboxe s . The f urnace glovebox l i ne is
shown i n Figure 3- a . The f urnaces were of the be l l -jar , l i ft-coil t ype,
sh own s chematically by Figure 3- b . Soli d t ungs ten co i l s , powered by a
10, 000 Hz, 220- volt genera t or, wer e used to he at tant a l um susceptor s
around the cr uc i bles an d the top of the carbon mol ds . Bottom pouring
mag ne s ia crucibles wi th 3/4- i nch pouring holes , s topper r ods, and cruc i bl e
cover s were coated wi th alcohol suspended ytt r ia on all melt co ntacting
surfaces and dr i ed . Br oken pieces of t he bi nar y all oy were pl aced in t he
bottom of the c r uc ibl e with the pl utonium on top , so tha t maximum contact
would be achieved as t he plut onium melted down t hr oug h the b inary f ragments .

Mul t i pl e- cav ity , book mol ds of high- de ns i t y car bo n were used t o cast
bar s of fi nished thickness. Various r ef r actor y coat i ngs wer e t r ied includ­
ing milled calcium an d magne s i um zirconate , t hor ia , an d zirconia . Yttria
of minus six- mi cron pa r t icle s i ze suspended in ethanol seemed t o give the
best surfaces , alt hough t his mater ial may cause some problems i n t he
plutonium rec overy operation .
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The molds a r e shown , in expl oded v iew, i n Figure 3- c . The s eparators
between mold cavit ies were made quit e t hin i n order t o r educ e t he heat
capacity of t he s ections on the t wo-inch wide surfaces. Thi s prevented
fre ez e- off ac ros s the 0 .205- inch wid t h of t he casting. Sol idi f icat ion
from the bottom of the casting was promoted by r emoving heat t hrough a
conduc t ive stool , whi ch r ested on t he water -cool ed f urnac e bott om.
Molten metal f ee ding of t he sol idi f y i ng cas t i ng was provided by extending
the top of the mold into the furnace co i l , while the sides of t he mold
were i nsulated wi th porous- alumina tiles . This arrangement cau s ed a
t hermal gradient of f rom about 300°C at t he bottom of t he molds t o ab out
900°C at t he top of the mold befor e pour i ng . The cast i ngs produced by
pouri ng l325°C molten alloy i nto thes e molds fr om t he cruc ibl e de s cr i bed
above were solid and essentially fr ee of su rfac e defec ts . A typical
cast ing i s shown in Figure 3-d . The cast ing parameters and optimum
condi t i ons for binary and t ernary alloy casting are shown by Table I.

Cor e Plate Machini ng

The cast ings had a Rockwel l -C hardness of 35 t o 45 depen di ng up on
t he amount of r et a i ned gamma-phase mater ial in t he structure. Machini ng
with high-spe ed steel cutters was found to be quite d i f f i cult at room
t emperat ure, bu t mac hi nab i l i t y wa s i mpro ve d when the al loy was heated .
An electrically heated fixture was de s i gne d to test the fea s ibi l ity of
hot machining cor e plat es wi th hi gh- speed tools , but t he method l acked
the prec i sion required un less time was allowed for t he workpi eces , fix­
t ures and the mill i ng mach i ne t o come to t hermal equilibrium be for e s t a r t
of machi ning . The hour or mor e required for t his was t oo long f or t he
method t o have pr actical appl icat i on . Burns t o operat ors wer e an ever
present hazard and oxidation of t he co r e plates was gr eatly i ncreas ed .

Room-temperature mach i ni ng of the core plates by means of carbide
mil ling cutters was f oun d to be practical. Solid car bide mi ll i ng s aws
of 0 .040- and 0 .060- i nch t hi ckness wer e first tried . These were so easily
broken t hat 0 .090- i nc h car b ide-t i pped , side- cutting saws were substituted .
These lasted for 40 to 50 cuts before dul l ing , if t he sharp cor ner s wer e
r adius ed s lightl y to prev ent breakdown. Clamping was a problem b ecaus e
t he as -east surfa ces were s lightly i rregular and the brittle plates were
.ea s ily broken . Breakag e and chi pp i ng of the edges were great l y reduced
when an 0 .030- i nch- t h i ck sof t - al umi num shim was placed between the f i xtur e
and the core plat e . Some wor k was done to determine whether the co re
plates mi ght be sawed di rectly t o l engt h, but the results were somewhat
i mpr ecis e, pos s ibly because of difficulties in ke eping a zero end play in
t he mi l l ing machi ne ar bo r . Better pr ecision was obtained by a second
milling ope r at i on t o fi nish t he ends . The edge chamfers wer e mach ined by
mean s of two 45° cutt er s that wer e mount ed on the same arbor .

The machining s equ en ce i s shown by Figure 4 . One edg e of t he ca s t i ng
was mi l led f irst a s a fixturing base line . Sev eral cas t i ng s wer e clamped
on the sawing fixture and co r e plat es were parted a s shown by Figure 4- a .
The ends and s econd edge of t he co re pl a tes wer e mill ed by a side cu tter
i n a ve rt ical mill ing machi ne , as sh own by Figure 4- b. At thi s point the
co res wer e machined to the maximum width all owed . They were we ighed an d
i f too heavy , a calcul at ed amount wa s remove d from the width t o bring
them within the spec i f ied weight. Chamfer ing of t he edg es , Figur e 4- c ,
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was the fi nal operat i on of machi ni ng f ol low ed by wei ghi ng. Machi ni ng of
the two - inch wide surfaces was not normally done un less r equ i r ed t o sal ­
vage a r ough or warped cas t i ng .

Jacket Manu f act ure

Initially the jacket sleeves were made from staihless steel sheets
t hat were f olded around a mandr e l and welded at one co r ner . The met hod
was i mprecise and t he corner welds on t he t hin metal l eaked and caus ed
trouble i n loadi ng t he cores. Commercially-formed rectangular t Ubes did
not meet the d imens iona l r equirements, and attempt s t o draw f orm the t ubes
r esulted i n overwor ked and t hinne d corners .

A method was devel ope d at ANL by which commercially welded an d drawn
tubing was f lat t ened over a mandrel and t hen stret ch f ormed i nt o a
r ectangular box die by means of a wedge- actuated expanding mandrel . This
method di st r ibut ed t he deformat ion ove r t he flat surfaces of the sleeve
and did not cause co r ner thinning . The cold working of the flat s i de s of
t he sleeves add ed gr eatly t o t he i r rigidi t y . The dimens iona l r equirement s
wer e easi l y met .

The end pl ugs were manufactured fr om Turk's-hea d-formed st a i nles s
steel wire . I t was or iginal ly f el t that exc ept f or machi ning of the end s ,
very l ittle maChining woul d b e r equ i red , but t his wa s not t rue . It was
nec essary t o flat ten an d die s ize the wi res , and t hen t o produc e t he end
f orm and radii by means of a shaving die oper at i on . This produc ed end
plugs of goo d quality .

Fuel Element Assembly and Welding

The t ung s t en- el ectrode , inert-gas shielded, (TIG) method wa s us ed t o
fusi on wel d t he end plugs into the j acket sleeve . By enclosing the s l eeve
i n chills and a ch ill aga i nst the end plug i t was possible to fus e the
j oint be tween t he end plug and sleeve produc i ng a contour of co ntr ol led
r adius. One en d plug was welded before the cor e was loaded .

Contam i nat i on of t he exterior surfaces of t he jackets by the pluto­
nium has al way s been a problem in l oading plut onium elements . Contam ­
i nated welds usually cannot be cleaned to the r equired alpha r adiation
levels and t he element must be r e jacket ed . Car ef ul cleaning of the co re
plates to remove a l l l oos e particles is t he first step of t he l oading
oper at ion . The SUbsequent steps of assembly an d fi na l welding are shown
by Figure 5. The jacket - s l eev e surfaces wer e prot ect ed by enc l os i ng t he
jacket in the prot ective welding f i xture . Str ippab le tape wa s used t o
protect the exposed sur faces of the fixture. Loading of the co res was
done t hrough a f ormed- aluminum funnel t ha t was insert ed i n t he t op of the
jacket sleev e . The f unnels were d i spos able and used only once . The
l oading operation i s shown in Figure 5- a .

The end plugs were i nserted and f or ced down against the co re plates .
The open chi l l fixture is shown by Figure 5- b . I t is des igned so that
when it is closed a forty-pound l oad is exerted agai ns t t he two ends to
hold the plugs in cont ac t with the core . The ends of the plugs were f i rst
tack welded as shown by Figure 5- c . This was a hand op erat i on that
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requ ired cons iderable ski l l, which could be mechanized for production .
After welding the ends of the plugs the chill was transferred t o the
welding chamber , where the first of the two - i nch long welds were made at
atmospheric pres sure as shown by Figure 5-d . The welding chamber was then
closed , evacuated and backfil led to s ix psia with 40vlo argon-60vlo helium
mixture . The final weld was made at thi s reduced pressure with a flow of
gas through the electrode shroud . Chamber pr e s sure was control led by
means of a r egul ating valve be tween the vacuum pump and chamber. The weld
pa rameters are shown by Table II.

I nsp ect i on

I nspect i on of the core plates, jacket components , and f ini shed fuel
elements was established on a go, no-go gaging bas is wher e practical.
Measurements and analytical informat ion were r equi r ed a s fol lows :
(1) total weight of element to O.Ol -gram accuracy, ( 2) total weight of
co re to 0 . 01 gram , (3 ) length and parallelism of core ends to ne arest
0.001 in . , ( 4) length and parallel i sm of element ends to nearest 0 .001 in. ,
(5) a l pha total surface count rate , and ( 6) neutron emission r at e.

Leak detection was done by he l ium l eak detectors and bubble test .
The bubble test was needed for ve ry large leaks , which were pumped out and
mis sed by the he lium leak detector . The test elements were radiographed
to determine gap between the core and end pl ug s . I n production this wi ll
be determined f rom the length and end paral lel ism measurements . All welds
were i nspect ed visually and by binocular microscope at 15 or 20 X. Weld
sectioning and metallography was r equ i r ed at the star t of each operator
shift on an element l oaded with a stainless steel co re before fuel cores
were loaded . This allowed the operator 's l oading and welding practices to
be checked by the supervisor on the dummy element.

Analyt ical Reguirements

Complete charge- in data were maintained on a l l melts from which the
ur ani um, pl utonium , and molybdenum composition of each batch were calcu­
l at ed . This informat ion was ve rified by ana lysis of samples taken from
one casting from each melt . I sot opic analyses were made by mass spect r o­
meter and metallic impurit ies were obtained by arc-source spectrograph .
Oxygen, nitrogen, and car bon analyses were made by fus ion and gas train
met hods . Radi ochemistry was used to analyze 238U and 2 4 1Am . Impurit ies
were easily held to below the 4200 ppm maximum of the spec ification.
Elements that would y ield ~,n neutrons were kept to a minimum. Total
neutron emiss ion was well within the 140% of spont aneou s f ission neutron
level allowable . The i sotopi c , chemical, and major impurities analyses
were converted to core-plate compos i t i on and a data car d was designed upon
which all i nf orma t i on pe rtinent to that element was punc hed and printed.
These data cards wi l l be fur ni shed to the experimentalists and will also
be used in development of accountability records .
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CONCLUSION

The obj ect ive of t he ze ro-power reactor f ue l devel opment was t o wr ite
a r ealistic product spec i ficat i on , bac ked up by wel l - deve l oped methods f or
t he manufac t ure of the fuel elements . These obj ec tives were met wi t h a
sp ecif i cat i on4 f urni shed f or quot ation and a process development r epor t S
furnished f or inf ormation . Two organi zations , Dow Chemical Company at
Rocky Flats, Color ado and Nuc lear Mat er i a l s and Equipment Corporati on at
Apollo , Pennsyl vania , have contract s f or the furni shing of the fuel in
ac cor dan ce with t he specifi cat i on . The proces s es di f fe r i n detail onl y
fr om thos e de scr i bed in t hi s pape r .
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*Mold t emperature was a function of melt cycle an d temperature .

TABLE II. OPTIMIZED WELDING PARAMETERS
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50
30

900
450
300

1380
1280

Selected
Datum

Ternary Alloy

40-100
8- 40

Range
Tested

400- 1050
200-600
100- 400

1300- 1480
1270-1390

12 ± 1. 0
36 ± 2 .0

t horiat ed tungsten
0 .060 , 30° po int
0 .025 ± 0 .003
3 .2 i n. per min .
one atmosphere
6 - 7 psia

10 - 12
1 5 - 18

60

40

500
200
100

1470
1400

Select ed
Datum

Bi nar y Alloy

40-7 5

8-60

Range
Tested

TABLE I. CASTING PARAMETERS

400- 700
150-300

80-300

13 50-1500
1335- 14 45

Arc Voltage
Arc Cur r ent, amperes
Shroud Gas Flow

argon , cfh
helium, cf h

Electrode
Electrode di amet er, in.
Arc gap , in .
Torch travers e r ate
Pressure f i rst wel d
Pressure f inal weld

Vari able

Top , ° c
Center , °c
Bot tom , °c

Max . Melt Temp . °c
Casting Temp. °c

Heat ing Cycle

Min . t o melt
Min . above 12000 C
Min . above 1275°C

Mold Temp. *
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PLUTONIUM METALLIC AND CERAMIC FUEL
FABRICATION AND DEVELOPMENT AT THE

EUROPE&~ I NSTITUTE FOR TRANSURANIUM ELEMENTS

H.M. MATTYS

Abstract

Some as pec t s of our work in t he field of plutonium fuel f abrication
and development ar e reported.

- 2, 100 uranium - plutonium-iron alloy fuel rods have been produced
for the critical experiment MASURC A by a c ent rifug al casting
met hod . The total amount of plutonium contained in this l oa di ng
was 175 kg .

- 7,000 uranium - plutonium oxide p el l e t s have been s i nt er ed for our
fas t reactor irradiation program. Dry po wder blending was pr efer r ed
to cop r ec ip i tat i on . No centerless grindi ng was necessary to obt ain
reproducible pellet di ameter (5.40 mm + 0.03 mm). The stoichiometry
of our p el l et s was adj us t ed by sintering a t mos pher e control.

- Spher i cal particl es of Pu0 1.62 have been produced to be i r r adiat ed
as gr aphi te co ate d partic les.

H. M. Mat t ys - Assist ant Man ager - Eur op ean Institute f or Transuranium
Elements - EURATOM - Karlsruhe, Germany.
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I NTRODUCTION

The European Institut e f or Transuran ium Elements is locate d at
Karlsruhe, Germany, and is an Establishment of the Common Researc h
Center of Euratom .

The Institute , s pecialized in t he field of hi gh a c t i vi t y a l ph a
emitters, has been bu i l t i n 1963 - 196 4 . Sc i ent i f i c wor k start ed in
the beginning 1965 .

At p resen t , 220 peop l e, i nc l uding a dmini s t r ation , ma i ntenance an d
health physics, are working i n t he Institute .

Mo st o f our activi t y is presently dev ot ed to plu toni um and deal s
wi th fun damental researc h on f u el materials , fu e l fab rication
development , and post i r r a di a t i on exami nation .

In t his pap er we wi ll r eport s ome aspects o f ou r wor k in t he fi e ld
of fue l fabr ication and deve lopmen t .

METALLIC FUEL FOR THE FAST CRITIC AL EXPERI MENT MASURCA

In 1966 , t he Metallurgy gr oup of the I ns t i t u te f or Transuraniu m
Elements f abricated a p l utonium bearing metallic fue l loading fo r
t h e MASURCA fas t crit i c a l assembly , whi c h is operated by t he
CEA-EURATOM Associat ion in Cad arac h e , France .

This f u el l oadi ng consis ted o f 2100 fuel el ement s containing a
total amount of 175 kg plutonium. The f u el material wa s an a l l oy
o f 74% uranium, 25% plutonium and 1% i r on .

The maximal length of an e lement is 10 1 . 6 mm ( 4" ) or 202 .2 mm (8" ) .
The external di amete r is 12 . 7 mm (0.5" ). The t hi ckn e s s of t he
cladding is 0 .25 mm (0 .0 10" ) .

The f abri c ation process (see flow s heet fi g . 1) was compose d o f t he
following st eps:

1) The alloy components a r e melted t ogethe r i n an i nd u c ti on fu r nace
(shown i n f i g . 2 ) under va cuum to obtain a homogeneous i ngot o f
10 kg , a phot ograph of whi ch i s given i n fig . 3 .

2) The ingot is re-melted in a c en tri fu ga l casting f u r nace , wh er e
t he meta l is distributed a nd i n jec t ed into 22 st a inless steel
tub es set in a st eel r o t ary moul d . The stainl ess s teel t ubes a re
of the s ame interna l diameter as the ultimate claddings and are
lined with a 5 microns thick s i l icon dioxide layer . Fig . 4 sho ws
the open rotary mould of the f ur nace a f t e r a casting.

3) The alloy core is removed from the s t ainless st e el tube, (see
fi g . 5) po lished to disc ard the outer si licon di ox i de l aye r an d
cut to provide a r equired wei gh t of fissile plutonium. In f i g .
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p ag e 2

6a and 6b a fuel rod is s ho wn be for e a nd af t e r poli s h i ng a nd
cutting.

4 ) Th e ro ds a r e t h en ins~din t o a cladding tub e c lo se d a t on e en d .
The sec on d e n d plu g is pu t into pl ace a f ter de c ontami nat ion a nd
is t h en welde d by elec t ron bomb ardment.

5 ) Th e e leme nt is brou ght to its sp eci fi ed l engt h b y gr indi n g t h e
end caps . Fi g . 7 sho ws a f inis he d f ue l el e ment .

6 ) Aft er a h el i u m l e ak test , t he we i gh t of Pu-240 cont aine d in t h e
e l eme n t is de t e rmi ne d b y counting t h e s pont an eous f iss ion
neutrons . Th is e n ab l e s the total we igh t o f f i s sil e mat er i a l in
the element t o be det ermined on the ba s i s o f t h e i sot ope a nal ysi s .

7) Th e el e men t s un de r go a c h eck f o r di mensi on s and a f ina l t est f or
non-cont a mination.

To o b t a i n 2 115 fu e l elemen ts , c o r resp on d i ng t o t h e specificat i ons,
2376 f u el r o ds wer e c ast . This means tha t 11% of our mate r ial wa s
r e i n tro du c e d i n t o the fi r s t c as t ing operation . The fin a l p r odu c t
h a d t h e c harac te r i s ti c s report ed i n table I. Ta b l e II gives t h e
pluton ium b a l an c e o f t he f a b r i c a t i on .

Th e p rodu c tion start e d on Fe b ruary 1 , 1966 a n d en de d i n Octo b er 1966 .
A t e am o f 17 people was i nvolv ed in t h is t a s k. Th i s number do e s no t
i nc l ud e t h e per sons b e long ing t o t h e anal yt i c a l c h emistry an d he a l th
phys i cs g r oup s .

PRODUCTION OF FAST REACTOR U02-~02 FUEL PELLETS

Abou t 7000 ful l y enri c he d U02 - Pu02 p el le t s hav e b een p roduced to
cove r t he n e e ds o f ou r f a st r e actor irra di at ion p rog r a m. Part o f t h e
f ue l wil l b e ir r a d i a t e d i n Enrico F e r mi Re actor a s soo n a s t h i £
wi ll be p oss ible . Anoth e r par t is al ready under irra di a ti on i n
Dou nre a y Fast Re a c t or .

"In t his par t o f t he p ap e r we wi l l deal wi th three prob lems we had
t o s o lv e to pro duc e the s p eci f i e d ma t er i a l: ho mogene i ty con t r o l ,
di mens i on c on t r ol an d sto i c h iome try c on t ro l . Th e f low s h e e t of ou r
p ro duc t i on p r oces s i s g iven i n fi g . 8.

1 . Homogene i ty Con tro l : coprecip i t at ion v ersu s po wder b lending

Fast r e a c t or mixe d uraniu m - pluton i u m oxi des have to be ho mog en eo u s
i n orde r t o ensu r e a s u f f icien t c on t r i bu t i on o f t h e Dop p l er
c o e f f ic ien t to t h e r e actor s a f ety .

F r om t his po i nt of v i e w a suffic ien t ho mogen e ity i s achieve d whe n
t he Pu02 i s s t at is ti c al ly di spersed i n the U0 2 mat rix a s p a r t i cl es
whi c h do not exc eed 100 mi crons .

I t is ev iden t t ha t p e l l e t s mad e from coprec i pi tat e d powde r s , wi l l
mee t t his mi nimu m r e qu ir ement. Their pro du ct ion i s not diffi c u l t :
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6 fuel ro ds which are, or hav e been, i r radi a t e d in Dounreay Fast
Reactor to study t he influ ence o f stoichiometry on i r radiation
behaviour hav e be en l oade d wi t h pel lets we produced f r om a coprecipi­
tate .

I t i s , howev er , most unp r obable tha t a fas t power r eacto r f u el
loading will be ma de fro m co pr ecipi taded powder s . A fu el which
ob eys the mini mum homog en ei ty re quirements can b e pr od uc e d at l ower
co s t f r om mechanical bl ends o f U0 2 an d PU02'. Si nce the U0 2 i s by f a r
the major constituant of the fuel material , its s int e r i ng behav i ou r
wil l cont r ol the s i nt e r i ng behaviour of t he mixed powders . Pu02 do e s
no t need t o be a high qual ity ceramic gr ade material. It c an be
pr odu c e d in any r ap i d proces s and t hi s will allow to simplify the
prob lems of c r i t i c a l i t y control .

Therefore , mos t of t h e mixed f u el we pro duc ed was p repar e d f r om dry
blends of U02 an d Pu02' An efficien t an d rapid dry bl en ding p r oc e s s
has be en de v elop e d by our cera mists: t he well dried s tart ing
ma t eri a ls , U02 and Pu0 2, a re fi r st s i eved on a 125 or 250 mesh screen
an d t hen mix ed in a paddle mixer . We obser v e d t hat i n pell e ts made
f ro m these bl ends an d sin tered fo r t hre e hours at 1520 · C in hy dr og en ,
more t han 65 % of t he Pu0 2 ha d diffused i n t he U02' The rest o f the
plu t oni um oxi de was s tati s tically di s persed a s partic l es smalle r
than 100 microns.

A l ong er sintering t ime , a higher sintering t emp era t ur e or a
previous ball milling o f the blended powde r s imp r ove the mic ro ­
homogeneity . However , a cost inc rement ha s t he n t o be taken into
account .

2 . Dimension Con t ro l

In plutonium c era mic s tec hno logy , centerless gr i n di ng is a very
obnoxious oper ation, bec ause i t ha s to be performed in glov e boxes
an d because o f the cri t ic a l ity problem involv~d in s l urry han dl i ng .

Therefore , we t ried to de f ine the conditions whi ch woul d a l low us
to produce sintered pellets wi t h high di mens i on a l prec ision . The
di ameter of t he pellet s was specified a s 5 . 40 + 0.03mm. A densi ty
va r i a t i on o f ~ 1 . 5% was c ons i dere d to be acceptabl e .

The precision s i n t e r i ng o f high densit y pellet s (90 to 95% of the
c r ystallographi c de nsity ) was quite easy . Onc e t he sintering
behaviour o f a bat c h o f po wder is known , the only problem is to
press gr e en pellets wi t h a s a t i s f a c t ory di mension reproducibility ,
and thi s is easily a c hi ev e d by pressing to saturat ion wit h a go od
hydraulic press . Pr ovided sint ering t i me is l ong eno u gh to
co mpensate f or t emper atur e i nhomog en eit i es in t he sinter i ng furn a ce ,
a l l the p el l ets will r ea c h the same fi nal densit y which de pends on
the precipitation co ndi tions . Twelve per cent o f the s in t eredhigh
density pellets wer e out o f t o lerances and were r e intro du c e d into
the starting powder mixtu re , after a heat t reat ment und er ai r . Ou r
pellets ha d a length to di amete r r atio of about 2 . Even wit h thi s
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r ather high r atio the diamet er i n each part of t he p e l let was
const an t wi thi n ~ 10 mic r ons .

Product ion of l ow density pe l lets ( 80 to 90%of the crystal lograp hic
dens i t y) i s more difficult i f c enterl ess grindi ng has to be av oi ded .

We t ried , wi t hou t succ ess, t hree differ en t procedures:
- uncomple te s i nt ering of hi gh de nsity gr een pe l l ets,
- compl e t e s intering of l ow den si ty pell et s (unco mplete pressing),
- comp l e t e sinter ing of pe l let s whi ch cont a in l a rge amounts o f
organ ic mate r ial .

The probl em of l ow densit y pellets pr oduc t i on was so l ved by a
pre l i mi nary heat trea tmen t o f t he U02 po wders or of t he U02 + Pu02
mixtures. In t his wa y , we obtained wi thou t centerless grindi ng t he
3000 l ow density pe l l ets needed f or our i r r adi at i on pr og ram. 15% of
the pel l e t s whi ch wer e out o f t ol erances ha d to be r e introduc ed in
t he starting material , af ter a h ea t treatment under a i r . Ne ve r thel es s ,
the product ion of l ow densit y ma terial wi t h a high dimensiona l
prec is ion was much more time consuming than the production o f high
de ns i ty pellets, be cause the suitable preli minary he at t re atment
condi t i ons had to be c areful ly determined fo r eac h powde r batch .

It is not c l ear t hat s uch a high precision on pell e t dimensions is
r ea l l y needed . The import ant sp ec ificat ion o f a f uel rod i s t he
smeared de nsi t y of t he f uel i t con t ains . I n Dounreay Fast Reactor
an i r r ad iat ion program i s under wa y in whi c h we study t he e f fect of
the radi a l r ep art it i on of the f uel density . We compare the b ehaviour
of low de nsity pellets , high density pelle t s wi t h a very large
diamet ral gap an d hi gh densi ty cored pel lets . I f it appear s t hat t he
ori gi na l f uel density repar t i t ion has no influenc e on t he i r radia­
tion be haviou r , the produc t ion of l ow dens i t y fu el rods wil l be
much eas i er be caus e pressing will be t he on ly c r i ti cal step o f the
fabricati on .

If not , i t is possibl e that vibration compaction wi l l be cons i dered
as the onl y prac t i c a l way to pr oduc e t hose l ow s mear densi ty fuel s .

3. Stoic hio met r y Contro l

The mo s t sui tabl e ox ygen t o metal rat i o of a f ast reactor mi x ed
ox i de f uel ha s not ye t been established .

Out of pile measurements performed i n our Inst i tute have show n tha t
heat conduc t i vi ty of uran ium - 15% plutonium ox i de i s a max imum when
t he oIU + Pu r at io is 2,000 .

Never theless , as thermal conduc tivi t y is not t he onl y import ant
pr ope r t y of a fue l, we fe l t that i n f l u enc e of stoic hiometry on t he
beh av i our un de r i rradiation had to be c he cked by a careful f ast
r eac t or i r radiat i on experiment . This is the a i m of some o f t he
i r r adi a t i ons we perform a t present in Dounreay .
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The oxygen to metal r ati o of t he pe l l ets f or t he Dounreay stoi chio ­
metry exp er iments wer e a djusted by a careful contro l of t he oxygen
par t i al pres s ur e in t he a tmosphere of the s i nter i ng furnace . o/U +
Pu r at i os of 1 . 97 a nd 1 . 92 hav e be en obt ained by hea t t r eatme nt i n
ne arly dry hydr og en at 1550 and 1650°C, respect i ve l y . Nearly
stoichiometri c oxides were obtained by s intering in a H2 - N2
a tmosphere contai n i ng ab out 4000 ppm of wa t er .

PRODUCTION OF SPHERICAL PARTICLES OF PLUTONIUM OXI DE

Pure plutonium dioxide s pherical par t i cles , 250 mic r ons in diamete r ,
have been produced i n ou r Inst itut e by a s ol gel proces s , i n v i ew
of an i r radiat i on experiment f or a High Temperature Gas Coo l ed
Reactor pr ojec t .

The preparat i on of a conc entrated so l , wi th a low N03/Pu r a t io, was
a necessit y t o obtain s oun d large mi crospheres. We establi shed
suitable conditions t o prepar e s uch a s ol: t he plu t on i um i n nitrate
solution is first hydro l i s ed at a pH of a bou t 1 .2 and , af ter abou t
one hour , is precipi t ated a t a pH of 6 . The pr ecipi t a t e afte r
fil tration and washi ng c an be dispersed i n dilut ed HN03 and g i ve s a
2 M plut oni um sol wi t h a N0 3/Pu r at io lower t han 0 .2 . no interme­
di a t e bak ing st ep is invo lv ed in thi s procedure .

The for mat ion of the micro spheres was ob t ained by gellation in
Et hyl he xano l .

After s i n t ering i n dry hydr og en we obtai n micro spheres of Pu0 1 62 .
Substoichiometric plut on i um oxi de was preferred to s t o i chi ometr~ c

Pu0 2 to av oi d an y reac tion wi th gr aphi te during t he graphite co at ing
process .
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page 6

Tabl e I

Fuel r od l ong short

Di ameter mm

Length mm

'liei gh t g

Fi s s il e Pu content g

Clad fue l element

Outer diameter mm

Length

- Masurca r ods de livered

a t Cadarac he

12. 10 z, 0.03

196.10 z, 0 . 05 99.6 !. 0 .05

400 + 1 200 + 1

91 !. 0 . 90 45 . 75 !. 0 .45

12. 67 !. 0 .0 3
203.23 !. 0 .0 3 101. 63 !. 0 .0 3

Table II

Pu weight kg

175 .10

- Oxyde on rec eived ingots

- Analytical s amples

- Scraps , was t e and l os s es

Total received

285

0 .50

0 .6 8

11.04

187. 32

0 . 27

100 .00
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The heat conduc tivity o f Urani um Plu t oni um mix ed oxi des

H.M. Mattys

Mr . H.E . Schmidt o f t he I ns t i t u te f or Transurani um El ement s , has
measure d t he t he r ma l condu ctivi ty and t he ther ma l dif f usivi ty of
u r an ium - pluton i um mixed oxi de pell et s wi t h di ff erent oxygen contents
Al l s pec imens had a dens i t y very c l os e to 94%of t he c r yst a llogra­
ph i c valu e . Stoichi omet r y c hanges wer e i nt r oduc ed by ap propriat e
hea t t r eat ment o f t he s amples un der reduc ing or s l i ght l y ox i dizing
a tmosphe r e .

Mean va lue cu rv es o f t he results of conduc t i vity ~easur ement s ­
obt a ined with a stat i on ary, abso l u te , l ongi tudina l heat fl ow method ­
a r e gi ven in f ig . 1 . I t i s c lea r l y s een , t hat stoichiom et r ic s amples
( wi t h O/ M- rat i os bet ween 1 ,997 a nd 2 ,000 ) ex hibit t he hi ghest
co nducti vi ties wi thi n t he observed temperature r an ge.

Ab ove 200 °C and up t o 800 °C , t he r esults ma y be represente d anal yt i ­
c a l l y by K = ( A + Bt)-1, whe r e t he stoi chi ome t ry dependance of A
can be re l ated to t he vari at ion of t he ph onon mean f r e e pa t h du e to
t he pres enc e of ex c es s oxygen a t oms or oxy gen vac an cies.

The di f f us i v i ty of mixe d ur an i um-plutonium oxi de, mea sured bet ween
800 °C and 1700 °C on t wo hypos to ichiometri c samp les var i es wi t h
oxygen conc ent ra t i on (see f i g . 2 ) i n t he s ame mann er as t he
con duct ivit y a t l ower temper a ture .
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THERMAL CONDUCTIVI TY OF URANI UM-PLUTONIUM

OXIDE FUELS

W.E. Ba ily*"
E.A. Ai t ken**
R.R. Asamota***
C.N. Craig***

Abst ract

Ther mal conductivity measur ement s f r om both in- and out -of -pi l e experi­
ments are summarized and indicate t hat stoi chi omet ric mixed oxi de f uel s
at near the 20 wt/%Pu02 compos i t ion exhibit an i ntegral t o melting val ue
of 86 wat ts /cm . Hypostoichi ometric compos i t i ons i ndi cate a higher value
at 89 watts/cm . The r esul t s of these measur ement s also indicate that the
mixed ox i de f uel has a slight l y l ower conduct ivity than U02 ,

A new mode l , der ived experimental l y, has been developed f or cor r ect i ng
thermal conduct ivity f or de ns i ty. This model indi cates that the s tandard
Loeb cor r e ct ion i s not valid, and that the densit y cor r ec t i on is a
funct i on of t emper at ure . Exper i ments t o measur e t he effect of bur nup on
the conduct i vity of mixed oxide fuel i ndicate t hat t her e i s no gross
change in the int egrat ed conduct ivi t y t o me lting .

Wor ked Per f or med Under Contract
AT (04- 3)-189 , Pr oj ect Agreement
10, Between t he US Atomic Energy
Commission and t he General El ectr i c
Company, Advanc ed Pr oducts Operati on,

Sunnyvale , California

*Manager . Fast Rea ctor Ceramic Fuels , General El e ctric Co, NED
Advanced Products Operat i on, 310 DeGui gne Dr , Sunnyvale,
California .

**Manager . Plut onium Research , General Ele ctr ic Co " NED Val le citos
Nuclear Center , P.O. Box 846 , Pl easant on, Califor nia

***Engi nee r . General Electr i c Co. Advanced Products Operation, NED
310 DeGuigne Dr , Sunnyvale, Cal i f ornia.
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I NTRODUCTION

At present , the pr efer r ed fu e l f or power producing, fast r eactor s
is t he oxide of plutoniwn and uraniwn . I t s demonstrat ed ab ility t o
r emain singl e phase throughout its operating l ifet ime and its r e l at ively
high melting point and fi s s i l e dens i ty makes it an ideal choi ce f or f as t
rea ct or application . In add i t i on , recent thermal and f ast flux irradi at i on
r esults at hi gh burnups indicate that no bur nup limi t at ion has bee n
obser ved in the mixed oxide fu e l . l The one obv i ous disadvantage of oxide
f uel i s i ts low thermal conduct i vi t y . Thi s disadva ntage however i s part i al ­
l y balanced by i ts high me lting point and i t s abi l ity t o reta i n heat
during a t rans ient. Thi s r esul t s i n an increased Doppler ef f ec t and
delayed heat transf er t o cladding .

There are t wo primary pr ocesses by which heat is conduct ed i n s olids .
These include energy t r ansf erred by coupl i ng between lattice vibrations
or by electr onic movement and collision ~Tith atoms , or both . For most
met al -oxides with t he fluor ite structure, t he electrons are not f ree t o
move through t he str ucture i n appr ec i abl e concent r ations , and heat is
transf erred primar ily by lat tice vibrations . I f t he l at t ice vibrations
are compl et el y harmonic t here i s l ittle r es i stance t o heat f l ow. I n a
pract ical se nse , however , the anharmonic nature of t he vibr at ions l ea ds
to at tenuation of the t hermoelastic waves and a l owered conduct ivity .
Thi s anharmonicity i s par t i cul ar ly affe ct ed by the r e l ative atomic weight s
of t he i ons pr esent . For example , the hi gher the atomi c weight of the
cat i ons , such as plutoniwn i n U02, the l ower t he t hermal conductivity .
Conduct i on pr ocesses i n sol ids indicate t hat conduct iVity is directly
propor tional t o the mean fr ee path between collisions . At temperatures
above the Debye temperatur e , t he mean free path for t hermal s catter i ng
i s inversel y propor tional t o t emperature. Th i s mean fr ee pa t h is also
de creased by the addition of a second cation t o t he str uctur e , such as
t he r epla cement of a ur an i wn s ite with a plut oniwn cation. Consequently
the thermal conduct i vi t y of ( PuxUl ~~ ) 02 can theoret i call y be expe cted
t o be slightly l ower than that of lU02 .

The appl icat ion of t hermal conductiVi t y va lues f or temperature
cal cul at i ons of ceramic oxide fuels under irr adiation is compl icated by
str uct ur al changes i nsit u such as grain size and or i ent at ion , fuel
movement, r adi al fue l dens i f icat i on , burnup , gap conductance and compos i ­
tional changes . Thi s pap er will at t empt t o cor r elate t he exist i ng out ­
of -pi l e and i n-pi le thermal conductiVity dat a and associated st ructural
and chemistr y changes that occur insitu in mixed oxide fue ls , t o develope
a means f or predicting fuel temperature prof i l es .

OUT-OF- PILE THERMAL CONDUCTIVITY MEASUREMENTS

Det ail ed inf ormation is r ead i ly avai~able on U02 conduct iVi ty fr om
both i n- and out -of -p ile exper iment s .2 ,3, , 5 Det a i led information on the
conductiVity of Pu02, however , is 6imited t o one st udy which was pe r fo rmed
by thermal diffus iv~ty te chn iques . * Availablp. da t a on the conductiVity

*Thermal conduct iVity i s related t o thermal diffusivity by the expression
K = kpCp where k is the t hermal dif f us i vi ty , p dens i ty and C is the
spe cifi~ heat of the material . p
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of Pu02-U02 SOl+dSsolutions i s l imited t o t he work of Hetzl er, et a l and
Schmidt, et . al . ' A compari s on of the existing Pu02 and U02 data shown
in Figur e 1, i ndicat e s t hat t he thermal conduct i vi ty of PuC? is , as
expe ct ed , l ower than UO , based on a comparis on of results oy two
differ ent measur i ng tec~iques . Unfortunately, the res ults on Pu02 are
part i ally cl ouded by the poss ibilit y of (1) the r educt i on of t he Pu02
t o a hypos t oi chiomet ric composition , and (2) uncert ainty in t he spe Cifi c
heat of Pu02 which i s requi r ed f or t he conver s ion of t hermal di ffus i vit y
meas ure nerrt s t o ther mal conduct ivi ty dat a .

Mixed oxide conduct i vi ty meas urement s have in general been limi ted
t o composit ions of interest t o f as t cerami c reactor s (i .e ., 15 t o 30 wt/%
Pu02 .) The r esult s of t hes e studies compar i ng st oichi omet r i c compos i t i ons
of I 5 and 20 wt/%Pu02 are shown in Figure 2 . The studies by Schmi dt,
et a l wer e by the long i t udina l heat f l ow met hod t o a temper ature of 900°C.
Remarkably good agreement at 900°C is obs erved between this dat a and t ha t
of Hetzler , wh i ch was measured us i ng t he radi al heat f l ow technique .
Because the major i ty of the conduct ivi ty dat a on U02, U02-PU02 and Pu02
have been cor r ec t ed f or dens i ty by the Loeb equat ion , i t i s d~ffi cult

t o compare results f r om various s i t es be cause of uncertainties in thi s
cor re ction factor . 5 (Spe ci mens in t he 92 t o 95% densit y r ange , however,
are r eas onably cor re ct using t he Loeb f a ct or at temperatures between
r oom t emperature and 1000°C. ) Spe cimen fabri ca t ion t e chnique is not
known t o cause a maj or difference i n conduct i vi t v , but it should be noted
that spe cimens of Schmidt wer e f abr icat ed by the phys ical ly mixed t e chn ique
whi l e those of Het zler were made by copr ec i pi t at i on .

The ef f ec t of stoichiometry on the th~rmal conduct ivi t y of

(puO.2UO.S) 02±X spec imens was det ermi ned by Hetzl er using t he r adi al heat
f low t echn i que . Direct rel at i ve mea sur ement s wer e made i n t his study
which elimi nat ed any er r or i n heat flux and gave good r elat i ve but not
absolute val ues f or the effe ct of stoichi omet ry on mixed oxide conduc­
t ivity .7, 9 These data are shown i n Fi gure 3 . The r esults of t h i s st udy
ind icat e t hat t he st oi ch iomet ric compos i tion exhibits t he hi ghest ef f ec­
t i ve conduct i vi ty with both the hyper- and hypo-stoi chi ometr i c compos i ­
t i ons being l ower with t he maximum di f f er ence occur r i ng i n the low tem­
perature r egi on . The l ower conduct ivi t y of the nonstoi chiometr i c compo­
s i tions may be accounted f or i n par t by t heir def ec t st r uct ures . The
absence or presence of excess oxygen atoms mi ght be expec ted t o l e ad t o
incr eased anharmonic disturbance s and phonon scat t er i ng . Cal cul at i ons
have been made f or U02 , however , which sugges t that enhance ment in t hermal
conduction of hyp os bo'Lchi. omet.r-i c f ue l may be r ealized f r om electronic
conduct ion In-pil e r esult s t o date have i ndicat ed t hat hypostoi chi ometr i c
f uel does have a h i gher conduct iv i ty (see Figure 5 and discussion) .

EFFE CTS OF RESTRUCTURING
Dur i ng reactor oper at ion at fue l cent er l ine temperatures i n excess

of 2000o C, the oxide fuel changes i t s appear ance fr om a solid cer amic body
with a uniform dens i ty t o a body wit h a very marked dens i ty and st r uct ur e
dist r ibut i on . The f ormation of the cent er void f or example is the result
of t he movement of fuel por os ity and some of the gap f r om the cooler region
t o t he center void . The columnar gra i ns ar e the product of l ense shape d
por es sweeping up the thermal gr adi ent . The l arge mas sive grai ns
~ccas ionally obser ved in i r r adi at ed fuel however, are the product of
grain boundary migrat i on r ather than lenticular por e sweeping . For
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examrle, por e sweeping wi ll occ ur under thermal gradi ent s greater t han
2 000 Clem . At l ower thermal grad ients, boundary migration ca n be expected.
Whichever mec ha nism occurs, there is a large shift i n porosity. In a
t ypi ca l f uel p i n , r egi ons greater t ha n 1400 t o 1500· C will increa se in
density to values be tween 96 t o 100% . Th i s change ha s a marked effect
on t he rmal conduct i v i ty , and i n fuels where poros i ty i n amounts up t o 15%
are required t o contain f uel swelling, a cor r ection must be made f or this
changing densit y condit ion .

As not ed earl ier
i

density ha s been r out inel y cor re cted by the use
of t he Loeb Equat i on . 0

where

1 - P , (1)

K
100

conduc tivity of solid a t 100% P , and

P fra ctiona l pore v olume .

Re cent investigators me asuring t he t hermal conductivity of U0
2

i n-pile
have propos ed the f ollowi ng modi ficat ions of t he Loeb Equat i on . l l

1 - a. P,

wher e a is a propor tionali ty cons t ant of 2 . 5 ± 1 . 5 .

(2 )

ot he r modif ications, Equat i ons (3) and (4) , such as t he Maxwell­
Eucken exp ress ion or modifi ca ti ons thereof , have been sugges ted. 12,13

1 - P
= 1 + SP

where S i s r e l ated t o the pore shape .

where a. i s a shape f actor .

1 - P
1 + P (0.- 1 ) ,

(4)

Asamoto 's re cent stud ies on t he effe ct of dens i t y on conductivity
wit h a r ad i al heat fl ow appara t us have i ndicat ed tha t t he above expres ­
sions are not va l i d f or pred i cting temperature prof i les of i r radiated
f uel . 5 Hi s mea surements , s ummarized in Figure 4, i nd icate t ha t dens ity
cor r ec t ions must be applied as a function of t emperature and that a
nonl inear density cor re ct i on factor wi t h t empera t ur e mus t be appl i ed .
For example, Asamoto' s r e commen ded conduc t ivi t y expre s s i on f or U02 as a
function of dens i ty and t emperature i s :
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K = 0 .0130 +
1

T (0. 4848 - 0 .4465]»
(watts / cm·C), (5)

where 800· c < T < 2200· C and 0 .80 .:5 D .:5 0 .9 5 .

The eff ec t of grain size, gra i n or i ent a t i on , and st oichiometr y has
been suggested by var i ous i nves tigators as a means whereby t he el ectr onic
and i nt er na l r adiat i ons cont r i but i on t o thermal conduct ivi t y can greatly
be i ncreased . No detailed information on mixed oxi des has bee n devel oped
at thi s t i me to suggest a f ur t her i mprovement in conduct i vit y at elevat ed
t emperatures . Some out -of -pil e st udies on U0

2
suggests that t he se addi ­

t i onal cont r ibut ions will increase t he effect 1ve conductivit y . Most i n­
pile conduct i vi t y results on U02 as wel l as mixed oxi de tes t re sul t s
sug gest t hat t he dens i t y cor r e ct ion is a much l arger f actor t han the
i ncr eased el ect ronic phonon cont r i but ion .

IN-PILE THERMAL CONDUCTIVITY MEASUREMENTS

Ef f e ct of St oichiomet r y

Wit h one or t wo notable exceptions, in-p i le mea sur ements* on smeared
thermal conduct ivity of mi xed ox i de fuel agree r eas onabl y wel l wi t h l ower
temper ature out -of -p i l e s t udies . The ef f ec t of stoichi ometr4 on the i n­
pile per fo rmance of mixed oxide fu els is shown i n Fi gure 5.1 The micr o­
structures shown are from three f uel pi ns with st oichiomet ries of 2. 03,
2 .00, and 1. 98 which r e ce i ved a burnup of approximat ely 2000 MWD/ Te in
ERR-II. A f ur ther compar i son of thes e pins i s noted in Table I .

TABLE I

COMPARISON OF THREE STOICHIOMETRIES IRRADIATED IN ERR-II

(puO.2UO.8) 02 ± x
Radii of Struct ur al T T

Change (mils ) J cggkdT J ckdT
Pin EA C

Ts* T
Number OIM GG GG CV s

FlD 1. 98 80 40 0 34 .0 39 .2
FlB 2 .00 82 50 0 . 5 30 .9 38 .9
F1C 2. 03 n o 75 8 .5 20 .9 38 .9

*Bas ed on a T of - 900"Cs

Heat trans fer cal cul at ions with t hes e values ba sed on a f uel
sur face t emperature of 900· C indicate that t he temperat ure f or col umnar

*In-pile measurement s r ef er t o J~melt ing kde val ues wher e the effect i ve
s

smeared thermal conductiVity of a given fu el el ement is based on (1 )
linear power (Q) , (2) mol t en boundary , and (3) flux depr ess i on . While
these measurements are t he most usef ul t o fue l de s igner s t hey do have
the lar~e st uncer t aint y because of di ffi cul t ies in mea s ur i ng Q and the
molten ooundary accurat el y .
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grai n growth in the 1 .98, 2.0 and 2 .03 OIM fuel are 2400 , 2200 and 1900· C
respectively. This inconsistency i mplies that a common conduct ivi ty curve
for t he three stoichiometries i s not val id , and suggests that the conduc­
tivity of (puo 2UO 8)02+ fuel increases with stoi chiometry fr om 1. 98
through 2 .03 . (As notea~arlier this is inconsistent with the out -of - pi l e
da t a . ) Anot her possible reason fo r this apparent difference i s t hat the
mass transport me chanism and grai n growth ki net ics are altered signifi­
cant ly by stoichiometry. Si milar observat ions on the effect of stoi chi ­
ome t ry on fuel movement in (PuO.05UO.95)02 have been r epor t ed by NUMEC~5

Because most appli cations of thermal conduct i vi t y are used fo r calcu­
l ating the linear power level t o mel t i ng , it is necessary t o know the
mel t i ng limits of the part icular compos it i on or stoichiomet ry, or both,
under concer n . The phase di agram det ermi ned by Lyon and Bai ly should be
applicabl e f or all studies as soc iat ed wit h stoichiomet r ic mi xed oxide
compos i t ions . 16 I nf or mat i on on the effect of stoichiometry on the mel t i ng
point of mixed oxi de s i s limited t o the 20 wt/%Pu02 compos i t ion r ange
wi t h OIM varyi ng between 1 .93 and 2 .00 . These s tud ~es conduct ed under
t he FCR (Fast Ceramic React or) program indi cate a maximum in the melting
po i nt at approximat ely 1. 97 st oi chiome t r y f or the 20 wt/%Pu02 composi ­
tions. This i s sh own in Fi gure 6 . In add i t ion , it was obser ved by X-
r ay studies that this regi on is a single pha se ar ea .

I n-pile smeared ther mal conduct ivity measur ement s on t¥e effect of
s toichiomet ry by Craig indicate an appr oxi mate ly 7% higherJT~ kd9 val ue

(bas ed on a fu el sur face t emper at ure of 900· C) f or 1. 98 OI M fuel compared
t o 2 .00 OIM compos it i ons .17 Structures of 1 .98 and 2 .00 OIM fue l i r radi ­
at ed f or 5 hours at 36 kW/f t ar e shown i n Fi gureT7 . Based on a por os i ty

limit as a molten boundary ,* t he cor r espondi ng I~~d9 of these stoi chi­

omet r i e s are 45 .8 and 43 .2 wattslcm , r espe ctively. Thus , t hese measur e­
ments also tend t o disagree wi t h the out - of-pile meas urements and suggest
that a higher effe ctive conduct ivi t y can be obt a i ned from t he 1. 98 OIM
f uel compared t o the 2 .00 at l ow burnups. Comparis on of hypo- and
stoichiomet ric mixed oxi de f uels at 50,000 MWD/ Te , however , show l ittl e
di f f erence i n the str ucture, whi ch suggests that the l ow burnup benefi t
of stoichiometry may be l os t at higher bur nups . (See sec t ion on stoichi ­
omet r y change . )

The effe ct of fuel density on the in-pile ther mal conduct ivi ty of
mixed oxide f uel s is significant . For example , s igni f icant ly more mel ting
can be expe cted in spe cimen at 85% dens ity compared t o specimens a t 95%,
operating at comparable power l evels . A sl ight l y l ower effec tive con­
ductivi ty of powder vers us pel l et fue l at near i dentical smeared densities
has be~n ogser ved in thermal and f ast flux irradi at i ons of mixed ox id e '
f uel . l ,1 Figure 8 shows a compar is on of three st oichiomet ric mixed
oxide spec imens irradiated i n EBR-I~ at near identical conditions, which
i ndicat e the amount of f uel restructuring that has occurr ed ins itu in
these speci mens be cause of the r educed t her mal conduct ivi ty in l ow
dens i t y fuel.
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Comparison t es ts of (Pu U 8)0 ~Q to U02 0 measur ed by both0 .2 O. 1. ;1U •
smeared conductivity techniques as wel l as dir ect ( i n- f uel thermocouple
and gas bulb thermometr y) indicate t hat t he mixed oxi de fue l has a
s l ightly l ower conduct ivity t ha n U02 .17, 19 In- f uel thermoc ouple measure ­
ments indicat e t ha t this lowe r conduct i vi t y is more pr onounced at t em­
peratures below 1200°C which is reas onable because any defect in t he
lattice would be mor e pronounced at l ower temperat ures .

Effe ct of Diametral Gap

A significant factor in fue l center t emperat ur e calculat ion is the
thermal r esis t an ce of fered by the di amet r al gap . In-pile expe riments to
establ ish the effect of diametral gap on fuel centerline temperat ure
indi ca t e t hat cold diametral gap s izes of 2 , 4 and 10 mils r esult ,
i n initial h ~Bap conductance ) values of 2000 ,1100 and 600 Btu/h-ft2

respe ct i vely. Measurements of diametral gap size change with burnup
i ndi cate t hat t he gap de creases in s ize with burnup and t her mal cyc l i ng .
For exampl e , t he 2, 4 and 10 mil gap specimens , ref er r ed to above , de ­
creased to 2 , 2 .5 and 5 mils r es pe ct i vely after approximately 500 MWD/ Te
(42 hours at 20 kW/ f t with 2 t hermal cycl es ) . Similar tests i n EBR-II
indi ca t ed that af ter a buruup of 2000 MWD/ Te the diame t ral gap had de­
creased by a f actor of 2 .1 Fast flux i rradi at i ons to 50 ,000 MWD/ Te
i ndi cat e that the diametral gap is esse nt i a l l y gone .21 Based on these
observations, t he effect of di amet r al gap on fuel cent er line temperature
in fuels oper at i ng at power levels of > 15 kW/f t can be noted t o be
extremely important in the early period of irradiation . After time per i ods
of 7 days or less, the diametral gap s ize is known to decr ease by a factor
of 2 and the large ~t origi nal ly pres ent across t he gap will be signifi­
cantl y l ower than the initial size . Fi gur e 9 shows measured and proj ected
h va lues t ha t may be expected i n mixed oxide fuel pins operating at power
levels greater t han 15 kW/f t at the st ar t of irradi at i on and approximately
7 days later . At some burnup below 50 ,000 MWD/ Te f or fuels operating at
comparable linear power levels , h val ues of 2000 or greater can be ex-

T
pected . One byproduct of this changi ng gap is that fTC kdg expe riments
t hat are performed by r ap i d r ea ct or insertion ( i .e . h~aulic r abbi t )
wil l result in i ntegra l t o mel t i ng values that repr esent early-in- life
va lues and may present an over l y pessimistic value f or conductivity . A
more satisfactory expe rimental pr ocedure is one where approx i mately 10
hours ar e t aken t o r each peak power and sinter i ng insitu takes place
prior t o melting .

Ef f ect of Burnup on Conductivit y

The pre ceding se ction out l i ned t he general increase that can be
expected in gap conduct ance values with burnup . Other parameters which
have been r eported t o change wi t h bur nup are mel ting poi nt and ther mal
conduct ivi t y . Detai l ed data on t he effect of bur nup on the melting poi nt
of mixed oxi des are lack i ng , and the 150°C dec rease i n the U02 melting
poi nt ~ lOO,OOO MWD/Te is present ly accepted as an estimate f or mixed
oxides .
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No data ex i st f or t he effec t of burnup on mixed oxide conductivity .
I nf or mat i on deve loped at BAPD fo r U02 sugges t s that at l ow t emperatures
(below 1000° C) t he conductivity is severely depressed with burnup .12,23
Mos t of t he justification f or these data is f r om in-fuel Pt - pt 10 Rh
thermocouples. Based on thermocouple decalibration caused by tran~mutation

of t he r hodi um t o pallad ium it is di f f icul t to evaluate this data?

Obs ervat ions on hi gh burnup ( > 100, 000 MWD/ Te) ther mal flux irradi a ­
t i ons of mixed ox i de fue l s i~~i~gte t here i s , at most , a small depression
in conductivity with burnup . '

Ef f ect of stoi chiometr y Change

I n an earl i er section the effect of stoichiometry on the in-pile
performance of mi xed oxide was di scussed . I t was i ndi cat ed that at l ow

T
burnup the hypostoi chi ometr i c fuel had a high f TmkdT va l ue presumabl y
be cause of the higher melting point . Because of St he l arge thermal
gradi ent a cross t he fuel r ad i us (6000°C/ cm) and compositional changes
f r om burnup, it is possible that the st oichi ometr y wi l l not r emai n at a
fixed val ue . For example, stoich i ometr y changes have been obser ved i n
mixed oxi de fuel i r radiat ed t o 1500 MWD/ Te . Thi s study i ndicat ed t hat a
s t oi chiomet r ic fuel became hypostoi chiometr i c i n t he cent ral r egi on as
noted i n Figure 10 . In addit i on , out -of -p i l e studies indicate that a
stoichiometry gradient can be expe cted in initiall y hypostoichiometr i c
fuel if ther e is a significant temper ature gradient . Experiments i n
whi ch a stack of mixed oxide pellets were se aled i n a molybdenum capsul e
and heated in a t emperature grad ient i ndi cated that oxygen mi gr at ed
pr eferential ly t o t he cold end .

In the abs ence of a clear cut understanding of t he st oichi ometr y
gradient and t he stoichiomet r y change dur i ng i r radiation , t he ef fect on
thermal conductiVit y i s diffi cult t o assess . I f oxygen mi grat es t o the
cold regi on which i s maintained near the stoichiometri c composit ion , the
d i f f er ence in over al l t her mal conductiVi t y as a funct ion of initial
st oichiomet ry may be elimi na ted .

UTILIZATION OF INTEGRAL CONDUCTIVI TY VALUES

The i nt egr al form is t he most useful f orm of fue l ther mal conduc­
t i vity data fo r r eactor design and irradiated fuel evaluation purposes .
At pr ese nt fkdT curves f or f uel of a given den sity ar e generat ed by
utilizing bot h in- and out - of - pi l e da ta . Spec i f ical l y , the integral
conduct ivity f rom r oom temperat ure t o appr oximat ely 2000°C i s calculated
fr om out - of-p ile data . This met hod of determining I kdT curves can and
has l ead t o erroneous interpretations of t he true effective conductivity
that exists in-pile . This method f or generat i ng fkdT curves has of t en
l ed t o a conduc t i vity upswing i n t he high tempera~ure regi ons. Differen­
tiation of these curve s result s in a cor responding i ncrease i n t he t hermal
conductiVity curve t o unusual l y hi gh val ues i n the high temperat ure
r egi ons. By util iz i ng a density-conduct ivity r el at i onshi p recentl y de­
vel oped , i t i s poss ible t o develop out - of-pile int egral va l ues cor r e cted
fo r density whi ch ca n more r ealistically be r e lated t o integral t o mel t i ng
values measured i n-pi le . By cor r ect i ng f or f ue l dens i f i cat i on , al l or
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most of the apparent upswing i n the conduct ivity curve i s eliminat ed .

(6)+

(watts/ em °C),

Tf 1900k dT
. 1400 97

+
TJ 140°k dT
T 95

s

t emperature (O C) , and

fractional theor et i cal pe l let density .

1
0.0110 + T (0.4848 - 0 .4465D )

T

D

K

where

*Microstr uct ural changes are depe ndent on the t ime, t emperature gradient ,
and initial density of the fue l . Temperature and density val ues se lected
here are nominal val ues . Ot her values f or these parame t ers may be used
in the analysis t o obtain more precise re sul t s .

wher e

T r oom temperature ,
0

T fuel sur face temperature ,s
T1400 t emperat ure of equiaxed grai n growth,

T1900 t emperature of columnar grain growth, and

T tempe rat ure of fuel melt i ng .m

Al t hough t he abov e descript ion i s general ly a ccepted , t he l a ck of a
reliable density-thermal conductivity r e l ationship has prevented the use
of cor rections t o account for the densificat ion changes . Based on re cent
results deve loped by Asamoto, a t hermal conduct ivi ty-dens i ty r elat i onship
has bee n establish ed for stoich iomet r ic mixed oxide fue l. This relat ion­
ship i s expr es sed by t he f ollowing equation .:

After a given irradi ation period, three dist i nc t r egi ons can be
assumed t o ex i st ac ross the r ad i us of the fuel: (1 ) a r egion which main­
t ains t he or igi na l dens ity of the f uel , (2) a s i nt ered or grai n growth
region, or both, and (3) a col umnar grain growth regi on. The cor respond­
ing temperature of these r egions ar e : (1) fue l surf ac e t o 1400°c, (2)
1400°c t o 1900°C, and (3) 1900°C t o the me l t i ng po int . The dens i ty in
this f ir st regi on i s t he initial f ue l density; t he second , be tween 96 and
98% T.D. ; and in the thi rd between 98 and 100%T.D.* For example, for a
95% dense mixed oxide fue l , the i ntegral t o melting across the r adius
can be defined as:



This express ion is pl otted in Figure 11 which sh ows cor responding
integral and t hermal conductivity val ues f or 95% dense stoichiometric

(puO.2Uo.8)02 fuel under a t hermal gradient typi cal of what might be
expec ted i n a FCR. As not ed in Fi gure 11 ident ical conductivity cur ves
are r ecommended f or both hypo- and st oichiomet ric mixed oxides with a
3 wat ts/em higher va l ue f or the 1.98 O/M f uel based on the obs erved
higher melt i ng po i nt .

CONCLUSION

Ther mal conductivit y measur ement s fr om both i n- and out - of -pi l e
exper i ment s indicate that st oichi omet ric mi xed oxi de fuels at near the
20 wt/ %PuO compos i t ion exhibit an integral t o mel t i ng value of 86
watts/ em. ~ostoichiometric compos i t ions indicate a higher val ue at
89 watts/ em . These values are slightly l ower than t hose pr eviously
published and are considered ac curate t o within ± 15%. The results
of t hese measur ement s indicate that the mixed oxide fuel has a slightly
l ower conductivity t han U02.

A new model, der i ved expe riment al ly, has been deve loped f or
cor recting t hermal conductivity f or dens ity . This model indi cate s t hat
the standard Loeb cor rection is not va lid, and that t he dens i ty cor r e ct i on
i s a functi on of temper atures as expres se d by the equation

(watts/em · C)1
K = 0 .0110 + T (0 . 4848 _ 0 .4465 D)

Experiments t o measure t he effect of burnup on the conductivity of
mixed oxide fuel i ndi cat e that there is no gross change in the integrated
conductivity t o meltin~ . While t hes e data are not conclus i ve , they do
imPLr t hat the depr es sion i n the integral conduct i vi ty , if any, i s less
t han 15 watts/ em at 120, 000 MWD/ Te.
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THERMAL CONDUCTIVITY OF URANIUM-PLUTONIUM CARBIDE FUELS

J. A. Leary and K. W. R. Johnson

Abstract

The thermal conductivity and thermal diffusivity of uranium monocarbide,
plutonium monocarbide, and uranium-plutonium monocarbide, solid
solutions are r eviewed. Effects of sample porosity, stoichiometry,
temperature, impurities, and solid solution formation are discussed.

Los Alamos Scientific Laboratory, University of California
Los Alamos , New Mexico 87544 USA
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INTRODUCTION

Thermal conduction in a solid phase invol ves three processes , L r a­
diation or photon scattering, 2. electronic scattering by thermal vibrations
of the latt ice, and 3. anh ar m oni c lattice vibr ati ons , or phonon scattering.
In opaque conductors th e firs t pr ocess can be disregarded. Electronic scat­
tering bec om es of increasing im por tance as temperature inc reases , while
phonon scattering generally decreases as temperature is increased above the
Debye temperature . Introduction of "impurity" constituents into the lattice
te nds to reduce the thermal conductivity in the temperature ranges of interest ,
as these provide additional scattering s ites . In this regard, porosity, grain
boundary solid inclusions, and solid constituents can all be considered as
" impurities" .

The thermal conducti vi ty of uranium-plutonium monocarbide solid
solution fuels is of great technical importance. However, almost nothing is
known about this property under the thermal , the radiation, and the composi­
tional conditions that typify reactor fue l operation . Moreover, very little is
known in regard to the th er m al conduction in so lid s olution carbide fue l s under
" ex-reactor" conditions. Although some experimental work has been r epor ted
on the conductivity of these carbides , much of it is difficult to reconcile .

In order to anticipate what might be expected in fast reactor car bide
fuels , it i s helpful to review what is known about the thermal c onducti vity of
uranium monocarbide , In vi ew of the fact that fast reactor carbides are about
80 percent uranium monocarbide, some of the trends observed in UC should be
r elatable .

URANIUM MONOCARBIDE

The va r iation of therm al conduc tivity with temper atu r e for 100% dense ,
stoic hiometric uranium monocarbide is shown in Fig. 1. Low temperature
measurements were made under steady state conditions (1-4) whereas higher
te mperature values were based on thermal diffusivity measurements (5, 6) . It
is unlikely that the s lope of curve 1 between 500°C and 1000

0
C is truly represent­

ative of the specimen thermal conductivity . An increase of this magnitude is
more customarily associated with photon conduction of elevated temperatures .
Such an increase is also typical of data from comparative thermal conductivity
a s s embli es in which the specimen and standard differ more than 10%(7) . When
the thermal conductivities represented by curve 5 were initially calculated they
were necessarily based on an estimated specific heat of 0.05 cal. /q. ° K (8).
It was subsequently de termined th at the specific heat of UC was considerably
higher (9) , hence curve 5A r epresents a r ecalculation of the origina l data incor­
porating this new information .

Essentially all of the results fall within a range of values of 0.05 ± 0.01
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cal. / sec . em. 0 C. The average is approximately equal to the 0.22 watts /em.
o C previously suggested (10) . Large as this deviation may seem, it compares
favorably wi th the span of data on more common materials as BeO, A1203, and
Ti02 (11) . Undoubtedly the preci s ion of individual thermal conductivi ty mea­
surements is much better than the absolute accuracy .

The thermal conductivi ty of UC depends on the porosity; an increase in
porosity causes a decrease in thermal conductivity. Various methods have
been proposed to correlate porosity and thermal conductivity of dense materials
(10, 12 , 13) . The most comm onl y used ex pres s ion is the simplified Loeb
equation (12):

where K
T

=thermal conducti vity of 10 0 percent dense m ater i a l

Kp =thermal conductivity porous material

p = pore fraction

As shown in Fig . 2 , this equation does not always provide a sufficient
correction for poros ity . In th is illustration, the conductivities of essentially
100 percent dense UC have been determined by th e same investigators that de­
termined the conductivities of le s s dense carbide . If a similar corr ection i s
applied to the data of Hayes and DeCrescente (10) , the thermal conductivity
estimated for 100 percent dense UC is again too low. However, the (1 - P)
relati onship gives excell ent agreement between their corrected thermal con­
ductivities for 91 percent dense and 95 percent dense carbides . Therefore
this r elationship might be more useful in referring the conductivities of porous
m ate rials to a r efe r ence porosity, r ather than to full density . The im por tance
of pore shape in correcting for porosity has been em phasized (13) . Unfortunately ,
pore shape i s rarely characterized in thermal conductivity specimens .

The effects of variati ons in the s toichiometry of UC have been reported
by several investigators . Russell (3) has studied the thermal conductivity at
70

0
C over the carbon range of from 4.55 to 5.50 per cent by weight . As shown

in F ig . 3 , a maximum thermal conducti vity of 0.0645 cal . / s ec . em. 0 C was
obser ved at 4.9 percent carbon, which is in the hyperstoichiometric region .
A de crease in thermal conductivity in the 500 -1000

0
C temperature range also

was r eported by BMI as car bon was increased from 4.9 to 5. 3 percent (2). In
the temperature range 1000-2000

0
C, Wheeler also reported decreasing conduc­

ti vity as the carbon content was increased above 4. 8 percent (5) . The decrease
in high temperature thermal conductivity of UC as the carbon concentration is
dec reased in the hypostoichiometric range also has been observed by Carniglia
(14) . On the other hand, Crane and Gordon (1) generally obs erved minimum
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thermal conduc tivities at near- s toichiom etr ic compositions in the 500 - 1000
0C

r ange for cast UC.

The temperature depen den ce of the the rmal co nductivity of UC in th e
500-1000

0
C tem per atur e r ange is not we ll defined . However , most investi­

gators have reported either a s light positive inc rease or no inc rease with
te mperature up to about 1400° C. Above th i s temperature , scattering i s prin­
ci pa lly by the electronic process, and estimations based on th e Wiedemann­
F r anz rule app ly (10) .

The effects of common anion impurities on the thermal and electrical
properties are not well known . There is evidence to support the generalization
that high level s (>0.2 percent by weight) of oxygen and nitrogen cause a signi ­
ficant r eduction in the thermal conductivity of UC (10).

URANIUM- PLUTONIUM CARB IDES

The the rmal conduc tivity of uranium - plutonium mo nocarbide solid so lu­
tions has not been investigated in detai l. Some work has been reported by
workers at Harwell (3) , at L os Alamos (4) I and the Mounds Labor ator y (15) .
Intercompar i son of thes e r e sults is difficult, as the measurements were done
on various types of carbide and entirely different experimental methsds were
used.

The thermal conductivity of Pu C1- X is about one-fourth that of UC at
low temperature , as shown in Table I. Therefore , one can expect a decrease
in conductivity with the addition of abo ut 20 percent PUC that is r equir ed for
fast neutr on breeder reactor fue ls . Moreover , a decrease in ther m al co nduc ­
tivity i s expected when ur aniu m is replaced by plutonium in the carbide lat-
tice , as the second atom in solid solution provides additional scattering centers.
Examples of this can be found in the U02 - Th02 (17) and the UC-ZrC (18) so lid
s olu ti on systems .

Thermal co nductivities at 70° C of Uo. 8SPuO. lSC and PuC 1- X have been
r eported by Russell (3) using an apparatus of the type described by Schroder
(19). The conductivity of s lightly hyperstoichiometric arc cast UC (5. 06w/oC)
was decreased from 0.0645 to 0.0405 cal. / sec . em. ° C for th e slightly hyper­
s toichiometric (5.03 w/o C) solid s oluti on carbide. The effect of carbon
co ncentration was similar to th at reported for UC, as shown in Fig . 3. Max ­
im um conductivity was found at 4.95 percen t by weight carbon. The decrease
in conductivity in going to highe r carbon concentrations is expected . The
similar decrease in con duc tivity tha t r e su lted from free metal in the grain
boundaries might be attributable to the lowe r thermal conductivity of plutonium
metal. However, the same effect was noted for free uranium metal in hypo­
stoichiometric UC even though the co nductivity of uran ium metal is about the
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s ame as th at fo r V C . Free actinide metal i s intoler able in a fuel becau se of
clad incompati bility , but it is important to know the effect of fr ee fission
product metal on the thermal conductivi ty of carbide fuel s after significant
burnup.

Workers a t Los Alam os , using a cu t bar method in the 200- 400° C
temperature range ha ve r eported on the thermal conductiviti es of arc cas t
single phase VC, (V , Pu)C solid solutions, and PuC o. 81. Tge e lectr ical resis­
tivity also was determined in the temperature range 25-800 C.

The r esults , shown in (F ig . 4 and 5) indicate that:

1. The thermal conductivity of VC is decreased rather
markedly when ur anium is replaced by plutonium in
the stoichiometric s olid so lution latt ice. This
decrease amounts to 0.006 cal. / sec , ern , ° C per
10 percent P uC in the 0- 30 percent PuC r ange.

2. Thermal conductivity increases with increasing
temperature. Greater r ates of incr ease are as sociated
with larger plutonium concen tr ati ons in the concentra­
tion range 10-30 percent PuC.

3 . The electrical conduc ti vi ty is decreased markedly when
uranium is replaced by plutonium , as has also been
observed by Pascard (20).

4 . If the thermal conductivity of Vo.ao Puo. 20C is extrap­
olated to 70°C, good agreement is obtained with tha t
reported by Rus sell for 00' 85Ptio. 15C.

Hayes and DeCrescente (21) have reported th at the electronic scat­
tering contribution of V C var ies from 80 percent of the total thermal
conductivity at 1000

0C
to about 100 percent at 1300° C; abo ve thi s temperature

conduction is de termined by the electronic scattering proces s. The Los Alamos
wor k indicates that the electronic contribution at 400° C is about 70 percent of
the total conductivity for 0 0. lIO PUo . 20C , and about 50 percent for PuC o· 87.

The therm al '!!ffuSivity of pressed and si ntered carbides in the temper­
at ure range 250- 1000 C has been reported by Mounds Labor ator y (15) . These
carbides were prepared by car bother m ic reduction of the corresponding oxides,
and had the general formula MCo' 95 ' The oxygen concentration was greater
th an 2000 ppm . The results shown in Fig. 6 indicate that:

1. Substitution of plutonium for uranium in V C de creases
the diffusivity substantially . and hence , decreases the
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conductivi ty . A decrease of from 24 to 45 percent of
the diffusivity of UC was observed for 20 per cent
PUC solid solution carbide in the temperature range
600- 900

0
C. For the 95 percent dense carbides sin­

te r ed with 0.1 percent by weight nickel , this decrease
was approximately 50 percent.

2. The diffusivity of 91 percent dense Uo• BOPuo. 20CO' 95
without nickel was O. 039 cm~ / sec . in the range 250-1000

0
C,

while the diffusivity of 95 percent dense Uo' BOPuO'20CO' 95
with nickel was O. 028 cm~ / sec . This corresponds to a
decrease of 28 percent . If the 91 percent den s e material
is corrected to 95 percent density, the reduction am ounts
to 3 2 percent.

3 . The diffus iv ity and conductivi ty of UC with nickel decreases
rapidly from 250 to 600° C, then increases slowly. However ,
th e solid solution carbide diffusivities were independent of
temperature. Thermal conductivities of the solid s olution
car bides would theref ore increase with increasing temper­
atur e .

CONCLUSIO NS

1. The thermal conductivi ty data for UC generally fall within ± 20% in the
temperature range 200-2000° C. Over this range the conductivity is approx­
imately constant at 0. 05 cal. / sec . em ," C.

2. Replacement of uranium by plu tonium in UC causes a signifi cant decrease
in thermal c onductivity and diffus ivity in th e temperature range 250-1000

0
C.

3 . Maxi mum thermal conductivity i s observed in the near-stoichiometric com­
position range for UC and Uo' B5 PuO' 15C,

4. Nic kel sintering aid, even in the 0.1 percent by weight concentration range ,
lowe r s the thermal conduc tivity and diffus ivity of UC and Uo' BOP uO' 20CO' 95'

5 . Apparently excessive amounts of oxygen and nitr ogen lower the therm al
conductivity of car bides .

6. There does not appear to be a sati sfactor y quantitative method for adjusting
for effects of porosity on thermal conductivity of carbides .

7. As fission products are generated in carbide fuels, it i s unlikely that they
wi ll improve thermal conductivity . It seems m ore probable that the thermal
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conductivity will be reduced.

8. More experimental work must be done on the thermal conductivity of fully
characterized carbides. Future work on thermal conductivity should be
related to measurement of the electrical resistivity on the same materials.

315



REFERENCES

1. J. Crane and E. Gordon, "The Development of Uranium Carbide as a
Nuclear Fuel," Report UNC-5080 (1964) .

2. R . W. Dayton and C. R. Tipton , Jr. , "Progress Re lating to Civilian
Applications Dur ing August , 1959, " Report BMI- 1377 .

3. L. E. Russell , "New Nuclear Materials Including Non-Metallic Fuels,"
Proceedings of the Conference on New Nuclear Materials Technology,
Inc luding Non-Metallic Fuel Elements , P r ague, July 1-5, 1963 , p. 423 .

4. J. A. Lear y , R. L. Thomas , A. E . Ogard and G. C. Wonn: Thermal
conductivity and Electrical Resistivity of UC, (U, Pa)C and PuC, "Sym­
posium on Carbides in Nuclear Energy, " Vol. 1, L . E. Russell , et. al,
Ed. , Macmillan Co., London (1964) p, 365.

5. M. J . Whee le r: Thermal Conductivity of Uranium Monocarbide, ibid . ,
p, 358 .

6. G. Mustacchi and S. Guiliani , "Development of Methods for the Determi­
nation of the High Temperature Thermal Diffusivity of UC," Report
EUR-337e (1963) .

7. P . Mahmoodi, "An Improved Comparative Type Thermal Conductivity
Apparatus," Proc. 3rd Conference on Thermal Conductivity, ORNL,
Vol . 1, p, 194 (1963 ) .

8. W. Chubb and E . A. Rough , " An Evaluation of Data on Nuclear Carbides,"
Repor t BMI- 1441 (1960) .

9. J . M. Leitnaker and T . G. Godfrey, "Thermodynamic Properties of
Uranium Carbides," J. Nucl . Mater , , 21 175 (1967).

10. B . A. Hayes and M. A. DeCrescente, " Ther m al Cond uctivity and Elec­
tr ical Re si s ti vi ty of Uranium Monocarbide ," Report PWAC-480 (1965) .

11. R. W. Powell , C. Y. Ho and P . E. Liley , "Thermal Conductivity of
Selected Materials," Report NSRDS-NBS-8, Washington, D. C. (1966) .

12. A. L . Loeb , "Thermal Conductivity: VIII , A Theory of Thermal Conduc­
tivity of Porous Materials, " J . Am . Chern. Soc., 37 (No. 2 Part II), 96
(1954) .

13 . H. S. Carslaw and J . C. Jaeger, "Conduction of Heat in Solids , " 2nd Ed.,
Oxford University Press, London (195 9) p, 425.

316



14. S. C. Carniglia: Single Crystal and Dense Polycrystal Uranium Ca r bide :
Thermal, Mechanical, and Chemical Properties, " Symposium on Carbides
in Nuclear Energy," Vol. I, L. E. Russell, et, al , Ed., Macmillan Co.,
London (1964 ) p. 403 .

15. L. J. Wittenberg and G. R. Grove, "Reac tor Fuels and Development
Plutonium Research: 1964 Annual Report, " Report MLM-1244.

16. A. V. Crewe and S. Lawroski, " Reac tor Development Program Progress
Report, February, 1967," Report ANL-730 8, p, 57.

17. W. D. Kingery, "Introduction to Ceramics," John Wiley and Sons, Inc ,.;
New York (1960).

18. L. N. Grossman, "Electrical Conductivity, Thermal Conductivity , and
Thermal Expansion for Fuel-Bearing Carbides: UC2, UC, Uo' sZr o. sC,
and ThC 2, L. E. Russell, et. aI, Ed. , Report GEST - 2015 (1963).

19. J. SchrOder, "A Simple Method for Determining the Thermal Conductivity
of Solids, " Phillips Technical Re view, 21 (No. 11) 307 (1959/60).

20. R. Pascard, " P r e liminary Studies of the Plutonium Carbide System and
the Solid Solutions of the Carbides of Plutonium and Ur anium ," Report
CEA-235 (1961) .

21. B. A. Hayes and M. A. DeCrescente, "The r m al Conductivi ty and Electri­
cal Resistivity of Uranium Mononitride, " Report PWAC- 381 (1965).

22. A. C. Secrest, E . L . Foster and R. F . Dickerson, "Preparation and
Properties of Ur ani um Monocarbide Castings, " Repor t BMI-130 9 (1959).

317



Table I

Thermal Conductivity of Pu<;-x at Low Temperature

Fabrication Density Temperature, k
Method %Theo. °c Cal./sec. cm .oC Ref

Arc cast 100 200 0.0232 4

Pressed and
sintered 93 200 0.015 16

(100)* 200 (0.016) 16

93 70 0.011 16
(100) (70) (0 .012)

Pressed and
s intered 89 70 0.013 3

(100) (70) (0 .015)

Arc cast 100 (70) (0.018) 4

Note (*) Numbers in parentheses are extrapolated
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COMPATIBILITY OF (U,Pu) CARBIDES WITH POTENTIAL

JACKETING MATERIALS

*T. W. La timer and W. R. Jacob y

ABSTRACT

Observations were made of the extent and t ype of reaction of several
iron-, nickel-, and vanad ium-base alloys i n contact wi t h uranium­
plutonium carbide compositions in the temperature range 700-ll00·C .
Reaction zones were an alyzed by means of me t a l l ography and an electron
mi cr opr obe . Bands in which fine precipitates were found to a depth of
approximately 25 microns were observed in some iron-base alloyn aft er
contact with (U,Pu)C for 1000 hours at BOO·C . Reaction of (U, Pu ) C with
nickel-base alloys was characterized by t he formation of (U,P u) Ni5 i n
the f ue l , and the f ormat ion of a layer, having a relatively high chromUm
and carbon content , in the j acketing al loy.

Addition of iron was shown t o el i mi na te fr ee ur ani um and plutonium from
hypostoichiometric (U,Pu)C. (U,Pu)Fe2 was found t o have excellent com­
patibility with stainless steel at BOO·C .

*Assistant ceramist, Argonne Na t i ona l Laboratory, Argonne, Illinois,
and Manager , Ceramic Ma t er i a l s Development, Westinghouse Advanced
Reactor Division, Cheswick, Pennsylvania, respectively.
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Intr oduction

The selection of j acket i ng materials for uranium-plutonium carbide
nuclear fuels must be based on many cri teria . One critical pr ope r t y of
t he materials must be their ab i lit y to be essentially una f fe c ted by
prolonge d co ntac t wi th the carbide fuel . The f ormat i on of new phases
a t the fuel-jacke t i ng interface or other changes i n the alloy chemis try
of t he j acketing mate rial ca n significantly affect t he l oad-bearing
capac i ty of the j acket ing. An ana lysis of these cha nge s occur r i ng a t
t he fuel-jacketing i nterface can be us ed as a guide in the development
of po ten tial jacket ing materials , as well as i n the selection of avail­
able materials prior t o irradiation t es t ing.

From a fuels s tandpoint, s toichiometric (U,Pu) C appears t o be a
ve r y promising fue l material , bu t large-scale produc t i on of s ingl e­
phase ma t e r i a l has not ye t been developed . Very close control of t he
carbon content is necessary to produ ce material containing only the
monocarb ide phase . Furthermore , maintaining a single-phase str uctur e
is complicated by: (1) contamination of finely-divided (U,Pu)C powder
by oxygen and ni trogen during f abrication procedur es, and (2) t he
re l a tive ease by which oxygen and nitrogen can s ubs titute f or carb on
i n the monocar b i de latt i ce. Since single-phase monoca r bide is produced
onl y when the nonmetal a tom (C + 0 + N) content tot a l s 50 a t. %, mate­
r i a l containing free metal (hypos toichiomet ric monocarbide ) or h i gher
carb ides (hyperstoichiometric monocarbide) is f requently the end prod­
uct . Therefore , in order to investigate the potential useful ness of
these materials, t he compatibility of (U,Pu)2C3 was included , as well
as the possibili t y of eliminating the free metal phase by combination
with additives during fabrication. This paper summarizes compati­
bili t y work i nvolving (U,Pu) carbides done at Argonne Na t i ona l Labora­
tory.

Materials

Jacketing Material s

Al l i ron- and ni ckel-base a l loys wer e purchas ed f rom ve ndor s .
Nomi nal compos i t i ons of these alloys are given i n Table 1 . The vana ­
dium alloys were prepared by t he ANL Fabrication Technology Group .

Preparation of (U,Pu) Carb ide Spe cimens

Three carbide compositions, each having an overall uranium-to­
plutonium ratio of 4 to 1 , were tested: 4 .83 wt . % equivalent ca rb on
(single-phase (U,Pu)C), 5 . 25 wt . % equivalent carbon (approximately 20%
(U,Pu) 2C3) , and 6.75 wt . % equivalent ca r bon (approximately 90%
(U,PU) 2C3) ' It shoul d be no ted t hat, a lthough bo t h composi tions co n­
t aining the sesquicar bide phase had t he same uran i um-to-plutoni um ratio ,
t he pl utonium cont ent of this phas e i n the t wo compos it i ons was not
equal . The plu tonium conten t of the sesquicarbide phas e i n the 5 .25
wt . % C composi tion was found to be ove r 1-1/ 2 t i mes t hat of t he mono ­
carbide matrix .
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Arc -me lted bu t tons of t he des ired compos i tion were cr ushed t o - 44
mic ron powder i n glove boxes t hat contained an inert a tmosphere of
nitrogen with i mpur it i es of oxygen and water vapor of about 0 .005 and
0.01 wt . %, respectively. The powde r was coated wi th 0.5 wt .% Carbowax
binder and pressed into pe l lets at a pr es sur e of about 4200 kg/cm2

(60 ,000 ps i ). The as -pressed pellets were 6.94 mm in diameter by
app rox ima te ly 5. 1 mm long . The pe l le ts were s i ntered i n a t an t alum­
e lement resis t ance fu r nace under a f lowing argon a tmosphere (approxi­
mately one l iter/mi nu t e ) and were held a t the sintering temperatures
f or three hour s . The s i ntering t emper atures and densi t ies of each of
t he three composi tions are listed i n Table 2 .

Experimental Procedure

Prepara tion of Compa tibi lity Spec i men s

Each compatibili ty assembly consis ted of a pe l le t of the carb i de
fue l be tween t wo disks of j ac ke ting material he l d in contact by means
of a molybdenum frame . I n addi tion, a third metal disk was added to
the assemb ly t o make the t ot al l ength of pellets in the assembly 1. 7 cm.

Approximately 0 .5 mm was ground off each end of the carbide pe lle ts
to mi nimize t he chance of s urface impuri ty phases. The fue l -jacketing
co ntac t surfaces were t hen po lished f lat by use of 4/0 emery pape r on a
glass plate and a special specimen ho lder . I mmedi a t ely af ter polishing ,
t he specimens were assemb led and pressure app lied by a screw i n one end
of the molybdenum ho l der. The assemb ly was t he n pl a ced in a capsule,
evacuated, backfilled with 1/ 3 a tmosphere of helium , and sealed. Quar tz
capsules were used fo r t he majority of the t es t s a l though stainless
s teel capsules were us ed fo r t he 4000 hour t ests.

Evalua tion of Compatibili ty Specimens

The coup les were mounted in a polyes t e r resin after r emoval from
t he ir capsules . Longitudinal sect ions were t hen prepared by grinding
through series 120- to 600-gri t grinding paper. Polishing was done wi th
6-micron diamond paste on AB Texmet paper, and I-mi cr on diamond pas te on
AB microc loth . HYPREZ lubricant was used t hr oughout the grinding and
polishing procedure .

The i r on- and nicke l -base alloys were etche d elec t rolytically using
ei ther : (1) 10 wt . % oxalic acid in water, or (2) 32 vol . % H3P04 (con­
centrated, comme r c i a l ) , 59 vo l. % diethoxyethanol , and 9 vo l. % water.
The va nadium- base alloys were chemically etched with a solut ion of 5
wt . % AgN03 plus 2 vol . % HF i n wa ter .

Res ults and Di s cu s s i on

Compa tibi lity of Stoichiometric and Hyp e r stoichi omet ric (U,Pu)C with
Various J a cke ting Materials

Type 304 Stainl es s Steel . In 1000 hour tes ts a t 800°C a ba nd
brought out by e tching was observed in t he specimen that was in contac t
wi th t he hypers toichiome t ric carbide (see Figure 1) . A similar , bu t
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small er, ba nd was also observed after 1000 hou rs at 700· C. The size of
these bands are given in Table 3 . However, c ompatibility co uples con­
t a i ni ng both t he stoichiometric and hy pers t oi chiomet ric compos i t i ons
and heat-treated a t 800·C for 4000 hours indicated no correlation be ­
t ween this band and the presence of (U,Pu) 2C3 . The band was present in
bot h s amples t o a depth of 15 to 30 mi crons , comparable t o t he depth
after 1000 hours. The bound ary between t he band an d the una f f ected
steel was less dis t i nc t i n t he case of the 4000-hour sp ecimen s . An
e l ectr on micr opr obe ana l ysis of t his band r ev ealed a de crease i n
chromi um co nt ent of abou t 3 wt . % and an increase in i ron co nt en t of
about 3 wt . % compa r ed t o the unaffected steel; the nickel content was
unchang ed . In addi t i on , a number of small carbide precip i ta tes con­
sis ting primarily of chromium (estimated to be at least 60 wt. %) and
iron were found in the band (see Figure 1) . There was no eviden ce of
uranium or pluton i um in t he band .

At 1100·C, mel t i ng of the Type 304 s t a i nles s
400 and 1000 hours when i n cont ac t with (U,Pu) C.
high uran ium and plutoni um contents wer e fou nd by
a de pth of 125 micr ons in a specimen heat-trea t ed
temperature.

steel occur red be tween
Part ic les of relativ~

micropr obe anal ys is t o
for 168 hours a t t his

16-25-6 and 16-15-6 Al l oys . The compa t i b i l i t ies of the 16-25- 6 a~d

16-15-6 alloys appe a r to be quite similar . A t ypical photomicrograph of
the e f f ect on t he s e a l loys af t er hea t-treatment a t 800·C i n con t ac t with
(U,Pu) car b ides i s shown i n Figur e 2 . Al though the a ffe c t ed zone was
somewhat lar ge r in t he case of the hyper s toi chiome t ric compos i t ion
(conta i ning approximately 20% (U, Pu) 2C3) t han fo r t he s t oich i ometric one
(see Table 3) , no increas e was found in t he case of t he compos i t i on
containing approx ima tely 90% (U,Pu) 2C3 ' It is not known whethe r this
result i s related to the dif f e r ence in plutonium content of the
(U,Pu)2C 3 or to some other variab l e i n the f ue l compos itions.

The a f f ected zones of t hese al loys , when e tched , ap pear t o contain
a l arge number of very smal l prec ipitat es. An el ec t ron mi cr opr obe s tudy
of a s pecimen containi ng 16- 25- 6 and hea t - t rea ted for 1000 hou rs at
800·C indi cated t hat among the maj or element s in t he al loy , t he dis ­
tribut i on of mol ybdenum had been mos t signif i cantly affec ted . The
ma t r ix of t he unaffected mater i a l was found to contain abou t 3.5 wt . %
molybd enum while the gr a i n boundari es and spots within grai ns , although
small i n size, regi stered peaks indicating 14-19 wt . % molybde num . The
very f ine partic l es in the af f ec ted zone , beli eved t o be molybde num- r ich ,
wer e t oo smal l fo r ev en semi - quant i ta t i ve r esults. A t r ansve rse ac ros s
t he af f ected zone wi th a beam s i ze of 1-2 mi cr ons showed relative ly
small differenc es i n molybdenum content fr om 5-7 wt . %.

Haynes 56. No compati bility effects hav e be en observed a f t e r
testing t his alloy a t 800· C with t he 4 .83 and 5 . 25 wt . % C compos itions
f or 1000 and 4000 hours . Li kewise, no e f fect was observed i n t ests of
t h i s material wi t h the 6 .75 wt. % C composition after 1000 hours a t 800·C
or wi th t he 4 .83 and 5. 25 wt . % C compositions a f t e r 1000 hours at 900·C .
This mat er i al is signi f icantly stronger than Typ es 304 or 316 stainl ess
steels bu t i s not present l y commer cia l ly avai lable.
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Inconel 625. The formation of three separate zones was observed
after 1000-hour tests with this alloy in contact with the 4.83 and 5.25
wt. % C compositions (see Figure 3). The size of these zones after
1000-hour heat treatments at 700 and 800°C are compared in Table 4. One
of these zones was in the direction of the fuel and has been identified
as (U,Pu)NiS' This compound could be expected in high-nickel alloys
since UNiS has been shown to be the principal product formed in a dif­
fusion couple of UC versus Ni heat-treated at 800°C for 950 hours. (1)
Using arc-cast hyperstoichiometric (U,Pu)C, French and Hodkin (2) noted
localized reaction at 650°C and a continuous reaction zone at 800°C
with Nimonic 80A (70 wt. % Ni). A continuous network of (U,Pu)NiS sur­
rounding (U,Pu)C grains was formed in the hyperstoichiometric (U,Pu)C in
contrast to the solid (U,Pu) NiS band formed in the single-phase (U,Pu)C.
Evidence that the (U,Pu)C grains within the (U,Pu)NiS network were formed
by reduction of the (U,Pu)2C3 grains in the initial material will be
given later in this section.

The dark, mottled, zone on the jacketing side of the interface
appeared to be composed of two bands of rather complex composition con­
taining high percentages of chromium. The composition of these bands
was not well established but approximate values are given in Table 5.
Percentages of carbon (5.25 wt. % in the fuel) and niobium and tantalum
(4 wt. % in the jacketing) were not determined. Although no uranium was
found on the jacketing side of the interface, an average of 5 wt. %
plutonium was observed in this area. Beyond the two main reaction zones,
chromium-rich precipitates were observed. In the area containing these
precipitates, three observations were made: (1) a l2-micron band
immediately adjacent to the mottled zone was richer in iron than any
other portion of the jacketing material, (2) nickel and iron contents
continuously decreased throughout this area from the iron-enriched band
to the unaffected jacketing matrix, while the chromium and molybdenum
contents continuously increased, and (3) the precipitates, which were
numerous and very small in size close to the original interface, became
less frequent but larger in size as the distance from the interface
i ncr ea s ed .

Although the reaction wi t h the hyperstoichiometric carbide composi­
tion containing 20% (U,Pu)2C3 was somewhat greater than that with the
single-phase (U,Pu)C, a couple containing the 6.75 wt. % C composition
indicated that the sesquicarbide phase is actually more compa t i b l e at
800°C than the monocarbide phase. Only the precipitates were observed
on the j acketing side of the interface, while the dark, mottled, band
was absent, and less (U,Pu)NiS was formed. However, two other bands were
observed on the fuel side of the interface. Beyond the (U,Pu)NiS band,
there was a 4-micron gray layer and beyond this, a 9-micron zone which
appeared to be monocarbide resulting from reduction of the sesquicarbide
phase. The gray layer was probably a uranium-plutonium oxide. The
cladding itself was undoubtedly the source of the oxygen since no other
surface of the fuel pellet exhibited any oxide formation. The formation
of a visible oxide layer as part of the overall interaction in the case
of the sesquicarbide phase can be related to the insolubility of oxygen
in U2C3.(3)
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Has tell oy X. The same ge ne ral t yp e of r eaction, but to a l ess e r
extent , occurred with Hastelloy X at 700 and 800 ·C as occurred wi th
I ncone l 625 . However , Hastelloy X was found to be less compatible with
(U,Pu) 2C3 than (U,Pu)C (see Table 4) .

No reaction was observed be t ween Has t e lloy X and (U,Pu)C af ter
heat- treatment a t 700·C f or times up t o 4000 hours. Intermit tant reac­
tion along t he interface was observed in t he case of the hyperstoichio­
me t r i c (5 . 25 wt. % C) composition a t this temperature, but no increase
in the s i ze of the react ion zone after 1000 hours. A test with the 6.75
wt . % C composition at 700·C for 1000 hours r evea l ed a 4-micron r eac t i on
zone (equi val ent to t ha t fo und with the 5 .2 5 wt. % C composi tion) and
also an adjacent 8-micron zone in the fuel that had been reduced f rom
(U,Pu) 2C3 to (U,Pu)C . Th i s observation explained the absence of sesqui­
carbide grains at the jacketing interface in the test with the 5.25 wt. %
C composition, since these grains were all less than 10 mi cr ons in dia­
meter.

At 800·C, both (U,Pu)C and (U,Pu) 2C3 reacted with Hastelloy X to
form (U,Pu) Ni5 and a chromium-rich zone in the jacketing . Figure 4
illustrates, in the case of the 5 . 25 wt . % C composition, the compara­
t i ve l y greater extent of reac tion a t those po ints i n contac t wi th
(U,P u)2C3' Reaction with the 6.75 wt. % C composition, revealed , as
with Inconel 625, a gray layer of about 5 microns, and a 25-micron
layer of (U,Pu)C resulting from the reduction of (U,Pu) 2C3' In add i­
tion , ex t ens i ve precipitation was observed in the Hastelloy X after he at­
treatmen t a t 800·C with this composition (see Figure 5) .

After 1000 hours at 950·C, (U,Pu)C had reacted with Hastelloy X
to f orm a zone of (U,Pu) Ni5 ave raging 64 microns in depth .

Vanad i um Alloys . Vanadi um- bas e alloys appear promising as jacket ­
i ng materials for (U,Pu) carbide fuels because of t heir s uperior cr eep
s treng th a t 650· C compared t o stainless s teels an d their sa tisfac tory
compatibility with liquid sodium . These alloys were developed original­
l y because of their good compatibility with uranium-plutonium-bearing
metallic fuels .

Compa tibility t es t s with t wo vanadium all oys, V-20 wt . % Ti and
V- I S wt . % Ti - 7 .5 wt . % Cr , have indicated incompatibility with (U,Pu)
carbides in the 700-800·C range. In addition to the ma i n reaction zone,
there appeared to be some grain-boundar y penetration into the jacketing
materials . The ex t en t of these reactions are shown in Table 6 ; a
cha r acte r i st i c photomicrograph of t h i s effec t is sh own in Fi gur e 6 . In
contrast , t he r e was no evidence of reaction with a more -recently devel­
oped alloy, V- I S wt. % Cr - 5 wt .% Ti,wi t h ei t her the stoichiometric or
hype r s t oi chiome t r i c carbide compos it ions when tested at 800·C for 1000
hours.

Compatibility of Modified Hypos toichiometric (U,Pu)C with Type 304 55

Hypostoichiometric (U,Pu)C fuel compositions contain free uranium
and plutonium which will react with iron- and nickel-base jacketing
mat er i a l s at relat ively low t emperatures . The use of iron to react with
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the f ree metal phas e to f orm (U, Pu)Fe2 or of chromium carbide (Cr23C6)
to form Cr and (U,Pu)C has be en propos ed. (4 , 5) These addi tions r eact
t o form more r e f ractor y and l ess r eact i ve s econdar y phase produc t s and
can be j ustified prov i ded neu tron economy an d irradiation s tabili ty ar e
not undul y s acrified. The r esul t s ob tained by Jordan , et a l ,(5) of
compa tibili ty tes t s with Fe- and Cr 23C6-stab il i zed UC v~ Type 316
s t ainless s teel sh owed essent i ally no r eactions . Concu r rent ly , t heir
r esults with simila r t ests of unstabil i zed hypo stoichiometric UC showed
l ocalized r eactions up t o 175 microns in depth .

Hypos toichiomet ric (U,Pu)C pellets were made as des cribed previous ­
l y ; t he Fe or Cr 23C6 powders were ad ded j ust prior to the binder addi­
tion . Sintering t emper a t ur es and sinte red densities are given in Table
7. Typi ca l microstructures of t he pelle ts conta i ni ng the Fe and Cr23 C6
addi tions are shown in Figures 7 and 8, respectively.

Microprobe s tudies of the Fe-modified pe llets indicated t he com­
posi t ion of the mino r phase ar eas to be 20-42 wt . % U, 8-22 wt. % Pu ,
and 32-70 wt. % Fe . This compos i t ional r ange lies between (U,P u)Fe2
and Fe . Micropr obe s tudies of the Cr23C6 modi fied pellets showed no
f ree uranium or pl u tonium , nor the existence of f ree Cr . The only minor
pheses fo und were i dentifi ed qua l i ta t ive ly as ch r omium carbides .

Compatib i lity capsules contai ning both unmodified and Fe-modified
pelle ts i n con tact with Type 304 stainless steel were tes ted for 1000
hours a t 650 and 800°C . No observable r eact i ons were found in any of
the specimens . The discrepancy be tween t hes e findings and those of
Jordan , et aI , in t he case of the unmodi f i ed pellets can be explained
by the differenc es in microstructure in the fuel specimens. The micro­
str uctures of Jordon , et aI, show areas of considerable concentration
of f ree metal which correlates wi th their findings of one or two spots
a t which the s tainless steel was attacked . The finely-dispersed metal
phase found in t he au thors ' spec imens would no t be expec ted t o lead t o
such a r esu lt .

The compatibility of (U, Pu)Fe2 wi t h Type 304 s tainless s tee l was
a lso determined . Essential ly s i ng le- phase(UO. 8PuO 2)Fe2 (containi ng
0 .4 wt . % ex cess Fe ove r t hat r equired fo r s to ichiometry) pelle ts were
produced by powde r metal lurgy t echn i ques . A t est of this material wi th
Type 304 s tainless s teel at 800°C for 1000 hou rs produced a 2-micron
laye r at the i nterface .

In addi t i on t o the contact compatibili t y t es t s, the unmodified and
the Fe- and Cr23C6 -modified compositions were tested with Type 304 s tain­
less s teel in liquid sodium a t 800°C . The container fo r t he t es t was an
Inconel capsule into which a s tainless steel sleeve (closed at one end ) ,
con taini ng the f ue l pe llets , was pl ac ed . The capsule was evacuated ,
l oaded wi th l i quid Reagent-grade sodium, bac k- f illed wi t h he lium , and
seal ed. Aft e r a 60- day t est period, t here was no metallographic
evidence of ca r bur ization of the stainles s steel sleev es fo r any of th e
thr ee f ue l composi tions .
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TABLE I

CCNroS ITION AND CREEP-RUPTURE ll\TA OF roTENTIAL JACJ<ETI~ ALWYS

Creep-Rupture St ress ~ ps i x 10- 3 Com os it ion vtoX '

Allnv (o r Failur e i n 104 hrs at 700"r oe Ni c- "n ~tn r~ Other

304 55 9 67 10 19 -- 2 -- 2

16-IS-6 IS SS IS 16 6 7. S -- O.S

16- 25-6 14 SO 2S 16 6 1.3 -- 1.7

Haynes S6 22 4S 13 21 4. S I.S H .S 3 .S

Has t eH oy X I S 18 48 22 9 1 I.S O. S

Inconel 625 30 3 61 22 9 O.IS -- 4.8

.
Ext rapola ted and es timated where adequat e dat a do not exist .

TABLE 2

aNPOSITIONS AND SINI'ERED DENSITIFS OF (U,PU) CARBIDE PaLETS USED RJR a:MPATIBILITY TFSfS

O2 N2
Percent

Equivalent C Sintering ~/:itY Theoretical
Carbon (wt . \ ) (wt .\) (0 001) (ppm) Temn, CC) ( ml) Densitv

4.83 4.74 900 300 1900 11.67 86

5.25 5.10 800 1000 1850 11.28 84

6.75 6.73 80 100 1800 11.90 92

TABLE 3

EXTENr OF 20NES OBSERVED ~lETALLOGRAPH lCALLY IN IRON- BASE ALLOYS AFrER CONTACT WIlli
(U,PU) CARBIDFS FOR 1000 HOORS

Stoichiometric (U,PU)C Hyper st oi chiOOletric (U,Pu)C

1~ ·
(4.83 wt .\ Quiva1ent C) (5.2 5 wt . \ B uiva1ent (:)

Al10v Av eraze (u) Maximum (u ) Avera"e (u) Maximum (u)

304 55 700 Nil -- 4 6
800 Nil -- 24 29

16-25-6 800 26 30 32 36

16-15-6 800 28 34 35 38

Haynes 56 800 Nil -- Nil --
900 Nil -- Nil --
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TABLE 4

EXTENT OF ZOI.'ES OBSERVED ~lETALUX;RAPH lCALLY IN NICKEL- BASE ALLOYS AFTER CONTACT WIlli (U, I'U)
CARBIDES FOR 1000 f[XJRS

Carbide (U,I'U)Ni
5

Zone I Cr - Rich Zone(. , Pr ec i pita t es
Composi tion ( " into Fuel) into .Jacket Ing) (" f rom Inte r f ace)Temp. ~wt . \ EqUivalent~

Al l ov f·ci Ca rbon Avera ce Maxirman Avera . e ~laximtm1 Ave raze t-lax imtml

Inconel 625 700 4 . 83 18 30 20 25 45 55
5. 25 18 30 20 25 45 55
6.75 Nil .- Nil -- 20 30

In conel 625 800 4 .83 25 37 23 30 130 160
5 .25 36 44 26 36 145 180
6. 75 7 10 Nil -- 65 80

Has telloy X 700 4.83 Nil -- Nil -- Nil --
5. 25 -- 4 -- 2 Nil --
6.72 2 4 2 2 Nil --

Hastelloy X 800 4. 83 5 8 3 5 Nil --
5 .25 -- 8 -- 7 Nil --
6 . 75 8 10 6 12 125 175

TABLE 5

CDlroSITION OF RF.ACfION zosss IIYPERSTOIOl I(l.IETIUC"cU, I\JJC vs
Il.I:nlEL 625-800' C FOR 1000 IWRS

Zones Ident i f i ed Met a llographi ca lly

(U.Pu)NiS Zone Mottled Reaction I ncanel 625 .
~:e~ir;~~i:~ of ~~n~l~~d~~~e~~~o~)

Cont ain~~~oP~~ciPi ta t e s

Average Si ze of Zones Ident ified with Iolicroprobe Unaff ected

Element ~~lC 36 • 8 • 18 • 12 . Prec101tates 108 u ID~:~~~ ) 625

U 76 34 - - - -
I\J 19 12 1 5 -
Ni - 54 10 ZI 61 24 70 ~ 61 61

Cr - 52 43 20 61 15 ~ Z2 Z2

Mo 13 16 7 14 7 ~ 9 9

Fe - 1 0 . 5 8 1 4 ~ 3 3

.
5. 25 wt .1 Equivalent Carbon
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TABLE 6

= OF ZONES OBSERVED ~lETALLOGR<\PH ICALLY IN YANADIlN -BASE ALLOYS
AFTER CO/{fACT WIllI (U,PU) CARBIDES FOR 1000 mURS

~r~nPu'1U~~~~~; ~~~{)
Temp. ~~~~:ionu ~one (AV~~:~~ ~~~~ ~~~~t~~~~~~ace u)r'ci

4 .83 Y-2DTi 700 10 50
5. 25 Y-20Ti 700 18 65

4.83 Y-15Ti -7. 5Cr 800 65 95
5.25 Y-15Ti-7.5 Cr 800 65 95

4. 83 Y-5Ti-15Cr 800 Nil Nil
5 . 25 Y-5Ti-15Cr 800 Nil Nil

TABLE 7

CCMPOSITIONS AND SINrERED DENSITIES OF MODIFIED
HYPOSTOICHICMETRIC (U,PU)C PELLETS

Modifier Carbon Oxygen
(~~)

Sintering Densi3y
(wt . %) (wt. %) (ppm) Temp. 0C (fJjon )

None 4.36 1100 540 1600 11.47

3.89 Fe 4.36 1100 540 1500 11.29

7.3 2 4.40 300 580 1500 10.13
Cr23C6
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Fi gure 5. Ha ste l l oy X vs . Hypas to ich ianet ric (U,Pu)lS , sOOce for 1000 Hours .

333



..

SOOX

0'
J

.,

..../
~

'.

'"

) .

r~O
. 0'... .

500X

Figure 6 . Vanadium -20\\"t . % Ti t anium vs . Hyperstoichiometric
(U, Pu) C, 700°C fo r 1000 Hours .

' y~\r '4­;ri,;.
ol) ". ~ ·r \

Figure 7 . Fe·~fodified Hypostoichiomet ric
(U, PU)C.

334

Figure 8 0 CrZ3C6 ·~Iodified Hypostoichi ometric

(U, Pu)C .



COMPATIBILITY BE~ METALLIC U-Pu-BASE FUELS
AND POI'ENTIAL CLADDING MATERIALS

S. T. Zegler and C. M. Walter

Abstract

The compatibility of U-Pu -base f uel alloys with a var i et y of
jacket materials has been investigated in connection with a
program aimed at developing improved metallic fuels .

The most r ec en t work ha s resulted in the development of U-Pu -Zr
alloys that have much improved compatibility with 304 stainless
steel and other iron-base cladding mater ials. Spec if i cal l y ,
U-15'1>Pu-l~Zr and U-18;(.Pu-1 4.l'1>Zr have good compatibility with
304 sta inless steel at temperatures up to 800 °C.

S. T. Zegler is an as soc i at e metal lurgist and C. M. Walt er is an
assistant metallurgical engineer with the Metallurgy Divi s i on,
Argonne National Laboratory, Ar gonne , ill inoi s. Wor k performed
under the auspices of the U. S. Atomic Energy Commi ss i on .
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Introduction

The extent to whi ch fuel and cladding materials interac t in a
nuclear reac tor is a primary cons i der a t i on in their selection .
Clearly, combinations that interact t o af fec t e i ther melting of t he
fuel or marked degradation of the mechanical properties of t he clad­
ding material should be avoided. In a previous paper (1 ) we di scussed
the out -of - r eac t or compatibil i ty of a variety of Fe - , Ni - , and V-base
alloys with certain U- Pu-Fz* all oys . The present paper describes a
similar compatibility survey of U-Pu-Zr and U-Pu-Ti alloys with a
number of cladding alloys including s ome of thos e investigated in the
previous study .

Experimental Procedure

Materials . The U-Pu-Zr and U-Pu- Ti alloys contained from 15 t o
22'{o** Pu , from 6 to 14'{o of Zr or Ti , and wer e prepared from 99.8If, pure
U and Pu and cr ystal bar Zr or Ti . The al l oys were melted i n vacuum
at 1 x 10 -5 tor r in induction-heated yttria -coated zirconia crucibl es
and were inj ection cast in an iner t ga s atmosphere in yttria -coated
~uartz molds . The data obtained f r om chemica l analyses at the top and
bottom ends of t he i ngots are given i n Tabl e 1 .

Alloys of U-I O'fo Zr an d U- I O'foTi, prepared from 99 . 9% pure U and
crystal ba r Zr and Ti, also were included in the survey . The se al loys
were prepared by arc -melting on a water -co oled hear t h in an inert ga s
atmosphere . The major impurities in the alloys wer e 132 to 190 ppm
oxyge n , 104 to 122 ppm nitrogen , and 9 to 53 ppm carbon .

The nomi nal compositions of the cladding materials are g i ven i n
Table 1 together with the chemi ca l ana l yses for oxygen . Al l of the
alloys were procured from c ommer c ial so urces except the V-base alloys ,
which were prepared by electron beam melting at Ar gonne National Lab ­
oratory .

Diff us i on-C oupl e Assembly . For t he c onst ruction of diffusion
couple assembl ies , discs ( appr ox imat e l y 10 mm in diameter by 10 mm i n
length) wer e machined from the descr i bed materials and t he f ace s of
the discs were polished , fla t and parallel , wi th 4/0 emery paper .
Immediately after polishing the di s cs were a s sembl e d in molybdenum
holders and inserted in evacuated s tainles s steel ca ps ules as de s ­
cribed previously (1 ) . The as semblies were annea l ed for times up to
5 ,000 hours in furnac es (cont r ol l ed to withlll + 3 °C) at temperatures
from 600 to 850° C. -

*F izzi um (F z) is an agg r egate of fis sion -product elements that are
not removed in the pyrometallurgi cal repr ocessing cycl e designe d for
Argonne Expe r imental Breeder Reac t or II. The major components of
the aggregate are zi rconium, molybdenum, pa l ladi um, ruthenium, and
r hodium .

**All mater ial compos i t ions are r ep ort ed in weight per cen t .
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Metal logr aphy and Microprobe Analyses . The wid t hs of the diffu­
sion l aye rs were determined by scaler measurement s on etched micro­
structures . El ectron mi croprobe anal yses were made on some of the
couples to cor robora te t he penetrat i on depths . Diffusion layers in t he
fuel al loys generally wer e most clearly defined by elect rolyt i c etch­
ing i n H3P04 sol ut ions conta in i ng ethylene glycol and e thyl alcohol.
Several e t cha nt s were us ed to r eveal diffusion zones in the cladding
mat erials (1 ).

Results and Discussion

The f uel - cl adding combinat ions that were studi ed are give n in
Tabl e 2 together with measured pene trations into t he claddings after
specific anneal ing t reatments at 700, 750 , and 800 De. Also l i sted in
Tabl e 2 are va l ues of Tm, the temperature at which a liquid pha se is
f ormed in the diffus io n laye r . The compatibil i t y of the U- Pu-Zr al ­
loys with the Fe -base al l oys (Type 304 SS, 16-15 -6, 16-25 -6 , and
Haynes 56) depends upon the zirconium conce ntrat ion in the t ernary
al l oys . With 6. 3% or l es s zirconium, the f ormation of liqu id pha ses
preclude s the use of Type 304 sta inle ss steel at t emperatures ab ove
700 De. In cont r ast , with 10% and 14 .1% Zr, Tm values f or the Fe-base
alloys are abov e 800 De. With all the U-Pu -Zr all oys , T values f or
the Ni -base alloys (N-155, Incoloy 800 , an d Hastelloy-X; are signi ­
ficantly l ower t han f or the Fe -base al l oys an d cladding penetr at ions
are higher at all temperatures . Thus, increa sing t he nickel content
in the cladding materials results in a degradation of compat ib i lit y .
Wit h the U-Pu -Zr alloys cont a ining lafo and 14 .1% Zr, Tm was de ter ­
mined , in t he present work, to be below 800 De for pure nickel but
above 800 De for pure i r on. Both ~ and cladding penetrat io n f or the
U-10%Zr alloy with Type 304 sta inless steel are nearly t he same as
f or the U- Pu-Zr alloys containing l afo and 14% Zr .

The U-Pu-Ti alloys have markedly poorer compat ib ility with Type
304 sta inless steel than the U-Pu-Zr al l oys . This i s clear l y ev i ­
denced by their s i gn if i cant l y lower Tm values .

The l og of penetration distance into t he cladding vs l og anneal ­
ing t ime f or some of the fuel -cladding combinations are plotted in
Figs . 1 t o 4 . Maximum cladding penetrat i ons ar e plotted as points
and estimated poss i ble errors are indicat ed by vertica l bars . In
dr aWing the curves , greater weight has been placed on long t ime dat a
and , because of the r el at ively large poss ible er rors , it has been
neces sary to assume the parabol ic ra t e l aw normally f ound in vol ume
di f fus i on X2 = Kt*. With the u-iosz-, U-15%Pu-l afoZr, and U-l8%Pu­
14 .1%Zr alloys , penetration of Type 304 sta inless s t eel is ve ry
limited, l e s s than 10 -3 cm in 1000 hours , at all temperatures up to
750 De. In Fi g. 5 , these r e sult s are compared with t hose obta ined for
the V-base alloys and wi t h r esults previously reported f or U-10%PU­
10%Fz (1 ) and U-5%Fs (2 ) al loys . The penetration coefficients K f or

*X i s the cladd ing penetration as seen metall ographically in centi -
meters ; t is the anneal ing t ime in seconds; and K is the penetrat ion
coef f i c i ent i n cm2/sec .
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the U-Pu -Zr alloys vs Type 304 stainless steel and the V-bas e alloys
are given in Table 3 t oget her wi t h the coefficients previously de ­
t ermined (1 ) for the U-Pu -Fz alloys .

Urani um f or ms eutectics with Fe and Ni at 725 and 740°C, respec ­
t i vel y . Therefor e , the use of Fe - and Ni-base al l oys as claddings f or
uranium-bearing f uel s gener al l y has been r estricted to temperatures
well below 700°C. The compatibil i t y of u-Zr and U-Pu-Zr alloys with
Type 304 s t ainless steel at t emperatures t o Boo°c requires explana ­
tion. Electron microprobe analys es made on certain of the anne aled
diffusion couples indicate that the enhanced compat ibility r esult s
f r om the formation in the fuels of diffusion l ayers that consist of
one or more zirconium-rich phases stabilized by oxygen . The pha ses
include 1. alpha zircon i um, 2 . a body -c entered cubic gamma uranium
solid solution based on t he 72 phase in t he u -Zr system ( 3 ), and 3 .
a phase based on the t er nary 7 phase in t he Zr -Ni-O system (4 ). These
phases restrict t he transport of Fe and Ni into the fuels , as well as
diffusion of U and Pu into the steel . The presence of oxygen in the
steel and fuel al l oys in concent r at i ons gr ea t er than 100 ppm is a
benef i c i al , if not necessa ry , factor f or affecting enhance d compat i ­
bility .

The use of the V-Ti and V-Ti -Cr al l oys as claddings f or the U-PU­
base al l oys at t emperat ures t o Boo°c i s l imi t ed solely by the extent
to which U and Pu penetra te the cl addi ngs and form brittle phases .
The V-2 CJ1,Ti alloy is highly compatible with the U-Pu-Zr and U-Pu -Fz
alloys up to approximately 650°C. Above 650°C i t s use is limited be ­
cau se of pronounced cladding penetration . Subst itution of chromium
for some of t he titanium in t he alloy has little , if any , effect on
t he compatibility .
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Tabl e 1 . Compos itions of Survey Mat erials
( wt~ except where not e d otherwise )

Inject i on Cas t Fuel Alloys

Nominal Composit i on ( wt~) Oxyge n (ppm) Nitrogen (ppm) Hydrogen (ppm ) Carbon (ppm )

u-16. 6Pu- 6 . 3Zr 430 t o 500 125 to 147 < 1 360
U-15Pu-l0Zr 206 t o 400 17 to 82 < 1 410
u-18 .5Pu-14 .1Zr 920 to 1300 17 to 21 3 to 4 236
U-15Pu-1OTi 224 t o 510 18 t o 360 5 to 7 870
U-22Pu -l1. 8Ti 189 to 400 21 to 37 < 1 196

Cla dding Al loys Oxygen (ppm ) Fe Ni Cr Me Co W Mn C

Type 304 Stainless St eel 160 to 420 70 .7 8 .8 18 .5 1 .14 0 . 05
Haynes 56 62
Timken 16-15- 6 109 55 15 16 6 7.5
Tilnken 16-25 - 6 43 50 25 16 6 1. 3
N-155 39 30 20 21 3 20 3 1 .5
Incoloy 800 11 46 32 21 0 .75
Haste11oy-X 18 48 22 9 1.5 0. 6 1 .0

V-2OTi
V-15Ti - 7. 5Cr



w...
o

Table 2 . Fuel Pene tration into Fe - , Ni - , and V-Base Al l oys

Pene trat i on (em x 104 )

Fuel Alloy Cla dding 5000 hr at 700° C 1000 hr at 750 °C 168 hr at 800°C Tm( °C)

U-16. 6Pu- 6 . 3Zr Type 304 SS 12 (400 hours ) Melt ed Mel t ed 725 + 25
Hastelloy-X 50 (400 hours ) Melted Melt ed 725 :t 25

U-15 Pu-1OZr 16-15- 6 2 < 5 < 5 825 + 25
16-25 - 6 4 - - < 85"0
304 SS 10 12 30 825 + 25
Haynes 56 - 15 8 825 :+ 25
Ineol oy 800 - 27 Melt ed 775 :+ 25
N-1 55 30 > 40 - < 85"0
Hastelloy-X 70 Melted Melt ed 725 ±. 25

u-18 .5Pu-14 .1Zr 16-15 -6 < 3 < 6 < 6 835 + 15
Haynes 56 - 5 4 825 :+ 25
304 SS 4 9 12 825 :+ 25
16-25 -6 2 15 - < 85"0
V-15Ti-7. 5Cr 17 - 17
V-2OTi 23 - -
N-155 80 20 20 825 + 25
Ineoloy 800 - > 40 70 825 :+ 25
Hastelloy-X 30 (1 000 hours ) Melt ed Melt ed 725 :t 25

U-15Pu-1OTi 304 5S Melt ed - - < 700

U-22Pu-ll. 8Ti 304 SS Melted at 650°C - - < 650

U-1OZr 304 SS 3 (1 000 hours ) 9 28 835 ±. 15

U-1OTi 304 SS - 12 (1 68 nr ) Mel ted 775 ±. 25



Table 3 . Cladding Penetration Coefficients (K) in cm
2/

sec
(except where noted)

Temperature ( OC)

Combination (wt%) 550 600 650

V/U-I0Pu-l0Fz a7 .5 x 10-14 a1.5 x 10 -13 a4 . 0 x 10 -13
V-2OTi / U-I 0Pu-10Fz b2 . 3 x 10 -15 1. 3 x 10-14 6 .4 x 10-14

V-2OTi/U-15Pu-1 0Fz bl .3 x 10 -14 8 .1 x 10-14

V-IOTi/U-I0Pu-1 0Fz 4 .7 x 10-15 2 .3 x 10-14 1.1 x 10-13
Mo/U-10Pu-l0Fz 4 .5 x 10 -14 1.2 x 10 -13
MO/U-15 Pu-l0Fz b7 .5 x 10-14 b2 .0 x 10 -13
304SS/U-I0Pu-l0Fz 6 .9 x 10 -14 2 .2 x 10 -13 1.1 x 10-12
304SS/U-15Pu-l0Fz b3 .4 x 10-12

Hast -X/U-I0Pu-l0Fz 1. 8 x 10-13 8 .0 x 10 -13 3 .6 x 10-12
Hast -X/U-15Pu-l0Fz b1.1 x 10 -11

Nb/U-I0Pu-l 0Fz 1. 3 x 10-13 6 .3 x 10 -13 c2 .2 x 10-9cm/ sec
Nb/U-2 0Pu-l0Fz 2 . 3 x 10 -13 1. 8 x 10 -12 c4 . 2 x 10-9cm/ sec
Nb -1Zr/ U-I 0Pu-l 0Fz 1. 6 x 10-13 4 .0 x 10-13 cl .9 x 10-9cm~sec
304ss /V d3.4 x 10-1

304SS/ V-2OTi
1.5 x 10 -14

d2 .3 x 10-13
V-2OTi / U-18Pu-14Zr
V-15Ti -7 .5Cr / U-18Pu-14Zr 8 .0 x 10 -15

Tempera ture ( OC)

Combinat i on (wt%) 700 750 800

V-2OTi/U-I 0Pu-10Fz 3.1 x 10-13 bl .7 x 10 -12

V-2OTi/ U-15Pu-l0Fz b8 . 0 x 10-13 b3 .0 x 10-12
Cr/ U-I0Pu-l0Fz b3 . 5 x 10-13
Mo/U-10Pu-l 0Fz 1. 9 x 10 -13
MO/U-15 Pu-l0Fz b4 .0 x 10 -13
V-2OTi / U-18Pu-14Zr 3.5 x 10-13
V-15Ti -7 .5Cr/U -18Pu-1 4Zr 1.8 x 10 -13
304sS/U-I0Zr 1.5 x 10-14 2 .0 x 10 -13 6 .0 x 10-12
304SS/U-15Pu-l0Zr 8 x 10-14 3.8 x 10 -13
304SS/U-18Pu -14Zr 3 .6 x 10-14 1. 6 x 10 -13 9 .8 x 10-13

a . No cl adding penetration . K' s r epresen t band on the f uel s ide be -
lieved to be (U,PU)~ . Vanadium cont ained 1300 ppm O2 ,

b . Calculat ed fr om onl y one dat um point as suming an X2 = Kt law .
c . Obeye d t he X = Kt r at her t han X2 = Kt r ate law .
d . Tot al band width . Al so calculated from only one datum point as ­

sumi ng an X2 = Kt l aw.
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TEMPERATURE (OC)
600 650 700 750

ANNEALING TIME:: 103 HRS.

U-IOPu-IOFz/30455

0.83

RqS
0.89

U-15Pu -IOZr/30455

U-IBPu-14Zr/V-15Ti -7. 5Cr

U-IOZr 130455

1.07 1.01 0.95
(lIT. 103 ) oK-I

U-IBPu -14Zr/V-20Ti

1.131.19
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PROPERTIES of CARBIDES and

r.ARDONITRIDES

R. PASCARD

Abstract

We have studied the syste~ (U,Pu) (CNO) in order to
have a basis to select the best composition for a
fast reactor fuel.

The studies are the followin~ :
a) Diagra~ studies
b) Compatibility tests with stainless steel in sodium
c) Thermal diffusivity measurements

It is difficult to weight a priori the relative
importance of the results and there is a strong feeling
that decision, if any, must come from extensive irra­
diation experiments.

R. PASCARD is head of the ceramics section at the
Centre d'Etudes Nucl6aires de Fontenay-aux-Roscs
France.
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Introduction

In previous papers (1) (2), we have suggested to enlarge

the concept of pure carbide f ue l s to carbide-type fuels, by deli­

berate total or partial substitution of carbon by nitrogen and. /

or oxygen. Such fuels are repres ented by points in the ternary

diagramm MG-MN- KO (fig. I) ( !ihere It: stands for U and Pu). The

most obvious advantage of the ~ (CNO) or more precisely N (C, N)

fuels i s that they can be prepared routinely as strictly single

phased compounds is contrast with pure monocarbides. The impu­

rity M~Cl ' thougt to be dan gerous for clad compatibility, is in

fact specific of the carbide part of the ternary diagramm (part I,

fig. I).

Work has been pursued along the gen~al ideas expressed

in a previous paper (2) in order to check the most important pro­

perties of the M (CN) fuels. In t his paper, after a brief survey

of preparation met hods , prelimary r esult s of compatibility expe­

riment s and thermal conductivity measurements wi l l be given. Ir­

r adiation pr opert i e s a r e dealt with in an other pa per (3). The

work done on are-cast ed carbides, where additions of Ti and 1·10

have been made in or der to i mprove t he properties of pure car­

bides has been described in other pUblications (14, 15).

II - FABRICATIONS STUDIES

II. 1/ The gener a l proce s s developped at Fontenay-aux-Roses uses

the met als or their hydrides a s the st art i ng mat e r i a ls ,

accor ding to the reactions

M

+ C ~ MC + ~ H2 (a)

+ ~ N __ MN M ~ U ~ x ~ 1,75
2 x M ~ Pu~x = 1,00

+ M0
2

-»2 MO + ~ H2

34 6

(b)

(c)



Details concerning these reactions have been given in

previous paper (1) (4) (5). Pure nitrides are prepared

through reaction b, and by proper blending of the nitri­

des so obtained and other constituants according to reac­

tions a and c, any compound of intended composition

M (CNO) can be easily prepared at a temperature not ex­

ceeding 1.400oC. The resulting ingots, consisting in

well-diffused solid solutions, are crushed and finally

ballmilled to gi ve t lla ap propriate powder for final sin­

t ering. Cold-pre ssed pellets are s inte r e d at temperatu­

res ranging from 1.400 to 1.650oC, depending on the com­

position and the presence of a sint ering aid (0, 2 W %Ni

powder for carbides). The gen er a l trend towards 10lf den­

sity fuels has prompted us r ecently to abandon Ni as a

sintering aid for carbides. A "smoothed" sintering pro­

ce ss ha s resulted, at tem perature near 1.600oC, indepen­

dent of the nature of the f ue l . Maximum densities achie­

ved vary from roughly 95 %theoretical dens i t y f or pure

carbides to 92 %for pure nitrides. Lower densities are

easily obtained by reducing the s i nt e r i ng tem perature.

II. 2/In contrast wi t h carbides containing nickel, nickel free

carbides gener a l l y do not exhibit any trace of higher

carbides }.I2C3 and MC
2

• St art ing with the same powder,

nickel addition can result in the presence of more than

10 %U2C
3

even at 1.600oc : t hi s demons t r at es that Ni

containing carbide s a r e not in thermodynamic equi librium,

the high dens ity a s sociated with Ni preventing CO out­

gas sing. Due to this last result, it is fair to say that

the s t r ongest a priori motivation for discarding carbides

to the benefit of nitrides seems to disappear.

II. 31 In connection lfi t h carbonitrides wor k , s ome diagramm st u­

die s in the sys t em U-C-N and Pu-G-N have been completed.
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l ~ixtures of IDr or PuN and varying quan t i t i es of graphite

powder were heated at 1.400oC and 1.600oc under vacuum

and theresulting phases determined at room temperature

by X ray and metallography.

The corresponding t ernary diagrams are r epresent ed on

fig. II a, b.

From the se diagrams, it can be s een that uranium carbo­

nitrides prepared under vacuum are neces sarily single­

phased, provided that N >0,20 : any slight excess
C + N

of C + N wi t h re s pect to M escarping under the form of

free nitrogen (point B in II a). With Pu, the limit for

single phased carbonitride is dra stically shifted t o t he

nitride side, 75 %nitrogen being required in the carbo­

nitride phase to suppress the pos s i b i l i t y of existence

of PU
2C3

(point A in II b).

The corresponding diagram f or U-15 %Pu mixed carboni­

trides is very sil,ilar to that of pure uranium. The com­

position of the limit carbonitride is s t i l l very close

t o U, Pu (Co,a NO,2)' but the MC2 phase i s now suppr es sed

with a corrJ sponding s i mpl i f i cat i on of the diagram near

the carbi de s i de .

III - Cm:PATIBILITY :STUDIES

III. 1/ A simple compatibility test in the ternary syst em carbide­

type fuel, s odi um, s tai n l es s st ee l ha s been devised : fuel

samples, massive or in powder, ar e sea l ed in a stainle s s

steel pot with a l1e i ght e d 316 L S. S. pIaquetrt e in pres ence

of a large excess of sodium. The plaquette, I mm thick,

is cut to fit exact l y in the sample holder of a Phillips

X ray gon i ometer . Af t er heating at 700°C during about

1.000 h., the containers a r e opened an d the exces s s odium

r-emoved by filtration. The f ue l sample and t he pLaque't t e

ar e thoroughly 'l a shed with butyl alcohol. The pLaque t t e
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i s weigthed again and i mmediat ely submi t t ed to X ray ana­

l ysis. Control analysis is also performed by metallogr aphy

fo r t he plaque t t e and by X ray and metallography f or the

fue l sample . No mechanical mea surement be ing avai lable for

the plaquet t e, a v er y t r i v i a l ben ding t est has been used

in order to display any gr oss change in mechan i ca l pr oper­

ties of t he stainless s t ee l . Fina l l y , aft er thes e non des­

tructive t est s, the carbon content of t he plaquet te ha s

been detel~ined , in mos t of the cas e s by chemical analys i s .

III. 2/ Befor e going to carbonitri des, pre l imi nary tests wer e per­

fo rmed in order to check curr ent i deas conc erni ng the com­

pat i bi l i ty of UC fue l s . The s e were blank t est s (no fuel

sampl e ) and runs wit h graphi t e powder, pure massi ve UC2,
pure mass i ve U C and UC containing a sma ll quant i ty of

2 3
U C or UC2 • In the l a st ca se, the carbide was of t he same

2 3
overall composit i on, one of the samples being quenched

f r om 1. 900oC (practically all exces s carbon being present

as UC
2)

and the s econ d t hor oug hly annealed at 1 . 300°C

(all ex ce s s phase U2C3 wi t h no UC2). The excess carbon

lia s about 5 %.

Fortunat e l y , the blank test s gave r epe atedel y no detectable

change in t he plaquette f or a ll kinds of controls, ex cept

may be met a l l ogr aphy . At t he other end of t he s ca l e , gr a­

phi t e produce a st r ong carburisation visible to naked-eye.

The plaquet te ha s become t amished an d increased in wei ght

2 , 8 mg/cm
2

; t he X r ay pattern displayed , as i de t he aus­

tenit e lines , all the lines characteristic of the cr
23

C
6

phase . Furthermore , the plaque tte has become britt le.

UC2 and U2C3 exhibit a drast ically dif f erent be haviour.

The UC2 pellet i s destroyed wher ea s U
2C

pellet is still

int eger ( s ee X r ay radiogr aphy f ig. I IIJ. X ray analysis

shows that UC2 ha s compl etely rever sed t o monocarbi de .

The a cc ompan ying pl aquet t e di spl ays all the features of
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the one heated with graphite powder. From the intensity

of the cr
23C6

lines a oarburization equal to 70 %of that

given by free carbon can be inferred. In contrast, no

change can be evidenced in the U2C3 pelled and the oorres­

ponding plaquette is identical to the blank one. In pa1'­

ticular, no cr23C
6

lines can be detected, despite the fact

that this test, as it will be seen further, is a rather

sensitive one.

Finally, the UC containing UC and U C pellets gave
2 2 3

a pparently classical results. Met a l l ography reveals that

UC
2

is progressively leached out from the UC matrix,

while UC containing U2C3 pellet remains unohanged. This

could be be due to the fact that UC
2

is easily semi­

quantitatively estimated, nevertheless no diminution

of the U
2C3

content, even at the edge of the pellet, is

noted (fig. VI). In both cases, carburization evidenced

by the presence of faint but complete pattern of Cr
23C

6
is roughly the same.

III. 3/ Aftsr these first ex periments giving rather expected

results, (except may be the complete inertness of ura­

nium sesquicarbides) a complete set of carbonitrides

with N content varying from 0 to 100 %, with and without

Pu and sesquicarbide phase, were subjeoted to oompatibi­

lity tests. All the fuel samples were in powder form, in

order to accelerate the carburization process. The condi­

tions were 700 oC, 1.000 h. Results are given in table I.

Some plaquette X Ray patterns corresponding to typical

cases are shown on fig. IV.

In these experiments, the plutonium content of the fuels

studied was 15 %.

The ratio of the intensities of the X ray line 440 of

cr23C6 and 200 of austenite in taken as a measure of the
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I I I

I M2C~ I lle i ght 1Carburization 1 Increase in I
Icont nt! change I extent 1carbon content 1

% lin mg/ cm2 \ 1 (ppm) 1, \ ! 1
! I - -I

gr aphi t e + 2 ,8 1 .000 111.450 ~ 1.500 1
1 1

UC no + 0 ,8 168 1 1 .140 + 250 1
1

(UPU)C 10 + 0 , 05 176 1
1

(UPu)C no - 0,7 174 1
1

(UPU) C85N15 4 + 0,12 180 I
1

(UPu) C
85

N
15

no 1 + 0,14 230 770 : 150 1
\

1 UC 75 N 25 no 1- 0,05 136 840 ~ 150 1
1 I 1
1 (UPU)C 70 N 30 no 1 + 0,62 170 1 .620 ~ 300 1
1 1 1
1 (UPU)C 65 N 35 no 1 - 0,04 120
1 1

UC 50 N 50 no 1 + 0 ,22 124 1 .080 ~ 250
1 I
I UC 20 N 80 no 1- 0 , 10 152 270 ~ 100
1 1
! UN I °1 1
! (UPu)N - 0,28 ° 170 ~ 100
!

TABLE I - Carburization of stainless st ee l 316 L after 1 . 000 h at

700°C, in s odium, by di f ferent fuel samples .
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carbur i zation extent. This r a tio has been no rmalised to 1.000

f or gr aphite carburi zation, and i s given in the l ast column

of t ab l e I .

The weight chan ge s a r e pr obab ly no t s i gn i f i can t , due to a

poss i b l e small er os i on during washi ng ; ca r buri zat ion ext ent,

a s given by X ray , is in gene r a l qual itative ag r eement wi t h

an a lyt i cal r esul t s. Quant itat ively, the agr eement i s r at her

poo~ , X r a ys re sul t s be i ng obviously more s en s i t i v e t o sur­

face carburization and f or this reason an a lyt i cal r esult s

ar e considered to be more repres entat i ve of true carburiza­

tion an d they are report e d on f ig . V.

These result s are r at her puzz l ing . They show t hat, ex cept f or

pure nitrides , a s l i ght definite carburization i s observe d,

r oughly the same for a l l compoun ds. ~ost surprisingly, thi s

ca rburi zation doe s not depen d on t he sesqu i ca r bide cont ent.

Corre s pondingly, t he pr esence of nit r ogen chan ges nothing

t o the compatibility pr oblem, except of cour se f or pure

nitrides. In t his l a st ca se, t he pl aquette X ray pattern i s

t hat of pure austenite (no trace of l i ne s of an y kn ownchr o­

mium nitride co mpound).

In a l l ca ses, t he bending pr opert ies of a ll the pl aquett es ,

except in the gra phi t e ca s e , being t he s ame a s t hose of pIa­

quet te s of t he blank run.

The lattice pa rame t e rs of a l l t he s ampl es remain unchanged,

but somet imes sma ll traces of oxide appear . A strai t htforward

explanat i on of t he observe d r esults woul d be that carbon t rans­

fe r t ake s pl ace f r om the monocar b i de- t ype phase i tse l f. I f

t his wa s true, it woul d be likely to observe a decrease in

carburization wi t h increa sing nitrogen cont ent, a s carbon

activit y de cr eases. Thi s i s not f oun d .
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A more pr obab l e explanation involve s a possible role of oxy­

gen cont amin ation of the s odium. Tr ace s of oxygen would oxide

the fuel, giving f r ee carbon as a ct ual source of carburization.

In this hypothesis, s l ight oxydat ion of highly nitrogen charged

carbonitride s wou l d gi ve free carbon inst ead of f ree nitrogen.

Experiments are currently car ried on to check this hypot hesi s .

As a provi s ory conc lusion, we may s t at e that strictly s pea­

king , only pure nitrides are compatible wi t h s tai n l ess stee l ,

sodium being pre s ent. For ot her compounds, t he pr esence of

U2C3 a s an impurity doe s not play any role in compatibility.

IV - TBE~IAL DIFFUSIVITY MEASU~l~fT S

IV. 1/ Although not as decisive as compatibility or swelling pro­

perties for fuel se l ect i on , thermal conductibility must be

known for proper fuel designing. A programm ha s been set up

for measurement of thermal conduct ibilit i e s in the binary

sy stem MC - 10m .

Two dif f erent appar atus , both using transient met hods , have

been set up :

a) a "l ow" tem perature appar atus , from room t emper at ure to

about 1.0000C using sampl es in the f orm of pel l et s as t hey

ar e rout inely f abr i cat e d ( about 12 mm long, 6 mm in diameter).

Through t liO ther mocouples about 6 mn apart, fitted in small

holes r adially dril led a l ong a s ampl e generatrice, t he at­

t enuat i on a an d t he phase shift 'Ii of a heat sine wav e are

recor de d . It can be shown t hat a b = ~, where LU is the

pu lsat i on of the s i ne wav e and D the diffusivity, pr ovi de d

that t he sine wav e is completely attenuated at the f r ee and

of t he sampl e and that a an d b are not too much diff erent.

( See for ex. ABELES ~d CODY (6)).

The apparat us has been found to w~rk sat isf act or i l y with pure

i r on an d nickel s tandards , de spite t he unusuall y short lengt h

of t he sampl e s .
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b) a high temperature apparatus, from about l.OOooC to melting

or decomposition temperature. Thin slices, cut in normal pel­

lets by spark-erosion, are he ated by a sinusordally modulated

electron beam. The diffusivity D can be deduced from the tem­

perature phase shift between both faces of the slice. Tho­

rough mat hemat i c a l treatment has been given by COWAN (7).
The rather complicated relation between the phase shift and

the diffueivity can be dealt with easily by working in such

condition that : A'( >~ so that it reduces to a fairly linear

r e l ationship between the phase shift A~ and the s quare root

of t he frequency f A,¥:: t l~ )~

rt It))

D =

IV. 2/ First mea suremen ts wer e made wi t h pure uranium carboni­

trides in order to determine the gen e r al shape of t he conduc­

tibility curve wi t h increasing nitrogen content. An immediate

dif ficulty is encountered in t r an s f orming diffusivity data in

conductibility data, using the formula : k = D ~ C , where p
and C are the density and the specific heat of the sample

res pectively. Speoific heat i s reasonably known for carbides
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but a wide discrepancy exists f or UN data, a s they ar e found

in ONRL ( 8) an d BIG (9) reports. Data given in the BMI r eport

have been prefer r ed, becau se t he corres ponding specific heat­

t emperature curve ha s a classical shape (the ONRL curve is

very unusual).

Finally, the relevant mol ar specific heat data are quoted in

the table II .

TAIlLE II

UN

UC

50 200

12,8

13,95

500

13,9

14,8

1.000

15,22

1.500 2 . 000

(16,1)

corres pon ding identical values have been assi gned to PuN and

PUC and the s peci f i c heat of an y M (CN) compound deduced from

linear combination. Such procedure is certainly justified in

connection uith the UN dat a uncertainty. 11ean r esults found

for puref UN and UC are compared on figure VII. In accor dan ce

ui t h pr ev i ous r esult s (10), t he UN conductibility is found to

be louer than t hat of UC at 10~ler temperature. The s i t uat i on

is r ever sed beyond ab out 900 .oC, instead of 700°C after BMI

re sult s. The conductivity ca i n f or UN at high temperature re­

mai ns smal l , a definite pos i t i ve s l ope being found f or mono­

carbide a l s o .

Results in the UC-UN binary system are report ed on fig. VIII

for four temper atures. Des pite some ex perimental scat tering,

t he gener a l shape of the conductivity curves against composi­

tion i s clearly out lined. Al l these curves pass through a mi­

nimum ne ar 30 %nitrogen, wha t ever i s the temperature. This

mi n i mum i s deeper, t he 10Her i s the temperature.

f UC
UN

800 ppm oxygen, 1. 300 ppm nitrogen - d
800 ppm - a = 92 %d.t; h
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IV. 3/ The SaDe kind of measurements have been r ep eated in the

HC-Jill binary, t he Pu cont ent being f ixed at 15 %. Si n ce gene ­

r ally any k i nd of l at tice defect dimini shed t he thermal con­

ductivit y, k i s expect 0d to decreas e wi th pl ut on i um i ntroduc­

tion. This is f oun d t o be the ca se. In f igure I X a re compared

t he con ductibility curves agai nst t empe r at ure, for UC, (UPU)C

an d Ul" (UPu)N. Dot t ed CUlve s corres pond to avai lable re sult

i n the l it terat ure . In contrast wi th pure uranium compoun ds,

the (UPu)N conduct ivity r ema ins s l ight ly l ower t han that of

(UPU)C even at higher t emper atur e. The conductivity los s,

with r espect to ur anium compound is about 15 5~ fo r (UPU)C

and 20 %for (UPu)N, at 1.400 oC.

Fi g . X r epr e sent s t he con duc tibility var iat i on against nitro­

gen content in t he pseudo- binary KC- IJ, at f ixed Pu concentra­

tion equal to 15 %. These preliminary r esult s indicat e a

smooth variation of k beetween !.iC an d 1·;N \li t h a flat mini mum.

At 1.500oC, t he conductivit y appears to be pr act i ca l l y cons­

tant f r om MC to ~m .

v - SU1:J iARY AND CONCWSIOnS

Compatibility an d thermal con ductivity measurements have

been made i n t he binary system HC- ),]' . Al though far to be compl ete

t hey are nevert hele s s suffi cient to get a ge ner a l idea about the

fuel behaviour wi th re spect to the se mai n pr ope rt ie s : From

compat ivility r e sult s super ior i t y of nitri de fuel s emerges .

Neve rt he less , it wou Ld be premat urate t o b a .ie a choice on this

appa r ently clear adv an t age, a s l ong as the compatibility be~

vi our of monocar bi de fue l s i s not bett er un der st ood. In par t i cu­

lar, bad re sult s ex perienced in t he early days of uranium car­

bides, could be not extrapolat ed to pl ut onium fuels, a s f a r as

UC2 alone may be t aken as r esponible of compatibility l ack.
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On the other hand, thermal conductivity data are

slightly in favor of pure monocarbides fUels. It then ap pears

that not one of the properties studied doe s offer a decisive cr~

teria for selecting a given carbide-type fUel. The same balance

would be met if secon dary properties like corrosion re sistance

or thermal stability were taken into consideration. It wou l d be

difficult to wei ght a priori the relative i mportance of all

these properties and there is now a strong feeling that decision,

if any, must come from extensive irradiation experiment s. Such

experiment s are now currently in Fr ogr es s , where representative

fUels, pure carbides, pure nitride s ~1d carbonitride s with 30 10
nitrogen are irradiated in conditions as sev er e a s possible.
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UlVI.NIUM- PLUTONIUM NITRID~S : FABRICATI ON AND FROPERTIES

W. M. Pardue, F. A. Rough, an1 R. A. S~ith

Abst ract

Synthesis of nitride PQwuers has been acc omplished by a
successive hydr i de- ni t r i de -vacuum out ga s treatment of the met alli c
elemen~s . Dens i f ication of t hese powders into useful pellet or
r od fo r m can be accomplished by hot pr-as sdrig or sint ering . Prope r ties
of impor tance f or r eactor design have been mea sur ed and include
volatilization t en1encies relating t o vapor -phase transport under
thermal influence s , t hermal conduct ivity , an1 chemical stabilit y
of t he fuel s i n cont act wi th pot ential LMFBR (liquid met al fast
breeder r eactor ) cladding and cool ant mater ial s . Grain- growt h
behavior of high- dens i ty specimens al s o has been 1etermined .

Wi l liam M. Par due , Frank A. Rough , Roy A. sr~ith, Divis i on Chief,
Res earch Fellow , Pr oj ect Leader; r espe ct ively, wi th Bat t elle Memor i al
I nst i t ut e , Columbus Laborat ories , 505 King Avenue , Col umbus, Ohio.
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Introduction

Those known or conj ect ured phys i ca l and che mical propert ies
of (U, Pu) N indicate a str ong pot ent ial fo r LMFBR-fuel appl i cat ions .
The fuel composition of pr i mary interest is a s ol i d- s olut i on al l oy
of UN-2 0 wl o PuN. Those data reported her ein were obt a i ned on a
Battel l e-Columbus program that has the objec t ive of establ i shing the
pot ential of (U,Pu )N ~BR fuels .* While other sites are enGage d
i n simi lar resea r ch, the br evi ty of t hi s pape r precludes detailed
di scus sion of data f rom those effor t s .

Powder Synt hes i s

The major i ty of UIi- PuN powders have been pr epa red either
by t he mecha ni ca l mixi ng of separately pr epared PuN and UN p~Nders

or by direct gas- s ol i d reactions on arc-~ast uranium-plutonium
buttons . To date, the mechanical mixing appr oach has r eceived
maj or at tenti on at Bat telle -NortrrNest (1) and Los Alamos (2), whi l e
arc-cast uranium-pl~toni'xn butt ons have been used as f ee d ~terial

in most of the p~Nder synthesis at Bat telle- Col umbus . Since t he
synthesis of both lnr and PuN us i ng a meta l -hydr i de - nit r i de approach
(a f i nal U2N~ vacuum- decompos i t ion heat tr. ea tment is r equired in
UN synthes ~sl has received r a t her wi despr ead ~eporting , the de ­
scri ption of powder synthesi s wi l l be rest r ict ed herei n t o t he
use of uranium-20 wi0 plutoni um feed mat er i aL

I n the a s-cast condition, uranilL'll-20 ·4 0 pl ut onium buttons
appea r met allogr aphica lLv as a severely microcracked metast able
s oli d sol~tion . I n thi s condition t he alloy i s qui t e su scept ibl e
to oxidation and requires either protective stor a ge or i mmedi ate
pr oces s ing after casting . The butt~~s ar e not amenabl e t o direct
ni t riding and r equire an interl~diate hydr ide step before subsequent
r eaction with nitrogen . HYdri di ng temperatures r ange f rom 200 to
400 C, whi le r eaction of the hydride preparat ion wi t h nitrogen
proceeds quite r apidly at 650 C.

The rate of r eaction is cr i t ical durine the i nitial
hydridins and nitr i ding s tages . Bot h of thes e r eactions ar e exothermi c
and , i f t hey proceed too r apidly, will -result i n overheati ng and
l ocali zed me l t i ng , an occurrence which ~s ually r esults i n a f i nal
powder pr oduct cont aining s ome particles that are deficient in
nitrogen . The use of r educed (be l ow 1 atm) hydrogen or ni t rogen
pr essur es combi ned wi t h 101-/ furnace heating r ates ef f ect ively
cir cumvent s this pr oblem of over hea t i ng during ini tial hydriding
and nitriding .

L, t he as-nitrided conj ition , t he pOl'1der s contai n appr eciable
amount s of uranium sesquini t r i de (U2N ). Nit r ogen conbent s of 6 .0 wi 0

or above are typical (as opposed to a3stoi chi ometric va lue of 5 . 55 w/o ) .
Whi le the format ion of hi gher ni t rides somewhat r educes powder homo­
genei t y , lattice parameters indicate cons i derable al loyi ng of UN and
PuN. A 5-hr vacuum treatment at 1400 C has been ef fec t i ve in
el i minat i on of sesqui ni t ride .

* Wor k perfor med under AEC Contract W- 7405-eng-92 .
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Prn~der Densification

I n general , UN, PuN, a nd UN- P.lN alloys sh ow s I mi.Lar
densif i cati on char act er i stics during sintering and hot pr es s i ng .
There is some i~d ication t hat P.lN may be slightly more amenable
t o si nt er ing and hot-pr es s i ng dens i fica t ion than ei ther UN or the
mi xed nitri de all~Js .

Hot Pressing

Both uniaxi al and isostatic hot - press ing techni ques are
suitable f or preparing bodies of good pur i t y with dens ities approx­
imately t he or etical . The more ef f i ci ent appl i cat i on of pressure
in the isostatic hot pres s ing enables the densificati o~ of complex
shaped specimens or specime ns having high l ength-to-diameter ratics .
Tabl e 1 includes characterizat ion da t a f or mater i al fr o~ a 3- i n . - l ong
by 0 . 5- i n . - di amet er (Uo R~u8 2 )N spec imen that was i s os t at ically
hot pressed for 4 hr a~ 'IbO ·c and 10, 000 ps i .

Tab l e 2 i ncludes densities and uniax :i.al hot- pr ess ing
paramet er s f or se veral (Uo SPuO 2)N specimens . The use of a barrier
l ayer of t antalum foi l f or'pr evention of carbon diffusion fro~ the
graphi t e dies into the specimens i s required wben t he hot - pr essing
t emperature exc eed s appr oximatel y 1600 C. Figure 1 shows a t ypical
~iaXially hot pre ~sed . (UO•S:U0 .2) N ~icrostructure containi ng s ome
f1ne , sec ondary oX1de 1nclus10~s .

There i s one potential pr oblem when nominal UN-2 0 -4 0 P.lN
prn~d ers prepared us i ng a hydride-ni t r i de-vacuum de gas cycl e on
arc-cas t butto~s ar e t hen used as fe ed mat er ial for spe c imen fab­
rication by hot pres s i ng . As pr epared , these powders have a wi de
range in particle sizes with t he different-size particles varyi ng
in both gr a i n s i ze and pur i ty . I f segr egat i on of the different
particl~ s i zes occurs during handl i ng , specimens hot pressed fr om
t he same paNder bat ch may have markedly different microstructures.

Sinter ing

Si nt ering i s of i nterest as a pot ential ly economical
appr oach f or t he densif ica t ion of f uel pellets on a pr oduct i on sc a l e .
The di fficul ty posed here , h~ever , is that UN, PuN, or mixtures
of these t wo c ompo~~ds ar e gener ally quite r esistant t o sintering .
I n the abs~nce of any dev eloped sint er ing aid for these materials,
the appr oach of us i n3 an ext r emely f i ne p~der has bee~ r equir ed
t o obt a i n sufficient surf ac e act i vi t y for sintering .

Table 3 includes r esults for ball- milled ill! powder-s
s i nter ed fo r 3 hr under various conditi ons of time a nd tempe rature .
The paNder s were wet ball milled for 16 , 32, or 64 hr i n a st ainless
st eel mil l co~taining t ungs ten carbi de - cobalt balls and nanograde
hexane . The r es ults sh aN t hat densities in the r ange of 95 per cent
of t heor eti ca l ca n be obtai ned by nitrogen or argon sintering at
1900 C. At 1500 C, vacuum sint er i ng is more effect i ve t han ar gon
or nitrogen s i nter ing . Al s o, bal l mi l l i ng in exce ss of 32 hr
apparently pr ovides negligibl e i mprovement i n densification.
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(1)

Figure 2 sh~ws a micros tr~cture of Specimen 9 Nhich was
s i nt er ed to 93 .5 percent of theoret ical density at 1900 C i n argon .
The dark spherical por es have bee n sli ght l y enl arged dur i ng met a l lo­
gr aphic etchi ng .

A wide r ange of pr operties is of i nter es t i n t he deve lopment
of nitr ide f uel mater ial s . PJl'lder handleability , or ~h idation r es i s ­
tance , and grain-grrn~th ~haracteristic s a~e of importance i n t he
fabr icati on of speci mens of contr ol led purLt y and mi cr os t r ucture . I n
additi on , fuel vol at i l i ty , t hermal conducti vity , and compatibi l ity
wi th cl addi ng and cool ant mater ial s ar e f act ors which ar e of pr i me
i mpor t ance i n deter mining in- pil e fuel per for mance .

Thermal Conduct ivi ty

The ther mal conductivi t ies of UN, PuN, and sol id- s olution
(Vo SPuo )N have been det er mined over the r ange of 300 t o 1000 C .
Thermal c~nil uctivities of these maber-Lal,s 'wer e determi ned by
mea sur i ng the ther mal dif fusivity acr oss di sk- shape d specimens using
a f lash- l a se r heat -pulse t echnique and t hen ca l culat i nG the r mal
conduct ivi t y val ues from the r elat i ons hi p

k = O' C p,
p

where Q' i s the t he rmal diffusivity i n cm2~sec , C i s t he spe ci f i c hea t
i n cal/ (gm ) (C) , P is t he dens i ty i n gm! cm , and ~ is the t hermal con ­
duct i vity . 111 the abse nce of exper imental ly mea sur ed specific hea ts
f or PuN or (V, P~ ) N so l utions, t he spec i fi c heat of UN was used i n
ca l cul at i ng the respective ther mal conduct iviti es . Specimen densiti es
were cor r ec t ed fo r vol unet r ic t hermal expa ns ion u.:: !gg l i near t hermal
expans i on c oeffic ien~s of 9 .7 , 11 .2, and 9 .8 (x 10 i n ./in ./ C) f or
UN, PuN, and (V gP.I

J
) :-l , r e spect i vely . The t her mal expa ns i on val ue

f or (Vo 8Pu~ 2 )~'was t hat act~lly obtained for a (vo R~ P~o l S)N specimen .
• Tn~ t hermal conduct i vities cal cul at ed f rom tn~rmal-d iffusivity

da t a and corrected t o 100 percent of oheor et i ca l dens i ty ar e pr esent ed
graphical l y as a f Ql1ct i on of t empera t ur e in Figure 3 . As can be seen,
t he t hermal conducti vity of PJN i s l~l'Ier than that of VN wi t h bot h
mat er i a l s sh owing a gener a l increase i n thermal conducti vi ty with in­
cr eased t emper atur e . The r ea s on for the di scont i nui t y i n t hR PJN
curve at appr oxi mat ely 560 c: i s uncer t a i.n and may be indicat i ve of a
hypostoichi o~etric mater ial (q simi l ar di sc ontinuit y was not ed f or
a spec i men cont a i ni ng a s l i ght t race of f r ee pluton~um met a l ) or of
some mor e fundamental behavi or of PuN.

Thermal - conductivi t y cur ves for two di ffer ent (V 8P~0 2 )N
specimens ar e i ncluded i n Fi gur e 3 . The Lower cur ve was og(;ai ned
for hype r stoi chiomet r i c mat er ial cont.ai ni ng a slight amount of V

2
N,

and sh ows a leveling of f i n condu:::tivity at 700 C. The upper curve
was obt a i ned for material cont ai ni ng onl y slight oxi de inclusions

372



a s a metallogr aphically di stingu:.shable sec ondar y phase . The cur ve
sh~ws a dis continui t y at approximat ely t he same t emperature as that
noted f or FaN and shows a l evel i ng of f i n conduct i vity at 1000 C.
Additi onal wor k i s required before the differcn~e in shape and
magnitud~ of t he two (UO•gPuO•2) N t hermal -conduc t i vity curves ca n
be expLaf.ned ,

Gr a i n Gr owt .h

Grain growth in high-dens i ty s ol i d- s ol ution (Uo 8~10 2 )N
specimens bec omes r apid as t he t emperatur e exceeds appr oxi mately
1700 C. This i s shown i n Figure 4, whi ch also i ncl udes , f or com­
parison , gra i n-gr o,Tth data f or high-pur ity (300 ppm by weight oxygen )
po;vder -metallur gy UN. W-li le the t empera t ur e a t which grain growt h
becomes apprec iable is t he same f or both curve s , t he (Uo 8Puo 2 )N
app ears mor e r es i st an t t o grai n gr owt.h , It i s not known ' whet ner
t his grea t er r esist an ce is r elated to t he se condary oxi de inclusions
pr es ent i n t he mixed nitr i de mater ia l or to s ome other f actor .

Fi gur e 5 sh ows a phot omicrograph of a (UO gPu )N spec imen
which r ec eived a 50- hr t r eatment at 1800 C. The as ~rab~r~ated
mi cr os t r ucture of t hi s mater ial was previously sh~wn in f igure 1 .
It i s eviden~ i n compar i ng Fi gure s 1 and 5 that t he 1800 Cheat
treatment r esult ed not only i n ap~reciable grai n grOlVth but al so
in appa r ent ly complete solution of secondary oxi de i ncl usions .

Initial gra i n s i zes for t he UN and (U s Pu 2 )N specimens
were 30 and 44 ~ , r es pect i vely, while specimen gens i~ie s were 99 percent
of t heor eti ca l.

Vol at i lity of PuN and (U,Pu) N

Eff usion determi nations have been made f or PuN in a tungs t en
effusion cel l with an ~ifice 1.1 rom i n diameter . I n addition , f ree
evaporat i on exper iment s have been conduct ed on PuN and (U,Pu)N i n
t he t emperature range of 1523 to 1823 K. Effus i on expe riments
have bee n per f ormed at 1985 , 2090 , 2195 , and 2300 K. No i ndication
of a t i me-dependent tran spor t was obse r ved , and examina t i on of the
char ge mat erial after the exper iment s i ndi cat ed that t he over all
compos i tion had not markedly cha nged f rom t he or igi nal single-phase
PuN mat er i al. Us i ng t he a s sumpt i on t hat t he PuN vapo r i zes as
elemental plut on~um and nitrogen , an as s umpt i on which i s s omewhat
supported by the obse rvat ion t hat the conaensa te collected was metallic ,
the pre s~gre s of plu~gnium deter~~ned a t the ab o~~ t emperatures. are
6 .1 x 10 ,2 .3 x 10 , 8 .0 x 10 , and 2 .2 x 10 a tm, r espect lvel y .
Should the as sumpt i on of congr uent vaporizat i on be maae , t hes e val ues
ar e high by approximately 3 percent . The above da t a were f itted to
t he f ol l O'ili ng expr es s i on :

l og FPu ( ~tm ) = - 22 , 900/ ToK + 6 .30 .

Vacuum-fus i on analys i s of t he P~N used in the vapor i za t i on st udi es
indi cat ed that t he mater i a l contai ned nearly 2 .8 mo12 per cent P~ O;

hJ wever, t his oxygen appear ed t o be in sol i d solut i on wi t h t he PuN
based upon met a l l ogr aphi c evaluat ion .
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The solid-solution alloys of UN and PuN show lower volatiliities
t han una lloyed PuN. This is evident i n Table 4 whi ch includes results
of free- eva poration weight- l oss experiments on cylindrical PuN, UN,
(UO 85 Pua 15 )N and (Uo !'\Puo ? )N specimens . L, comparing t he data
a t 15, 0 ; it is noted · tha~ ·~eight losses for the (U 8 Puo )N
and (Uo. 80PuO.20) alloys approximate one - fif t h and oHe -fourt~;
r espect t vely, of t hat f or una l loyed PuN.

Again, assuming t hat PuN vaporizes as el emental plutonium
and ni t r ogen , the ~gor press ur e of PuN ca l culat ed from these data
at 19·35 K i~3 x 10 at m and is i n good agreement with the value
of 6 .1 x 10 at m determi ned by ef f usion techniques .

Compatibility

The objective of the compati bili t y ef f or t has been t o es­
t ablish the r eactivit y of s ol id-solution (Uo !'\PuO 2 ) ~ t oward potent ial
LMFBR cl adding mater i als and s odium . Compati15i1J.ty hea t treatments
be~ween 700 and 1000 C have been performed using specimens with
t he f uel and claddi ng either sepa~ated by a 30-mil l ayer of s odium
or i n di rect cont act . Claddings investi gated include Type 304
st ainless steel, ~fpe 316 stainless steel, CRNL modified stainless
steel (es sent i ally an 18- 8 stainless steel wi th 0 .155 wlo Ti) ,
Inco.Loy Alloy 800 , In~ onel 625 , and Nb - l wloZr . Compatibility heat
t reatments ut i lizi ng UN and p~ wit h s ome of these same cladding
mater i a l s wer e conducted, a s were t hermodynamic calculations t o
a sc er t a i n t hose claddings which might show t he gr eates t t enden cy
to r eact with UN or (Uo !'\PuO 2 )N .

Included i n TAnle 5 are s ome r esults of various compatibili ty
hea t treatments . The oxide l ayer noted on sever a l of t he fuel pellets
in the sod ium-bonde d spec i mens is bel i eved t o r eflect a gett er ing
of oxygen f rom t he sodium . Where Types 304 and 316 stai nles s s teel
have bee n investigated wi th UN, PuN, or (Uo !'\PuO 2)N i n t he pressur e­
contact ed or sod i um-bonded capsules, compat i ni l J.t y has been excellent
at 1000 C. Those claddings which sh ow S Q~e tendency to r eact or
form nonoxide layers on the fuel are t he nickel-base I ncone l 625 al loy ,
I ncoloy Alloy 800 , and the CR NL modified stainless steel.

Those r eaction products noted between t he nitride specimens
and the above cited cl adding mater ial s have not been identified and ,
t herefore , reaction mechanism s cannot be concl us i vely put forth . I t
is cons i dered likely that t he slight r ea ction between UN and CRNL
modi f ied stainless i s r elated t o r eacti on between excess nitrogen
(U2N

3)
i n the UN and titanium i n the cIaddi ng alloy .

Summary

The synthesis of mixed nitride powders using a bydr ide­
nitride- vacuum outga s approach on arc-cast ur anium-20 wlo plutonium
is readily accompl i shed . I n the as-synthesized condition , these
powder s are par t ially alloyed and t hus can be fabricated into
chemi cally homogeneous bodies using relative ly sh ort time s and
moder ate t emperature f or densification . Both uniaxial and is ostatic
hot press i ng have bee n demons t r at ed a s exce llent approaches f or
f abricating high-dens i ty nitride bodies of good pur i t y .
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Of major significance toward improved economy in ~ixed­

nitride fuel fabrication are the indications that high-density
bodies can be attained by sintering of fine powders. With the
application of t his approach, the intimate mixing attainable during
powder comminution enables the use of separately prepared PuN and
UN powders.

The combi nat ion of high thermal conductivity and good
comp~tibility wi t h sodium and potential LMFBR cladding materials
are par t i cular ly adva ntageous f eatures of (U,Pu)N fuels. Grain­
growth and volatility measurements indicate that thermally induced
compositional or microst r uct ur al changes will be negligible at
typical LMFBR operat i ng t emperatures of 800 t o 1000 C.
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Ceramic Societ y Meeti ng, October 26 -28 , 1966, Portland , Oregon.
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Table 1. Results f rom X-Ray Diffraction, Chemical, and
Metallographic StUdi~ s )on I s ost atica l ly Hot
Pr essed (UO•8PuO.2)N a

Dens ity, percent of t heor et i ca l
Microhar dne ss, DPH (l OOO-g l oad)
Nitrogen Content , wlo
Oxygen Content , ppm
Hydr ogen Content, pgm
Lat tice Parameter, A
COCide I ncl us i on , vlo
COCygen Present as OKide I nclus i ons , ppm
OKygen Pre sent i n Solid Solut i on , ppm

99 . 4
622
5 ·29
2261±1<"l4
29±23
4.8920±0. 0002
1.4
1200
1060

(a) Hot pres sed f or 4 hr at 1600 C and 10,000 ps i .

Tabl e 2 . Uniax ial Hot - Pr ess i ng Dat a f or (UO•8PuO•2 )N

Lengt h :Diamet er Hot- Pressed
Ti me, Pressure, Ratio of Hot - Density , p~rce~t )

mi n Temper-at.ur-e , C psi Pr es sed Sp~cimen of t heor et i cal a

5 1850 18 ,000 2 . 54 98 .6
5 1850 12, 000 1. 52 93 . 5
5 1850 18 ,000 3 ·05 97 .1
5 1850 18 ,000 2 .80 94 ·4
5 1900 23 ,000 3 .05 99 ·8
5 1850 21 ,000 3 .05 97 .1
5 1850 18,000 2 .72 99 · 5

-= ==--=-=-=
(a) Mea sured and wei ghed densities af ter hot -pr essed speci mens wer-e

machi ned t o shape.
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Table 3 . Si nt er i ng Results for Bal l -Mil led UN Powders

Sintered
Sintering Parameters Density ,

~l1(lJI;l1ing Temperat ure, Ti me--; percent of
Speci men Tlme ,hr Atmosphere C hr theoretical

1 16 Vacu um 1500 3 77 .8
2 32 Vacuum 1500 3 83 . 3
3 64 Vacuum 1500 3 38 .1
4 16 Argon 1500 3 73 .1
5 32 Argon 1500 3 67 .6
6 64 Argon 1500 3 68 .9
7 16 Argon 1900 3 92 .0
3 32 Argon 1900 3 94 .4
9 64 Ar gon 1900 3 93 . 5

10 16 Ni t rogen 1500 3 75 .0
11 32 Ni t rogen 1500 3 76 .0
12 64 Nitrogen 1500 3 76 .2
13 16 Ni t r ogen 1900 3 93 .4
14 32 Nit rogen 1900 3 94 . 8
15 64 Nitrogen 1900 3 96 · 5

(a ) Particle size less t han 4 . 5-1J. diameter .

Table 4. Data f or PuN, UN, and UN-PuN Volatility

Nit r ogen Content, wlo
Befor e After

Heat Trea t ment Heat Tre at mentMater ial

PuN
PuN
PuN
PclN

(~o . 8f>~0 . )rt)N
~ iP· 8Pu° · 2) N
( Uo . 8puO•2 ):<

O'§N 0 .2

Temperature
of 5-Hr
Vacuum

Treatment,
C

1550
1450
1350
1250
1550
1550
1450
1400
1600

5 .24
5 .33
5 .33
5 · 33
5 .34
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5 .20
5 .31
5 .30
5 .34
5 .42

Wei ght
Los~

'd.. '::IE.-_

0 .0924
0 .0207
0 .0031
0 .0005
0 .0148
0 .0213
0 .0013
0 .0003
0 .0045



Tabl e 5. Compatib ility of Nitride Fuels With Cladj i ngs

W
-.J
00

Fue l

( U
O• S

Pu
O

.
2

)N(a ,b )

PuN (a )

lJ.J(b,c )

Ti me , Tempera t ur e ,
Cladd in5 hr C Results--- ---

Type 304 s t a inles s 1000 1000 No r eact i on
Nb-l wlo Zr 1000 1000 No r eac t i on
Sod Lum-b onded T'/ pe 30)+ s t a i nl.es a 3000 1000 Less t han 5 ~ of ox i de on fue l
Sc di um-bonded Nb - l wl o Zr lJOO 1000 Les s than 5 ~ of oxide on f uel
Sodi u:n- bonded mol. ybd en um 100 1200 Less t han 5 ~ of oxi de on f uel

Type 316 stain:es s 1000 1000 No r eac t i on
Incoloy Al loy SOO 1000 1000 No r eaction
I nconel 625 1000 1000 Less than 5 ~ of nonoxi de on fuel
Sodium- ':Jonded molybdenum 100 1200 Less t han 5 ~ of oxi de on f uel

OR NL modified stainl ess 1000 1000 Les s t han 5 ~ of nonox i de on f uel
In~ oloy Alloy SOO 1000 1000 s potty 5 ~ of nonoxide on f uel
In::onel 625 1000 1000 s pott y 5 ~ of nonoxide on f uel
Sodi um-b onded molybde num 5 1400 No !'eaction
Sodium-b onded 304 stainless 1000 1000 No r eact i on
Sodi um- bonded 316 s t a i nl es s 1000 1000 No r eac t i on
Sodium-b onded ORNL s t ainless 1000 1000 Les s than 5 ~ of nonoxide on f uel
Sodi um- bonded Incoloy Alloy SOD 1000 1000 10 ~ of nonoxide on fuel
Sodi um-bonded I nconel 62 5 1000 1000 5 ~ of nonoxi de on f uel

--
(a) Cont ained approximately 2000 ppm oxyge n .
(b ) Sl i ghtly hyperstoi chiomet r i c, sec ond- phase ni t r ide.
(c) Contained less t han 200 ppm oxygen .



125X E t ch e d PL2 758

FIGURE I. M ICROST RUCTURE O F (UO. 8 P uO.2)N DENSIF IE D B Y UNIA XIAL HOT
P R ESSING F OR 8 MIN AT 1800 C AND 18 , 0 00 PSI IN I ATM OF
NI TROGEN

A v e ra ge g ra in diamete r is 44 . 0 J.l . F in e oxid e i nclus ion s a re no ted in
the m ic rostructure . Ox y g e n , hyd rogen , and nit rogen analyzed a t
114 2 pp m b y we igh t , 27 ppm by w eight , a nd 5 .20 w /o, r e s pe c ttvely ,

750 X Etc h ed 7B 804

FIGUR E 2 . MICROSTRUCTURE OF U N SINTERED FOR 3 HR AT 19 00 C IN
A RG ON T O 93 .5 PERCENT OF THEORETIC A L DENSITY
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250 X Etc hed PL2S 30

FIGU RE 5 . MICROSTRUCTURE OF (U O. S puO. 2)N A FT E R A 50- HR HEA T
T R EAT M ENT A T IS00 C IN A SEALED TUNGST EN CAN

Se e F i gur e I fo r t he as -fa b r icated microstructure. Th e hea t
t reatment has effe c ted es s e n t ially complete solution of th e
seconda ry o x ide particles and increased the average g ra in
d iamet e r fr o m 44 .0 to 72 .2 u.

381



FRENCH IRRADIATION EXPERIENCE WITH

MIXED OXIDE FUELS FOR FAST-REACTOR APPLICATION

J. P. Mus telier

Abstract

An irradiation program of U0 2 Pu 0 2 mixed oxides has been
performed from J962 to 1966 in the thermal reactor EL 3 in
order to design the Rapsodi e fuel el ement. Po s t-i r r adia tion
examinations have shown that the de s ign of the fuel elem ent
was r ealisti c.
The reactor Rapsodie was raised to nominal power in Apr il
1967 and an examination pr ogr am on com plete subassemblies
was initiated in May 1967. To design and test the reference
fuel of the power fast reactor Phenix , an irradiation program
in both fast and thermal flux was initiated in the beg inn ing
of 1966 .

J. P. Mus telier Chef de la Sec tion du Plutonium Irr-adie
Associ ation EURATOM-CEA Neutr ons Rapides, Centr e
d I Etu des Nucleai r es de F ont enay- aux- Ros es, B. P . n" 6
F ontenay- aux -Roses - 92 - F r ance .

382



tntroduction

At the Commis s ar iat A I' Ener gie Atomi que, the behaviour
under i r r adiation of U02 Pu 0 2 mixed oxides, is s tudied from the
angle of their utilization as fast r eactor fuel. The main pur pose
of the firs t ser ies of experiment s was to dev el op and ch eck the
performance of the fuel of the first co re of Rapsodie (1). The
exper iments have now ended, the r ea ctor was raised to full
powe r in Apr il 1967 and an initial irradiated fuel assembly is
currently being examined .

To develop the fuel for Phenix, which is a 250 MW electric
fast reac tor project, a much more extensive pr ogram of irra­
diati on te sts than the las t one has been prepared and is now
being executed .

Behaviour unde r irradiation of Rapsodie 's fuel el ements

Or iginal ly two fuel s were envi saged for Rapsodie ; a metallic
fuel (U- Pu- Mo alloy) and an oxide fuel U0 2- PU 02. As a r esult of
th e fabrication trial s, the study of the metallurgical and phys ical
pr operties, and of the ir r adiati on tr ials, the U-Pu- Mo alloy, was
finall y abandoned because of inc ompa tib i lity with stainless steel
(for ming of a li quid phas e when 600 0 C was reached) an d excessive
fuel swelling . In 1963 a fuel element was chos en for Rapsodie
compos ed of s intered U0 2-PU 02 mixed oxide pellets in s tainless
cladding . The design and dimensions of the as s embl y and of the
fuel pin were fixed. In order to analys e the behaviour of full scale
pins under condi tions similar to those foreseen in Rapsodie, a
thermal neutron ir r adiati on pr ogram was car ried out in the EL 3
r ea ctor . Fig. 1 shows the des ign of the Rap sodie pin which ha s the
following char acte r istics :
Fuel : Sin te red U0 2-PU 02 with a 25. 91 % Pu 0 2 content
- Diameter of pelle ts : 5. 57 mm
- Density : 96 % of theor eti cal density
- Oxide- Clad diametr al gap : 230 + 80 11
- Stoi chiometry : 1. 96<0 <-1. 99
Cladding : Type 316 L stainle~ steel with integral helicoidal fin
- F iller ga s : Helium
- Column of pellets : spr ing r etai ned

Nominal operating conditions at 20 MW are the following :
- maximal specific power : 1310 w/cm 3
- maximal conductivity in tegral 26 w/cm
- sodium inlet tem perature 410 0 C
- sodium outlet temper ature 500 0 C
- hot spot temperature of cladding : 650 0 C

The pr ec eding data served as a reference to fix the thermal
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neutrons i r r adi ation parameters . Eighteen pr ototype pins wer e
i r r adiated in the EL 3 r eactor fr om 1963 to 1967. Thes e pin s wer e
composed of sinte red mixed oxide U0 2-PU 0 2 pellets with various
Pu 02 contents : 11 %, 20 % and 25. 91 % by weight. The cladding
was either 304 L or 316 L sta inless s te el. Des ign character i s ti c s
were va r ied fr om one pin to an oth er .
- oxide density : 84 to 97 % of the oretical den sity
- cl ad thicknes s : 0 . 2 to 0 . 45 mm
- diametr al gap betwee n oxide and cl ad : 30 ~ to 290 ~

- clad filler gas : Helium or Argon
- cap su le column r etaining sy stem : blocking by r igid tube or

flexibly by s pr ing
The s toic hiom etr y of the oxide var ied from 1. 97 to 2. 01

according to the case .
During ir r adi ation eac h pin is enc losed in a leak pr oof capsule

filled with sodium . The tem per ature of the sodium is measured by
one or more the rmocouples . The stai nless steel capsul e i s in tur n
placed in a Zir calloy tube for ming a suffici ently adequate heat
bar r ier to obtain a tem per ature of 500 0 C to 650 0 C on the clad at
the linear powers for es een . Burn up r ates are computed fr om the
activity of 1 % Co. Co-A! al loy flux monitor s fitted r ound the pins
and the aver age conductivity integr al s a r e deducted fr om pr eceding
ir r adiati ons .

The r esults of the pos t i r r adiati on examination of these pins
are given below together with the r esults obtained on a fi rst Rapso ­
die i r r adiated subas s embly .

Stab il ity of The P ellet Column
Axial Stability

The pins were exam ined radiographically after i r r adiation. In
ev ery case the overall pin length is unchanged wether the column of
pellets is r igidly or spr ing s ecured .

If spr ing secur ed, the oxide columns elongate s lightl y by ir r a­
diatio n and this varies haphazardly, pin to pin fr om 0. 5 mm to about
5 mm . It s eems possible to distingui sh the two following cases .
Low Conductivity Integr al (cent r al oxide tempe r ature under 1700 0 q ,
Shor t Ir r adiation Time, Littl e Heat Cycling .

Thi s is particular y so in the cas e of the 37 pins fr om the fi rst
Rap sodie s ubassembly which was examined af ter ir r adiation to
150 MWD/ t at a cent r al temp er atu r e of 1700 0 C max . El ongation of
the oxide columns r anged fr om 0. 2 to 0. 8 mm and was to be found
mainly in the gaps between the fla t sides of the pell ets . This effect
is shown in the radiograph of F ig. 2a .

High er Conductivity Integr al, Appr eciable Irr adiation Time, Much
Heat Cycli ng .
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The elongation var ies by 1 to 5 mm fr om one pin to the next,
but fuel colum n do not grow any more when the bur n up is r aised
fr om .3, 000 to 22, 000 :MWD/t.

With increased ir r adiation, the gaps between the pellets te nd
to disappear and no longer provides a guide as to the elongation of
the column and the pellets are welded to each oth er through th e
central zone. Fig. 2 b is a radiograph of the uppe r part of pin n ° 7.
The cent r al temp er a tur e is 1750° C, the burn up 4000 :MWD/t and
an increa s e in length of the fuel column of 4 mm has been measuzed
A1203 ma rkers placed in some columns made it possible to see
that the elongation rate of the column inc reases the closer one gets
to the pos iti oning spring .

The elo ngation of the pellet columns is therefor e a phenomenon
that appears as soon as ir radiation begins and th en satur ate s out. It
is clo sely related to the phenomenona of thermal expansion of the
column, fragmentation of the pelle ts and the inter -welding of
pell ets . In none of the cases was very great inter -pellet gap obser­
ved . It would seem, on the contr ary, that such gaps tend to disap­
pear at high bur n up .

Evolution Of Initial Oxide- Clad Gap - Dis tributi on of voidage in the
Oxide .

The nominal diametral gap of Rapsodie's fue l pin is230 ~ +8 0 ~

and con tains helium. The initial gap of the pins i rradiated by
thermal neu trons was between 30 and 290 ~ according to th e case .
After i r r adiation mic rogr aph cr oss-sectional me asurements of the
gaps between the oxide and the cl adding wer e made after vacuum
loading with araldi te, a polymerisable r esin.

In eve ry case it was obs erved that the initial gap diminishes
down to 30 to 40 ~ in all the pins that have been irradiated for a
sufficient length of time . The two following cases may be distin­
guished.

Pins With a Centr al Temperature Under 1700 ° C.
F rom the start of i r r adi ation the pell et s crack, thu s reducing

the gap. In the Rapsodie suba ssembly, after an irradiation of si x
hours at core temper atures of 1650 to 1700° C, the diametral gap
drops from 190 ~ to 140~. Fig. 3 shows a mic rographic sectio n
of an ir r adiat ed Rapsodie pin (central temperature 1650° C -
-r, 150 M\VD/t - 1 = 26 w/cm). The r adial gap between oxid e and

cladding is of the order of 70 u, With increasing irradiati on a s
well as ther mal heat cycling, the gap continues to de crease to a
minim um value of about 40 u,

Whe n irradiation conti nues for a suffi ci ent length of ti me, th e
cr acks were found to disappear in the grain growth area . Fig. 4 a
shows the micrographic s tructure of the ce ntral zone of pin n ° 8
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(central temperature 1650 ° C -1' = 21, 500 MWD/t - I = 20, 6 w/cm) .
A very gr eat gr ain boundary porosity is noti ceable . Fig. 4 b shows
the formation of this por osity by sinter ing of a crack , leaving holes
a t grain boundar ies . The disappear ance of the gap, thr ough the
cr ack an d cr ack disappear ance mec hanics , gradually pr ovoke s very
great grain boundary por osity in the equiax ed gr ai n gr owth zone
and the zone of columnar smal l grains. Ther efore considerable
de densificatio n of the oxide is noti ced in the central r egio n with
porosity inc reasing as the center is approached. In the case of
F ig . 4 for example, the average dens ity of the oxide of this pin
dropped from 00 % to 92. 5 % of th e theoretical, and in the cent r al
zone the dens ity of the oxide is only 75 % to 80 % of the theor eticaL

Pins With a Centr al Tempe r ature Exceeding 1750° C
Here al so the gap disappears by oxide cr acking . However ,

these cr acks ar e ver y uns table except in the peripher al zone . The
por os iti es migr ate to the center of the oxide by an evapor ation
condens ation pr ocess ; columnar grains form and a cent r al void
that appears to inc r ease with the inc r ease in li near power . This
effect can be seen in the macr ographic s ec ti ons of Fig . 5. The
average density of the oxide incr eas es instead of dimishing.

It should be noted, howeve r , that even when the linear power
is ver y high, the gap between oxide and cladding does not disappear
ver y quickly . Thi s i s what may be observed on pin n" 27, which
was ir r adi a ted for 4 1/ 2 hours with an initi al Argon filling of 190 11
at a maximum li near power of 670 W/ cm (maximum conducti vity
int egr al =45.8) . The oxide me lted, slumping to the lower par t of
the pin . Fig . 6 shows two mac r ographic s ections of this pin, one
of the uppe r par t of the pin with a cent r al hole , and the othe r one
of the lower par t of the pin , entirely fill ed with melted oxide. F ig. 7
shows the cor responding microgr aphic aspect of the two sections .
In both cases the diametral gap is s till 150 11 a t the end of ir r adia­
tion .

Heat Per for mance Of The Fuel - Evolu ti on Of the Oxide' s
Structure
The main nove lty of Rapsodie ' s fuel li es in the use of dense

non r ec tifi ed sintered pellets with a large gap of up to 310 11
between oxide and cladding . The question was posed as to the value
of the heat exchange coeffici ent s between oxide and cladding as
well as the conductivi ty of the oxide during de densific ation . None
of the experiments were carr ied out with thermo couples in the
oxide . The temper atur es were evalua ted by the following hypothe­
ses:
a) It is assumed ; in the manne r of Bates (2) that the outside limit

of the small column ar grains in i r radiation extendi ng over more
than a few days, correspond s to 1650° C in temperature .
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b) This value is checked against a temperature r efer ence mark
obtained by comparing the equiaxed grain growth with the
published kinetics (3), (4), (5). This temperature reference
mark is us ed mo stly for shor t time ir radiation extending from
a few hours to a few days .

c) The temperatures are calculated by using the conductivity
integral = f (G ) curve plotted for U02 - 20 % Pu02 by G. E . (6).

d) If the density of the oxide strays from the 95 % value, a porosi ­
ty correction of the shape k = kth (1 - 2p) is applied to the heat
cond ucti vi ty (7) .

e) The conductivity integr al i s corrected of the flux depression and
of the forming of the central void .

These hypotheses are open to question, of course. In particu­
lar , the exchange coeffici ent obtained by this process may possibly
represent the minimum value reached during irradiation.

Several cas es were con s ide red.
High Dens ity Oxide - Large Gap Between Oxide and Cladding .

Fi g . 5 shows a number of pins of increasing central tempe­
ratures . Table I indicates the character istics of some of them as
an exam ple .

As will be noticed from Fig . 3 and especially fr om the
micrograph studies , the oxide of the Rapsodie pin s irradiated for
about s ix hour s did not under go any change in structure, nor was
ther e any gr ain growth, and pins 7 and 8 underwent s ign ificant
de densi fication . Pin 7 shows a small central void surrounded by a
crown of s mall columnar grains . Pin 8 has no central void and
only a few small columnar grains (Fig . 4). Pin 9 has a large central
void (Fig . 5) sur r ounded by a large cr own of columnar grains . The
centr al void contr ibutes to lower ing th e conductivity integral.

On the basis of the hypotheses explained above , the in fuel
te mper atures were evalua ted as well as the exchange coefficients
between the oxide and the can . The r esults are given in Table II .

Relatively good conc ordanc e i s observed, particularly betw een
pins 7, 8 and the Rapsodie pin, the oxide clad gap of which ha s not
yet di sappeared . It would seem that th e temper atu re drop pr ovoked
by the decrease of the oxide cl ad gap is offset by the r i s e due to the
helium becomi ng polluted by the Xe and the Kr and to oxide de den­
s ification .

Low Density Oxide - Lar ge Gap Betwe en Oxide and Clad
Two pins (n 0 5 and 6) containing s intered pell ets , density 86 %

of the theor eti cal and an initial gap of 270 ~ were ir r adiated at
li nea r power s of 385 and 460 W/cm . Fig . 5 show s that in pin 6
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there was conside r able densification in the fuel, gap disappearance,
large central void formati on . Using the hypotheses put forward
earlier , the exchan~e coefficients were calculated equal to 0.25
and 0.4 wjO C. crn-'. F r om the detailed analysis of the r el ative
offsetting of the cr own of columnar grains and of the cent ral void , it
may be as sumed that the heat exchange coefficient thus calculated
improves r apidly when ir r adiation continues and the ga p disappear s.

The poor heat exchange coefficient at the beginning of ir radia­
tion has been attributed to degassing of the porous pell ets when the
r eactor was rai s ed to full power . These pellets had been stored
for a fairly long ti me in glove box atmos phere before canning .
High Density Oxide - Argon Filler Gas

Thr ee pins (n ° 2 - 27 and 28) were ir r adiated a t diffe rent.
powers (Table III) .

The examina tion of the three pins pr oduced the above coefficient.
The oxide of pin 27 melted and slum ped , thereby completely filling
th e lower part of the pin, le aving a central void in the upper par t
(Fig. 6) . Fig. 7 shows a mic rograph view of the top of this pin
where the liquid oxide has disappear ed and one of the lower half
whe re the oxid e has solidified in the shape of a por ous cent r al zone .
It ha s been obs er ved that the oxide-clad gap diminished but little
during the fus ion experiment whic h lasted sever al hours .

High Density Oxide , Small Gap, Hel iu m Ga s Filler

The oxides tem pe r atures obtained by mlc roqr aphic examina­
tion of pins ir r adiated for more than a month differ ve ry little
from those of large gap pins of which the initial fille r ga s is
helium . This cl ear ly shows that fr om a heat exchange s tand point
the gap dis appear ance, which incr eas es hea t transfer , is offset by
fis sion gas pollution of the helium, which lower s conductivity .

Release Of Fis sion Gas es
The ga ses con tained in the ga s plenum of some pins were

r ecover ed . Data are contained in table IV.

These dat a indic ate that :
a) The higher the conduc tivity integr al and the burn up, the greater

ar e the amounts of gas r el eas ed .
b) In point of fact, the study of s ec ti ons through these pins enables

the conduc tivity integr al to be cor rected of the centr al void an d
it obser ved (as suming that cladding tem peratures are identical,
which is an approximation) that the ce nt ral temperatur es of th e
va rious pins var y littl e fr om one to the nex t. However , the
gr eater the central voi d, the gr ea ter the amount of high tem pe­
rature fue l (above 1650 ° C) whe re gas r el ease is total.

c) The cladding temper at ure of pin 30 is 100 ° C highe r than the
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other pins . This temperature increases apprecia bly the volume
of the oxide above 1650 0 C. The re is a correspondingly great
fission gas release .

d) The cladding of pin 29 and pin 31 r uptured (hot spot in the
caps ule) . The sodium in the capsule en tered th e pin . The fission
gas r el eas e was measured by punc tur ing the capsule . The effect
of the sodium in the pin is complex and not entir ely clear , but
the mi crograph studies seem to show tha t the follow ing damage
is caus ed (1) :

1 - Inter -granular attack of the oxi de of the periphe ry of the
pell ets (which pr obably pr ovokes the r el ease of gase s
trapped on the grain boundaries) .

2 - During heat r ecycli ng (fr om ambiant temperature), ejection
outside the pin of fuel from the per ipher y of the pellets .

3 - Deterior ation of heat exchanges and general te mperature
inc rease of the oxide .

All these effects bring about an almost total r eleas e of fission
gases as well as the shift ing of some fis sion pr oducts (Ru106) .

Conclusions

The Rap sodi e Fuel El ement

The purpose of the preceding exper iments was limited to tes ­
ting the fuel el emen t of Raps odie up to 30,000 MWD/t. To a certain
extent they were ups et by cooling faul ts in the capsule . The succes­
sful tests however enabled a fai r ly detailed anal ys is of the behaviou r
of the fuel . It wa s observed that the column of pellets el ongates
s lightly leaving ga ps between them . At the same time one obser ves
a gradual disappearance of the gap between the oxide and the clad­
ding and the pell ets bec oming wedged against the cl adding . When
the cent r al tem pe r atur e does not exceed 1650 0 C to 1700 0 C, the
disappearance of the gap can be associated with de densification in
the oxide par ti cular ly in the grain growth zon e . The relea s e of
fission gases is ver y sensitive to linear power and par ti cular ly to
th e volu me of the zone exceeding 1650 0 C. In the Rapsodie pins, the
volume of this zone is not ve r y great if the r eactor ope rate at
20 "N'fIN . Ther efor e, from the r esults obtained one may consequently
fores ee moder ate gas releas e up to 25, 000 MWD/ t, if i r radiatio n
continues of the present power level.

All the se facts go to show tha t the fuel of Rapsodie is assured
of oper ating cor rec tly up to 25,000 "N'fIND/ t.

Limita tions Of The Rapsodie Fuel
On studying the publi shed r esult s (8), (9) a first limitation of
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the Rap sodie fue l element may come from the r el ea s e of fission
gases . If the fact that the fission gases r eleas e r ate inc reases with
burn up is taken into account, a calculation of cl ad creep at a 60 %
fission gas r el ea s e and a cladding hot spot of 650 0 C can be made .
If can then be observed that the maximum burn up causing creep
distortion of O. 1 to 0. 2 % is equal to 45,000 MWD/t. Consequently
one may expect a limitation to be on the hotes t of th es e fue l elemen1s.

The second problem concerns swelling at high bur n up about
which we have no exper ie nce . The Rapsodie fue l element has a high
smeared density (89 %) a facto r which at fi rst sight seems unfavou­
rable to accommodate the swelling. F rom the r es ul ts presently
published on this problem, (8), (10) one may assume that the power
l evel of Rapsodie's fuel elements are unfavour able for swe lling, ie,
cor e temperature not enough to release much gas and lar ge oxide
zone volume between 1400 and 1700 0 C. However, no model exists
at the moment to clearly anticipate the behaviour of the Rapsodie
pin under swelling.

In the coming years, the study of ma ny Rapsodie i r r adiated
fuel pins should make it pos sible to pr ovide clear answers to these
ques ti ons of pr imar y inte r es t.

Study Of The Phenix Fuel Element
The C. E. A. is pr esentl y studying Phenix, a fast demonstra­

tion reacto r of 250 MWE (11) . The reference fue l element has
points in common with that of Rapsodie, pa r ti cular ly :

a) a sintered U0 2- Pu02
b) a 316 stainless steel clad

Some character istics have been foreseen with higher values :
a) maximal linear power 430 W/cm
b) so dium outlet temperature: 560 0 C
c) clad hot spot temperature : 700 0 C
d) bur n up 50, 000 MWD/t

To r each these objectives, three essential modifications are
proposed :
a) lowering of the "smeared density" to 80 % of the theoretical

den s ity
b) incr eas e in the volume of "gas plenum "
c) improvement in the high temperature mechanical pr oper ti es of

the steel .
An ir r adi ati on pr ogram of fuel elements and of samples is

being pr epar ed. To conclude we give below some indications on the
expe riments that have been planned .
High Burn- up Irradiation Experiments With Thermal Neut rons

Twenty samples are cur rently being ir radiated in EL 3 and
Siloe . Smeared densities of 89 %, 80 % and 70 % are studied at

390



two li near powers (240 and 440 W/cm). Burn up r eached in
June 1967 amounted to 40, 000 MWD/ t and ir r adi ation is to conti nue
up to 100, 000 MWD/t.

A s econd batch of 24 samples is to be placed in pile during the
fi rst half of 1968 .
Shor t Time Ir r adiation Experiments

A ther mal perfor mance study pr ogram of the low dens it y oxide
fuel el ements in a power zone bracketing the r eference value, is
currentl y being undertaken . It comprises ir r adiati on extending
from a few hours to several months of 48 s intered oxide samples
of various densities, with and without centr al void s, and of vibr a­
ti on com pacted oxides. Various gaps between oxide and cladding
an d various stoichiometry (1. 92 to 2. 02) are being tested. Some
sam ples are sodium filled ; and 8 samples have a the rmocouple in
the center of the oxide.

: 6. 05 mm
: 0. 2 mm
: Helium
: O/M = 1. 96
: stainless steel and

Hastelloy X,
thic knes s: 0.45 mm

g) maximal linear power : 400 W/ cm
h) maximal nominal outlet temp er atur e of Na : 600 0 C
j ) burn up : 30, 000 50, 000 and 70, 000 MWD/ t.

Other experimental subassemblies are being designed and wlll
be ins er ted in Raps odi e in the coming year . The results of this
ir radiation program, and particularly of the statistical experiments
in Rapsodie, shoud enable the essential specifications of the fuel
element of Phenix to be fixed by the end of 1969.

Ir r ad iati on Exper iments in Rapsodie
Four s pecial assembli es comprising 27 fuel pins each, have

be en placed in Rapsodie in July 1967.
The main characteristi cs of these fuel elements are :

a) pellets: two den s iti es - 80 and 8 5 % of theoretical density,
obta ined eithe r by spread lowering of the density of the pellets
or by cent ral voi d.

b) diam eter of the pellets
c) diametral gap between oxide and clad
d) filler gas
e) stoichiometry
f) cladding
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Table 1. Char acter i sti cs of som e Ir radiate d Pins

Pin P in Pin P in - 1 st

7 8 9
Rapsodie
Assembly

Oxide density 98% 98% 96% 95%
(th, dens . %)

Oxide density after 92 . 5% 92 . 5% 97 % 94 %
ir radia tion

Initial dia metr al 240 ..t 40 220 + 40 200 + 40 190 + 60
gap ( ~)

F inal diametral 4 5 35 35 150
ga p ( ~)

Filler ga s He He He He

Lin ear powe r (W/ cm) 350 300 554 335

Conductivity 24 20, 6 40 26, 7
inte gral (W/ cm )

Internal "Ctemperatur e 500 530 to 610 460 440
of clad

Bur n up (MWD/ t) 4000 21, 500 5,400 150

Table 2. Heat Exchan ge Coeffi cient Eval uati ons

Pin Pin Pin Pin - 1 s t

7 8 9
Rapsodie
Assembly

Centr al temperature 1760 1650 2100 1720
(0 C)

Oxide sur face temper ature 800 83 5 940 710
(0 C)

Hea t transfer coefficient 0.65 0. 55/ 0 . 75 0.74 0 . 66
(W;o C. cm 2)
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Table 3. Heat Exchange Coefficient Evalua tion

Pi n 2 Pin 27 Pin 28

Initial diametral gap (u) variable 190 + 50 160 + 50

Bur n up (MWD/ t 2750 51 6900

Linear power (IN/ ern) 345 670 (max) 550

Conductivity int egr al 24 45.8 (max) 35.8
0N/cm)

Inter nal cl ad tempe ratur e 470 677 630
(0 C)

Oxide cl ad exchange 0. 28 to 0.4 0.4 0. 5
coefficient (Wr C. cm2)

Table 4. F is s ion Gas Releas e of some Pins

Kd0 K Kd0 KK

% of gas
Pin MWD/t cor r ected Kr /Xe Notes

(W/ cm) (W/ cm) r eleased

Rap sodie 150 28 28 1 10- 20

7 4, 000 24 24 12.6

35 5, 700 25. 1 24. 5 17.3 6

8 21, 500 20. 6 20. 6 23. 3 5.62

6 19, 000 32 23 26. 5 oxi de 85 %
tho dens .

33 6,600 28 .8 26. 1 31. 4 5. 9

30 13,800 29. 6 27. 7 60 6. 37 high clad
temper atur e

31 16, 800 .32. 6 27. 7 100 6. 3 br oken pin

211 26, 400 .32 '">.7 100 6. 3 broken pin

K Conductivity integral corrected by flux dep ression
Kill: Conductivity integral co r r ected by flux depression and cent ral voi d -
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Figures for this paper were not submitted in
time for publication
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IRRADIATION PERFORMANCE OF FAST REACTOR FUELS *)

D. Geitho f f, G. Ka r s t en and K. Kummer er

Abs trac t

The requirements for ur an i um-plutoni um dioxi de f ue l s a re th e
basis for a program of i r radiation tes t s . Some hypoth eti cal con­
s idera t ions supply a ra t ional ba ckgr ou nd for th e desi gn of s peci ­
mens and th e chosen opera t i on condi t ions. The exper i ment a l facili­
t i es and i rradiation de vices are s hor tly desc r i bed and disc us s ed
wi t h res pec t t o th e i r radiation charac t er istics.
On e gr oup of experiments r efers to t h e s hor t term behaviou r of th e
oxide t ype fuel. In an oth er gr oup t he long time beh a v iour o f ox ide
fuel pins is s tudied . The presen t results indica te , that t he ba sic
a s s umptions for t he p in desi gn are pr incipally confirmed. Final l y
the status of kn owl edge a n d exper i ment a l exp erien c e is co mposed
i n a se t of conclus ive re mark s .

Insti tut fur Ang ewan dt e Rea k t or phys i k
Kernforsch ungszen trum Ka r l s r uh e

Fed eral Republi c of Ger many

.)
Work pe rforme d wi t hin the a s s ociation in t h e f i eld of fas t
reac tors between the Eur opean At omi c Energy Corr.m un i t y and Ge­
sellscha f t f ur Ker n f or s chun g m. b .H . , Karlsr uhe
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INTRODUCTION

The operational requirements f or oxide type fuel, which are
described in f ul l de t ails in t h e related paper ( 1 ) in the f irst
session of this symposium, a r e the pr i n c ipal guidelin e s for all
irradia tion t est wor k in the Kar l s r uh e f a s t br eeder pr oject . The
most imp ortant t echn i cal f eatur e s a re the proper i r radiation con­
ditions with respect t o l i n ear rod power, t o c l adding t emperature
and t o the ex pec ted total bur nup per f orma n c e . The t yp i cal ex ter­
nal an d i n t e r nal ge omet r y i s characterized by a s mall f uel dia­
me ter (compared t o t hermal rea ctor f u el ) and a length distribu­
t i on wh ich i n c l ud e s an a ct i v e fuel z on e , at leas t on e ax i al
blanket r e gion and a f i s s ion gas plenum. The t ypical r an ge s of
requ irements both for s odium and steam cooled pins are co mpiled
i n Table I .

The whole i r radiation pr ogram is oriente d towards th ese tar­
get da t a. As in the first period onl y a th ermal reactor with a
limit ed neutron flux, t h e Karls ruhe research reac tor FR2, wa s
available, s i gnificantly l arger f uel diameters wer e necessary in
order to reach the l inear r od power wanted. Abov e the intention
of a mer e performance t e s t up t o h igh burnups a goal which
will be ach i eved by tests c urrent l y un derway the here des-
cribed wor k re f ers partly t o parameter s tudies . The short t erm
t e st s t r y t o evaluate a s ys tema t i c s ch eme of parameter var i a­
tions . The quoted long t erm t ests are on l y a f i r st s tep, wh ich
ha s t o demons tra t e t he f easibility of the i r radiation equi pment
an d f urth ermore t o experience the post i r radiation ex amina tion
routine. The next step wi t h much high er t arget burnups and para­
meter constellations mor e s im i lar to fast reac t or conditions are
alread y i n oper ation, on the one s i de with i mproved i r r adiat ion
devic e s in the FR2 again, on the other side wi t h fast f lux irra­
di a t i ons i n the Doun r eay Fa st Reactor .

The pr e sent pap er d e s cribe s the s t a t us of our ex per i men t al
pot ential and exper i ence an d a l so s ome i nt r oductory the or etical
c on s i dera tions. We fe el it necessary , t o esta bl ish s i mple model
a ssumpt ions conc erning the ex pec t ed i r radiat i on behav i ou r a s a
rough guide .

IRRADIATION HYPOTHESES

The target burnup f or a f a st br eeder fuel pin i s 100 000
MWd/t . I n ord er to make predi ctions about the pin behaviou r with­
i n an equivalent irradi a t ion t i me , the pin design i s base d on a
theor etical fuel pin behaviour anal ys is . In t his contex t t wo
l i mi t a t ing a ssumpt ions a re made, namely

the fuel opera t i on t im e wi ll co me to an end, a fter the
a vai lable void vo lume of t he most cr itical fue l cross
sect i on has be en filled by f iss ion- i nd uc ed fuel s welli n g
to the highest possibl e exten t ,
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the fuel operation might end earlier by mechanical con­
tacts between cladding and non-plastic fuel.

As a consequence of these assumptions three separate questions can
be discussed with theoretical methods:

1. What is the maximum achievable burnup locally, if only the
volume swelling due to fission products is considered?

2. Applying the answer of question 1, where is the most cri­
tical fuel cross section along the fuel pin located ?

3. Does a socalled "non-plastic" fuel behaviour arise under
the planned operation conditions, leading to a mechanical
attack on the cladding?

In order to produce an answer to the first question a burnup
model is established using some schematic considerations:

The internal volume of the pin consists of the fuel volume
VF ' the (hot) gap volume between fuel and cladding VG' and
the dishing volume (if applicable) V •
The fuel volume itself can be divideR into a plastic z one
V I with temperatures above 1700oC, a creep zone Vcr with
t~mperatures between 1300 and 1700oC, where creep and
diffusion are of remarkable velocity, and a low tempera­
ture zone Vl t below 13000C with visco-elastic behaviour
mainly (2,3,~).

Furthermore t her e are defined availability factors i, m
and n in the 3 fuel zones, which give the volume portions
of the porosity being actually available for volume ex­
pansion due to swelling processes. The porous volume should
be available (5) to any expansion with about 80 vlo above
1700oC, with 50 vlo at 1300-1700oC and according to a
numerical evaluation with not more than 30 vlo below
1300oC. The last figure may rise somewhat during long time
operation as the fuel becomes more plastic at low tempera­
tures. Hence we apply for numerical evaluations t =0.8,
m = 0.5, n = 0.3.
Finally two swelling processes are envisaged which need a
continuously increasing amount of space with burnup. The
basic swelling effect is defined here to be caused by
solid fission products and a contribution of fission gases,
working in all three zones. According to a literature eva­
luation (5) t h i s basic swelling rate h seems to be 1.6 %
volume change in 100 %dense oxide pers 10 MWd/kg heavy
metal burnup. That means a figure h = 1.6 x 10-3 kg/MWd .
An additional swelling effect cause~ by fission gases
mainly is added for the creepzone. Its rate is assumed to
be h = 0.4 x 10-3 kg/MWd.

g
With these explanations the maximum possible burnup B (in MWd per
kg heavy metal content), after which all available volume is used
up by the swelling fuel, is:

B
(tv I +

p
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where JDF mean s the fuel dens ity i n the pellet fuel. A gr aphic
ev alua t 10n of this bu r nup f ormul a is given i n Fi g. 1 for a l inear
rod power of 500 W/ cm.

The s econ d quest ion for the mos t cri t ical cros s sec tion i s
handled by applying the burnup f ormula , which represen ts th e fu el
swelling capacity. Henc e locally the maxim um allowable burnup can
be ev al ua ted f or the axial power dist r ibution of a pi n . The se lo­
ca l maximum burnup figur es have t o be compared wi t h the rea l l y
ar i sing bur nup a t each axial pa rt of a pin i n equal t imes . For
certai n parts of a pi n , which are no t necessarily the a bsol ute
max imum bu r nup r an ges, the capac i t y f or bur nup i s impl ement ed
f irst l y. Thes e co nstit ute the cr i tica l fuel cros s sect ions. Such
an analysis can be ex panded of co urse on a tota l reac t or co re by
appl ica t ion of specif i c thermal desi gn da ta. Generally the cri t i­
cal zones ar e in t he half of the core wi t h t he coolant inle t.

To de al wi t h the t hird quest ion f or t he existence of non­
plast ic fuel, the expans ion r a t e of t he fuel, which is gi ven by
the swelling rate, is co mpared to a co mpression rate, which is
produced by an evaluat ion of fuel-cladding interaction, Fi g . 2 .
Her e irradiation damages and thermal s tresses with t he cladding
are taken into account by a pes s imist i c assumption for t he 0. 2
%-cr eep stress for 10 000 hours of the considered stainless
steel. Further mor e , by ap plication of mechani ca l oxide data
(2,3, 4) t he force of the cl adding on the swelling f ue l r ing wi t h
the volume Vl t is calculated. The result is, that, under t he
assumpt ion 01 9500C avera ge r ing t emper a t ur e , only t hos e parts
of the fu el wi t h linear rod powers lower than 250 W/ cm beha ve
non-pla s tic. They are s ituated beyond the critical zone s men­
tioned above and hence do not r epr es ent l imitations for opera t ion
time in s uc h designs.

EXPERIMENTAL FACILIT IES

The i r radiat i on pr ogram in t he Karls ruhe research reactor FR2
a heavy wa ter-modera ted reac tor wi t h 44 MW t hermal power

i s per formed with two t yp e s of irrad i a tion eq ui pment. Ther e i s a
h elium l oop operating in the central channel and f urthermor e ,
ther e can be i ntr oduc ed irradia t i on capsules into normal f ue l
subassembly pos itions . The helium loop can be loaded wi th t wo
different i r radi ati on i ns erts . For long t erm irradiat ion an i n­
sert i s used conta i n i ng 4 fuel pin s pec i mens i n a cluster. The
maximum achi eva bl e l inear rod power i s about 800 W/cm claddi ng
t empe r a t ures up to GOOOC. The second loop i ns ert i s movabl e in
axial direction, also during reac tor operation. Only one speci­
men can be irradiated a t the same time . Here the maximum l inear
rod power can be up to 1000 W/cm, and both central temper atures
and spe ci men inside pressure can be measured. This "short term
loop insert" is primarily pr ovi ded for irradiations in the t ime
scale between a few minu tes and a few days.

The irradiat ion capsules for fuel specimens use liquid met al
layers consist ing of lead-b ismuth and sodium as hea t transfer
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media. Ther e are three variants available, two with lead-bismuth
of eutectic composition 26 and 19 mm in diameter for spe-
cimens of 12 and 10 mm diameter. The third one has two separate
layers of lead-bismuth and sodium at 26 mm capsules diameter, the
specimen diameter being 7.4 mm in this case. Th e maximum linear
rod power which may be produced is 400, 500 and 800 W/cm in these
three designs. Each capsule can be loaded with f our specimens
some thermocouples being welded to the can or in t he third
design fixed in the sodium gap.

The post- i r r adi a t i on examination of fuel test specimen is
carried out in a gr oup of ho t cells. This gr oup consists of five
cells with heavy concrete shielding and an attached ceramographic
line with 15 cm lead protection. Wi t h the shielding installed, it
is possible to handle up to 107 MeV Curie of g-rays in the cells
and so me 50 MeV Curie in the ceramographic line. All the fac ili­
ties are co mpletely ~-tigh t and are operated by ma s t er slave
manipulators.

POST IRRADIATION EXAMI NAT I ON METHODS

The majority of irradiated specimens is examined according
to a standard procedure, which has been developed and exercised
during the past years with only a few samples subjec ted to a
mor e de tailed examination. The most i mportant ex amination steps
are shortly described i n the following paragraphs.

Isolation of specimens. Po s t irradiation examination starts
with the isolation of a specimen. This mean s a simple disassemb­
ling procedure for the h e l i um loop specimens, but is of a more
complex nature for the capsule specimens. The complete removal
of the lead-bismuth alloy, adhering to the can is accomplished
by a combination of chemical and mechanical met hods . Care must
be taken not to do any sort of damage t o the cladding, a s t hi s
would i mpair precise dimensional measurements.

Vi s ua l examinat ion. Al l f ue l spec i mens ar e visually ex amined
through t he lead-glass windows i n fron t of t he cells, since no
ap propriate periscope is a vail ab l e a t th e pr e s en t time . Slight
magni f i ca t i on of the i ns pe ction zone i s achieved by using a
monocular. In the same way photographs are taken, which never­
theless show a remarkably good quality.

The leak testing met hod accepted f or the fuel specimens i s
considered to be severe and ha s t h e vir tue of simplic ity. The
procedure is t o dip a specimen into liqui d nitrogen un t il the
t hermal equil i bri um i s reach ed. Wh en th e sp ecimen ther eafter is
quickly transferred to a transparent cont ainer fi ll ed wi t h alco­
hol, any n i trogen t r a pp ed inside the can ex pands and pr oduc es a
stream of bubbles thus showing locat ion and s i ze of a de fec t.
In a few cases helium leak testing has been tried to check the
reliability of the nitrogen method. Both results are in good
a greement.

Metr ol ogy . Pr of i l e readings are made with the he l p of an
au tomatic profilometer. Fr om each spec i men thr ee circumf eren t i a l
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profiles and four profiles along the axis are recorded. Th e s ame
readings are made before the irradiation. To avoid the difficul­
ties of contamination of the unirradiated specimens, duplicate
equipment has been installed for ge t t i ng the preirradiation data.

I -Scanni ng . r - s can s of t he test specimens are t aken wi t h a
collimator sli t having the dimens ions 0.5 mm x 20 mm x 700 mm .
The specimen is rotating during the scan. Two energy regions are
investiga ted, one being charac teristic for Zr 95 - Nb 95 (700­
800 ke Y), the other comprising Ce 144 and Xe 133 (100-150 keY).
For shor t term irradiations the low-energy scan gi ve s a good in­
dication of the release of fission gas into the gas pl enum ,
Fig.3.

X-Rayi n g t he specimens is considered to be one of t he most
important points in the pos t irradiation examination. The X- r ay
source is a betatron, emitting X-rays with a maximum energy of
18 MeV and having a focus of less than 1 mm2• Details like dish­
ing dimensions, cracks and central holes can easily be seen on
the pic tures. A quantitative evaluation of the X- ray photos con­
cerning dimensional measurements shall be developed.

Fission Gas Release. After puncturing the can, the released
ga s is collected and analysed for krypton and xenon by mean s of
ga s chromatography. Ga s volumes down to 0.5 mm3 can be mea s ur ed
in this way. For double control, the activity of each fission
gas fraction is determined in an i oni s a t i on chamber and the spe­
cific ac tivity thus obtained is checked against the calculated
value.

Sec t i oni n g of the Sp ec i men . Af t er the evaluation of ;"- s can s
and X- ray- ph ot os an individual sectioning plan is set up for
each test specimen. Irregular zon es of the fuel are picked out
for ceramographic preparation, while samples for fission gas
analysis and burnup analysis are t aken from unaffected normal
zones.

Burnup Anal*sis. The radiochemical method using Cs 137,
Sr 90 and Ce 14 as burnup indicator has been a ppl i ed in the past,
when U 235 was the only fissionable isotope in the fuel. It is
intended to turn to other methods like determination of fuel iso­
topic composition or of stable fission products.

Ceramographic Pr epara t i on . Cut sections of fuel pins are im­
pregnated with epoxy res in under vacuum for ceramographic prepa­
ration. The solidified samples are mounted into bakelite holders
and polished in the conventional manner. Grain s tructure is made
visible by etching with RNO and R 0 •

Autoradiography. Contaci ~- an& fi-r-autoradiographs will be
taken from samples which have been mounted for ceramo graphic exa­
mination. This point of examination is&ill in development.

Fission Gas Trapped in Pores. For determining fission ga s ,
that is trapped in larger pores, fuel samples are gr ound t o small
size gr a i ns and the released fission ga s es are quantitatively de­
t ermi ned by ga s chromatography. The gr i ndi ng process is controlled
by intermittent determinations of the free surface of the powder
using the BET-method.

401



Fission Gas Trapped in Fuel and Small Por es . U1timative1y
the gr ound fuel samples are dissolved in nitric acid and the re­
leased fission gas is determined i n the manner mentioned before .
With all the fission ga s data a balance is made, which shows how
much of the ga s is released a t each step.

SHORT TERM IRRAD IATI ON PERFORMANCE

Short term irradiations are being performed with t he mova bl e
i n s er t in the hel i um loop of the FR2 . Di ff er en t f ue l var iants are
tested in order t o study t he parameter dependent behaviour of the
fuel on operation after short duration, t hat is shortly af ter a
reac tor s tartup or on short power excursions. The parameters
which are varied are the l i near rod power, the density, t he f uel
form and t he gap width at pellet type fuel. Furthermore central
temperature mea s ur em ent s ar e carried out. Vibrocompac ted f ue l is
i r radiated as sintered and mol t en oxide, i n c l uding pressure­
bui l dup mea s ur emen t s in both cases. The Table II gives a survey
of a detailed program.

Meanwhi l e most of the specimens were irradiated with t he
gi ven parameter constellation. Aft er some cooling time an exami­
nat ion rou tine co mprising X- r ayi ng by a betatron device, l"-cann­
ing and ceramography wa s performed. The details of the results
ar e pres ently co mpiled.

LONG TERM I RRADIATI ON PERFORMANCE

The long t erm irradiation program was s t art ed with the aim
of making selec tion of the fu el t yp e and f orm. It is bei ng con­
tinu ed in order to s t udy the l on g t ime beh avi our of fu el pins ,
whi ch ar e pr odu c ed with res pec t t o so~e hypothetical deli bera­
tions . Thus i n the fi r st gr oup , which i s descr i bed in Tabl e III ,
U02 an d U02- Mo wer e i r radiated f or fu e l select ion. As t o th e
pellet f orm a choice of groun d and ungr ound cond i tion and al s o
dished and undished shape wa s investigated . The vi bra tional co m­
pacted powder wa s included in a s i n t ered an d a molten f orm .
Furthermore , by application of advanc ed capsule t yp es the fuel
di ameter co uld be reduced t o 6 . 4 mm . Though very h igh bur nups
wer e the target , the star t of t he pr ogram was a ccompani ed by pi n
f a i l ures mai nl y due t o capsul e failur es . Thus the max imum burnup ,
which was ach i eved i n t h e fi rst r un of experi ment s did no t exceed
20 000 MWd/ t . Mean whi l e t he i r radiation performance ha s be en i m­
pr oved very much by improvements in t he capsule design. The intro­
duction of sodium a s a heat transfer medium restric ted the corro­
s ion and vo id formation at reac t or sh ut down.

Up to now al l capsules of the f irs t part (up to KVE 7) ar e
post irrad i at ion ex amined. As al l the di f ferent spec i men s of t his
part were operated with 36 0 W/ cm, th e resul ts can reasonably be
co mpared. The s pecimens had a fuel di amet er of 10 mm, an a ctive
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52 - 56 %released on punc turing t he can
14 - 20 %relea sed on grindi ng f ue l s ample
30 - 34 %r eleased on dissolving fu el sample

The combined fission ga s da t a wer e preci s e enough a s t o be t he
ba s i s f or burnup calculations, which wit hin ± 20 % a gr eed wel l
with the r adioche mical value s.

Fig .6 (KVE 7 / Specim en 8 , U02-Powder Fuel ) shows a cross
sect ional view wi t h a central hol e appa r ent l y loca ted excentric.
Hi gher por osity on one s i d e ( smaller powder particles) causing
lower t he rmal conduc t ivity of t he f uel i n t h i s re gion has drawn
t he ce nt ral void closer t o t he can.

Powder fu el with mol ybd enu m as add i t i ve, a f ue l t ype con­
s idered pr omisi ng at an earl ier date , was t ested i n a f ew spec i­
mens i n KVE 7 . The i dea that the addit ion of 10 %mol ybdenum
will i ncrea s e the the rmal conduc t ivity considerably, thus lower­
ing t he central t emperatur e , i s vi sibly confirmed by Fig .7 (KVE
7 / Spec imen M7 ). The compa c t ed particles have been molybdenum
coated. No grain gr owth i s observed t hroughout t he whole f ue l
ar ea whi ch means that c ent ral temp e r atur e s remai ned bel ow 15000C

i n the center. Fis sion ga s re lease was reduced t o l e s s than 5 %
wi t h onl y an add i t iona l 10 %r elease f oun d on grinding t he fuel .
Mor e than 80 %of the ga s was str ongly t r apped in the f uel it ­
self.

Pel l e t Fue l . The fu el s pec i mens referred to in t his chapter
cont ained pel l et s wi t h f uel dens i ty of 91 % t h.d. They were
dished on one side with a dishing volume of 2.7 - 2 .8 %. Cl adding
and f uel wer e separ ated by a gap of 606um diametral. With thi s
type of fu el spec i men burnups up t o 8 00 MWd/t were achieved.

The i nfluen ce of the gap width on the f orma tion of the cen-

fuel l en gth be tween 225 and 228 mm and were canned in s t ainless
steel. I n t he f ollowi ng so me remarkabl e f ea t ur es ar e illus trated
and discussed for vibrated powder as well as for pellet fuel.

Vi brator y Compacted Powder Fuel . Al l specimens with vibro­
fuel ha ve a uniform f uel densi ty of 85 %of theoret ical density.
They were irradia ted up to burnups of about 8 000 MWd/ t . Al t h ough
some of the pi ns a ch i eved a considerably l ower burnup , t he ir be­
haviour concerning ga s release an d t heir appearan c e were very
s i mi l ar to t he higher bu r nu p s pec i mens.

Fig . 4 an d Fig.5 show t wo length sections of t he same pin
(KVE 3 / Spe cim en 3). The central hole is formed a s expected wi t h
enlarged ends on both sides. The l ower end of the central hole
is filled with f uel de bris up t o a height of 1 em. As close-up
views show, the de bris i s mainly or iginating fro m the f ue l zone
adjoining the can with onl y a f ew par ticles co ming from the s ur­
face of the central hole . Radial cracks might be the pa thway by
which the t r ansport i s made . The hol e was filled at a rather
early da te a ft er the end of i r r adiati on as X-ray photos alr eady
show the fi lling . The cross sec t i onal area of the central void
covers 2 .5 %of the i nternal pin cross sec tion or 5 % of t he
densifi ed central zone .

The fission ga s data for t he vibrated specimens are as
follows:
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tral hole can be discerned in a X- ray photo, although the gap
width was not included as parameter in the study. A stepwise
dislocation of the central hole in two neighbouring pellets, see
Fig. 8 (KVE 4 / Specimen B) can be reasonably interpreted only as
a result of different gap widths which are caused by fillin g the
pellets in such a way into the canning t hat one side touches t he
canning while the other leaves a gap of the whole 60 urn.

A dislocated central hole and an additional cavi{y having
the shape of a half moon i s shown in Fig .9 (KVE 4 / Specimen B) .
The cavity lies on the borderline between unef fected U02 and
visible grain growt h. From the s hape of the cavity i t can be con­
cluded that this is what has been left over f r om a pellet dishing.

To st udy the f un c t i on of t he dishing in pel l e t s was one of
the ob jects of t he irradiation t e s t . Fi g.10 (KVE 4 / Specimen D)
shows how the dishing was consumed by the ex pa ndi ng f ue l . (The
oblong inclusion in the mi ddl e pellet is an impurity i n t r oduc ed
in the man ufa c t ur i ng pr oc e ss . ) The pellet s ha ve pro t r ud ed , appa­
ren tly f r om both s i des, an d no t hing i s l ef t of t he dishing volume
in t he central zo n e . Onl y a dou ghn ut like ring in the cooler f uel
zon e ma r ks the position of t h e former cavity. The consumpti on
se ems to be irreversible but t here i s not indica t ion wh ere t he
void volume has vanished.

I n a s tage where the central ho l e has been f orm ed , t he
dishing volume becomes visible a ga in, Fig .11 (KVE 4 / Specimen D) .
At pel l et interfaces the centra l chann el is wi den i ng to form the
dia mond shape d void. Thi s fo r m of the c ent ra l vo id may be
s moothed t o cons tan t dia meter a t l on ger irr adia t ion times but
wi t h th e bur nu ps we achiev ed so far it was a l ways discerna ble.

What can happen to a di shin g void at low rod power i s de mon­
strat ed in Fi g . 12 (KVE 4 / Sp eci men A) . Due t o the rma l crac king
i n a t est specimen wi t h a l inear rod power of only 250 W/ cm
(marginal posit i on in KVE 4) t he dish ing void is fi l l ed with a
l ar ge ' piec e of t he up per pellet, th us t rans f er r i ng the vo id to
anoth er po sit i on . Thi s ph en omenon has only be en observed once.
So it wi ll not be the cause f or s mear ing the dishing void vol ume
uni forml y a l ong the whole f uel length. That t hi s is only a s ingle
case can be doc umented by Fig .13 . The s hif ted void can be easily
detected in t he X- r ay pho to.

IR RADIATION PROGRAH CONT INUED

The irradiat ion performa nc e t ests are being co ntinued in
ther mal and f a s t r eac t or environment s. Pr es ent l y a ne w s erie s
of U02-Pu02- spec imens f or irradia tion both in capsule s an d i n the
helium loop of the FR2 is prepared. Fas t neutron irradia t i on s
are car r i ed out in the Dounreay Fast Rea c t or f or our pr ogram ,
where at present a trefoil ri g with U02-Pu02 pins i s in opera­
t i on and a bundle irrad i a tion is being prepared ~ Al s o irrad i a­
t i on space in the hard spectrum of the BR2 reactor in Belgium i s
now av ailable and will shortly be used f or t esting f ast react or
f ue l pi n s .
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CONCLUSIO NS

In view of the still rather limited experimental experience
concerning the irradiation performance of fast reactor fuels
t he followin g conclusions are established:

1 . Wi th mixe d oxide fuel a linear rod power of up to 500
W/cmima x i mum as required for p r e s en t fast reactor pr oto t yp e
designs can be achieved wi t hout central mel tin g. Al s o t h e
b ur n up r an ge of up to 100 000 MWd/ t is a reasonable t arget; it
needs, h owev er , a careful adjus t men t of the internal fuel ge ome­
try.

2. An addi t ive t o t he fuel l i ke mol y bd en um i mproves the
thermal conductivi ty to so me extent. Thi s i mprovemen t b e ing
lower t h a n or i ginally expect ed i s ,ac c or di ng to t he recently
established h ypo theses/not only not nec essary, bu t a l s o h armful
to t h e r adial swelling problem, a s a reduced avera ge f uel tempe­
rature l owers t h e a va i labi lity of porous volume t o fission pr o ­
ducts.

3. Ac c or di n g t o the present stat e of f a brica t ion t e chnol o gy
t he p e l l et type ox i d e f uel h a s so me pref erence compared to vibro­
compacted p owd er fuel. But the irradia t ion results do not demon­
strate a n y a dvan tag eo us fe atures f or one of both "competitors".

4. Th e shor t term behaviour of the f uel ( a t s t ar t up or a t
power-level c hanges of the reac tor ) see ms t o be quite s mooth
and normal, wi t h ou t any i n d i cation of undesired internal fuel
move ment.

5. Th e a pp l i e d int ernal ge ome t r y parameters (low s meared
density, ga p wid t h and dish ing or non-dishing at pellets ) are
experimentally confirmed within t h e now evaluated l i mi ted b ur n up
range.
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Tab .• Long Term Irradiation

Capsule Number of
. Fuel Fuel I rrad ia t . Linear Ma x .

Fuel Fuel Form Density Diameter Time Rod Power Burnup
No. Spec imens I"'. ttl . d .l lmm! ldo,s' IW/cml INWdlt1

KVE 3 4 UO, Sintered Part ic les, Vibra ted 85 10 13 360 690

KVE 4 4 UO, Ground f"'lIets wi th Dish ing 91 10 22 36 0 730

KVE 5
2

UO,
Ground Pellet s with Dish ing 91

10 147 360 7770
2 Sintered Part ikles,V,brated 85

UO, Sintered Part icles, Vi bra ted 85

KVE 7 Uo,-Mo Sintered Particles,Vlbrated 85 10 86 360 4545
~ 1 lJOl-Ma Graund Pellets with Dish ing gO
0
co 1 UO, Ground Pellets w ith Dish ing 91

KVE 10 4 UO, Molten Part i cles , Vibrated 86 10 36 450 1300

KVE 11 4 UO, Unground Pellets w ithout Dishing 90 10 58 450 2600

KVE 12 4 UO, Sintered Parl icles ,Vibrated 86 8.6 · 500 16000

KVE13 3 UO, Ground Pelle Is with Dish ing 90 10 145 450 5000

KVE17 UO,
Sinlered Part ic les , Vibraled

86 8.6 · 500 >8000Molten Part ikles, Vibrated

KVE 20 UO,
Ground Pellets without Dish ing

93 64 30 650 50002 Unground Pellets w ithout Dishing

KVE 21 2 UO, Unground Pellets without Dish ing 93 6.4 · 650

• I in op.rG t ion
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BELGIAN EXPERIENCE IN FABRICATION AND IRRADIATION

PERFORMANCE OF FAST REACTOR FUEL (U0
2-Pu0 2)

3 .M. Leblanc AA
AA:Iit

Abstract

The paper gives a description of the fast reactor fuel
development program. Three types of fuel pins are developed
conventional pelleted fuel pins, collapsed clad fuel pins and
vibratory compacted fuel pins. The specifications of the three
types of fuel pins and the fabrication flowsheets are given.
Parameters related to low density fabrication are discussed.

Irradiation tests on fast reactor fuel pins will be achieved
in the Enrico Fermi fast reactor, the Dounreay fast reactor and
the BR2 reactor. The paper gives the irradiation parameters
which have to be evaluated.

Work performed in the frame of the C.E.N. (Centre d'Etude de
l'Energie Nucleaire) - BelgoNucleaire Association for
Plutonium Fuel Development

Chemical Engineer at "BelgoNucleaire" (Societe Belge pour
l'Industrie Nucleaire)
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INTRODUCTI ON

In t he f rame of the Assoc i ation con t r ac t between the Eu r opean
Community a nd t he Bel gian Governmen t con cerning the dev elopment o f f ast
r eac t o r s , the J o int C. E. N.-Be l goNuc l eair e Pluton i um Gr oup investiga tes
the fabricat ion possibilities o f mixed uranium and pluton i um oxide fuel
pins .

The C.E. N. -BelgoNuc l eaire Fast Reactor Fuel Pro gram e n t er s into the
plan o f t he Atomic Power Dev elopment Associates , I nc . (APDA) for demon­
strating a plutonium fuel in a lar ge fas t reacto r .

Th i s latte r pro gr am i nvo lves t he design and development of an U02­
Pu0 2 core and subsequent manufactur e and operation of t h i s core i n the
Enrico Fermi Fas t Br eeder Reac to r .

The wor k whi ch is carried out is mainly related to the first phase
of the pro gram whose objective is to evaluate various ox ide fu e l pre­
pa ration t echniques and to fabricat e various r e pr e senta t i ve prototype
fue l pins for i rrad ia tion in the Enr ico Fermi Reac t or .

FUEL PIN TYPE FOR FAST REACTOR

Three types of fuel rods have been de velo pe d t o be u s ed for
i rrad iat ion t ests :

a . low density dished pellets in conventional cladding (nominal
diametra l ga p : 120 rom)

b. low density dished pellets in collapsed cladding

c. vibrato ry compacted fuel pins .

Figur e 1 illus tra t es the design co ncep t o f ea ch fuel pin ty pe whos e
pre limina r y specifica tions are r e port ed on Table I. In al l cases t he
clad outside diameter (3 16 and 347 AI SI strainless steel) i s 6. 35 rom
an d its thickness 0. 40 rom, the fue l l eng t h is 775 rom (to correspond t o
the he i ght o f the Enrico Fermi core A) without the depleted U02
insulator pellets and the hold down device at both ends . A split
fission ga s plenum is used, the lower one a nd the upper one be ing
r es pec t i ve l y 190 and 251 rom. I n al l cases t he smea r ed fue l dens i ty is
83 + 2 % TO. I n bo t h c ladding desi gns , the t i ght and the co nve n t ional
o ne ~ di s he d pel lets are util ized to min imi ze fue l movemen t r e lative to
the c la dd i ng . The dished ends o f such pellets prov i de bu ilt-in space
to a ccomodat e mos t of the fu e l thermal expansion. The pellets are
5.415 rom in diamet er for the conve n t i ona l clad and 5.540 rom for t he
tight c l ad . The pe llet density for the tight clad is 86.5 TO while
that fo r the conven tional clad is 89 . 5 TO.

The tigh t clad des i gn is aimed a t the solu t ion of t wo fuel
compact i on problems :

a . a x i a l cracks developed i n the fuel dur ing power o pera tion,
whi ch may subsequently compact unde r mechanical o r thermal
s hock s ,
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b. the cen t er hol e wh i ch is fo r med under i r r a dia tio n an d i nto
whi ch mo l t en fue l may s lump un der ac c iden t al co ndit i on s .

One appr oach t o so lve t he se po tential sa fe ty probl ems i s t o u se
co l lapsed c ladding in wh i ch t he diame t ra l c lea rance betwe en fue l a nd
cladding i s r edu ced a lmos t t o zer o . Thi s coul d limit t he amoun t o f
fue l r at ch eting whe n crac ks a re pr esen t and the r e fore t he amou n t of
compact i on . It wou l d a lso promot e heat t r a ns f er be t we en t he fuel and
c ladding a nd consequen t ly t en ds t o r e duce the diame ter of the ce n te r
hole. Redu ced s lumpi ng po t en t ial o f mo l ten fu e l wou l d t he reby be
a chiev e d.

COLLAPSED CLAD FUEL PI N FABRI CATION

The a i m o f the expe r i ments wh ich were made t o f it the c l add i ng
against the fuel pe l l et s was t o r e duce t o a mi n imum the ga p be t we en
pelle t s a nd c l a dd i ng, wh i le hol ding the inc r eas e i n l ength of the fue l
column to a mi n i mum. Expe r ime n ts have been condu c t e d utili zing
di f fe r en t t e chn i ques . Two of the s e ga ve goo d r esu lt s : f lex i b le
swa gi ng and isos t a t ic c ree p.

For t he f lex i b le swagi ng , the pel l ete d f ue l pins are f i rs t
su r r ou nded by di scon t i nuou s p l a st i c t u be s which a r e thems e l ve s
su r ro u nde d by a t hi n meta l l i c tu be a nd t hen ru n throu gh a co nve n t io na l
r o t ary swaging ma chine. An inner spr ing exe r t s a forc e on t he fu el
column du r i ng swag i ng a nd t her e fore r e duce s t o a mi n i mum t he
l engthening of the pellet stack (le s s than 0. 2 %) . With i nit i a l
diam e t ra l gap o f 100 t o 150 mic r ons, the maximum r ema ini ng diame t ral
ga p is l e s s than 40 mi crons .

According t o the iso sta t i c creep t e chnique , t he pel l ete d fue l
p i ns a r e col laps ed by au to c l av ing du r i ng e ight hour s a t 850 °C u s ing
pres su re s of 150 - 200 atmosp heres . No fue l column elonga t io n occ u rs
and the max imum r emaining diame t r a l ga p is l e s s t han 25 micr ons.
Fi gure 2 s hows a fue l pin f abrica t e d u ti l i z i ng t he i sostatic creep
t echnique.

LOW DE NSITY UOZ- Pu0z PELLETS PRE PARATI ON

Dif f erent r outes can be fo llowed t o prepa re l ow dens i t y pe llets 1
The t echnique wh i ch i s now a pp l ied an d deve lo ped i s illu st r at e d in
Fi gure 3 . The r ea son s why th i s pro ce s s i s u se d t o pr epare l ow de ns i ty
pel l e ts a nd commen t s concer n i ng t he di f f eren t s teps a re g iven hereu nder.

Mech anical Mi xing or Co prec i pi ta t io n

Fr om t he e xa mi na t io n of bo th pr e pa r ation r ou t e s , i t a ppea rs that
t he co prec i pi t a t i on pro ces s pr e s en t s seve ra l disadva n tages, wh ich wou ld
impair t he fue l fabr icat io n cos t . The mos t i mpor t an t disadvan tages
a r e

a . ~h~ ~t~r~i~g_m~t~r~al : The p l u ton i um as sin te r ab le or even
s to ich i omet r ic (h i gh fir e d) Pu02 is more ea s i l y and accu ra te ly sampl ed
and analyz ed for Pu co n ten t than any o t he r pl utonium sa lt . Furthermore ,
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criteria for controlled transportation of large quantitie s o f Pu0Z
are less sev ere than for the plutonium solid compounds or so lu t io ns ,
su ch as hydro xide, oxa l a t e, nitrate , ~t c .

b. !.h~ su~n!.i!'y_oi ~a!.e.E.i~l_t£. £e_h~n~l~d_s~f~ly' .!:.n_g1:.o~e_b£.x~s

When pro ce ss i ng Pu0Z powde r , the use o f mechan i ca l mixi ng al l ows a
l arger amoun t o f plutonium ma terial t o be safely handl ed than whe n
using t he co precipitation metho d.

c . !.h~ 1:.iSu.!:.d_w~s!.e~ : The co precipitat i on rout e leads t o the
handl i ng of lar ge quan ti t ies of pluton i um l iqu id waste s, affec ting the
fuel fa brica t i on co s t .

Plutonium Oxi de ex - Hydrox ide or ex - Oxa l a t e .

It i s obv i ous tha t the cha r ac ter is t ics of the Pu0Z powder from
hydroxide or oxa l a te are affec ted by the pr ecipitation and ca l c i na t io n
condition s and the r efore it shoul d be possible to pre pa r e s i n te ra ble
or disac t i va ted Pu0Z powder f rom hydro xide or oxalate calcination.
However, it has to be pointed out that :

a . t he hydro xide precipitation gi ves les s p l utonium l os se s than
t he oxa la te precipitation ,

b. to avoid the ex pens i ve s eparat io n of pl uton i um from uran ium,
the r ec ycling o f t he r e j ec t ed pe l le t s ha s to be ac hieve d
according to t he hydro xide co precipitation,

c . utilizing di sac t i va ted or s i nterab le UOZ powder, the highest
dens i ties fo r UO Z-Pu0Z pel le ts a re obt a i ned wi t h Pu0 Z ex­
oxa la te . Lower den sitie s wi t h Pu0Z ex - hy dr ox ide may be due t o
the NH4 NO) which ca n only be r emoved af t e r r ep eat ed washi ng or
t o the powde r mo r pho l og y . For the a bove r ea son s both Pu0Z
sta r t i ng ma t e r i a l s a re now u t i li ze d to a llow ec onomica l and
t ec hnica l compa r i so n fo r wel l s pec i f ied UOZ -Pu0 Z l ow dens i ty
pe llet s "fabrication .

Sinterab l e o r Disactivated Uran i um Oxide an d Plutonium Oxide Powders

The r ou t e followed to prepare pe llets has t o l ea d t o :

a . UO Z-Pu0Z pelle ts wi t h r e pro duc i bl e low densit i e s a nd diame ters
wi t hou t ce n te r l ess gr i nd i ng ,

b. UOZ-Pu0Z pe llet s thermally s t a b le a nd hav i ng the r equ ired
homogene i ty ,

c . pellet s with good poros ity di str ibut ion .

In orde r t o promot e the thermal s tab i l i ty a nd the interdi ffusion
of mechanical l y mi xed, high s i n ter i ng t emperatures have t o be u se d
(1 550 °C - 1 650 °C) . When u s i ng s i n ter a b le powders, lo w gr een den sity
pell ets ob t a i ne d by means o f binders mus t be pr ep ared t o ac h ieve lo w
dens ity s i nte re d pellets . Howev er the l ower t he green den sitie s, the
l ower the r e producib ility o f the s i n te re d de ns i t ies is ( f i g. 4 shows
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the reproduc i bil i ty of t he s intered dens i ty f or 2 different ki nd s of
U02 powders) . Di sactivated powders are now used to get high green
densit ies which a llow reprodu c i ble low s i n t ered densi tie s and which
r educe the shrinkage dur ing s i ntering and there fore r edu ce the va r ia­
tion of t he diame ter of the s inte red pelle ts . Furthermore t hese
disactivated powders give a bet t er porosi ty dis t r i bution and pelle t
shape .

Gr anu l a t i on and Pe l l e t i z i ng

No b i nde r is u sed. The lubricant ha s been a dded according t o t he
wet process , however development work is being done t o allow t he u s e of
dry lu brican t s i n order t o promote the cr i t i cali ty sa f e t y . The
gr anu l a t i on is done by the pelletizing-crushing pro ce ss . Thi s techni­
que limits the stre ss gr a di en t s dur ing subsequent small pel l et pr e s sing
and therefo r e leads to sin t ere d pellets ha vi ng mo re a cy lindr ica l shape .

Ei t her mec hanical or pneumat ic presse s may be utili zed . Even
though t he pneumat i c pr ess produces pelle t s with r eproduc ib l e green
densi ties , its pro duc tion ca pa c ity i s l es s than that of the mecha ni ca l
press which r e qui r e s r eproducible powde r weights in the die t o g i ve
gr een pe l le ts wi t h r eprodu cible den s ities. Such r eproducibl e weights
are obtained using granu les wi t h i n wel l defined sizes. An a ppa ra t u s is
now un der deve lo pment to pr oduce the s e granu le s with 100 % eff ic iency .
Both pe lletiz ing processes are be i ng deve l ope d t o al l ow t ech nical and
economica l compar i so ns .

Si nt ering Atmos phe res

When us i ng the reported pelle t preparat ion proc e s s , t he pel l et
characteristics will de pend on the U02 and Pu02 powder cha r acterist i cs,
the Pu02 con ten t , t he pe l l e t green density and t he sin t er i ng conditions .
The f abr i ca t i on of pellets wi th well defined spec ifications will there­
fore depend on the adjustment of one or several of thos e parameters .

Concerning t he fast r ea c t or safety rela ted t o the Doppler reac ti­
vity coefficient, the mechanically mixed U02 - PU02 fu e l ha s t o be
homogeneous and t he Pu02 particle s i ze has to be limited i n order to
promote hea t t ransfer from the f i s s i l e fue l ( Pu0 2) t o the f ertile
materia l (U0 2) . Applying the mixi ng- mi l l i ng sequence the ave rage size
of the Pu0 2 pa r ticles inside the U0 2 matrix can be limited to the ac ­
ceptable size of 25 microns . Anothe r step which coul d enhance the fuel
homogene i t y is the s i ntering operation.

U02-PU02 pe l le t s (1 8, 20 , 30 and 40 w/o Pu02) have been sintered
during 2 hea t 1600 °C with different s inter i ng atmos pher e s : Ar gon +
5 % H2' Argon + 5 % H2 + 2500 ppm H20, Argo n + 2500 ppm H20, Argon +
3 % air . Fro m these sintering expe r iment s it a ppear s that the
percenta ge of (U - Pu)02 solid solu t ion increas es when increasing t he
oxygen partial pressure in t he sinter ing atmospher e (10 % so l i d solu ­
tio n fo r Argon + 5 % H2 , 100 % so l i d so lu t io n fo r Argon + 3 % a ir 2
Fi gures 5 and 6 show the r esults of elec t r on micro pr obe scans and
ce ramog raphies o f U02 - 18 w/o Pu02 pe llets r es pective l y sin tered under
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reducing atmosphere (Argon + 5 %H2) and oxidiz ing atmosphere (Ar gon +
3 % air) . The sintering atmosphere will be chosen on the basis of U02­
Pu0 2 pellets sp ecifications and the r eproducibilities o f the pellet
characteristics on a sta tistical basis .

U0 2- Pu02 DENSE PARTICLES PREPARATION AND VI PAC FUEL FABRICATI ON

The cho ice be t ween vibra t or y compacted fue l pi ns and pelle ted fuel
pins a s fuel for fas t r eactor s wi l l be ba sed on :

a . fuel pin fa br i ca t i on cost ,

b . irradiat ion behaviour .

First o f al l the ch eap es t process for Vipac fu el pin f abrication
has t o be compared with the ch eapest way to fa br icate pelleted fu el pins.

Three ma i n routes can be fo llowed for the fabrication of dense
U02-Pu 02 particles for the vibratory compacted fue l pins

a . sinter ing of small pe llets (n odules ) and granules coming from
gre en pe l l e t s cr ushing,

b. sieving afte r crushing of fus ed U0 2- Pu0 2 i ngots,

c . s i nt ering of U02-Pu02 spheres prepa r ed by a Sol - Gel proc ess .

The two f i r s t t echniques are now dev eloped for comparison.

Sintering Pr oc ess (Nodu le s )

Figure 7 gi ve s the flow sh eet fo r U02 - Pu02 dens e particle
preparation according to the sintering process 3, 4 . Conformably to
this t echnique, homo geneous U0 2- PU0 2 gr ee n pellets pr epared by
mechan i cal mixi ng are crushed to get granules of different sizes which
can be used, after sintering and subsequ ent milling, as the fine and
medium fraction or to pr epare small pellets (nodules) fo r the coarse
fract io n of t he powder to be vibra tory compac ted. The mai n adva ntage
of t his pr oce s s is t ha t it avoids any recyc l i ng . The Pu02 par t ic le
size in t he U02 mat rix depends on the technique applied to prepa re t he
sin terable mixed U02 - Pu02 powder and the sinter i ng pr oces s. Tak ing
advantage o f the part icle shape factor o f the small pellets used on the
coarse fraction of t he dense powder (Fig. 8) fuel pi ns with a smea r ed
density of the order o f 84 - 85 % TD can be easily obtained with 97 %
TD particles us ing the e lec t roma gne t ic vibration.

Fusion Proce ss

Figure 9 gi ve s the flow sh eet for U0 2 - Pu0 2 den se particle
preparation according t o the fusion process5• The hi gh densi t y U02­
Pu02 powders are obtained by cru shi ng U02-PU0 2 ingo ts coming from the
mel t i ng of mecha nica l ly mixed U0 2- PU0 2 powders in an induction fu rnace .
Nea r theor it i ca l den s ity and homogeneou s (solid so lution) U0 2- Pu0 2
partic l es can be produce d u s i ng t his self containing ingot fu s ion
proce ss (Fig. 10 shows a U0 2 - 18 wlo Pu02 fused ingo t ) . The main di s­
a dva ntages of this t echnique is the nec essity of r ecyc l i ng a large
f rac t io n o f the crushed powder ( ~ 60 %) and t he angular shape of the
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de nse par ticle s (o n Fi g. 11 we can see UOZ - 18 w/o PuO Z fu sed
pa r t icles comi ng f rom cr u shed fus ed i ngot ). Wit h this dense powder ,
fue l pins wi t h a smeared de ns ity of the o rder of 86 % TD can be eas ily
fa bricated u s ing e lectromag ne t i c vibrat i ons.

IRRADIATION PROGRAMME

Fa s t r ea ctor fuel i r r a di a t i on t ests are planned in t he Enrico Fermi
Fa st Br eede r Rea c tor an d in the Dounrea y Fast Rea ctor .

Irradiation Exper i men ts in Enr ico Fe rmi

The i r r ad i a t io n pr ogr amme is dev i ded i nto t wo overlappi ng ser ies
a pre liminary fue l eva lua tion se r ies and a fuel performance eva luation
series .

The purpose of t he prelimina ry fuel evaluat i on series is t wo f o l d :
firs t , t o pro vide low burnu p fuel pins on whi ch pos t -irradia t io n t e s t s
will be co nduc ted to demonstra te fr eedom from axial fuel mo vemen t and
second , t o de termi ne the power l eve l that ca n be ach ieved withou t t he
fo rma t io n of a s ignif ican t ce nt ra l hole . This se r ies a re t hus part of
the ex pe rimen ta l e ffo r t on safe ty pro blems. Assumi ng that the r esult s
show that oxide fuel mov ement is not a pro b lem , t he ob jec t i ve of the
fue l per f ormance evalua t io n s er i es wil l be to eva l ua te the behaviour
of the fuel pins at high burnup and high s pe c i f ic power .

The t hree fu el pin designs previou s l y r eported wi ll be t este d

a . l ow densi t y dishe d pe l le ts i n conven t io na l c ladding,

b . l ow den si ty dished in col lapsed cladding ,

c . vibra tory compac ted fuel pins .

I f prel imina ry fuel evaluat ion ser ies i ndica t e s tha t t he ax ial
compac t i on of fu el is no t a r ea lis tic sa fe ty problem the tight c lad
des ign may be dro pped i n fa vo r o f the o t he r two.

The fue l for t he pellet i zed or vibratory compacted designs wil l be
PuO Z - enr iche d UO Z or enr iched UOZ a lo ne . The plutonium co ncentra t io n
of the fo rmer wi l l be 3Z w/o t o corre s pond t o the i n itia l UOZ -PuOZ
Enrico Fe rmi core de s i gn , whil e t he uran ium enr ichmen t wi l l be e ithe r
60 or 93 % dep ending on t he desired hea t ge ne ra tion. Both UOZ- PuOZ
pins an d UO

Z
pins wil l be t e s t ed fo r all three designs (F ig . l) at

maximum va l ues of l inear power ge ne r at ion r a nging from abo u t 3Z0 W/cm
to a bou t 560 W/cm. A t o t a l of abo ut 150 pins will be irradiated at
burnu ps r a nging f rom ZOOOO to 90000 ffi~d/t .

The t est subassembly which will be us e d fo r irr adi ation experiments
ha s f ou r independen t coolant channel s or thimbl es in which bun d l es of
fue l s pec imens wi l l be t ested. Ea ch thimbl e wi l l be individua lly
o r i f ied and t hus the coo lan t flow t o produc e a ny desired coo lant
t emperature up t o a des ign limi t o f 650°C.
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Irradiation Experiments in D F R

The i r radia tion experiments which are planned in the Dounr ea y Fast
Reactor are bur nu p tests . These irrad ia tion tes ts wi ll begi n in 1967
and will continue during the ne xt years. The three first fuel pins
which will be irradiated (1967) will be low density di shed pellet s in
conventional cladding (Fig . lZ) with the follow ing sp ecifications :

f.l~d.!!i~g_'I'!!.b~. .£3.!.6_A!.S!.)

Inner diamet er 5 .555 + 0.010 mm

Wa 11 t hickness

Outer diameter

0. 4Z0 + 0 .030 mm

6.395 + 0 .015 mm

Diameter 5.430 + 0.050 mm

Height 6.0 + 1.0 mm

Plutonium content ZO wlo

Uranium enrichment 93 wlo

Densi t y smeared 83 + Z '7, TD

bu l k 89. 5 + 1.5 % TO

~~l_Pin_(~i£. .!.Zl

Tota l pin l en gth 710 + mm

Fuel length 340 + 3 mm

UOZ bottom blanket 50 + 3 mm

UOZ u pper blanke t 105 + 3 mm

The irradiation experiment will be done at a maximum specific power
of ZZO Wi g (488 W/cm) and is expe cted to r each a maximum burnup o f
60 .000 - 65.000 MWd/t. The maximum nomina l mid wall clad temperature
will be 650 ·C at the be ginning of the irradiation.
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TABLE I

PRELIMINARY SPECI FICATI ONS OF FAST REACTOR FUEL PI NS

TO BE IRRADIATED I N ENRICO FERMI

Collap sed clad Conventiona l Vibratory
pe lleted fue l pin pelle t ed fue l pin compa c ted fuel pi n

f.l.!!.d.!!i!!.g_t~b!:.

(316 and 347 AISI SS)

Wa 11 th i ckne s s 0 . 40 nun 0 . 40 nun 0 . 40 nun
Out e r diameter 6.35 nun 6. 35 nun 6. 35 nun

!!.°2.:.~02_f~e.!.

Fuel t ype Di sh ed pellets Dished pelle ts Fu s ed or sintered
powder

Heigh t 6 nun 6 nun
Diameter 5.540 + 0. 050 nun 5.415 + 0 .050 nun
Bulk den sity 86.5 -t l . 5 % TD 89 .5 +1.5 %TD >98 % TD
OIM ra tio 1. 98 1. 98 1. 98
Pu conten t 32 wlo 32 wlo 32 wl o

I u!:.l_ p! p_

Smeared dens i ty 83 + 2 % TD 83 + 2 % TD 83 + 2 % TD
Total length 1~ 28 6 mm 1 ~286 nun 1~ 286 nun
Fuel length 775 nun 775 nun 775 nun
Bottom FG plenum 190 nun 190 nun 190 mm
Top FG pl enum 251 nun 251 mm 251 mm
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Figure 2

Sample of fuel pin fabricated

utilizing the isostatic creep technique
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FIGURE.3: FLOW SHEET FOR LOW DENSITY

PELLET FABRICATION
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Ceram o g r aph y : ZOO x

Ele ctron microprob e scan
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Flow sheet for dense powder preparation

according to the sintering process
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Figure 8

.!Ii gh density small pellets (nodules) coarse fraction

for Vipac fuels
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FIGURE. 9: FLOW SHEET FOR OENSE POWOER PREPARATION

ACCOROING TO THE FUSION PROCESS
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Figu re 10
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U.S. EXPERIENCE ON IRRADIATION PERFORMANCE
OF U02-Pu02 FAST REACTOR FUEL

R. E. Skavdahl
C. N. Spalaris
E. L. Zebroski

Abstract

The data thus far add further confidence that U02-Pu02 fuel elements can
be designed to achieve high burnup at economical performance conditions
in a safe, reliable manner. An increasing number of high-burnup specimens
were examined during the past year, which included thermal flux samples
at high burnup (>10 atom %) and fast flux specimens at medium burnup
(~6 atom %). Detailed analysis of fuel pins irradiated to burnups up to
6.3 atom % in fast flux, generally confirm the low swelling rates observed
in thermal flux. The largest diametral strain was associated with strong
axial restraint. Thermal reactor irradiations of vented-to-coolant fuel
pins demonstrated an effective holdup time of several days for fission gas
release with a simple one-stage vent. Vented fuel is believed to have
promise for significantly lengthening fuel lifetime. Transient irradia­
tions show no fuel damage occurs with or without pre-irradiation until
energy inputs sufficient to melt about half of the fuel are reached.

Worked Performed Under Contract
AT(04-3)-189, Project Agreement
10, Between the U.S. Atomic Energy
Commission and the General Electric
Company, Advanced Products Operation,

Sunnyvale, California.

R. E. Skavdahl is Project Engineer, Fast Ceramic Reactor Development
Program; C. N. Spalaris is Manager, Fast Reactor Fuels & Materials
Subsection; and E. L. Zebroski is Manager, Sodium Reactor Technology
Section for the General Electric Company, Advanced Products Operation,
310 DeGuigne Drive, Sunnyvale, California.
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SUMMARY

The data thus far add f ur t her confidence t hat U02-Pu02 fuel e lemen t s
can be designed to achieve high burnup a t economi ca l performance condi t i ons
in a safe, r eliable manne r .

An i ncreasing number of hi gh- bur nup specimens wer e examined during
t he pa s t yea r , which included t hermal f l ux samples a t high burnup (>10
atom %) an d fast f l ux specimens a t medi um burnup (~6 a tom %) . These
r esults are expe c t ed to pr ov ide t he bases fo r development of more qua nt i ­
tative mode l s f or fu el rod des i gn.

Capsules incorporating strongly r adi ally r estrained fu el pins yiel de d
data on the effect of temperature and burnup on fuel swelling. The r ate
of swel l i ng (~.3% ~V/V per 1020 fissions/cc) was found to be su bstant­
i ally lower than that found in pr i or meas ureme nts (~0.7% ~V/V pe r 1020
fissions /cc ) a t lower t emper a tures with U02' The maximum swell ing rat e
was exhi bi ted by f uel i n t he i n termediate t empe rat ure r ange (~1800 ° C ) .

Fuel pi ns wi th mor e pro to t ypic fuel dens i t ies and degree of r adial
r estraint (i r radiated in t he rmal neutron fluxes) displayed s imi lar swell ­
ing r ate s to bur nups of 120,000 MWd/ Te . The swelling was l argely accommo­
dated by t he ax i al expansion of t he short fuel col umns , r ather t han being
manifested in diametral cladding strain .

Detailed analysis of fuel pins irradiated to burnups up to 6.3 a t om
% i n f a s t flux , gene r a l ly conf irm t he l ow swel ling r ates obs erved i n
t hermal flux . The swel ling was mani f es t ed in part by larger d iame t ral
cladding s t r a i ns , which is bel ieved to be caused by t he pa r t ial axial
r estraint afforded by l on ger fu el columns. For bur nups of ~50 , 000 MWd / Te ,
di ametral s t r a i n was s een to be a strong function of fuel pin smeared
dens i ty for densities above ~93% T.D. A reduced de pendence was observed
for densities less than ~93% T.D. Apparently a l arge part of t he initial
swelling is ac commodated by in-fuel voida ge, but in the l ater stage the
r emaining voidage is no t utilized. Reducing radial restraint (by r edu c­
ing cladding t hicknes s) results in only moder a t e i nc r ease in diametr a1
s trai n . The l argest diametral s t r a i n was as sociated wi t h s t r ong axial
r estraint. Few fuel-pin f ail ures have been obs erved, and t hose observed
t hus f a r in EBR- I I have been en capsula ted spec imens in which t he encapsu­
l at ion itself may have contribut ed t o the failure mechanism.

The rmal r eactor irradiations of vented-to-coolant fu el pins de mon­
s t r a ted an ef f ec t i ve holdup time of s everal da ys for fi ssion gas release
wi th a simple one-stage vent. Vented f ue l i s believed to hav e promis e
fo r signif i cant ly l en gthening f ue l lifetime by r educing t he fission gas
pressure wi thi n t he pi n, r esult i ng in l ess stress on the cladd i ng . Init­
i al fa iled-fue l behavi or t ests show differences in fuel dis t or tion and
l os s f rom over-power and over-temperatur e operation.

Trans i ent i r radi a t i ons show no fuel damage occurs wi th or wi t hout
pr e-irradiation until en ergy inputs sufficient to mel t about hal f of t he
fuel are reached. Axial r estraint and increased fuel de nsity lower the
t hreshold energy level which r esults in fu el damage.

Bur nups in the f as t flux in EBR- I I a re ex pec ted to r each 75, 000 MWd /
Te by the end of 19 67 and 100, 000 MWd / Te by mid-1968. Fast f lux irradia­
tions to dat e have emphas i zed pa rame t r i c t esting of encapsulated fu el pi ns.
Expe r i ment s now planned f ea ture: (1) s t atis t ical t est i ng of unencapsulated
fuel pins, (2) high risk t ests whi ch incl ude f ue l pins wi th pur posely
de fec ted cl addi ng , and (3) t ests de s igned to achieve higher cladding
t~mperatures.
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THERMAL FLUX IRRADIATIONS

Introduction

High burnup experiments in thermal neutron spectra have been under­
way for the last three yea r s to permit parametric and scoping experiments
on the behavior of mixed oxide fuels, which coul d not be accommodated in
fast-flux tests. In addition to var ious structural and properties
i nve s t i ga t i ons , information being ob t ained includes data on the amount
of fuel swelling and cladding s train t hat can occur at very high burnups.
The thermal neutron irradiations are atypical only in that radiation
damage to the cladding is too small r elative t o fast flux tests . However ,
f uel swelling data are believed to be valid , after making adjustments for
self-shielding effects.

Fuel Swelling

Until recently, information on t he swelling behavior of oxide fuels
has been based on the early BAPD plate fuel and LSBR data which suggest
bulk swelling r ates in excess of 0.7 % ~V/ V per 10 20 fissions /cc; the
available data has too large a range of scatter to perm i t correlations
with temperature or configuration . The early favorable results f rom
mixed oxide irradiations, however, suggested t ha t in cylindrical geome­
t r i es operating wi t h fuel surface t emper a t ur es greater than gOo·e, there
may be lower net swelling r a t es becaus e of better r estraint condi t i ons ,
higher average f uel temperature, greater pla s t i c i t y of fuel, and more
effective utilization of available void space (1).

Basic fuel swelling studies have been performed using st rong radial
restraint to force all swelling to oc cur in the axial direction. The
experiments employed fuel pins wi t h O.lOO-inch fuel pellet diameter and
0.460-inch wal l thickness , and provided , i nf or ma t i on on the rate of "inex­
orable" swelling and the effect of peak fuel temperatures ranging from
l 400· e to 2200·e . The data are shown plotted in Fig . 1. The swelling
rates with strong radial restraint are seen to be substantially lower
than prior data for UOZ, and sharply dependent upon t emperature.

At burnups to 15 atom %, the swelling rate is found to be maximum
at l800·e central t empe r a t ur e and l ower at lower temperatures . The hypo­
thes i s is that at lower temperatures (1400· e peak temperature), fission
gases are largely retained; but the gr owt h of fission gas bubbles i s
rest ricted by the strength of the mi xe d oxide lattice and the acc ommoda­
t i on of fission gas atoms in interstitial lattice positions similar to
t hos e oc cupied by oxygen in slightly hyper s t oi chi ome t r ic oxide . As the
temperature is increased, the interstitial atom s combine to form bubbles,
and a s the creep strength of the latt ice becomes lower, the fission ga s
bubbles grow more rapidly, whi ch l eads to a threefold increase in swelling
rate at l 800·e versus the l400·e central temperature . At t empe r a t ur es
above l800·e, fission gas is released by diffusion so only a small inven­
tory of gas is retained at s teady state . The major portion of further
swelling arises from solid fission products.

Included i n Fig . 1, and summarized in Table I, are swelling data
from thermal flux irradiations of fuel pins with limited radial r estraint
t ypical of 0.015-inch-thick cladding . The swelling rates a r e in surpris­
ingly cl os e agreement with those from the basic swelling s t ud i es . . The
results indicate t ha t (a) no diametral swelling «O .OOOZ inch) has been
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recorded to date in near-prototype fuels (between 84 and 92% of theoreti­
cal density) irradiated to burnups ranging from 80,000 to 120,000 MWd/Te,
and (b) some axial expansion, caused by a combination of fuel swelling
and axial flux peaking is observed. The volumetric swelling was deter­
mined from the change in length of the fuel and resulted in a high value,
because axial flux peaking caused a conical central void near the end of
the fuel, which was not subtracted from the final volume.

The swelling rate value of about 0.3% 6V/V per 10 20 fissions/cc
displayed by these fuel pins implies that smeared fuel densities as high
as 88 to 90% of theoretical might be utilized for LMFBR fuel designs for
100,000 MWd/Te burnup, provided that axial restraint is limited.

Fission Gas Release

Fission gas release measurements have indicated that gas release
increases with burnup, and releases of 80 to 90% are typical beyond 4%
burnup. The increased gas release is believed to work to advantage in
minimizing fuel swelling.

Fuel Stoichiometry

Physical property measurements have shown that the melting point and
thermal conductivity of mixed oxides are affected by stoichiometry (2).
Fuel irradiation~ at low burnup indicated that hypostoichiometric fuel
had a higher thermal conductivity than stoichiometric mixed oxide (3,4).
It is recognized that stoichiometry may change within the fuel element
during reactor exposure. Anselin and Baily (5) calculated that after
high burnups, the stoichiometry is maintained at 2.00, primarily because
of thermodynamic equilibria involving chemical reactions of the excess
oxygen (from fissions) distributed among the fission products and inner
surface of the cladding.

Experiment E2D (Table I) was designed to investigate the effect of
stoichiometry upon fuel performance at high burnups. The two fuel speci­
mens contained mixed oxide pellets with average stoichiometries of O/M =
1.96 (1.954, 1.959, 1.960) and 2.006 (2.003, 2.009). The fuel specimens
were operated under identical conditions of time, heat flux, power cycling,
and neutron flux spectra. They showed similar post-irradiation micro­
structural characteristics - identical center-hold diameter and location,
and columnar grain growth. These results are consistent with the theo­
retical analysis mentioned above. It is concluded that the initial advant­
age of using hypostoichiometric fuel (for higher thermal conductivity and
higher melting point) may diminish with increasing burnup.

Fuel Density

One of the experiments in Table I (E2C) had fuel density as a promi­
nent variable, with all other parameters held nearly constant. Fig. 2
shows comparative sizes of central void formation observed after reactor
exposure. Fuel pellets which were initially 94.3% of theoretical density
displayed a central void volume of 3.8%. Pellets of initially 84.5%
theoretical density displayed a central void which occupied 10.5% of the
original fuel element volume. The absence of porosity in the columnar
grain growth region of the low density fuel indicates that it had a high­
er central temperature, perhaps early in life because both specimens
exhibited columnar grain growth to about 75% of the radius. The usual
high porosity, believed to be produced by fission gas bubbles, was found
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to be present in the structure immediately adjacent to the cladding where
fuel burnup was the highest. It is concluded that the difference in the
effective thermal conductivities of the two fuels is not significant at
very high burnup. A significant difference between low and high density
fuels has been demonstrated at low burnup (6).

Fuel-to-Cladding Gap

Fabrication of large quantities of fuel rods (approximately 38,000
rods or about 1 x 10 6 inches of fuel for a 300 MWe power reactor) under
glove-box conditions required simple assembly techniques. Ease of assem­
bly requires a diametral gap range of 3 to 7 mils. Numerous experiments
were conducted to explore fuel performance behavior as a function of
initial pellet-to-cladding gap. In one specific case, diametral gaps of
2, 4, and 10 mils were investigated at low burnups (45 hours). Thermo­
couple measurements yi el ded derived contact conductance values of 2000,
1100, and 600 Btu/h-ft2_OF for the gaps mentioned; but the 4- and 10-mil
gaps were reduced to one-half their initial value in 45 hours (7).

Recent results shown in Table I were obtained from fuel experiments
carried out to high burnups. Post-irradiation metallography indicated
small or no gaps remaining. These results confirmed those obtained earlier
in experiments conducted at low burnups, and show that diametral gaps
cannot be used to accommodate fuel swelling.

FAST FLUX IRRADIATIONS

Introduction

A total of 20 mixed oxide fuel pins have completed irradiation in
EBR-II at burnups of 0.2 to 6.3%, and have been subjected to post-irradia­
tion examination (Table II). An addition 93 specimens, ranging in burnup
from 1.5 to 6.4 atom %, are currently being irradiated in EBR-II.

The first six pins listed in Table II were removed from EBR-II in
May, 1965, following a short-term irradiation as a proof-of-principle test
(8). In November, 1966, two fuel rods containing vibrationally compacted
U02-20%Pu02 were removed from EBR-II after a burnup of ~2 . 7 % (9). In
February, 1967, a significant milestone was reached when the first pins
to achieve greater than 5 atom % burnup were removed (10). This batch of
12 pins included 11 pins which had reached burnups of from 5.0 to 6.3
atom % and one pin at 3.6 atom %. It is expected that the first pins to
reach 10 atom % burnup will be removed from EBR-II in mid-1968.

Fuel Swelling

The maximum diametral strain observed on 11 of the 12 F2 series of
fuel pins ranged from 0.40% (0.0010 inch fiD) to 1.72% (0.0043 inch fiD) ;
the latter for a fuel pin with an axially restrained fuel column. Exclud­
ing the axially-restrained specimen and the lower burnup (3.6%) specimen,
the maximum diametral strains all fall in the range 0.40% to ~692%. The
corresponding fuel pin gross volumetric swelling rates (fiV/lO fissions/
cc) are well below the minimum rate observed for the basic swelling cap­
sules, and indicate that fuel swelling is being accommodated to a great
extent in some manner other than diametral strain. The nearly-double
strain exhibited by the axially-restrained specimen tends to confirm
that axial expansion is a significant mechanism in accommodating fuel
swelling.



Fig. 3 shows the 'maximum diametral strains plotted as a function of
initial fuel pin av erage smear density, and indicates that the degree of
fuel pin swelling is not a s t ro ng function of the degree of initial void
volume in the fuel. A detailed pellet-by-pellet analysis of the data was
performed. The ~D at each pellet location in the fuel column was obtained
by subtracting the local pre-irradiation diameter (determined by a micro­
meter) from the post-irradiation diameter (determined by detailed profilo­
metry) at two rod orientations (0° and 90°). Each ~D was actually a range
of values, because the profilometer trace is continuous and rod diameter
variation over even one pellet length was detected. Us i ng a s - fabr i ca t ed
values of pellet density and pellet-cladding gap, local smear densities
were calculated for each pellet location. The data are plotted in Fig. 4,
where the data points are vertical lines r epresenting the range of the
local ~D at pellet locations of indicated smear density. The data in
Fig. 4 represent all the pellets in fuel rods F2A, F2E, F2Q, and F2U. Two
items are particularly appa r en t :

1. The scatter in the data is quite l arge, indicating the value of more
closely controlling f abr i cat i on of parametric test pins (more closely
match pellet densities and sizes, more closely control and select
cladding dimensions) and of obtaining more detailed pre-irradiation
dimensional measurements (profilometer r ather than micrometer) .

2. The gradual trend of increased diametral strain with increased density,
exhibited by Fig. 3, app ears in Fig. 4 to be replaced by a t wo-stage
dependence (at ~50 , OOO MWd/Te burnup). At the low densities (from
~86% T.D. to 93% T.D.), reducing smear density does not r e sul t in
grea~ly reduced diametral swelling, the dependence being only ab?ut
0.02% ~D/ D . At higher densities the relationship is about 0. 20% ~D/ D

1% T.D. ' 1% T.D••
The large differenc~ is probably caused by the occurrence of an
"induction" period of burnup, during whi ch the larger amount of in­
fuel voidage in the lower density pins partially accommodates the
swelling and delays its mani f es t a t i on as diametral cladding strain.
Differential thermal expans i on between the fuel pellets and cladding
accounts for a portion of the strain at t he high-smeared densities
(>95% T.D.).

Similar plots were made of the pellets in the other fuel rods from
the F2 series. Using the center-of-mass of the data from ea ch pin as a
data point, it appears that reducing cladding thickness from 0.015 inch
to 0.010 inch increased diametral strain from ~0 . 3% to ~0 . 7% (at ~92 . 6%

T.D., average).

Fission Gas Release

Fig. 5 shows the fission gas release values plotted agains t fuel pin
smear density. Two trends are apparent: (1) decreasing ga s r elease with
increasing smear density (decreasing fuel t emperature), and (2) increasing
gas release wi t h increasing burnup. Comparison with British data (11)
shows general agreement for vibrationally compacted fuel, but the F2 releas e
values for solid pellet fuel are somewhat higher than the Br i t i sh values
for annular pellet fuel, as might be expected. The fission gas release
data for pins irradiated in EBR-II, although not so abundant as for pins
irradiated in thermal flux, tend to confirm the saturation effect indicated
by the latter data.
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Fuel Pin Failures

On neutron r adiographi c examinat i ons of t he 12 encapsulated pins
irradiated to >5% burnup, it was observed t hat one pin had f ailed . At
l east one addi t i onal encap sulated-pin f ail ure ha s been detected in a sub­
sequent gr oup of pins, but examina tions other than neutron radiography
hav e not ye t been done .

Structural Changes in Mixed Oxi de

In all cases, structural change s (c entral vo i d f o rmation , co l umnar
gr ain gr owt h , etc. ) oc curr ed which wer e consistent wi th t hos e observed in
thermal flux irradiations having s imilar design and opera t ing pa rame t ers .

Metal l i c i ncl us i ons were observed t hroughout a cross-s ection of pin
SOV-6 (1 2) (vipac , 83 . 3% t heoretical den s ity, l8 .4 kW/ft, 2 . 9% peak bur nup) ,
as well as i n t he bottom of t he central void. The l atter cor r esponded to
a peak in a gamma-scan for ruthenium-103 activity, whi le t he former were
i de n t ifi ed (13) to consist mai nly of ruthenium and molybdenum, wi t h smaller
amounts of technetium, rhodium , and pa l l adium. Similar inclusions wer e
observed in the cross-sections of t he F2 group of pins, but not in the
bottom of t he cen t r a l void. The con centration of inclusions found in t he
bottom of SOV-6 probably r esulted from the f uel having been mol t en at some
time during its irradiation, which was not the case for the F2 pins.

A gray phase located in the gr ain boundaries of the fuel in SOV-6
was identified (13) to contain signif icant amount s of barium, strontium,
and cerium. A s imilar gr ay pha s e has been observed in the F2 pins, but
not nearly so ex ten s ive .

Fig . 6 shows the tran svers e cros s -sections of pelleted fu el pins F2Q
and F2U. The pins had smeared densi t i es of 96.7% and 87 . 0%, and operat ed
a t 16 .7 kW/ f t and 16 .3 kW/ft , to peak burnups of 6 .0% and 5. 9%, r espec­
t i ve l y . The structures are consistent wi th expectation, t he l a r ger central
void in F2U reflect ing its hi gher fuel t emperatures (l ower smear density)
and higher f ission ga s r elease (63 % ve rsus 47% for F2Q) .

BEHAVIOR OF OXIDE FUELS DURING POWER TRANSIENTS

The av ai labi l i ty of a large , prompt , negative Dopp ler coeff icient i n
fast r eac t or cores fu eled wi th mixed oxide, makes it i mportant to es tab­
lish t he magnit ude of t he power pulse whi ch oxide f uel can wi thstand wi th­
out suffer i ng gross mechanical dis tor t i on . This data is impor tant in t he
haz a rd s anal ysis of a r eacto r becau s e i t dete rmines t he amount of r eactiv­
ity inser t ion which can be safel y offset by t he Doppler coef f icient wi th­
out ha vi ng to take into ac count f ur ther react ivity effects ca used by fuel
motion . It is of further i mportance to determi ne t he nature of the phe no ­
mena in the vicinity of the dama ge t hreshold of the fu el , and how the
threshold of damage varies wi t h t he detai l s of the fuel des ign and it s
prior expo sure history. A pr ogr am of such tests, primarily utilizing the
TREAT f ac ility t o provide power transients, ha s been und er way for six
years i n connect i on with the Fast Cer ami c Reac t or Development Pro gram.*

The ef f or t to date has reasonably well establish ed the threshold
damage limits for unirradiated fu el and preliminary data on fu el pre­
*Sponsored by the Un i t ed States Atomic Energy Commission under Contract
AT (04 -3 ) - 189, Project Agreement 10, with t he Gen . El ect . Co., Sunny vale,
Cal if .
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irradiated to 60,000 MWd/Te in thermal fluxes. All of the energy inputs
at failure thresholds observed so far are substantially higher than those
calculated for credible excursions in current U.S. fast reactor designs.
The mechanisms by which thresholds are exceeded have been determined.
Further irradiations of typical fuel is underway in EBR-II to establish
the influence on transient behavior of pre-irradiation in a fast flux.
Effects of (1) the reduced ductility of the cladding caused by exposures
of the order of 5 to 8 x 10 22 nvt, and (2) the different inventory and
radial distribution of fission gases, will be explored for the fast flux
irradiations.

Three recent transient tests of mixed oxide pins in TREAT are tabu­
lated in Table III. Examination of these experiments leads to the follow­
ing conclusions (applicable to fuel which is not irradiated prior to the
transient).

1. The transient failure mechanism for zero burnup fuel is cladding melt­
ing caused by contact with molten fuel. High internal pressure does
not appear to contribute significantly to failure (no appreciable
cladding deformation is found in areas adjacent to the failure zones).

2. Axial restraint of the fuel column significantly (10 to 15%) reduces
the threshold energy level for cladding failure. Unavailability of
axial expansion space results in earlier contact of molten fuel and
cladding.

3. Decreased fuel density partially offsets the effect of axial restraint
and allows accommodation of melting of most of the fuel (70 to 80%)
without cladding failure.

For pre-irradiated fuels, the mechanism of failure in transients is
considerably different. Table IV summarizes pre-irradiated test results
(14).

1. The fission gases released from molten fuel contribute significantly
to the stress of the cladding, even at low strain levels.

2. Pressure from suddenly released fission gas can cause redistribution
of part of the molten fuel, but "foaming" of molten fuel does not
occur appreciably.

3. Fuel pins survive transients producing extensive fuel melting, even
after extensive pre-irradiation (in thermal flux). Fast flux pre­
irradiation tests are in progress.

VENTED FUEL BEHAVIOR

Vented fuel is a strong candidate for current reference fuel designs
for several 1000 MWe plant design studies sponsored by ANL, and is under
active consideration for first generation demonstration plants of about
300 MWe. The potential benefits of venting are:

1. Lower stress level in the cladding at high burnups.
2. Elimination of the possibility of gas blanketing damage of nearby

fuel from the release of high pressure fission gases at the inception
of a fuel defect.

3. Lower failure rate of fuel at high burnups with consequent lower
contamination of system by mixed fission products.
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The intentional emission of fission gases from vented fuel · need not
be considered a disadvantage for plant operation or maintenance. In a
practical system, the effect of fixed radioactivity on maintenance opera­
tions at high burnup may actually be less with properly designed vented
fuel than with nonvented fuel, because of the reduced failure rate of the
former.

Prior tests with short pins (5-inch fuel length) have been encourag­
ing because the predominant activity appearing in the sodium was Cs-134
via the chain:

77 Cs-133n , y
5.7d (stable)

Ba-134
2.3y (stable)

The cesium-134 activity was of the same order as the limiting level
of Na-22 activity expected in a large fast reactor. The distribution of
the fission gases released suggested an average delay time of about 5 days
for the particular geometry tested.

Fission product escape rates are being determined from more typical
pins (20-inch and 23-inch fueled regions - 8 to 12-inch axial blanket)
under conditions simulating central and core-edge positions. Results are
available for one specimen (B3F in Table V).

With the longer pin, the release of short-lived fission gases is
somewhat greater than in the short-pin test. (A simple one-stage vent
was used for both cases). This effect is tentatively attributed to the
different ratios of free volume in the pin to the volume of the vent and
vent plenum. The breathing of gas with cycling of power and temperature,
results in a smaller effective delay time during a power cycle.

Analysis of delay times attainable indicate§ that, with several vent
chambers in series, effective holdup times of 10l to 10 3 hours are attain­
able. Additional holdup time of the vented gas is normally provided by
the reactor cell atmospheres.

Venting to atmosphere is possible because the amount of activity
released can be made very small, and essentially only Kr-85 would be
emitted. Release rates well within typical 10CFR-20 limits appear feas­
ible for a 3000 MWt reactor.

Failed Fuel Behavior

The mechanism of propagation of defects is of importance in both
safety analysis and in the definition of effective fuel lifetime. The
objective is to find operating conditions and fuel configurations such
that continued reactor operation is practical until the next convenient
refueling time. It is also essential, for safety analysis, to be able to
describe the behavior of fuel under overpower and low-flow conditions.

Some fuel defects have occurred in the course of testing fuel in
capsules, but these have been difficult to interpret because of the
influence of the capsule itself on the nature of the failure. Transient
defect testing with circulating sodium is planned for 1968. Two interesting
examples of probable steady-state overpower or over-temperature failures
are available which occurred in low velocity flowing coolant (natural
convection NaK at ~l fps). The conditions of the tests are given in
Table VII. For B3B, the initial failure occurred during a three-hour
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period of over-power operation near 30 kW/ft. For B3C, failure was caused
by over-temperature operation for a period of 11 days a t 1300°F (at the
outer su rface of the cladding) . The volume increase on melting in B3B
was greater than could be accommodated by the design, resulting in local
necking and r upt ur e of t he cladding . For the specimen which continued
prolonged operation after f a ilur e (24 weeks) further increase in f uel dia­
meter took place because of the penet ration of sodium into the fuel . For
stoichiometric f ue l, density changes up t o 12% have been observed in out ­
of-pile tests (21), depending on the initial density and OIM ratio.

While the conditions of t hes e tes ts only roughly approximate actual
power reactor operation, it is provisionally concluded that:

1 . Limited operation after over-power failure may be feasible wi th
respect to acceptable escape of fuel and fission products.

2. Over -temperature operation (1300 to 1350°F local cladding peak) is
not acceptable because of gross emission of fuel after failure occurs .
Tests of failure effects in various forced circulation l oops are
planned t o determine behavior of defected fuel under the fol lowing
conditions:

a . steady-state over-power,

b. s teady-state over-temperature (low f low),

c . loss of f low and meltdown, and

d. transient over-power from f ul l power.
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TABLE I

FUEL PINS IRRADIATED TO HIGH BURNUPS IN THERMAL FLUX

Inital Final
Cladding lIL* Diametral Diametral Fission Gas

Smear Density, Temperature Burnup L Gap Gap Release
Pin No. Cladding QJ11 % Theoretical kW/ft (OF) (MWd/Te) ill (mils) (mils) (%)

ElE-l 2.00 94.7 "'20 "'650 "'87 , 000 4.4
ElF-l 2.00 94.6 "'20 "'650 "'80 ,000 4.2
E2C-l 347 SS 2.00 85 20 1060 120,000 6.1 3.2 0 83

"'" E2C-2 347 SS 2.00 95 20 1060 120,000 8.0 3.7 0 83en.... E2D-l 316 SS 2.00 90 17 1050 117,000 8.3 2.0-2.9 0-1 86
E2D-2 316 SS 1.96 92 17 1050 117,000 4.5 2.2-3.5 0-1 91
E5B-l 347 SS 2.00 86 20 1100-1150 115,000 4.7 3.2-3.7
E5B-2 347 SS 1.999 84 20 1100-1150 115,000 3.0

*lID <0. 0002 inch on all pins.



TABLE II

RESULTS OF POST-IRRADIATION EXAMINATION OF U02-20% PU02

FUEL PINS IRRADIATED IN EBR-II

Design Parameters Operating Parameters
Average Maximum Maximum

Cladding Gaps Smear Linear Cladding Peak
Fuel O.D. Thick (in . ) Density Power Temp. Bur nup

Pin No. Q111 Form ~ ~ li!!.:.L.. Diameter Axial (%) -- (k!'Uft) (OF) (atom %) (5)

F1A 2.00 Pellet 347 55 0. 250 0 .01 5 0.0039 0 .49 93 16.1 1086 0. 2
FlB 2.00 Pellet 347 55 0. 250 0.015 0.0025 0.48 95 16 .4 1091 0.2
FlC 2 .03 Pellet In co1oy-800 0. 250 0.015 0 . 0022 0 .002 94 16. 8 1097 0.2
FlD 1.98 Pellet Inco1oy-800 0. 250 0.015 0.0030 0.48 93 16.2 1088 0. 2

o!"
FIE 1.98 Pellet 316 55 0 . 250 0.015 0 .0030 0 .50 87 14 .8 1066 0. 2

<:1l FlF 1.99 Vipac In co1 oy-800 0. 250 0.015 N. A. 0 . 31 85 16 .4 1091 0.2
t-.>

SOV-5 >2 . 00 Vipac 304 55 0. 296 0 .021 N.A. 83.4 17. 2 1049 2 . 7
SOV-6 >2 . 00 Vipac 304 55 0.296 0.021 N.A 83.3 18 .4 1076 2 . 9
F2A 2.00 Pellet 347 55 0. 250 0.015 0.0025 94.0 16.1 1140 5 .8
F2B 2.00 Pellet 316 55 0. 250 0.015 0.0026 94.6 16 .4 1154 6 .0
F2E 1.98 Pellet 316 55 0. 250 0.015 0.0032 94 .4 16.7 1161 6 . 0
F2F 1.98 Pellet Inco1oy-800 0 . 250 0.015 0.0030 94.8 16 .8 1165 6 .1
F2N 2.00 Pellet 347 55 0. 250 0.010 0.0034 92 .6 16.6 1160 6.0
F2P 2.00 Pellet 347 55 0. 250 0 .015 0 .0030 94 .5 9.9 975 3 .6
F2Q 2.00 Pellet 347 55 0 .250 0.015 0 .0012 96.7 16. 7 1161 6 . 0
F2S 2 . 00 Pellet 347 55 0 . 250 0.030 0.001 2 96 .7 17.5 1184 6 . 3
F2U 1. 98 Pellet 347 55 0 . 250 0 . 015 0 .0034 87.0 16 .3 1150 5 . 9
F2W 1.99 Vip ac 347 55 0. 250 0 .015 N.A. 83 .8 14.1 1092 5 . 1
F2Y 1.99 Vipac 316 55 0. 250 0.015 N.A. 83.9 13 . 8 1084 5 . 0
F2Z 1.99 Pellet 31 6 55 0 . 250 0.015 0.0029 87 .2 16.1 1140 5. 8



General
Condition Ref erences

TABLE II (Cont i nued)

Post-Irradiation Results
Maximum % Fission
f!> Di ameter f!> Density f!> Length Gas

Pin No. (inches) (%) (i nches ) Release

FlA (1) (2) 11<0 . 001 (1) -0.013(2)
FlB <0 . 001 (1) -0 .008(2) 5
FlC <0 . 001 (1) +0 .002(2) 7
FlD <0 . 001 (1 ) -0 .007(2) 8
FlE <0 . 001 -0.017 (2) 26
FlF <0 . 001

(3) -0 .013 (4) 28
.... SOV-5 not significant <0 . 03%(3) +0.54 %(4)
<:n SOV-6 not significant 65w <0 . 03% +0.54 %(2)

F2A 0.0014 +0 .033(2 ) 49
F2B 0.0017 +0.026(2) 48
F2E O. 021 +0 .022 50
F2F

(2)F2N 0 . 0022 +0.028 (2 ) 50
F2P 0 .0013 +0.029(2) 32
F2Q 0 .0023 +0.032(2 ) 47
F2S 0 .0043 +0.014 55

F2U 0.001
(2)

63+0.017 (2)
F2W 0 .0011 +0 .013(2) 58
F2Y 0 .0010 +0 .006(2) 56
F2Z 0.0016 +0.011 58

Good
Good
Good
Good
Good
Good
Good
Good
Good
Good
Good

Failed
Good
Good
Good
Good

Good
Good
Good
Good

Remarks

4,8

1
12,15,16 {Not destructively

~ exami ned ; to be
10,17,18,19 re-irrad . in TREAT .

{
Axi a l l y restrained
fuel column.

(1) Exhibit ed ridging «0.0002 i nc h) at some pellet interfaces.
(2) Of ~3 5 . 5 inches long fuel pin.

(3) Of j acketed fu el col umn .
(4) Of ~1 1 . 5 in . long fuel col umn .
(5 ) Peak/Average = 1 .14.



TABLE III

TRANSIENT OVER-POWER TESTS OF MIXED OXIDE FUELS PINS

C4A

90% 90% 80%
6 i nches 14 inches 14 i nches
None (space provided fo r expansion

only up to melting)

None None None
200 kW/ft 160 kW/ft 150 kW/ft

150 kW-sec/ 130 kW-sec/ft 120 kW-sec /ft
ft

'\,3000 ' C 3500' C 3500'C

'\,75% 70- 75% 75-80%
No Yes* No
No No** No

Specimen

Design:

Smeared density
Length
Axial Restraint

Operation:

Pre-irradiation
Peak transient

specimen power
Total specimen energy
release

Maximum fuel temperature
(calculated)

Results:
Fuel volume melted
Cladding failure
Cladding deformation

*Approximately 10% of the fuel was expelled from the pin .
**Two additional pi ns failed at still higher energy inputs . Failure

was al s o cladding melting, but no cladding deformation could be
measured i n unmelted regions.

TABLE IV

TRANSIENT TESTS OF PRE-IRRADIATED MIXED OXIDE
FUEL PINS

Pre- Transient Power

Sample (l)
I rradiated Peak Total % Fuel
(MWd/Te ) (kW/ft) (kW-sec /ft) Melted Observations

C3B 8 ,100 112 143 30 (2)
C3C 64,000 166 147 67 (3)
C4E 63,000 76 97 22 (4)

(1)

( 2)

(3)

(4)

All samples f uel l en gt h 6 inches, 0 .250 inch nominal O.D., 0 .015
inch wall , thickness SS Type -347, 28% Pu02 in U02 .
Prior calibration transient to 55 kW-sec/ft; final cladding
diameter increase 2 to 3 mils.
Fuel cladding intact after transient, average diameter increase
3 mils. (The failure of a pressure transducer diaphragm allowed
molten fuel (11 gms) to flow via a 0 .033-inch tube to a plenum
below t he pin.)
Minor axial displacement of part of molten fuel , no di amet r a l
changes.

454



TABLE V

RADIOACTIVITY LEVELS IN VENTED FUEL TEST B3F
(Natural Convection NaK)

Species dps/gm NaK Rare Gas Parent
Observed x 106 Isotope Half-Life

Cs-134 1.6 Xe-133 5.3d
Cs-136 0.14 Xe- 135 9m
Cs-137 0 .6* Xe- 137 3 .9m
1-131 <40 x 10-5

Na-22 0 .016
Ba-140** <10- 3 Xe- 140 16s
Ce-144** <10- 4 Xe- 144 "'l s
Zr-95** <10- 4 Kr - 95 short

* This i s "'0 . 1% of total inventory formed .
**Most of t hes e activities i n the cold trap;

r elease fractions about 10-9 .

TABLE VI

CURRENT VENTED FUEL TESTS

Active Peak
Fuel Core Cladding

Sample (5)
Length kW/ f t Region Surf. Temp.

(inches) Density ~ Simulated (OF) Status

B3D 20 85 18 cent er 1200 (1)
B3E 23 83 18 edge 1200 (2)
B3F 23 84 15 edge 1100 (3)
B4D 20 84 15 center 1100 (4 )

(1) Pr esent burnup "'7 , 000 MWd / Te .
Targe t burnup "'50 , 000 MWd/Te .

(2 ) Present burnup "'7 , 000 MWd/Te.
Target bur nup "'50 , 000 MWd/Te .

(3) F.P. r elease data obta ined a t 23,500 MWd /Te .
(4) Neu t ro n r adiograph at 38 , 000 MWd/Te; F.P . r elease t o be measured

at "'45 , 000 MWd/Te.
(5) All sampl es nominal 0 .250-inch O.D. clad wi t h 0.015-inch wal l,

Type -3l6 SS. Fuel is 25% Pu02-75% U0 2 , flowing NaK (natur al
convect i on ) ca psules . I nverted "u" tub e or "diving bell" t ype
s i ngle-s tage vent s.
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TABLE VII

DEFECT TESTING - STEADY STATE OVER-TEMPERATURE OPERATION

Peak
Burnup Steady Peak Local Final

Sample (1)
at Failure State Power Temperature Burnup Fuel in
(MWd/Te) (kW/ft) (kW/ft) (OF) (MWd/Te) Cold Trap

B3B 15,000 2l >25 (2) 1250 18,000 trace

Observations

Multiple fissures 1/4 in.
to 1-1/2 inches. Dia­
meter changes 1 to 2%
next to fissures; 14%
at fissure.

oj:>.
c.n

'"
B3C "'16, 000 19 19 1350 47,000 '" lsg

(8%)
s-inch long fissure in
cladding; 4 to 9% dia­
meter changes adjacent to
f issure; 38% a t fissure.

(1) Both samples nominal 0. 2s0-inch O.D., O.Ols-inch cladding thickness,
20-inch active fuel length, 25% Pu02-7s% U02, 85% smeared density,
O/M ratio 2.00.

(2) Location of molten zon e indicates local peak power may have been '" 30 kW/ft. The over­
power operation continued for 3 hours, followed by four weeks of operation at 5 kW/ft.
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FIGURE 1. VOLUMETRIC SWELLING IN Pu02-U02 FUEL
IRRADIATED IN THERMAL FLUX
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ElC-2 PELLET DENSITY 94.3% 120,000 MWd/Te

FIGURE 2. TRANSVERSE CROSS SECTIONS OF FUEL PINS FROM CAPSULE
E2C IRRADIATED IN THERMAL FLUX

457



o F2S
ALL PINS0.250 in. O.D. x 0.015 in. THICK CLADDING, -
PELLETED FU EL, 5.0 TO 6.3%

PEAK BURNUP; EXCEPT: F2W. F2Y VIPAC FU EL
F2N0.010 in. THICK CLADDING
F2S0.030 in. THICK CLADDING, AXIALLYRE·

STRAINED
F2P3.6%BURNUP

o F2Z

F2W8 F2Y 0 F2U

94 98

o F2Q

96

o F2E

o F2B

F2Ao 0 F2P

o F2N

9290888684

1.8

1.6

1.4

1.2

~
1.0

~
0.8

~To
0.6

0.4

0.2

0
82

SMEARED DENSITY (percent T.D.)
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FIGURE 6. TRANSVERSE CROSS SECTIONS OF FUEL PINS FlO AND
F2U IRRADIATED IN EBR-II
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IRRADIATION PERFORMANCE
OF URANIUM-PLUTONIUM CARBIDE FUELS­

THE USA EXPERIENCE

A. A. Strasser
J. H. Kittel

ABSTRACT

Uranium-plutonium carbides have been irradiated in thermal and fast re­
actors, in the form of high and low density pellets and vibratory compact­
ed powders. Maximum performance levels achieved are 36 x 1020 fiss/ cc
(114,000 Mwd/T), and 470 wig.

The fuel performed without significant micros tructural changes, such as
melting or gr ain gr owth. Plutonium redis tribution or s ignificant fission
product segregation did not occur. Voids due to fission gas ag glomera­
tion formed at high temperatures and burnups. The maximum clad OD in­
crease was 0.9% per 10,000 MWd/T. One percent of the fission gases was
released from high density pellets below 16 x 1020 fiss/cc, and 40% above
32 x 1020 fiss /cc.

The thermodynamic compatibility of the carbides with stainless s teel, nio­
bium ' and vanadium clads was excellent up to 10,600 hours of operation.

A. A. Strasser is Manager, Plutonium Fuels Department at United Nu­
clear Corporation's Research and Engineering Center, Elmsford, N. Y.
J. H. Kittel is Head of the Fuels Development Section in the Metal­
lurgy Division of Argonne National Laboratory, Argonne, illinois.
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INTRODUCTION

Carbide fuels have the potential to reduce fast breeder reactor fuel
cycle costs by virtue of their high thermal conductivity and high fuel
density. The high fuel density provides a high breeding r atio. The high
thermal conductivity can be used to advantage for:

1. High specific power operation - to reduce inventory costs and
decrease doubling time;

2. High linear power operation with larger diameter, fewer, me­
chanically more stable fuel rods - to reduce fabrication cost;

3. Lower fuel temperature which decreases fission gas release,
swelling, and fuel redistribution - to increase burnup potential.

The near-term performance goals of carbide fuels a r e expected to
produce fuel cycle costs of <1 mill/kwh. The extent to which the per­
formance goals have been achieved in irradiation experiments is indi­
cated below.

Specific Power, wig
Linear Power, w/ cm
Burnup, fiss/cm3

Goal (Avg)

150-400
500-1300
17-34 x 1020

Achievement (Avg)

150-280
300-800
3-38 x 1020

Many of the early tests were not with prototypical fuel elements in
that short specimens, some refractory metal clads, and some very thick
clads were used in a thermal flux. However, the recent irradiation of
six prototypical fuel rods in a fast flux confirmed the basic data obtained
by the nonprototypical specimens. This paper summarizes and evaluates
the irradiation test results obtained in the past five years in the USA.

PRE-ffiRADIATION CHARACTERIZATION OF FUELS

Structural characterization of carbides is complicated by the diffi­
culty in making pure, stoichiometric (U,Pu)C. The range of carbon sol­
ubility in (U,Pu)C is small, Therefore, small changes in carbon content
from stoichiometric monocarbide will generate additional phases. In
addition, the generally present oxygen and nitrogen impurities can re-
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place carbon in the lattice and the resulting equivalent carbon content*
can affect the structural stoichiometry in the same manner as the car­
bon content itself. The constituents in the microstructure, produced in
increasing order of either carbon or equivalent carbon content, are:
Mt + MC, MC, MC + M2C a, and MC + MC2• Because the solubility of
oxygen and nitrogen in the carbide is large, it is possible to have a hy­
postoichiometric carbon content in a hyperstoichiometric structure.
Use of nickel sintering aid also makes this situation possible by promot­
ing M2C a formation. Therefore, it is important to differentiate between
structural and carbon stoichiometry in the characterization of carbides.

The structural stoichiometry appears to have a significantly stronger
effect on irradiation performance than the carbon stoichiometry. Ura­
nium carbide irradiations (1) showed that hypostoichiometric structures
of U + UC were prone to greater swelling and .fission gas release rates
than stoichiometric UC or hyperstoichiometric UC + UC2 or UC + U2C a
structures. For this reason, the majority of the mixed carbide irradi­
ation tests have been with stoichiometric or hyperstoichiometric struc­
ture fuel.

Containing fuel swelling without clad rupture for long periods of time
is a requirement for economical, fast reactor fuels. A number of meth­
ods to minimize fuel swelling of carbides have been proposed:

1. Providing void space for fuel swelling;

2. Releasing and venting the fission gases that are a major cause
of swelling;

3. Increasing the strength of the fuel (resistance to swelling) by
additives.

Irradiation experience to date is limited to the first method only. The
types of fuel rods tested and examined incltrle: high- and low-density
pellets with varying size helium annuli between fuel and clad, and vibra­
torily compacted particles in helium. Tests in process include in addi­
tion to the above: annular high-density pellets and sodium-bonded pel­
lets.

*Equivalent carbon = C + (12/16 0) + (12/14 N).
tM = (U,P u).
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HIGH-DENSITY PELLETS

Early thermal flux irradiations(2,3) compared the performance of
MC + 15 v/o M2C 3 sintered at 96% of theoretical density with the aid of
0.1 w/o nickel and MC + <5 v/o MC2 sintered to 91% of theoretical den­
sity without nickel sintering aid. The incentive to use nickel sintering
aid is to provide a fabrication method that has a minimum sensitivity to
processing variables, and therefore, is more economical than a process
without sintering aid. Since the trace of MC2 disappeared at burnups of
less than 7 x 1020 fiss/cc and the M2C3 was stable up to 38 X 1020 fiss/cc,
the irradiations also compared the behavior of the MC +M 2C3 vs single­
phase MC structure. Current fast reactor irradiations of high-density
pellets are concentrating on the MC +M2C 3 structure made with nickel
sintering aid, since the thermal irradiations and out-of-pile property
measurements(4,5) did not show any significant differences between the
two-phase and single-phase structures.

The fuel characterization is summarized in Table I.

The fuel was fabricated by the carbothermic reduction of the mixed
oxides followed by cold pressing, sintering, and centerless grinding. (5)

LOW-DENSITY PELLETS

Arc-melted buttons of (UO.8-PUO.~C were crushed to various particle
sizes in glove boxes that contained a high-purity nitrogen atmosphere. (6)
The powder was cold pressed into pellets. Pellets of the desired den­
sity (85%) were obtained by sintering at 1900"C for two hours. The
shrinkage of the pellets was controlled so that they could be loaded into
fuel cladding without grinding to size.

Chemical analyses of the pellets showed 4.64 to 4.72 w/o carbon,
1100 to 1200 ppm oxygen, and 140 to 200 ppm nitrogen. The micro­
structure of pellets was entirely single-phase monocarbide,

VIBRATORILY COMPACTED PARTICLES

The vibratory compaction process is of particular interest for the
fabrication of fast reactor ceramic fuels because: (1) the process is
amenable to remote operation, as would be required with fuels con­
taining substantial quantities of the higher isotopes of plutonium, and
(2) the process inherently provides the uniformly distributed void space
required to accommodate fuel swelling for high burnups,

Two vibratorily compacted uranium-plutonium-carbide systems are
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under study: (1) solid-solution (U,Pu)C particles, and (2) mixed particles
of UC and PuC. The solid-solution particles are presently made in the
same way as described above for feed for the low-density pellets. The
use of solid-solution particles has the advantage of assuring maximum
uniformity of plutonium distribution in the fuel matrix. On the other
hand, the mixed particles are subject to plutonium segregation should
particle segregation occur. Primarily for this reason, emphasis is be­
ing shifted to the use of solid-solution particles, although irradiations
are also being made to a limited extent on mixed carbide particles.

Vibratory compaction presently is being done by an infiltration tech­
nique. (1) This technique enables reproducible packing densities to be
achieved in minimum time. The fuel columns are characterized by uni­
form particle densities. Packing densities in the range of 80 to 85% are
normally specified.

FUEL SPECIMEN PERFORMANCE

The irradiations to date have covered all but the highest ranges of
desirable thermal performance. The most recent tests were with pro­
totypical fuel rods in a fast reactor (EBR-II). They were preceded by
the irradiation of smaller samples in thermal reactors that pointed out
some of the problems to be encountered in high-power, long burnup fuels.

illGH-DENSITY PELLETS

Initial thermal irradiations by the United Nuclear Corporation tested
fuel configurations with a minimum fuel-to-clad helium gap to minimize
fuel temperature and swelling, and thick clads to maximize the clad
strength. The clad used was cold worked (half hard), thick type 316
stainless steel and niobium. At the time the specimens were designed
(1960), high fission gas pressure was considered a very likely cause of
failure.

The results of the irradiation experiments showed that fission gas re­
lease was low and would not be the primary cause of failure. All of the
niobium clad specimens were intact to the maximum burnup of 30 x
1020 fiss/cc (113,000 Mwd/T) and the clad appearance was the same as
prior to irradiation. The stainless steel clad specimens were intact to
about 8 x 1020 fiss/cc (24,000 Mwd/T), and above that failed from a com­
bination of fuel swelling and clad embrittlement. The niobium clad was
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able to accommodate the relatively small amount of fuel swelling: 0. 3%
per 10,000 Mwd/T burnup. However, the ductility of the stainless steel
was decreased so drastically by the test that it could not accommodate
the strain due to fuel swelling. Results are summarized in Table II.

The results indicated that void to accommodate fuel swelling must
be provided in the fuel rod, and for high-density pellets this meant a
larger fuel-to-clad gap, at the cost of higher initial fuel temperatures.
Also, the clad composition and structure must be designed for maximum
ductility at some adequate strength. The stainless steel clad specimens
allowed for essentially no expansion space and the cold-worked cladding
was later found to be prone to the greatest ductility losses. (8)

Accordingly, the next set of experiments by the United Nuclear Corp­
oration was designed with a larger fuel-to-clad gap and maximum ductil­
ity stainless steel. The specimens were full-length rods irradiated in
EBR-II. The diametral fuel-to-clad gap was 5 to 6 mils, providing
smear densities of -93%. The gap size was a compromise between "ac­
ceptable " cladding strains, based on fuel swelling rates from the previ­
ous experiments, and "acceptable " fuel temperatures. "Acceptable "
was based on best estimates of current knowledge.

The clads were all annealed, and the stainless steel had a minimum
grain size number of ASfM-6. The finer grain size is reported to help
retain ductility. (9)

The three rods were irradiated in EBR-II to peak burnups of 10.1 x
1020 fiss/cc (29,000 Mwd/T) at essentially the design powers, and per­
formed as predicted. Preliminary results are summarized in Table II
and below. The final data are published in Reference 10.

The clad strains were the magnitude predicted within the accuracy
of measurement: 0.0 to 0. 2% for the type 316 rod, 0.1 to 0. 6% for the
vanadium and vanadium-2~ titanium rod.

During the initial irradiation period, the fuel swells into the fuel-clad
gap and no clad strain occurs to 20,000 to 30,000 Mwd/T. Above this
burnup, the fuel contacts the clad and the subsequent swelling is accom­
modated by clad strain. The current data are sufficient to give a fair
degree of confidence in the swelling rate numbers for high-density pel­
lets.

In low-density pellets, some of the swelling is accommodated in the
internal fuel porosity; however, the efficiency of the swelling accomo-
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dation by internal voids is as yet unknown.

The clad diameter changes were highest at the maximum power posi­
tions, as expected: 0.7 mils at 625 w/cm for the type 316 clad rod, and
2.3 mils at 920 w/cm for the vanadium clad rods. This is equivalent to
an average clad OD increase of 0.07%/10,000 Mwd/T and 0.15%/
10,000 Mwd/T, respectively.

Whole fuel pellets were recovered from the V-20 Ti clad rod and
larger fuel chunks from the other rods. Fuel density decreases mea­
sured by immersion ranged from 2 to 3% at the lower power rod extre­
mities to 5 to 6% at the higher power rod center. The average density
decrease in the fast reactor irradiations is compared to thermal reactor
irradiations (Fig. 1).

The density decrease and the swelling rates (Table II) compare fa­
vorably with the earlier thermal reactor irradiations. If, however, the
swelling rates are plotted vs maximum calculated fuel temperature at
startup, these rates are much lower than would be expected from UC
data. The reason is that with large initial fuel-to-clad gaps, the calcu­
lated temperature is high but drops rapidly as the fuel swells and con­
tact is made with the clad. A typical calculated temperature history of
a pellet is given (Fig. 2). As the fuel temperature decreases, the swell­
ing rate and temperature become difficult to define during the initial
irradiation period. After fuel-to-clad contact is made, the lowered fuel
temperatures probably will fit into the accepted carbide swelling-tem­
perature relationship.

LOW-DENSITY PELLETS

Initial interest at Argonne National Laboratory in the use of low-den­
sity pellets developed during the design of a series of high-burnup ce­
ramic fuel elements for fast breeder reactors. It was recognized that
inexorable swelling would result from solid fission products with an
additional increment of volume change resulting from nucleation of fis­
sion gas bubbles. The swelling due to fission gas effects was expected
to be highly temperature-sensitive, as had been noted in metallic fuels.
Internal void space in the fuel appeared to be a feasible solution to the
problem of accommodating fuel swelling.

A group of experimental fuel elements of single-phase monocarbide
is being irradiated in EBR-II. The first element has been removed with
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a peak burnup of 16,000 Mwd/T and is undergoing post-irradiation ex­
amination. The element operated at a maximum cladding temperature
of 575"C with a peak linear heat rating of 515 w/ ern (16 kw / ft ). The ir­
radiation conditions are summarized in Table II.

No significant dimensional changes were noted in the fully annealed
type 316 stainless steel cladding. Nondestructive examinations of the
element by neutron radiography and by gamma scanning showed that
pellets were loose within the cladding and could be axially shifted to
some extent. The fuel element had originally been assembled with a
diametral clearance of 0.004 in. between the fuel and cladding.

VIBRATORILY COMPACTED PARTICLES

Experimental specimens of the mixed carbide particles were investi­
gated first because of the earlier availability of UC and PuC starting ma­
terials. Thermal reactor irradiations were made on mixed UC and PuC
particles in the form of small prototype fuel elements. (11) Results from
these experiments were highly encouraging in that they showed that fuel
burnups up to at least 18 x 1020 fiss/cc (58,000 MWd/T) could be achieved
in thin (0.009-in.) cladding without excessive cladding strain. The re­
sults from these experiments also are summarized in Table II.

More recently, experimental elements fabricated by vibratory com­
paction have been placed under irradiation in EBR-II. Both mixed par­
ticles and solid-solution material are represented. One element of each
type has been removed from the reactor and is being subjected to de­
tailed post-irradiation inspection.

The element containing mixed particles of UC and PuC achieved a
peak burnup of 22,000 Mwd/T with a maximum cladding temperature of
630"C at a peak linear heat rating of 690 w/cm (21 kw/ft). No diametral
changes occurred in the type 316 stainless steel cladding. Neutron radiog­
raphy and gamma scans s howed no indication of fuel movement from
the originally assembled configuration. The effective density of the fuel
prior to irradiation was 80.0)70.

The element containing solid-solution (U,Pu)C t+x particles reached
a peak burnup of 26,000 Mwd/T at a maximum cladding temperature of
645"C with a peak linear heat rating of 850 w/cm (26 kw/ft). The vana­
dium jacket elongated 0.31% and increased in diameter a maximum of
0.83%. Neutron radiography disclosed that the fuel column had elongated
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slightly more than the cladding. The as-fabricated effective density of
the element was 85. gJ,6 .

FUEL STRUCTURE

illGH-DENSITY PELLETS

With some minor exceptions, fuel microstructures are not changed
by irradiation. At the power levels and burnups tested, there is no cen­
tral core formation or increase in the fuel grain size at the pellet cen­
ter. Macro examination of cross sections shows relatively little crack­
ing (Fig. 3).

The (U,Pu)C without nickel sintering aid was single-phase monocar­
bide after the thermal reactor irradiation, having lost the trace of orig­
inal dicarbide.

The (U,Pu)C with nickel sintering aid retained its original MC +M2C3
structure in thermal flux irradiations up to an average 38 x 1020 fiss/cc
(113,000 Mwd/T) and 570 w/cm. The porosity in the fuel increased with
increasing burnup. Through burnups of 13 x 1020 fiss/cc, the porosity
was slight. After 38 x 1020 fiss /cc, there was a significant increase in
the amount of intergranular porosity at the fuel center of the highest
power specimens. The pores are caused by fission gas agglomeration.

The fast flux irradiations did not affect the structure to about 9 x
1020 fiss/cc and 670 w/cm. In the range of 700 to 850 w/cm, the M2C 3
phase disappeared at the pellet center and porosity appeared both in
the gr a ins and at grain boundaries (Fig. 4). The amount or shape of the
M2C 3 in other parts of the pellet did not change.

LOW-DENSITY PELLETS

With the exception of cracks (noted in some of the high-density pel­
lets also) there was no change in the appearance of the low density pel­
lets irradiated in EBR-II (Fig. 5). These cracks are attributed to ther­
mal stresses that developed on cooling from operating temperatures.

The pellets were single-phase (U,Pu)C 1.0 before irradiation. Pre­
liminary optical metallography has disclosed no new phases that appeared
as a result of irradiation. The shape, size, and distribution of the pores
in the material were also unchanged by irradiation.
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VIBRATORILY COMPACTED PARTICLES

As mentioned previously, most r es ults presently available on the ir­
radiation behavior of vibratorily compacted particles are on mixed par­
ticles of uranium carbide and plutonium carbide because of the earlier
availability of this type of material. The preliminary thermal reactor
irradiations showed that the PuC particles swelled, as expected, into
adjacent void spaces between fuel particles. (11) In the higher burnup
specimens the P'lC phase formed almost a continuous networ k around
the coarser unenriched UC pa r ti cles .

Fast reactor irradiation of mixed carbide particles shows structural
changes similar in most respects to those described above for thermal
reactor irradiations. A transverse section of the fuel element irradi­
ated in EBR-II to 22,000 Mwd/T is shown (Fig. 6). The PuC particles
have swelled and formed a continuous network around the coarser UC
particles.

In contrast to the thermal reactor study, the material irradiated in
the fast reactor experiments contained fully-enriched UC, so that the
fission density in the UC was comparable to that in the PuC. As a re­
sult, fission gas bubbles for med in the UC par ticles near the center of
the rod, although not to the extent that porosity developed in the PuC
phas e.

The most rigorous fas t reactor irradiation conditions to which vi­
bratorily compacted particles have been subjected have been on solid­
solution particles of (U,Pu)C I+X. As a result, gross structural altera­
tions were more extensive than those described above for the mixed
particles. This is illustrated (Fig. 7). At the point of maximum burnup
and temperature, 4~ of the fuel volume was sintered into a porous
structure similar in some respects to that of the low density pellets
described previously. A few random cracks were noted in this struc­
ture, which contained no t race of the or iginal particles fr om which it
was formed. The M2C3 phase in the outer zone of the sintered area was
evident without etching. Preliminary metallographic studies indicate
that fission gas bubbles in the solid-solution particles are significantly
smaller than those observed in the mixed particles.
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FUEL AND FISSION PRODUCT DISTRIBUTION

Gamma scanning and neutron radiography did not show any signifi­
cant axial fuel or fission product migration in any of the mixed carbide
specimens irradiated to date.

Alpha autoradiography, used for studying radial fuel distribution,
disclosed no plutonium migration in any of the specimens. Fuel irradi­
ated in thermal reactors typically showed greater burnout of plutonium
near the pellet OD (Fig. 8), as would be expected by the thermal flux
depression. Fuel irradiated in a fast flux showed the even plutonium
distribution to be expected from the uniform flux across the diameter
of the pellet (Figs. 3, 5, 6, 7).

The beta-gamma autoradiographs of high-density pellets disclosed
no fission product migration. Again, due to the flux depression, more
fission products were seen at the OD of pellets irradiated in thermal
flux (Fig. 8), whereas a uniform fission product distribution was seen
in a fast flux (Fig. 3). Low-density pellets showed a slight radial mi­
gration of fission products from the center of the rod when irradiated
in fast flux (Fig. 5). This was more evident in vibratory-compacted
particles, especially mixed-carbide particles (Fig. 6). The element
containing solid solution particles (Fig. 7) operated at a higher heat
rating and temperature.

FISSION GAS RELEASE

HIGH-DENSITY PELLETS

The fission gas release from (U,Pu)C up through 13 x 1020 fiss/cc is
very low even to powers as high as 500 w/cm. The limited data at 30
to 38 X 1020 fiss/cc indicate a sharp increase to about 3<.Pk of theoretical.
The data are summarized (Fig. 9).

Fission gas release from the recent irradiations in EBR-II to 10.1 x
1020 fiss/cc and between 625 and 920 w/cm indicated good agreement
with the low release obtained in earlier thermal reactor irradiations.
The low gas release during the initial irradiation period helps to keep
the fuel-clad gap conductivity high at a time when that gap is the larg­
est. After -9 x 1020 fiss/cc, the fuel and clad are in good contact and
further gas release has little effect on gap conductivity.
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LOW DENSITY PELLETS

Low density pellets, as anticipated, release fission gas more readily
than high density pellets. F ig. 9 shows that the one element examined
to date after irradiation in EBR-II had released 4.1% of its theoretical
yield of fission gas at 5.1 x 1020 fiss/cc. The maximum linear heat rat­
ing of the element was 520 w/cm.

VIBRATORILY COMPACTED PARTICLES

Thermal reactor irradiations of mixed particles of UC and PuC, in
which virtually all fissions occurred in the PuC fraction, showed that
fission gas release was dependent on the carbon content of the PuC .
Compacts containing PuC I- X released more gas and had larger bubble
sizes than compacts containing PuC I+X. (11) The fission density in the
PuC fraction was 110 x 1020 fiss/cc.

The recently completed EBR-II i r r adiati on of an element of mixed
UC and PuC particles showed that under fast reactor operating condi­
tions, this type of fuel releases fission gas at a greater rate than either
of the other two forms of low-density fuel evaluated (low-density pellets
and vibratorily compacted solid-solution particles). As shown in Fig. 9,
13.4% of the fission gas had been released at 5.1 x 1020 fiss /cc, at a
maximum linear heat rating of 690 w/crn, The relatively high fission
gas release rate in this material is attributed to the extensive swelling
of the PuC phase, and consequent interconnection of bubbles.

A lower gas release rate was shown by the element containing solid­
solution particles of (U,Pu)Cl+X that was irradiated in EBR-II. This
element showed 8.6% gas release at 8.7 x 1020 fiss/cc with a maximum
linear heat rating of 850 w/ em.

FUEL-CLAD COMPATIBILITY

The in-pile compatibility of MC and MC + M2C 3 type structures, helium
contact-bonded to stainless steel, niobium, and vanadium, is excellent.
The maximum length tests in thermal and fast reactors are summarized
in Table m. The in-pile results are similar to previously reported out­
of-pile results. (4,12)

Some reaction products were found in the failed thermal reactor stain­
less steel specimens, but these are believed to be due to fuel-to-clad
transfer of unknown elements by the sodium that entered through the
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rupture. (2,3) The quantity of reaction products was too small to be iden­
tified by microprobe analysis.

A reaction zone was found on the ID of V-20Ti fueled with high-den­
sity MC + M2C 3 pellets. However, this was expected based on reactions
found in out-of-pile compatibility tests. (13) The interactions indicate
that V-20 Ti alloy is not a desirable clad for carbides.

No fuel-clad reactions have been observed to date in the low-density
pellet or vibratory-compacted particle irradiations.

CLAD PERFORMANCE

Evaluation of the irradiated clad has been limited to visual and mi­
croscopic examination, chemical analysis, and cold bend tests.

Visual examination and cold bend tests indicated, that up to 5.4 X

1020 nvt thermal or 1.7 x 1022 nvt fast neutrons, type 316 retains its
good ductility. At 2.0 x 1021 nvt thermal and above, type 316 suffers a
drastic ductility decrease to less than 30/0, as indicated by the brittle
longitudinal ruptures. Analyses for the transmutation products of heli­
um and hydrogen indicate that some helium is retained, but the hydrogen
diffuses out of the steel. (3)

Microscopic examination of type 316 revealed the structures to be
expected by the thermal treatment in the reactor. The initially all­
austenitic structure transformed to austenite with sigma and carbides.
A typical clad section from the recently examined EBR-II irradiation
is shown (Fig. 10). The crack initiation and propagation in the failed
thermal reactor specimens were typical of out-of-pile tests where a
steel is strained very slowly at a high temperature. (3)

The niobium and vanadium clads both retained their ductility and
their original single-phase structure. Niobium was irradiated to 3.3 x
1021 nvt thermal and vanadium to 1.7 X 1022 nvt fast.

The V-20Ti alloy had a circumferential hairline crack in the weld
zone of one end plug, but retained its cold bend ductility.

PERFORMANCE POTENTIAL OF CARBIDE FUELS

In order to achieve the performance goals, outlined at the beginning
of this paper, with helium-bonded rods, the clad will have to restrain
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fuel swelling and be able to take a strain in the range of 0.2 to 2. <YNJ.

Swelling data on high-density pellets indicate that 33 x 1020 fiss/cc
(2 X 1021 nvt) at 600 to 1000 w/cm can be achieved with maximum clad
strains on the order of 20/0. Clad irradiations in turn indicate that strains
of 20% are feasible for 5 x 1022 nvt. (14)

A similar analysis of low density pellets ShOWS(15) that the same per­
formance goals can be achieved with maximum clad strains of 0.20/0, as­
suming that 50% of the available void space will accommodate fuel swell­
ing. Smear densities in the range of 70 to 93% are being studied to de­
termine the optimum distribution of void.

Vibratorily compacted particles are analogous to low-density pellets
with mostly interconnected, rather than closed, voids. Sufficient data
have not been developed to determine differences in performance poten­
tial of the two different types of fuel structures. There is sufficient ex­
perience to date, however, to indicate that vibratorily compacted, solid­
solution particles release less fission gas and show more uniform plu­
tonium and fission product distribution than do physically mixed parti­
cles of UC and PuC.

Annular, high-density pellets also have a potential to achieve the car­
bide performance goals, but their behavior is unknown at this time.

The reasonable (U,Pu)C swelling rates, the excellent (U,pu)C-stain­
less steel compatibility, and the reliability of the helium bond, all make
the near-term achievement of the helium-bonded carbide fuel rod per­
formance goals possible.

The sodium-bonded carbide fuel rod is an advanced concept which is
estimated could reach even higher performance goals than those pro­
jected here. The major advantage is the considerable increase in burn­
up potential by providing very large space for expansion without signifi­
cant increase in fuel temperatures or clad strains. In addition, an in­
crease of power to 1500 w/cm, in the range of 200 to 300 wig, is possi­
ble because the fuel temperatures are decreased. These powers repre­
sent limits set by the thermal stresses in the clad and the current state­
of-the-art in transferring large quantities of heat to sodium. The major
disadvantage of the sodium bond is the potential fuel rod failure caused
by disruption of the bond by gas bubbles. The facility with which sodium
transfers elements from fuel to clad is another disadvantage. The car-
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bon transfer problem may soon be solved;(13,16) however, transfer of a
multitude of fission products may pose additional problems.

Irradiation tests are continuing at an accelerated pace to determine
the proper design of a carbide fuel rod that will meet the performance
goals. Most of the approaches to solve the fuel-clad mechanical inter­
action problem are being investigated. Current irradiation tests, in
pile or under construction, include:

High-density, solid helium-bonded pellets

High-density, helium-bonded annular pellets

Low-density, helium-bonded pellets

Sodium-bonded, high-density pellets

Vibratorily-compacted, helium-bonded particles

Vibratorily-compacted, sodium-bonded particles.
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TABLE I. CHARACTEffiZATION OF MIXED CARBIDES USED IN ffiRADIATION TESTS

Effective
Fuel Equivalent Pu, 0 , N, NI, Irrad iations

Fuel Type Structure." Density, % C, w/o C, w/ot w/o w/o w/o w/o to Date

High -density pellets MC 91 4.5-4.6 4.8 19 0.2-0.3 0. 02 - Thermal
(>90%T.D.)

MC + MzCs 96 4.6 -4.8 4.9 -5 .1 19 0. 3-0. 5 0. 01-0. 1 0.1 Thermal and fag

.... Low-density pellets
-:J «90% T.O.) MC 81 4.7 4.8 19 0.1 0. 01 - Fast-:J

Vlbratorily com - UC I+X + PuC + Pu 80 3.4-4.2t 3.6-4.4§ 19 - - - Thermal
pacted particles UC + PUC 80 4.8 4.9 19 0.1 0.01 - Fast

UC1+X + PuC + PuzCs 80 6.2-6.4t 6.4-6.60 19 - - - Thermal
MC + MzCs 86 5.1 5.1 19 0.06 0. 01 - Fast

"M= (U,PU).
tEquivalent C = C + (12/ 16 0 ) + (12/14 N).
tpuc fraction only . The uranium carbide was UC!+x'
§Es ti mated from microstructure.



TABLE n, SUMMARY OF MIXED CARBIDE IRRADIATION TESTS

Average Clad
Average Power

Average Diameter Increase, Clad Material Irradiation
Fuel Type Structure Burnup, Mwd/T %/10,000 Mwd/T and Th icknes s, In. w/cm wig ~

High-density pellets MC or MC + M2C 2 23,000 0 0.036 Type 316 390 170 Th ermal
22,000-35,000 0 0.036 Nb 340 150
38,000-49,000 0.7-0.9 0.036 Type 316 470-540 210 -250
100,000 0.6-0.5 0.036 Type 316 560 240
114,000 0.17-0.28 0.036 Nb 500 260

"'" MC + M2C 2 18,000 0.07 0.022 Type 316 540 135 Fast
-.:J
00 25,000 0.15 0.022 V and 800 200

V-20 TI

Low -density pellets MC 14,000 0 0.024 Type 316 460 140 Fast

Vlbratorlly compacted UC1+X + PuC + Pu 12,000-58,000 0.4 -0 .8 0.009 Type 304 195 155 Thermal
pellets 19,000-58,000 0.07-0.16 0.009 Nb-l Zr 210 170

UC + PUC 19,000 0 0.024 Type 316 610 175 Fast

UC1+X + PuC + Pu~2 11,000-49,000 0.3-0.6 0.009 Type 304 180 140 Thermal
10,000-58,000 0.03-0.05 0.009 Nb-l Zr 180 140

MC + M2C 2 23,000 0.32 0.024 Vanadium 750 200 Fast



TABLE 1lI. MIXED CARBIDE-CLAD COMPATIDILITY IN THE MAXIMUM LENGTH IN-PILE TESTS

Average
Length Clad ID
of Test, Temperature, Test

Clad Flux Fuel Type hr DC Results Identification
--

Type 316 Thermal MC + MzCs pellet 8,730 715 No reaction UNC 66T
MC pellet 8,730 570 No reaction UNC 66B

Type 316 Fast MC + MzCs pellet 2,850 650 No reaction UNC 79
MC pellet 2,850 575 No reaction SMP-1

II>- UC + PuC Vipac 2,850 630 No reaction SMV-1...,
'" Type 304 Thermal UC1+X + PuC t - x Vipac 10,600 675 No reaction F-20

UCt+x +PuCt+x Vipac 10,600 600 No reaction F -19

Vanadium Fast MC + MzCs pellet 2,850 660 No reaction UNC 80
MC + MzCs Vipac 2,850 645 No reaction VMV-1

V-20 Ti Fast MC + MzCs pellet 2,850 700 Reaction UNC 78

Niobium Thermal MC + MzCs pellet 9,2 00 605 No reaction UNC 63T
MC pellet 9,200 520 No reaction UNC 63B

Nb-1 Zr Thermal UCt+x + PuC t - x Vipac 10,600 660 No reaction C-72
UC1+x+PuCt+x Vipac 10,600 680 No reaction C-70



201 I I I I

161 I 1 /1 I

Avg

340-560 w/cm
150-260 w/g

I OThermal
6 Fast

I
6

41 - .L~ I 7""'"1 1

~

OJ·
rJl

~ 12...
C)
OJ
Q
»
~

... s 8
C»

OJ

0

Q
......
OJ
;j
~

3020

Burnup, 1020 fiss /cc

10
0' I I I I

o

Fig. 1 - Effect of Burnup on Mixed Carbide Fuel Density
(High-Density Pellets)



1500

1550

1.00. 80.60.40.2

--r-;
...........

<, At startup

<,
-"'"

~
c
OJ
o-OJ
::l
~

- ----<,<:'to x to" ns s / cc

'"",
"-,

-,700

650
o

1400

800

900

~
",-

"E 1100
I':
'"a.
E
'"~

1000

1200

1300

Fractional Pe ll et Radius

F ig. 2 - Change in Helium -B onded Ca rbid e , Ra dial T em peratur e
Di stribution with T ime (UNC Rod 80, P elle t 27, 92 0 w/cm)

481



...
00

'"

Metallographic Section Alpha Autoradiograph Beta-Gamma Autoradiograph

Fig. 3 - Typical Transvers e Section of High Density P ellet Fuel Element
(Uo.aPu0.2)C a fte r Irradia ti on in EBR -II to a Burnup of 20,000 Mwd/T a t
620 w/ cm (19 kw/ ft ). Th e effe c ti ve density of the fuel before irradiation
was 96% of theoretical (UNC -7 8).
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Fi g. 4 - Mic r os tructure of a High Dens it y Pellet
(Uo.SPUO. 2)C a t 500 x a fte r Irrad ia ti on in EB R-II to
25 ,000 Mwd/T a t 760 w/ c m (23 kw/ft) a nd 220 wig
(UNC - 80)
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Fig. 5 - Trans verse Section of Low Dens it y Pellet Fuel E leme nt (Uo. SPUO.2}CI. O
a fte r Irr adiation in EBR-II to a Burnup of 16,000 Mwd/T a t 525 w/cm (16 kw/ft) .
The effective density of the fuel before irr adiation was 81.4% of theo r etical.
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Fig. 6 - Tra ns ve r s e Section of Vibr a to r il y Comp acted UC 1• o-20 w/o PuCl.O
Fuel E lement after Irradiation in EBR-II to a Burnup of 22,0 00 Mwd/T at
690 w/ c m (21 kw / f t. ). Th e effe ctive density of the m ixed UC an d PuC par ­
ti cles before ir radiation was 80.0% of theo retical.
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Fi g. 7 - Transvers e Sec tion of Vibrat orily Compac ted Fu el E lement of (Uo.SP UO.2}C\,f
a fter Irrad iation in EBR -II to a Peak Burnup of 26,000 Mwd/T a t 850 w/ c m (26 kw/ft).
Th e effe ctive density of the solid -solution particles befo r e irradiation was 85.9% of
theor eti cal.
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Fig. 8 - Typi cal Tra nsvers e Secti on of High Den sity Pelle t Fu el (Uo.aP uo. 2)C
a fte r Th ermal Irradiation to 114 ,000 Mwd/T at 500 w/ cm and 270 w/ g (UNC -63 B)
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IRRADIA'rICN BEHAVIOUR OF URANI\J1.I-PLUTCiH U!J CARBIDE FUUS

B. R. T. Frost, J . 1.1 . Hor spool and z, G. Bel l amy

Preliminary studies of the irradiation behaviour of (U,Fu)C under
conditions typical of those i n a soditun-cooled fast breeder r eactor have
been made at Harwel l and Dounreay . ~ith the fUel element geometry
typical of oxi de fuels carbide displays a high r etention of fis sion
gases and a hiBb swelling r ate , leading to earl y clad f ail ure . The
experiment s suggest t hat operation below 1ooooC, as i n a sodium bonded
design, oper ation at very hiBb fuel temperatures , or the use of a s i ngl e
size fraction powder may l ead t o Impr-oved per f ormance f r om carbi de fu el
in a sodium cooled f ast reactor .

B. R. 'i? Fr os t and R. G. Bel l amy are member-s of t he i.iet all ur gy Di vision ,
A.E .R .E . , Harwell, and J . II. Hor sp ool is a member of the Chemistry
Division, D. E.R.E., Dounreay .

490



Introduction

The fuel chosen for t he fi rs t charge of the U.K.A.E .A. ' s prototype
f ast r eactor (P. F. R. ) i s (U,Fu) 02' It i s also very pr obable t hat it
will be used in the early charges of the firs t commer cial f ast reactors.
The t echnol ogy of t his f uel has evol ved naturally and r apidly f rom t he
large background of experience on U02 in t hermal reactor s and its
performance has pr oved to be satisf act ory i n a fas t r eactor environment.
Howeve r , mixed oxide has the disadvantages of a low f i ssi le at om dens i ty
and a 10'1/ t hermal conductivity which limits the maximum dia:net er of t he
fuel. (U, PU)C ha s a high t he rmal conduct i vi t y , whi ch can be used to
advantage in appr opr i at e pin designs, and a hiGh f i ssi l e at om density.
Accordi ngly , the U.K .A.E .A. laboratories at Dour~eay and Han,el l have
been mak ing a study of the fabrication technology, pr oper t ies and
irradiation behaviour of (U,PU)C over the past f ew years . The f abrica­
tion technology is now wel l established and has been reported elsewhere
(1). In this paper the results of the earl y s t udies of i rrad iat i on
per f orman ce are reported.

The main problem in the development of carbide as a fast reactor
fuel is one of des i gn philosophy; must one adopt a different design
from the oxide case to take advantage of its different properties? To
help to answer this que s t i on three types of experiment have been
performed:

1. Short pi n irr adiations in a thermal neutron f l ux ( i n a mat erials
t esting r eactor ).

2. Short pin experiments in the Dounreay Pa s t ~eactor (D. F.R. ) cor e.

3. Long pin (up to 28 in. ) irradiations in the D. F.R. core.

The object i ves of thes e expe r iments wer e , in t he f irst t wo cases, to
es tabl ish t he optimum fuel form (compos i t i on , density and fabr i ca t i on
route) and in the third to establish performance limits, including an
assessment of f is s ion gas releas e and swelling behav i our.

Shor t Pi n Irradiations

A total of 23 short pi ns were irradiated to s t udy t he ef f ect of f uel
f orm on its irradiation behaviour and to determine t he f orm on which to
concentrate future effort s. El even pi ns were i r radiated in D. F .R. and
t welve in DI DO at H~7ell . Det ails of t he se experiments wer e gi ven i n
an earlier paper (2) and only a brief outline wi ll be gi ven he r e ,
including some results whi ch wer e obtained subs equent to that meet i ng .

The fuels irradiated wer e arc-cast and sintered, s t oi chi omet ri c ,
carbon-rich and me t al- ri ch . Each of the two series i ncl uded t wo low
dens i t y (60- 6550 T. D. ) powders made f rom a s i ngl e s i ze range (--'100f.1) of
crushed arc-cast material. 'l'he s tandard pl ut onium content was 151'1/0.
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In the D. F.R . experiment t he pins were between 0. 26 i n . and 0 . 33 in.
diamet er t o achieve a constant l i near r ati ng along t he varying ~ux

pr ofi l e in the r eac t or core . The f uel was clad in a nickel bas e alloy
(Nimonic 90 ) lined wi t h 0.002 in. t antalum to prevent fuel - clad
reactions. Mi l d s t eel cyl inder s acted as heat trans f er media t o the
outer s tainless st eel cans and i mposed heavy r adi al rest raint on t he
fuel. The arrangement of t he caps ul es i s shown i n Figur e 1a and t he
irradia tion data are l i sted in Tabl e I. Ni ne of the eleven can s
failed by longitudinal cracks - as sho~rn in Fi gur e 2 - the cause be i ng
high s t r ain produced by t hermal st r ess es combined wi t h fuel swel l i ng
st resses induced in a cladding mat er i al whi ch was consi der ably
embrit t l ed by neutron i rradiat ion . It i s si gnificant t hat t he t wo low
densit y powder speci mens did not fai l .

The pi ns irradiated in DIDO wer e of small (0 . 1 in. ) fuel diamet er
and wer e clad in 0. 020 in. wal l type 316 s t ai nless steel. Four pi ns
were housed i n an aluminium block whi ch contained an elect r i c heater as
shown i n Fi gure 3. The small f uel di ameter was chosen t o minimize ~ux

depres sion in the f uel . The i rradi at i on da ta are given i n Tabl e II .
In this case none of t he pi ns f ailed and t he measured gas r elease s were
all low, except for t he met al- r i ch powder specimen. Sur pr i s i ngl y good
agreement was obt ained be tween t he measu red gas r elease l evels and the
value pr edi ct ed on t he bas i s of a di ffus i on mcdel , us i ng D' values
de t ermi ned by t he short i r radiat ion and anneal technique (3 ) . The
pr edict ed results are list ed in t he f inal column of Tabl e I I . The mai n
conclusions drawn f r om t hese exper iment s wer e :

1. The use of low densi ty fuel of a s i ngle size r ange appears t o
accommodat e fuel swel ling vd thout excess ive clad s t r ain.

2. An irradiation t emper a t ure of less than 10000C gi ves l ow
swelling and gas r el ease r ates up t o a r adiochemical burn-up of
7. 6~ heavy at oms .

3. Si nt ered s t oi chiome t ric or sl ight ly carbon-ri ch fu el gi ves t he
best per f ormance in terms of swelling, gas rel ease and
compatibility.

A furt her compari son of arc- ca s t and s i nt er ed carbi de is being made i n
an exper iment in the D.F .R. cor e in whi ch f our 4 in. l ong pi ns ar e being
irradi a t ed. The rig desi gn i s shown in Fi gure 1b . 0 . 25 i n. diameter
carbi de is clad i n 0 . 015 i n. wall ni obi um claddi ng which i s cont ained in
a sodium filled capsule. 1\10 of t he speci mens ar e s int er ed ·" 95% T. n .
(UO.85PuO 15)C and two are arc- cas t ~85S T.D. , the composi t i ons being
sl1gh~ly ~yperstoichiometric. The rig was unloaded f rom the reactor
fo r non- des tructi ve exami nation at a peak burn- up of 6 .2~. Radi ographs
of whi ch Fi gure 4 i s a represent ative example , sh owed axial swel ling of '
the fuel \vi t h l i t tle r adial movement . The extent of ax i al swel ling
can, t heref or e , be us ed as a measure of t he swel l i ng rate; t hi s is seen
as the dimension fiL i n t he figure. The r esult s are pl ot t ed i n Fi gure 5 .
I t wi l l be noted t hat t he t wo capsu les fu r thest f rom t he cor e centre ar e
in a l ower ~ux and achi eved only 4. 2% burn-up. The results show very
approximately that al l four spe cimens have a s i mi lar swelling r at e wi t h
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an incubation period up to 2~~ burn-up, but that the total change
recorded in the arc-cast material is greater than in the sintered,
implying some accommodation of swelling in pores or voids in the latter.
This test wi l l continue to higher burn-up levels.

An important paramet er in t hese i rradia t i on experiment s i s the
fuel centre temperature since it determi nes the rate of thermall y
act i vat ed processes such as gas release, swelling and f is sion product
movement. It is not pos sible, nor desi r abl e , to att ach centre t hermo­
couples t o many experiment s i n the D.F .R. and in general centre
temperatures are calculated from a knowl edge of the fue l thermal
conductivity and t he fuel-clad gap conductance. To check such calcula­
tions t wo experiments in whi ch fu el centre l ine temperatures have be en
measured have been performed in the D.F.R . core. In ea ch case f our
capsules of t he t ype sh o\vn in Figur e 1c wer e mount ed in a stainless
steel el ement i dentical in shape and size t o a driver element . A
tungsten-tungsten 26% r henium t hermocouple was inser t ed i n the cen t r al
mol ybde num pocke t and chromel-alumel t hermocouples wer e at t ached to the
can wall . In t he f i r s t exper i ment t wo mixed carbi de and two mixed
oxide pins wer e irradiated for one r eactor cycle (40 day s ) . The central
thermocouples were insulated vu t h MgO which contained impurities.
Consequently the r eadings sh owed a st eady downward drift for about 28
day s after whi ch open circuit conditions were obtained. I n the se cond
test pure Al 203 insul a t or was used on f our carbi de specioens . The
t hermocouples showed a gradual r ise in temperatur e for about 14 day s
followed by a downward drift f or t he remainder of t he 40 day cycle. A
tentative explanation i s t hat t he hel i um f i l l i ng gas i s i ni t i ally diluted
with f i s si on gas es , lowering its conductivity, while subsequent l y fuel
swells or moves outwardsto decrease t he fuel-can gap mdth. In this
experiment the calculated fu el temperatures agrees well with the
measured values if a fuel-clad gap conductance of 2w/cm2/oC is used.

Long Pin Irradiations

The first long pin irradiations were des i gned to t est t he behaviour
of carbide as a di rect sub stitute f or oxide i n the same 'reference' fuel
pin design. Fi ve pi ns were irradiated in t he D.F. R. core. All wer e
28 in. long and wer e clad in 20% cold wor ked type M316L st eel . Approxi­
mately 20 in. of the pi n contained fuel, the rest being a plenum. Two
of t he pi ns wer e l oaded wi t h vibrocompacted fuel and three vdth hollow
(annUlar ) pel l ets , de signed in both cases to gi ve a fuel stack density
of ·-v 8~'; theoret ical.

The vibrocompacted fuel contained 15% plutonium and was made by
cru shing and sieving arc melted buttons to give t hr ee s i ze ranges of
particle whi ch wer e added simul t an eousl y during t he fi l l i ng operation.
The composition range was 4.8% to 5. 3% carbon, although the analysis of
one 'rogue' button ran as high as 5 .8%C .
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The pellet pins contained near- stoichiometric mat eri al of 94-95%
theoretical density pr epared by sintering i n hydrogen using a nickel
si nt er i ng aid . In one pi n the pellets were 0.1985 in. a .D . and 0.067 in.
I .D., t he i nitial cold fuel - clad gap being 0 .0008 i n . radially . In the
two others the pellet dimensions wer e 0.270 i n. D.D . and -0.080 i n. L D;
the initial col d fuel -clad radial gap s wer e 0.0015 in.

The pins were irradiat ed i n direct cont a ct with t he reactor NaK
coolant whi ch entered at 2300 C and , due to f l ow restrictor s, attained an
out l e t temperature of .--J 600°C. Details of the irradiation condit i ons
are given in Tabl e III. The ratings of ·.....200 w/gm were attained by
using fully enriched uranium in t he fUel . The t emperatures listed were
calcul a t ed on the same basis as discussed above . It will be seen that
three of the five specimens failed by l ongitudinal splits in the cladding
due to excessive str ain induced by fuel swelling. The typical appear­
ance of t he failures is sh own in Figur e 6. In Figure 7 the cross
se ction of a vibrocompac t ed pin is sh own at the poi nt of failure . The
absence of any change i n wall t hickness at the poi nt of f r act ure
indicates l ow non-uniform elongation a t failure .

Gamma scans of all the pi ns showed fe>l abnormal features . 110
evidence suggesting gross fuel movement or fiss i on product migration was
discerned. Diameter changes wer e measured on all pins. These are
summarized in Fi gur e 8 and in Tabl e IV t ogethe r wi t h ot her dat a . A
characteristic value of cladding strain for the 0.2 in. and 0. 27 in.
pins was estimated to be 0. 3% t o 0.45";' per 1 ;~ burn-up, wi t h an induction
period of about 1~ burn-up. However , t he abso lute values of the st rain
r ates are still open to que s t i on and a longer induction per i od and a
higher strain r ate t han 0. 4% is indicated by some of t he da t a (Figure 9) .

Met all ographi c examination of the f ue l in CV002 and CV003 sh owed no
s igns of' s i nt er i ng and, apart from a f ew f r agment s in CV003 , no apparent
increase in porosity. The great variety of fue l s t ructures reveal ed on
etching all mat ch ed the pre- irradia t i on st ructures , most of t he fuel
showed the dedri t i c st ruc t ure of arc cast carbide as seen i n Fieure 10.
Ther e was no correlation between s t ructure an d pos i t i on of a f raeme nt
r adially \7ithin t he f uel sect i on . The con clusion i s dra~TI that t he
fuel t emperat ure in t hese pi ns was certa i nly below 1600°c and probably
below 1400 oC. No conclusions could be dr-awn on ch an ges in fue l
stoi chiometry dur i ng irradi ation .

In t he ~~ular pe lleted f uel CA002 little change in the f uel - can
clearance from the pr e- i rradiation value could be detect ed at t he ends
of the f uel column, despi t e perceptible clad diame ter i ncreases at t hese
pos i tions . I n CA003 an d t he f ractured regions of CA002 , the gap width
had been reduced t o less than haJ.f' i t s or i gi nal value . There was
essentially no chanee i n t he central hole di=e t er at the bottom end of
either pin but at the top ends , small decreases were detected. The
smallest cent r al hol es i n both pins wer e found i n the f r act ur ed r egions.
All sec t i ons of both pi ns showed f ine porosity near the surface and
larger, more abundant porosity near t he centre, wher e bOtll i ntereranular
and i ntragrannular pores were found . The fuel structures were generall y
very similar t o those of unirradiated samples as shown in Figure 11.
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All the pins examined wer e r eput edly clad in 2O'J~ cold-worked 1.!316L
steeL lrIet all ographi c dat a , however , suggest t hat the cladding in CVOO2
had a much lower cold- norked f r action than 20%. The grai n s ize was
about 30 microns in CAOO3 and about 15-20 microns in CVOO2 and CVOO3 .
Several very fine cracks wer e det ect ed in t he clad from CAOO3 and CVOO2;
t hough traversing t he clad wall , t hey wer e too small to be det ected
ot her than by met all ographi c pol ishi ng . All cracks were clearly inter­
granular . As soci a t ed with a transverse crack i n CVOO2 was a gross
i ncr ease in grai n s i ze , se ver e pit t i ng at t he inner sur face and a
curious etching ef fe ct at t he outer surfac e. These effects are
attributed to a ' hot spot ' produced by the anchor i ng of a bubble of gas
ascending from an earl ier failure lower down the pi n.

Sunmary and Conclusions

From t he series of exper i ments descr i bed above i t has been possi ble
to draw a number of concl usions which f orm the basis of a further se r i es
of expe riffient s on mor e specifi c des ign concepts :

1. The pr i mary cau se of failure in smal l diamet er , sealed carbide ­
st ainless s t eel fue l pi ns is fue l swell i ng . The swelling rate
app ears t o be s oaewhat; higher than i n oxide fuel , due to the
greater retention of gas eous fi ssi on products and to t he higher
fissile a t om dens ity .

2. The swelling and gas release is markedly tecperature and burn-up
dependent; below 10000C t he rat es are low , sugges t i ng t hat
sodium bonding may be an attractive des i gn concept. Increasing
the fuel diamet er f ro m 0.2 in. t o 0.27 in. in pel l etted carbide
to ei ve cen tre temperatures around 16000 gives no apparent
reduction in swelling rate . It is probable t hat the fu el
surf ace temperature mus t be r aised to a t l eas t 12000C to show
an appreci abl e effect .

3. A s t oi chi ome t r i c , or sl i ght ly hyperstoi chiometric , composition
gi ves the minimum st ruct ur al change on irradi at i on and negligibl e
fuel -clad interaction below 7000 C. ~ith s t r ong cladding fuel
cont aining s i nt er pores abs or bs s ome of t he swel l i ng , in contrast
to dens er arc cast material . A low density ponder- (60- 65).'· T.D. )
of a single parti cl e s i ze a ccommodates swelling much better t han
a vibr o- compacted powder ( 80-855~ T. D. ) made up from two part i cle
sizes .

4 . I n summary, a des ign of ~Jel pi n f or carbi de must be sought in
whd.ch the effects 01' extent of the t.erape r-ature region 1000-16000c
are minicized or eliminated .

Acknowl edgement s : The aut hor s wi sh to stress that tile Vlork des cr i bed
in this paper was the result of t he ef f or t s of their colleagues i n t he
U.K.A.E.A. who are too numerous to name.
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TABLE I. FAST REACTOR EXPERIl£NT - SPECltEN IRRADIATICN OCTAiUl

Can No. Spec. Specimen COlII'os l Cl on Equlvll- Densl cy (iJIl/CII,') EsC. EsC. EsC. Fi ssion

and
Spec Length (wt %) lenC Mi cro- Spec. Surface cent re Bumup Gas

Fuel Cype No. DIlllII Cllrtlon serucrure Sl nCere d Theo- RaCing Telll'. Telli>. % bellY)' Releas e
(In. I C 0 N PU U ConCenC Bulk re t lcll1 (W/gml ( OC) (oCI llCOIIlS ) (%1

1 8139 1. 024 4.76 0. 24 0. 04 13.0 82.0 4.97 tC • 12C3 12.9 13.4 144 1040 1610 3 .95 -stntered 0.32

2
8140

1.01 8
5.32 0.07 0.02 12.6 81 .99 5.38 12.8 13.3 162 940 1440 4.l6 -SlnCered 0.29 tC • M..2C3

3 8141
1.015

4.73 0.09 0. 07 13.2 81.90 4.86 tC • ¥ 3 13.0 13.4 180 950 1460 4.95 -Si nt ere d 0.27

4
81112

1.013
5.32 0.07 0. 02 12.6 81.99 5038 tC + M..2C3

12.8 13.3 190 930 l/UO 5.20 -Sintered 0. 26

5 81/U 1.068 4 .76 - - - - - tC + trace of - - 199 940 1420 5.40 -
Arc-casC 0,25 f re e mecll1

6 8144 1. 024 4.76 0.24 0. 04 13.0 82. 0 4.'17 tC + M..2C3
12.9 13.4 201 950 l/UO 5.50 -

SlnCered 0,25

7 8145 1.023 5.32 0007 0. 02 12.6 82. 0 5.39 - ~T.D. 13.3 199 800 1270 5.40 0.2-0.5
Powder 0.25

8 81 46 1.016
5 .32 0.07 0. 02 12.6 82. 0 5.39 - 6C!l> T.D. 13.3 190 800 1250 5.20 1.25-2.5Powder 0. 26

9 8147 1. 017 4.75 - - 14. 2 - - tC • Crace of 13 .36 13. 6 180 930 1410 4 .95 -Arc-casC 0.27 free meCll1

10
8148

1.022
4 .00 14.3 81.53 4.14

tC In metll1
14. 2 162 990 1530 4.45 -SlnCered 0.29 0.07 0.10 lIllltrlx 13.5

11 8149 1.016 4.80 - - - - - tC + t rsce of 13.54 13.6 144 1020 1610 3.95 -
Arc-CllS& 0.32 I free meCll1
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TAIU: n , BtllN-\J' AND GAS RELEASE VALlES

E~lmated
Bum-up (% H.A.) Gas ReleaseRating Teq>eratures

Speci men OC n-Id/teV Based en PredictedSheath
Material ~

HUIIOer HUIIOer Kr Release

~/gm. WI ca. Ikde Can Puel l10nltors and Radlochem. Monitors Radlochem.
F1ndlq (4)

W/ cm. Surface Centre Reactor opn, % % %

4A 8090
Sintered

283 187 15 630 820 5.~ - 0.96 - 18.0 1.1'Stolcl1' 46700 tt-Id/t eV

3C 8084 Powder 400 164 13 630 1100 7.~ 6.01 6 .2 7.6 17.6 -
'Stolcl1' 64000 tt-Id/teV 52.000

3B 8083 Powder 430 176 14 630 1170 8.1% 5.75 10.8 26 .4 17.8 -C ooסס7 tt-Id/teV 49.700

8082
Sintered

358 234 19 630 840
6.~ 5.75

2.48 17.63A 'Stolcl1' 58OlJO t1oId/ teV 49 .700 2 .12 1.1

2D 8081
Arc-cas t

435 2':J7 24 650 940
8.~ 6.08

2 .02 2 .88 17.2 1.6C- 76000 tt-Id/teV 52 .500

8080
Arc-cast

435 297 24 650 940
8.~ 6.16

0.64 0. 92 16 .5 1.82C ' Stolcl1' 76000 tt-Id/t eV 53 .200

2B 8079 Arc~:ast 1 435 297 24 650 940
8 .~ 6.19

0.70 1.00 17.1 1.276000 tt-Id/t eV 53.500

2A 8078
Sintered

435 282 23 650 940
8 .~ 6.31

0.56 0.78 16.7 1.1'Sto1ch ' 76000 t1oId/ teV 54.500

10 808') Sint ere d 538 .348 28 675 980 10.6% 7.57 2 .5 3.5 16.4 2 .5C- soooo tt-Id/teV 65 .500

lC 8088
Sintered

538 348 28 675 980
10.El;\\ 7.16

0.23 0.34 17.3 1.7C· 90000 tt-Id/t eV 62 .000

l B 8087 Sintered 538 348 28 675 980 10.El;\\ 7.16 0.32 0.475 17.8 1.1
'Stolcl1' soooo t1oId/ teV 62 .000

lA
1

8086 Sintered 538 .348 28 675 980 10.El;\\ 6.96 0.19 0.29 17.1 1.1
'S t ol cl1' soooo tt-Id/teV 60 .000
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TAlLE 111. IRRADI ATlal CONDITlalS - 28 IN. CARBI DE PINS IN OJ .R.

Initial Es t imated Irradi ation Bum-up at
I'uel l1al< • Conditions at point End ot

Pin I'uel Density Rat i ng can ot l1al<11IJJlIl nux Irradiation Condltlm
Deslg - Diameter ot l11d-Wall (%h.a.) on
nation (In.) l'Uel Stack Can I'UeI I'UeI

(1!> or theo17) W' gm W'cm
te"" . 11ld-wall Surface Cea.re DlscllarB e

Oc Temp Te"" Teq> Mean l1al< •

It OC It

CV~ 0.200 83.1 165 376 580 480 615 1300 7.1 8.0 I'AILEp
CVOO3 0.200 81 .1 182 404 560 470 615 1390 4.6 5.2 INTACT

CAOO1
] 0.1 985

83.6 226 517 630 500 720 890 5.4 6.1 INTACT0. 067

CA~ 0.270 83 .4 226 970 655 540 1290 1635 3.6 4.0 WY:Il
CA003 0.082 83 .5 222 955 650 540 1275 1625 5.3 5 . 8 I'AlLEp

TAILE IV. POOT-IRRADIATlal DATA - 28 IN. CARBIDE PINS IN OJ oR.

Pin 118x.
Characteri s t i c Diameter l1al< • Estl lllllt ed

I'lsslmIncrease. (%) over Length 01am. l1al<. Cl ad
01am. Change Pin

Deslg- B.U. at Pl enum Ext ent l Ol1 Gas
nat l m % Change Strai n (%) (%) Release0-5 In. 5-10 . l n . 10-15 In . 15-20 In . (%) 1%)

CA0Q2 4 .0 0.64 0. 67 0.58 0.32 1.00(al 1.0 0.09 0.24 -
crack)

CA003 5.8 1.1 Split 1 .3 0.45
8 .0 (al 1.4 Nil - -crack)

CAOO1 6.1 0.73 1.30 1.11 0.67 1.40 1.4 0.26 0.8 0.11

CV~ 8. 0 1.9 Spli t Spli t 1.5
a.o (at

1.4-1.9 0.2 - -crack)



""oo SPECIMEN CAN

(NIMONI C 90 ) If')I
CPuu)cl'I f. ~~ ISPECIMEN : I II I

I I I
MATRI X BLOCK ~ I· II

( VARIOUS STEELS) (Ii I I '.I,.

~n~~

END CAP

( N IM O N IC 90)

TANTALUM SPACER

.1
TANTALUM LINER<;

HOLES FOR FLUX
MONITORS

'"!Iili

l ~lr

PIN FOR SEALING THIN DISC OF MINERAL
THIS SODIUM II Uf:l111 MOLYBDENUM INSULATED

F I L LI N G HO LE FOLDED OVER I------T HE RM O COUPL E

CONTAINING

CO BAL T F ILM
WELD , '~\,lIr MON ITOR UNIT ------ELECTRON

BEAM ' WEL D'

•• 1

t 'L"0"'"'"""I H IGH TEMPERATURE
: THERMOCOUPLE
_ POCKET

RIG CO O L A N T

~
( N QK)

I :q~ 11Il-- STA INLESS STEEL( 0 ' 0 7 0
. . _ F UEL CAN

_SPE C I M E N

"G 0"'" rues---!'O lIIlt IL I~CAR BI D E FUEL

SODIUM F ILLED

FLUX MONITOR - llfJllU l l

AN NULUS

I: I~N I CK E L MATRIX
. - IIIP AND OUTER CAN

A B C

FIG. 1 S ECTIONA L V I EWS OF FAST REACTOR C APSUL ES



M~ _10

QF .R. 26/1 EXPERIMENT CAN Nil" ,

CROSS SfCTION 01 ARC CAST srQCHlOMfT RIC (Pl.IU)(: MATERIAL.

501



= =-....................,~.......................~ ••, 1
II . . riU ; . lO IfJI

0= •••--'• •• . . ... . . . . . . . . . . . . . . . . . . ~ j•••••••••••••••

...../ -..~- / / ...1_,. I I /.. ..._- ~=~.. , ·.u
" "4 "' C/vC. ""'_

:::.~[~ ~~':._.m I'll ,

/'16.3

502



5

, L'lr<7l'll 1_2 SiDtered he]
/

IIlCRY.ARF.
3,4 Aro-clI\rt PIle1 /OJ C.IlI 4
-- . ~------._.-

/
/ /

3}
/

2 /

/ /

j·t (
0

/ 1/ FI,f 5
• , •

0 2 4 a 10

r·encth 1J:Jor.,ee ar.a1a.'t bu%'n-up tor aiobium-olad (U, Pu)e

fro. II'R 106'1

503



504



0 0

• !
• g
I i: -.u ..

I
I

u ,
,

,
I ; .. I '"

I ~ i i i 0 I
-+-,---t- ~- g--t-.+---..<Q"-9<il....(0~.-'----

I ~ :l : ~: .. !0 ";

o.. I
1: ~

(0.. ) ....o ....../H J.'f .. ~,....,H? W3.&..WVlC f4"'1\'4

I
: J

i ~ i' v'.I :

•
..
oo
~

i
i

I
\.,
i
i
(
i
I

i
\
i
i
I
i

j

.
o

1
I
j

I
i

i
./

"'\
\

j
\

)
.. \· \~ I

~)
9 I ';

\

I (
(

-I

PI

)
.

o

i
1
i

/
i
I
i
i
i
i
\
;
-,

i

\
o
o

50 5



506



IRRADIATION PERFORNANCE OF FAm REAcrOR URANIUl.{-PIlJTONIUl-l METAL FUELS

w. N. Beck, F. L. Brown, B. J. Koprowski, and J. H. Kittel

Irradiation studies are being performed on uranium-plutonium
allqys as fuels for fast breeder reactors. The irradiation performance
of the allqys is being evaluated as prototype elements in thermal re­
actors, and as full-si ze elements, i n the fast reactor EBR-II. of the
allqys tested, the U-Pu-Zr system is the most attractive because of its
good compatibility with stainless steel cladding and its greater resis­
tance to fuel swelling. The al l qy has been successfully irradiated to
12.5 a/o burnup at maximum clad t emper at ure s of 655°C and at linear
heat r atings of 11 kw/rt. Experiments are in the planning stage that
will evaluate the performance of this allqy at linear heat ratings of
15 to 20 kw/rt.

The aut hor s are members of the 1-1etallurgy Division, Argonne
Nat i onal Laboratory, Argonne, Illinois.
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Introduction

Uran ium-plutonium metal fuels ar e attractive f or l arge fast re­
act ors becau se of their high fe rti l e-fissile atom densi t i e s , high
breedi ng r at i o, good thermal conducti vit y , and l ar ge t hermal expansi on
coefficient s. I n addition, the al loys are easily fabricated to close
tolerance s and ar e amenabl e t o pyroref ining.

Previous irradiati on studies that wer e reported on the ur ani um­
plutonium systems were principally on uncl ad fuel and not at the t em­
peratures and burnup values that are of interest for future fast
breeder react or s. The principal alloys that were evaluated in the
previous studies may be Gummarized as follows :

1. Uranium-pl utonium, with plutonium concentrations a s high a s
20 wt.i, were tested to 1.9 at .% burnup (1) . A compari son
of cast wit h extruded alloys showed that the extruded 20 wt . '/o
plutonium alloy yielded t he best result s .

2. Zirconium-plut onium with plutonium concentr at i ons of 5 wt . % t o
7 wt . % were i rradiated at maximum temperatures of 500°C to
burnups of 1. 8 at .'/o (2) . The pins wer e fabri cated by f orging
and r olling arc-melted buttons . Thes e pins showed preferred
axial elongat i on with length change s as high a s 400%.

3. Aluminum-plutonium and aluminUI:l-plutonium-nickel alloys have
been i r radiated in Zi r cal oy t ubing (3 -6) . The alloys were
found to be stable under condi t i ons appropriat e for wat er­
cool ed reactors .

4. Uranium-plutoniUI:l-molybdenum wi t h plutonium concentrat i ons up
t o 18'/0 and molybdenum additions to 13% were found t o have a
high swelling r ate at low temperatures (7, 8 ) . The al loy wa s
succe ssfully cont ai ned in 0 .016 i n. t hick jacket material to
burnups up t o 1 at .'/o (9, 10 ) .

5. UraniUI:l-p lutoniUI:l-fissium alloys have be en investigated by ANL
for use in the EBR- I I r eactor . Irradiation experiment s on un­
clad pins with plutonium concent r at i ons of 20 wt . '/o and fissium
cont ent s near 10 wt . '/o showed that the al l oy swelled r apidly at
a temperature of about 370 °C (11) .

In addition, a compatibility problem existG between U-Pu -F s fuel
alloy and nickel-base or i r on-base cl addi ng materials at the de sired
operating temperatures . It was appar ent that consider able r e l i anc e
would have to be placed on t he jacket and t hat the jackets would have
to be made of refractory alloys which de not form low mel t i ng eutectic
alloys with the fuel (12 ) .

Irradiations performed on prot otype elements of U-Pu -Fs alloy
jacketed i n various r efractory al l oy tubing having a wall thickness of

508



Page 2

0 .009 in. and an effective fuel density - 81i i ndi cat ed that burnups on
t he or der of 4 at. % could be a chieved (13).

The most signif i cant r e sult s , with regard to improving t he per­
f ormance of metallic fu el el ement s , were obtained from irradi ati on
st udies i n which the fuel was permi t t ed various degrees of unrestrained
swelling (14) . The r esults supported the theoretical pr edi ct ion (15)
t hat met al fuel s would release substant ial amounts of fi s sion gas af t er
t heir volume ha s i ncr eased appr oximat ely 30%. Met al l ographi c exami­
nati on of irradi ated fuel having thi s volume increa se indicated that
f ission gas bubbles became interconnected so that t he f is sion gas could
escape t o the surface of t he fuel.

A fuel volume i ncr ease of 33% can be obtained by us i ng an element
de si gn having an effective fuel den sity of 75i . The necessary voidage
i s pr ovided by the sodium-fi l l ed annulus between the fuel pin and the
jacket . SUff i ci ent plenum volume i s pr ovided int o which the fission
gas can be relea sed and i nto which t he bond sodi um can be displ aced.

Utili zing t his de sign criterion, successful irradiati ons were per­
formed on prototype element s t o burnups up to 12.5 at .%.

Fi gure 1 i s a graph showi ng fi s sion gas release vs , fuel vol ume
expan si on f or U-Fs , U-Pu- Fs , and U-Pu-Zr . Analyse s of the results i n­
dicate t hat the fis sion gas relea se is l argely i ndependent of burnup
and t emperatur e and depends pr i nci pa l ly on the amount of fuel swelling.
The poi nts which are plotted in Fig. 1 represent burnups between 2 . 7
and 12. 5 at .% and maximum fuel temperatures between 450°C and 840°C.

Wi t h t he development of fuel r epr ocessing scheme s where all the
fission pr oducts could be remotely removed from uranium and plutonium,
ot her uranium-p l ut oni um al loys were con sidered f or use i n fast breeder
r eactor s. The emphasis was on cc:mpositions with relatively high
mel ting point s. Alloying elements that were investigated included Se,
Ti , Y, Zn, Nb, Mo, Pd , and Th. Of t he se, the ones which were most
effective i n r ai sing the solidus temperature of the U+PU system were
zirconium and titanium. These two alloy additions were most desirable
f rom physi cs considerations .

The l a st two ment i oned al l oys, i . e . , U-Pu- Zr and U-Pu-Ti, will be
di scus sed i n great er detail.

Irradiati ons of U-Pu- Zr and U- Pu-Ti Alloys

Alloy Prgperti e s

St udies of the properties of the se alloys di sclosed that the U-PU­
Zr system wa s compatible with TYPe 304 st ai nless st eel up t o 800 0 e (16).
The use of TYPe 304 stainle ss st eel as jacket mater ial i s at t ract i ve in
sodium cooled f ast reactors for its nuclear pr operties , compatibility
with f l owing sodium, and commercial availabi l i t y as smal l -si ze tubing.
A compar ison of the melting t emperat ure s of r ea ction pr oduct s between
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Type 304 stainless steel and U-Pu -Zr al l oys yith dat a on other alloys
is shown in Fig. 2 (17 ).

Repeated thermal cycling of U-Pu -Zr and U-Pu-Ti alloys through
their phase change s showed no significant ef fect. Length change in­
cr eases varied f rom 0 t o 5% but the er r ors i n measuring slightly di s­
torted r ods yere be lieved to be the cause of the l ength incr ease .
Density changes var i ed from -0. 6 to -t{) .8~ but probably ver-e due to
homogenization of the ca st structure r at her than thermal cycling
damage (18).

The U-Pu -Zr and U-Pu-Ti systems are similar in that both contain
appreciable amounts of alpha-uranium and zeta U- PU phases at r oom t em­
perature, show extensive solubilit y f or t he alloy addition , and both
yill first form a body - centered-eubi c gamma solid-solution on solid­
ification (19) . Table I lists the important physical properties of the
U-Pu -Zr and U-Pu-Ti alloys investigated . Although t hese tyO alloy
systems yere studied extensively, emphasi s ya s placed on the U-Pu- Zr
alloy because of its excel l ent compatibility Yi t h stainle ss steel.

The phase tran sformat i on studies on the U-Pu -Zr syst em having
nominal concentrations of 15 yt .~ Pu and 10 t o 14 yt. ~ Zr showed that
the alloy contains alpha-uranium and zeta-uranium-plutonium + del t a­
UZr2 up to a temperature of about 595"C, vht ch is the fi rst signifi cant
transformation (20 ) . At t hi s t emperat ure t he principal reacti on is
alpha + gamma - del t a + zeta . BetYeen 595"C and 655"C, the fuel con­
tains three phases, alpha-uranium + zeta-uranium-plutonium + gamma .
The r ea ction at this t emperature is gamma + beta _ alpha + zeta . Above
t he t emperat ure of 655"C, t he fu el is i n a gamma pha se. Dilatomet ry
t ests on the alloy showed t hese t ransformations t o be pr onounced and
yell-defined . As yill be shown later, the phase transformation cha r ­
acteristics of the alloy are important in interpreting the structural
change s t hat devel op under i r radiation .

Capsule Irr adi at i ons

Preliminary irradiat i ons vere performed on six U-15 yt. ~ Pu-12 yt .'/o
Zr fuel alloy specimens j a cket ed in ei t her Type 304 stainless steel,
Type 316 stainless steel, or Hastelloy-X tubing. The effective density
of the fu el ya s 75'/0 . These spe cimens yer e i rradiated to 2.4 at .'/o burn­
up i n an i ns t rumented, temper ature-controll ed capsule t hat Ya s i ns erted
in a vertical thimble of the CP-5 reactor . The maximum jacket temper­
ature yas 610 "C.

The post irradiation metallographic examination of the specimens
showed excellent compat i bi l i t y betYeen the fuel and the claddi ng.
Photomi crographs of interfaces ar e shown i n Fig. 3 . The transverse
oacrosections of the fuel r evealed three di st inct bands that can be
cor related with phase transformation t emperatures. A t ypical t r an s­
verse se ction is shown in Fig. 4 . The outer zone is believed to cor­
respond to the (alpha-uranium + delta + zeta) phase, the second ban d
(alpha-uranium + zeta + ganma) phase and t he central area principally
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the gamma pha se. As ant i cipat ed, the fuel had swelled t o the i nt ernal
diameter of the cladding and the bond sodium was entirely di splaced into
the ga s plenum. Fi gure 4 also shows that the volume of the sodi um­
f i l l ed annulus ar ound the solid metal fuel pin at t he start of i r r adi ­
ati on became redist r ibuted throughout the fuel volume in the fo rm of
f i nely- di vided porosity.

Bef or e the excellent compat ibility between U-Pu- Zr allqy and
nusteniti c stai nless st ee ls had been estnbli shed , an i r r adi at i on was
per f ormed on a u-18.5 wt. % Pu-14.1 Wt.~ Zr all qy pin jacket ed in V-
20 wt. ~ Ti tubing. The effect ive density of fuel wa s 63~ and the plenum
wa s 73~ of the fuel vo.Iune ,

The speci men achieved 12 .5 at . ~ burnup (28 x 1020 fi ss/cm3) wi th­
out jacket f ailure at a maximum clad t emperature of 655· C. During the
irradiation, per i odi c i nterim nonde structive examinati ons of the speci ­
men were made by neutron radiography. These examinati ons showed that
the fuel pin at tained a maximum elongati on of 3% within the jacket at
4. 2 at . %burnup, This dimensi on did not change thr oughout the remainder
of the irradiation.

Di ameter changes of the jacketed specimen were calculated fram
volume changes mea sured by immer si on. An average 0. 0002 i n . diameter
i ncr ease was observed . No mea surable length increase of the j acketed
specimen was noted. The jacket was punctured and the recovered fis sion
ga s wa s analyzed f or fi ssion pr oduct isotopes. I t wa s determined that
74% of t he f ission ga s had been released t o t he plenum.

Metal l ographi c examinat ion showed that there wa s no significant
penet rati on of the fuel i nt o the j acket .

The condition of the fuel as well as the calculated final operating
gas plenum pressures (- 2200 psi ) i ndi cat e s that the spe cimen could have
attained st i l l higher burnups wi thout jacket failure. Table I I l i sts
the de sign parameters and oper ati ng conditions for t he U-Pu-Zr proto­
type elements i r radiat ed i n cap sules i n the CP-5 reactor.

U-Pu-Ti was regarded as secondary i n importance and a s such only
one i r r adiat i on was per fo rmed on a U- 15 wt. % Pu-10 wt. % Ti pin jacket ed
i n V-2 0 wt. % Ti tubing.

The speci men r ea ched 10. 7 at . % burnup (25 x 1020 fi ss/cm3) wi thout
jacket f ailure at a maximum clad temperature of 630 · C. Periodic non­
de structive examinati on of the capsule by neutron r adi ography showed a
maximum fuel pin elongation within the cladding of 14%which occurred
at 4. 6 at . %burnup. Thi s di mension r emained t he same throughout the
r emainder of the i r radiation .

The ce ssation of lengthwi se growth in the U-Pu- Zr and U-Pu-Ti spe ci­
mens i s not unusual , a s simil ar behavior has been observed in other
metal i r radiation spe ci mens where release of the fi ssi on ga se s i n the
fuel had occur r ed (21).
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An average clad diaceter increa se of 0. 0016 i n. was calculated
f rom vol ume changes by immersion. No mea surabl e length change was
noted . The j acket wa s punctured for fission ga s recovery but the ga s
sampl e was lost in the hot cell becau se of equipment f ailure .

The metal l ographi c examinati on of the spectmen show s t hat ther e
wa s no si gni f i cant penetrat i on of the fuel i nt o the jacket . I n iso­
lat ed ar eas there was occasional evidence of surf ace reaction in the
fuel occurri ng t o a depth of -0 .005 i n. A t ransverse se ction of the
spe cimen can be seen i n Fig. 5. The centr al area which is char ac t er­
i st ically different from t he r e st of t he fuel i s believed t o be i n­
dicati ve of a (U,Pu)2Ti + Y phase which is stabl e above the temperature
of 710 °C.

Complet ed Fast Rea ctor Irradiations

Succe ssful i r radiati ons have been completed on 16 full-length el e­
ment s of U-Pu -Zr alloy in the EBR-II r eac t or (Group XA07) (22) . Thes e
eLemerrt s measured 33 i n . in l ength and 0 .196 in. OD. The fu el alloys
were U-15 wt .% Pu-9 wt . % Zr or U-15 wt . % Pu-12 wt . % Zr pins sodium­
bonded in eit her Type 304 st ainle ss st eel, Type 316 stainless stee l,
Hastelloy-X, or Hastelloy-X-2 80 tubing. The ef f ecti ve fu el den siti es
i n most of the element s were fram 73 to 75%. They were operated at a
I:lBXimum clad t emperat ure of 630°C and a maximum heat r at i ng of 10 . 9
kw/ft . The elements attained burnups of up to 4 . 6 at. %.

External dimensi onal measuremerrt s of the elements showed no signi f ­
i cant change s a s a r esult of irradiation. No jacket failures occurred .
Fuel pin l ength di mensions wi t hin the cl adding wer e determin ed by
neutron r adi ography and di sc l osed an average fuel length i ncrease of
1.9%. The fuel pi ns wer e not sea t ed on the bottam closures of the
j a cket s , but were elevat ed an average of 0 .20 in. These element s had
be en intentionally assembled without fuel restrainers to observe possi ­
bl e axial fuel movement. The neutron r adiograph s of t he elements also
r eveal ed one or two partial sepa rati ons i n most of the fuel pins within
t he cladding that var ied from - 0 . 020 in. t o 0 .050 in. in widt h .

Fi s sion gas recovery dat a e st abli shed that - 57% of t he fi ssion gas
had been released from t he fu el pins t o the pl enum above t he bond
sodium . These r esults are in agr eement wi th the previ ously r eported
dat a on fission gas relea se rates on small prototype element s (Fig . 1) .
A calculation of t he plenum pressures i n the specimen s r evealed that,
at reactor operating temper at ure s , t he aver age gas pr essure was 485 psi .

Transver se as well a s l ongit udinal metal lographic sections of the
fuel element s showed no penet r at i on of the fu el into the cladding mat e ­
rials . A detai led metallographi c and microprobe examinat i on of the
fu el/clad interface s did show what appea r ed to be a carbi de precipita­
tion zone that had a depth of 14~ in t he Type 304 stai nless st eel,
and a diffu si on zone of 2~ in t he Type 316 stainless steel . The fu el
adjacent to the Type 304 stainless steel was U-15 wt . % Pu-9 wt . % Zr
while t he fuel ad j acent to t he Type 316 st ainle ss steel was
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U-15 wt. r;, Pu- 12 wt. r;, Zr . Alpha autoradiograph s a s well as microprobe
analyses showed no pl utonium in t he j acket mat erials . Det ailed in­
forma tion on the design of these element s i s li sted in Table I II, along
with a summary of irr adi ation conditions.

Fast React or Irradiations i n Progress

Two full-length U-PU al l oy fuel element s ar e presently be ing
irradiated i n the EBR- II react or . One element i s fueled with U-15 wt. r;,
Pu- lO wt. r;, Zr and the ot he r with U-15 wt. % Pu-lO wt. r;, Ti. Both pins
are jacket ed i n V-20 wt. % Ti, 0 .206 in. OD and ha ving a wall thickness
of 0 .016 in. The average ef f ect i ve fuel density i s 65%. The element s
ha ve been i r radiat ed at a maximum clad temperature of 540·c and to a
calculated 5.5 at .e;, burnup . The t arget burnup fo r t he fuel is 10 at. r;,.

Two addi t i onal elements , which are duplicates of those described
ab ove, have been irradi ated at jacket temperatures near 540·c and to
5 at .e;, burnup. An interim examinat i on of the two enc ap sulated elements
by neut ron r adi ography showed the elements to be i n excellent condition.
Irradiation will be continued t o the target 10 at .r;, burnup.

A group of f i ft een U-15 wt. % Pu-lO wt. e;, Zr element s (Group M-3 )
ha s be en prepared for inserti on i n EBR-II. These elements ar e si milar
in de sign t o t he XA07 group irr adiated to 4. 6 at. %burnup. Group M-3
will be i rradiat ed with higher i nitial pl enum pr essures and t o 10 at. e;,
burnup.

A group of f or t y U-15 wt. r;, Pu-12 wt. r;, Zr element s (Group M-4) i s
in preparati on. These el ements wi ll have l arger di ameters than used
heret ofore so that the perf ormance of U-PU al l oy fuel s can be evaluated
at linear heat r atings up to apprOXimat ely 15 kw/ft.

othe r experi ment s are i n the planning st age that will evaluate the
per fo rmance of U-Pu-Zr alloy element s at linear heat r atings in the
r ang e of 15 t o 20 kw/ft.
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Table 1. Properties of U-Pu-Zr and U-Pu -Ti Alloys

U
Pu Zr

U
Pu Zr

U
Pu Zr

U
Pu Zr

U
Pu Ti

U
Pu Ti

Nominal Compositi on:
wt. % 11.1 6 . 3 15 10 18. 4 14.1 17.1 3.4 15 6 . 5 15 10
at .% 10 15 12 . 9 22 . 5 15 30 15 15 11.9 25 .7 10 .7 35. 6

Appr-ox, Liquidus Temp. (OC ) 1200 1250 1290 1200 1300 1340
Approx. Solidus Temp . (OC ) 1120 1155 1170 1075 1160 1200
Sol i d Transformation

Temp. Range ( OC) 595-680 595-665 595-660 570-780 570-850 680-850
Density at 25°C As-Cast (g/ cm3) 17 .0 16 .0 15.1 17. 0 15 . 6 14 .4
Thermal Expansion

Avg. Coef . x 106 (O C-l)
25°C to 1st tran s . 18 .3 17 . 6 17.5 21. 2 18.9 19 ·2

c:.n End of trans. t o 950°C 18 .1 20 .1 20 . 0 16.4* 20.0 19. 2..... In Tran s. Range 6J) t x 103 (OC-l)C'l 5.1 5. 2 5.0 9. 3 17 13.7
Thermal Cycling

Density Change (%) 0 -0.1 0 -to. 1
Hardne ss at 25°C As-Ca st (DPlI) 470 540 410 430 - 400
Thermal Conduct i fi t y (w/cm-OC )

200 °C - 0 .12 0 .11 0 .13 0 .13 0.13
400° C - 0 .18 0.17 0 .2 0 0 .17 0 .16
600°C - 0 . 22 0. 21 0. 25 0 . 21 0 .2 0
800°C - 0 .25 0 . 24 0 . 30 0 . 24 0. 23

Tens ile St r ength (k g/ mm2 )
25°C 18 .1 6 . 7 7·7 - 4 .5 6 .5
675°C 2 1. 2 2 . 1 2. 9 3 . 6 2 .6 7

Compressi ve St r ength (kg/ mm ) '"d

25°C 164 129 116 96 130 90 Pl

675°C 4 5.6 5. 6 3.8 6 .3 10 ~
-'l

*To 860 °C.



Table 2. Design Parameters and Operating Conditions for U-Pu-Zr Prototype Elements
Irradiated in Capsules in the CP-5 Reactor

Design Parameters Operating Conditions
Max. Max. Burnup

Fuel zrr, Clad. Clad. Plenum Clad. Fuel fiss!cc x
Spec. Composition, Density, Ccmp, , Clad . Thick. , Vol. Temp., Temp . , _20(a)

No. '01(0 % '01(0 OD, in. in. % ·C ·C a(o,U+Pu 10

48-2 U-15Pu-12Zr 75 304 SS 0.196 0.015 96 610 700 2.4 6.2

48-5 U-15Pu-12Zr 75 304 SS 0.196 0 .015 92 660 810 2.4 6.2

en 48-3 U-15Pu-12Zr 75 316 SS 0.196 0 .015 97 610 700 2.4 6.2....
-'l 48-6 U-15Pu-12Zr 75 316 SS 0.196 0.015 97 660 810 2.4 6.2

48-1 U-15Pu-12Zr 75 Hast. -X 0 . 196 0.015 95 610 700 2.4 6.2

48-4 U-15Pu-12Zr 75 Hast .-X 0. 196 0. 015 98 660 810 2 .4 6.2

45-1 u-18.5Pu-14 .lZr 63 V-2OTi 0.208 0.016 73 655 840 12.5 28. 0

(a) Based on effective density.

~
~
ex>



Table 3. Irradiation Conditions for U-Pu-Zr Allgy Fuel Elements Irradiated in EBR-II in SUbassembly XA07

Fuel Effective Clad. Estimated
Spec. Canposition, Density Clad . Thick. , Max. Max. Fuel Max. Clad. Burnup,
No. w/o Cladding Allgy 1> OD, in. in. kw/ft Temp. ,·C Temp. , · C at .'f,

ND-28 U-15Pu-9Zr 304 SS 73.1 0.205 0.019 10.9 745 630 4.6
ND-41 U-15Pu-9Zr 304 S8 73.8 0.205 0.019 10 .4 735 625 4.4
ND-32 U-15Pu-9Zr 316 SS 73.8 0.196 0.015 9.9 715 605 4.2
ND-43 U-15Pu-9Zr Hast .-X 74.5 0 .196 0.015 10.4 725 615 4.4

ND-25 U-15Pu-12Zr 304 SS 73.5 0 .205 0 .019 9.5 710 600 4.0
til IID-27 U-15Pu-12Zr 304 88 73.1 0.205 0 .019 9.7 715 605 4.1
...... ND-26 U-15Pu-12Zr 316 88 73.9 0.196 0.015 9.5 695 590 4.000

ND-29 U-15Pu-12Zr 316 88 72 .2 0.196 0.015 9.5 700 595 4.0
ND-30 U-15Pu-12Zr 316 88 72.3 0 .196 0 .015 10.4 700 615 4.4
ND-31 U-15Pu-12Zr 316 8S 74.1 0 .196 0.015 9.9 720 610 4.2
ND-33 U-15Pu-12Zr Hast .-X 72.8 0.196 0.015 9.9 715 605 4.2
ND-34 U-15Pu-12Zr Hast.-X 72 .6 0 .196 0.015 9.9 720 610 4.2
ND-35 U-15Pu-12Zr Hast .-X 74.9 0.197 0.015 10.4 725 615 4.4
ND-37 U-15Pu-12Zr Hast . -X-280 63.8 0.207 0.015 10 . 4 720 610 4.4
ND-39 U-15Pu-12Zr Hast .-X -280 65.4 0.207 0.015 10 .2 720 610 4.3
ND-44 U-15Pu-12Zr Hast. -X-280 66.4 0.208 0 .015 9.9 710 600 4.2

~
~
\0
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MELTING TEMPERATURE OF REACTION PRODUC TS ( oC)

500 600 700 800

UU Fe

Figure 2 . Melting Temperature of Reaction Products of Type 304 Stainles s St ee l
With several Fuels .
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Hastelloy -X Claddi ng

Ty pe 304
Stainless St eel

Claddi ng

Type 31
St a i nl ees St eel

Cl addi ng

tn

"".....

~
EI -5 4l6 25QX EI - 5427 2 5QX EI -5437 2 5QX

Fi gure 3. Cl ad- Fuel I nt e rface of U-15 vt. ~ Pu-12 vt . ~ Zr and Hastell oy- X.
Type 304 Stainless St eel . and Type 316 St a i nle ss St ee l I rradiated
at Maxi mum Ja cket Tempera tures of 6l 0 · C fo r 2 . 4 At .~ Bur nup.



106-8919 32X

Ff.gur-e 4. Transverse Section of U-15 wt. %Pu-12 wt. f, Zr Alloy Jacketed in
Ha stell oy-X. The conce nt ric bands in t he f\~el were correl eted to
phase transfor~~~~ati on ~ernperature s .
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EI - 5887 20X

Figure 5. Transverse Section of U-15 wt.'f, Pu-10 wt. 'f, Ti Clad in
V-20 wt. 'f, Ti Tubing and Irradiated to 10.7 at . ~ Burnup
at Maximum Clad Temperatures of 630·C.
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