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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.
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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



It is indeed a pleasure to have the opportunity to open the 1967 Symposium
on Plutonium Fuels Technology. During the past few years the effort going into
the use of plutonium as a reactor fuel has increased manyfold. It would be diffi-
cult for me to say anything new as to why plutonium is important as a nuclear
fuel--the two main reasons being, I'm sure: (1) the possibility of lower cost
electrical power and (2) the possibility of using all the energy available in
natural uranium. I 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 plutonium 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.

There is one subject concerning plutonium, however, that I have always
found interesting, intriguing and even a bit romantic and that is the history of
the element plutonium. It could be that many 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 been introduced to the infant in 1943.

Plutonium was discovered in 1941--only 26 years ago. Even the concept
of the existence of transuranium elements began with the discovery by E. Fermi
and his co-workers in 1934 that the neutron irradiation of uranium produced
radioactive substances. This makes the whole field of transuranium elements
only 33 years old--younger than many of the people now working on the problems
of using plutonium as a reactor fuel. Plutonium is the first synthetic element
to be produced in visible amounts and we all know the importance of the nuclear
properties of plutonium-239; both in the past and in the future. The metallurgi-
cal and chemical properties of plutonium are more interesting, and at times
more baffling than any other element.,

In February 1941, plutonium was discovered in the cyclotron by
Glenn T, Seaborg and associates at the Radiation Laboratory of the University
of California. The isotope first discovered was plutonium-238, The search for
the isotope, plutonium-239, was successful and the proof that it would undergo
fission was accomplished during the spring of 1941. This proved the value of
plutonium as a source of nuclear 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 solved; 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 magnitude of these problems was tremendous since the element
had been discovered only a few months before.

The method of producing large quantities of plutonium was achieved on
December 2, 1942 when E, Fermi and his co-workers succeeded in achieving
the first self-sustaining chain reaction in a graphite and natural uranium
lattice. This historic event led to the development of the world's first reactors--
the beginning of what we now know as nuclear power.

The first studies of the chemical and metallurgical properties of plutonium
are, to me, the most interesting studies recorded in the two fields of science.



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. Ifeel 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 Jem®, The melting point was reported as being below 800°C.
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 C 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 12 0°C was found by measuring the volume change



on transformation in an oil-filled volumetric dilatometer. This volume change
was greater than that of any known metal except tin. It was soon found that plu-
tonium metal exhibited five modifications between room temperature and the
melting point. These findings gave the metallurgists working on the project the
most fascinating subject to talk about that, I'm sure, any group had ever enjoyed.
The discovery of the modifications opened up a field of fundamental research
which, as you know is still being pursued. By the end of 1945 the transformation
temperatures for the five phases, the crystal structure of two of the phases, the
densities, the expansion coefficients, the electrical resistivities and the temper-
ature coefficients of resistivity had been determined. E is remarkable that
these early values are so close to the ones determined later under far less
hectic conditions.

I have reviewed what I believe to be the technical highlights in the first
five years of plutonium. They are: its discovery, a method for its production,
much of its chemistry worked out on the tracer scale, the development of micro-
metallurgy and then the large scale production, separation, purification and
reduction to metal,

Much was accomplished, much has been accomplished since 1945 and much
is yet to be accomplished before plutonium reaches its ultimate use to mankind
in the production of cheap, dependable nuclear power.

The use of plutonium as a reactor fuel was recognized very early and
people were speculating on the types of fuels to use in 1946. The types of alloys
being suggested at that time were as follows:

80% U, 10% Pu and 10% of some other element
Al or Be alloys of Pu

Liquid alloys of Pu

Th=Pu alloys

In 1946, very little was known about any of the alloys of plutonium. The
potential use of plutonium as a reactor fuel helped to start many of the early
alloy programs both in this country and abroad. The rate of growth of effort on
plutonium fuels research was slow for two reasons; the scarcity of plutonium for
research purposes and the difficulty of handling the material. However, as plu-
tonium became available and more was learned and published concerning the
element, the amount of effort increased rather rapidly to what it is today. An
interesting observation is that at the First International Conference on Plutonium
Metallurgy in 1957, there were eight technical papers concerning plutonium fuels,
at the second conference in 1960, there were nine, and at the third conference in
1965, there were twenty-four papers.

Because of the increase in the amount of research and development on
plutonium that has and is taking place, Ifeel that it is very important to main-
tain technical communication on the subject., This can be accomplished through
publication, by visiting each others' laboratories, and by holding meetings such
as this Symposium. Ihave been delighted with the free flow of information
concerning plutonium fuels that has and is taking place throughout the world.

This Symposium is on the use of plutonium-239 as a reactor fuel. Some
other isotopes of plutonium may also be the subject of future symposiums as the
possible uses for them become more developed. Plutonium-238, the first
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isotope of plutonium to be identified, is now being used as a heat source in
thermoelectric and thermionic conversion devices. These devices are being
used as power sources in the space program. Plutonium-238 is being considered
for use in the medical field, The possible uses being investigated at this time
are the pacemaker device for heart patients and the artificial heart. Both of
these applications, if successful, will be another milestone for plutonium in the
affairs of man. Another isotope, plutonium-242, has very interesting possibili-
ties for the future. This isotope is a source material for the production of
transplutonium elements. Work on the possible uses of these elements has
hardly started at this time. Plutonium--be it 239, 238, or 242--will 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 and de-
velopment on the use of plutonium as a reactor fuel. Iam looking forward to
hearing and studying your papers on the subject.

Thank you!



PLUTONIUM RECYCLE IN U. S. THERMAL REACTORS

Myron C. Beekman and Harvey A. Wagner

Abstract

It is estimated that 100,000 kilograms of fissile plutonium will have
been recovered from the generation of light water reactors by the end
of year 1980. The use of this material and the quantities available
for research and development programs, as a fuel material for fast
breeder reactors and for recycling in thermal reactors, are discussed.
The Edison Electric Institute has programs with two reactor manufac-
turers to evaluate the economics and technical parameters of recycling
plutonium in commercial water reactors. An analysis of future
plutonium values has been made with 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 Production of The Detroit Edison
Company, Detroit, Michigan.,



INTRODUCTION

Plutonium today is a scarce material and what does become available
is easily disposed of at a fixed price under the USAEC's plutonium
buy-back policy. However, both of these are short-term conditions.
The rapid growth of the light water reactor industry will result in
very large quantities of plutonium becoming available in a few years.
Furthermore, the USAEC guaranteed buy-back price of $10.00 per gram
of the contained plutonium isotopes 239 and 241 as nitrate, expires
December 31, 1970. Presumably, after that time, plutonium will be

a commercial commodity subject to the laws of supply and demand.

How to efficiently and economically utilize plutonium, what are its
nuclear characteristics in fast and thermal spectrums, when and to
what extent will it be recycled in thermal reactors, what are the
fast breeder reactor requirements and when, and what will be its
free market price, are some of the presently unresolved questions
facing the nuclear industry. Many of these subjects will be dis-
cussed in detail during this meeting.

NUCLEAR CAPACITY GROWTH

Since plutonium is a man-made material and can only be produced in
quantities by the operation of nuclear power plants, any estimate of
plutonium production and recovery is related to the operating nuclear
capacity in a given year, Many estimates of nuclear power growth
rates have been made, some of which involved detailed analyses of

area fuel costs, economy growth, electric power generation and pooling
considerations, air pollution conditions, and other factors. Experi-
ence has shown that most of such forecasts have in the past under-
estimated the actual growth. This might well be expected in this new
and continually improving nuclear industry.

Two estimated nuclear capacity forecasts for the years 1965 through
1980 are shown on Figure 1. The most recent USAEC (United States
Atomic Energy Commission) forecast of installed nuclear capacity in
1980 indicates between 120,000 and 170,000 megawatts, with 150,000
megawatts being the best single estimate. (The authors have assumed
the expansion curves corresponding to these capacities.) A more
recent review of this subject, and the one used in this paper, was
prepared by the EEI Fast Breeder Reactor Study Group. Their pre-
liminary results of this analysis indicate about 200,000 megawatts
of installed nuclear capacity in 1980.

There are too many uncertainties to make meaningful long-range pre-
dictions other than that, toward the end of the century, the U. S.
may have an installed nuclear capacity of greater than one million
megawatts. Many are predicting that by year 2000, about one-half
of the total electrical energy produced in the U. S. will be from
nuclear plants.



RECOVERED PLUTONIUM

Plutonium production is not only a function of the operating power
level, but also of the type and design characteristics of the reactor.
Generally, high-thermal=efficiency systems have lower plutonium pro-
duction rates than do low-thermal=-efficiency systems. The design
characteristics of present-day light water reactors are such that
more plutonium is produced per megawatthour in a pressurized than in
a boiling reactor concept. In addition, the fissile part of the
plutonium produced, at comparable fuel exposures, is larger for the
pressurized water reactor,

For purposes of this study, it was assumed that all nuclear capacity
installed prior to 1980 consists of equal amounts of boiling water
and pressurized water reactors. It was further assumed that fast
breeder reactors will become competitive with light water reactors
in the early 1980s and will gradually represent more and more of the
annual installed nuclear capacity during that decade.

The designs and fuel exposure warranties of today's light water reac-
tors are such that a plant operating at 80 percent capacity factor
will have a combined average discharge of about 0.192 kilograms of
fissile plutonium per megawatt per year. Design optimizations in
time may result in changing this average production rate, However,
no significant departure is expected during the next decade,

The annual and cumulative total fissile plutonium recovered from U. S.
civilian power reactors between 1970 and 1990 is shown in Figure 2.

In computing these quantities, a two-year lag was assumed between
initial reactor operation and discharge of spent fuel, and one year
after discharge before the plutonium was recovered. The data indicate
that about 100,000 kilograms of fissile plutonium will have been
recovered by 1980, and 300,000 kilograms by 1985. Quantities of these
magnitudes and the dollars they represent pose significant technical
and economic issues.

PLUTONIUM DEMANDS

There appears to be three basic uses of recovered plutonium:
1. For Research and Development
2. As a Fuel Material for Fast Breeder Reactors
3. For Recycling in Thermal Reactors

Substantial quantities of plutonium for research and development pro=-
grams have been used over the past ten years and there is a continuing
need for even greater amounts. A paper by Messrs. D. Boyer and

E. Goodman, USAEC, presented at the Brussels Symposium on ''Use of
Plutonium as a Reactor Fuel'' in March 1967, indicated an estimate of
the civilian utilization demands through fiscal year 1976. They



have estimated that 11,600 kilograms of plutonium will be required
through 1971 and 25,000 kilograms through 1976 for research and devel~-
opment programs. It is apparent, when comparing the quantities of
recovered plutonium with the demands for research and development,
that the demands cannot be met from plutonium recovered from civilian
power reactors. The present USAEC policy, as we understand it, is to
make maximum use of plutonium received from domestic licensed reac-
tors, from other overseas' sources, and to provide any remaining
deficit from the production reactors.

Technical evaluations indicate that plutonium will be most efficiently
used, and consequently have its greatest value, in fast breeder reac-
tors. It is probable that two or more 300-500 Mwe fast breeder reac-
tor demonstration plants will be built and operated in the mid-1970s.
It is also probable that fast reactors will not be developed suffi-
ciently to be economically competitive with light water reactors until
the early 1980s. During the 1980s, fast breeder reactors will be con-
structed on some expansion sequence commensurate with electric power
industry acceptance and manufacturing capabilities., A large demand
for plutonium at a premium price is expected to materialize as the
fast reactor portion of the total nuclear capacity increases.

PLUTONIUM AVAILABLE FOR RECYCLE USE

The timing and quantities of plutonium available for recycle use are,
therefore, functions of the research and development requirement and
the timing and installation rate of commercial fast breeder reactors.
A review of these conditions and possibilities indicates that most of
the plutonium recovered in the early 1970s will be used for research
and development programs. Fast breeder reactor demonstration plants
to be operating in the mid=1970s will require substantial amounts of
plutonium for inventory and initial reload, but there appears to be
excess plutonium available for recycle.

Assuming that early commercial fast reactors can pay $3.00 per gram
more for plutonium than its value in thermal recycle, holding the
recovered plutonium for two years before selling for fast reactor use
would appear to be economically justifiable. If the fast reactor
requires purchase of plutonium two years in advance of operation,
this would result in a four year advance between recovered plutonium
and fast reactor operation. If it is further assumed that commercial
fast breeder reactors are operating in 1980 and are installed at the
rate of four 1,000 Mw units in the first two years, eight in the next
two years, sixteen in the next two, and so on, their demands would
leave little, if any, for recycle use after the early 1980s.

Based on these assumptions, which are of great importance to the con-
clusion, it appears that 60 to 80 metric tons of plutonium should be
used in thermal reactor recycle during the latter half of the 1970s
and the early 1980s.



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 thermal reactors
which are not well understood at this time. Some items of particular
concern are the low energy resonances of the plutonium isotopes, their
effect on power peaking, the speed of response to control action,
plutonium segregation, spectral effects, non-isotopic uniformity, and
fuel cycle economics.

Many programs related to the technology of plutonium recycle have been
pursued over the years by the USAEC, Battelle Northwest, General
Electric, Westinghouse, 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) will contribute appreciably to
this area of technology.

EEI 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 evaluate 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 water reactors
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 cycle 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 the 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

10



of the Phase I studies.

It is premature to discuss any conclusions or results obtained from
the Phase I studies, but some general comments appear to be in order.

General Electric Program

A reference fuel fabrication technique has been selected, employing
pelletized, mixed-oxide fuel with Zircaloy cladding. It is recog-
nized that, in the long term, physical mixtures of uranium-plutonium
oxide powders using vibratory compaction may result in lower fabrica-
tion costs. However, the need for additional information on the fast
transient performance of segregated plutonium fuels, the results
obtained to date in pelletizing mixed oxides, and the large indus-
trial acceptance of pelletized fuel, have led to this design selection
for additional in-reactor testing at this time.

An in-reactor test is now being performed in the Dresden | reactor
which contains four recycle plutonium fuel pins, ranging from 1.4 to
1.7 percent plutonium enrichment. This test represents the first
time that plutonium contained in the discharged fuel from a power
reactor has been recovered commercially, fabricated into new fuel
pins, and re-inserted into the reactor which produced it, thus
"closing the loop.'" This test is considered valuable in that, among
other things, it will aid in determining necessary requirements for
licensing and transporting recovered plutonium, provide additional
performance data, provide substantial information to guide any

Phase II irradiation test program, and assist in evaluating new
fabrication facilities and fabrication technology using full-size
rods and commercially recovered plutonium.

A series of design calculations have been completed to evaluate the
nuclear and thermal performance of several alternate fuel bundle
designs. As is the case for boiling water reactor uranium=-enriched
fuel designs, several different plutonium enrichments are incorpo-
rated in the reference design to compensate for neutron flux peaking
caused by the water gaps at the edge of the bundle. Preliminary
economic studies on the estimated value of plutonium have resulted
in a wide range of values due to the different fuel bundle loading
designs. For the most favorable plutonium design, however, it was
found that the value of fissile plutonium is not significantly
different than the value of the fissile uranium burned in a typical
boiling water reactor design, providing fabrication cost increments
for plutonium fuel are not larger.

Westinghouse Program

The primary effort during the first part of this study program was
devoted to nuclear engineering, mainly in the development of calcu-
lational methods and the planning and evaluation of critical
experiments. Plutonium cross section data and nuclear design codes
have been evaluated by comparison with the results of the plutonium

11



critical experiments conducted under an agreement with ESADA.

Under the ESADA program, critical experiments were conducted with

two weight percent Pu0y-U0, fuel containing either eight percent or
twenty~four percent plutonium 240. Single and two-region experiments
employing four different lattice configurations were made with each
isotopic composition. Power distribution and reactivity data from
these experiments have provided valuable information for evaluating
nuclear data and engineering design methods.

Fuel cycle parameter studies have been performed to provide a basis
for more detailed evaluations of the important fuel cycle variables.
A series of equilibrium cycle fuel depletion calculations for varia=-
tions in hydrogen-to-fuel ratio, specific power, burnup, fuel density
and plutonium isotopic content, have been completed. Studies are now
in progress to evaluate the relative merits of several fuel manage-
ment schemes during the transition from a uranium-fueled to a
plutonium-recycle core configuration.

Plutonium fuel fabrication techniques and relative costs are also
receiving considerable attention. Results have indicated the pluto-
nium fabrication costs are extremely sensitive to plant throughputs
and that this may have a greater effect on unit fabrication cost than
either the type of fuel or the fabrication process. A cost comparison
of four material and fabrication process cases did not indicate a
strong economic preference.

The effects on fuel cycle cost and plutonium value of the important
economic parameters have been analyzed for equilibrium cycles,
Results indicate that, for a typical 1000 Mwe reactor, plutonium
values in the $7.00 to $9.00 per gram range may be expected. Vari-
ables studied include burnup, fabrication cost, uranium ore cost,
specific power, and hydrogen-to-fuel ratio.

THE VALUE OF PLUTONIUM

The 1964-1965 Congressional legislation in the United States, ending
mandatory government ownership of nuclear fuels, also established
guarantees with regard to plutonium. Although at the present time

the guaranteed buy=-back price is based only on the fissile isotopes,
in the future the price may be applied to all isotopes since plutonium
240 and plutonium 242 do have significant fast fission cross sections.,

Completion of the EEI Plutonium Recycle and other current programs
will provide more substantial evidence regarding the actual value of
plutonium when recycled in light water reactors. However, there are
some basic principles against which these values must be measured.

The values of uranium and plutonium are always related since either
can be used as the fissile material in thermal reactor or fast breeder
reactor fuels. Furthermore, because of the chemical separability of
plutonium, its value is proportional to the price of fully enriched
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uranium, as opposed to the price of slightly enriched uranium. Hence,
as changes occur in the costs of uranium ore, conversion of U30g to UFg,
and in separative work, these will be reflected in the value of pluto-
nium. Therefore, the most important elements in the long term value

of plutonium are its nuclear fuel characteristics as compared to other
fissile materials, and its supply and demand. In the near future,
during the early years of the plutonium recycle program, such things

as lack of performance data, minimal sized fabrication facilities, and
shipping and reprocessing complications may result in lowering its
competitive value.

One of the larger near term factors that may reduce the value of pluto-
nium is the fabrication cost penalty of this radioactive and toxic
material. Considerable work has been done in attempting to assess the
cost of performing plutonium fuel fabrication operations. Battelle
Northwest Laboratory (formerly Hanford), probably having done the most
work in this area, concluded that plutonium enrichment, as compared to
uranium enrichment, increases the fabrication cost about 25 percent.

A major portion of this differential reflects the cost of converting
plutonium nitrate to a usable oxide form. This conclusion is generally
supported by others. If this cost differential is realistic, then the
plutonium fabrication penalty might reduce the value of plutonium

$1.00 per gram. Even if this penalty were doubled, and it may well be
in the early years of its use, the resulting plutonium price would
still be sufficiently high to warrant its use in a recycle program,

In the early part of the 1980s, it appears that plutonium throughputs
required by fast breeder reactors or a larger recycle program will be
sufficiently great to require large scale fabrication plants. This,
plus a more knowledgeable application of plutonium in light water
reactors, would somewhat, if not completely, offset the earlier cost
penalties.

Plutonium has particularly advantageous properties as compared to
uranium 235 in a fast spectrum. For example, the neutrons released
per fission for plutonium 239 and plutonium 241 are on the order of
25 percent and 40 percent larger, respectively, than for uranium 235.
Furthermore, a high gain breeder provides a fuel cycle cost which is
largely insensitive to plutonium price as the credit for excess-bred
plutonium offsets the carrying charges on the plutonium inventory,

In a mixed reactor complex of thermal and fast reactors, with a
balanced plutonium economy, it is logical to assume that the price of
plutonium will be established so that the cost of generating power
will be a minimum. This situation is, however, affected appreciably
by the cost of uranium 235, the supply and demand of plutonium, the
doubling time of fast breeder reactors compared to that of the growth
rate of the electric power industry, design changes in either reactor
type, and other factors. Thus, for a low specific inventory--high
breeding ratio fast reactor, the value of plutonium may be as much as
50 percent greater than fully enriched uranium. The net effect of a
premium price for plutonium is to reduce the overall cost of electric
power generation,
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Considering the foregoing comments and evaluating the effect each may
have on the price of plutonium, it is estimated that price of fissile
plutonium will remain close to 85 percent of the value of fully en-
riched uranium until the mid-1970s. During the latter part of the
1970s and early 1980s, the price ratio may decrease slightly, after
which the demand for fast reactor inventories will increase its price
ratio to perhaps 1.5 by 1990,

SUMMARY

The technical and economic development and the commercial acceptance
of light water reactors as a means of generating electrical energy
have resulted in nuclear capacity growths far exceeding earlier pre=-
dictions. It is now estimated that about 200,000 megawatts of nuclear
capacity will be installed by 1980.

The operation of these units will produce large quantities of pluto=
nium. It is estimated that 100,000 kilograms of fissile plutonium
will have been recovered by the end of year 1980, This material will
be used for research and development programs, fast breeder reactor
inventories, and recycled in thermal reactors. Since it does not
appear that large fast breeder reactor requirements will materialize
before the early 1980s, a substantial plutonium recycle program will
be undertaken to efficiently utilize this material in the interim
period.

In view of this, the Edison Electric Institute, the U. S. Atomic
Energy Commission, and others have undertaken studies to evaluate

the economic and technical parameters of using plutonium in large
thermal reactors. Specifically, the EEI programs with General Elec-
tric and Westinghouse are scheduled so as to have the information
necessary for commercial loadings of plutonium=bearing fuels in large
water 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 mid=
1970s, after which there will be a substantial plutonium recycle
program prior to the demand created by fast 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. Vanden Bemden

Abstract

The paper gives a description of the fast reactor program for
Belgium. This program is subdivided into two parts. The first
one is related to a research and development program for the
design and the construction of fast reactor prototypes in co -
operation with Germany and the Netherlands. The second part
is related to the Belgian industrial nuclear power program.

Some considerations about plutonium availabilities and plutonium
needs are given on the bases of the above mentioned Belgian
program.,

The paper shows the incertitudes affecting the establishment of
an estimation of future plutonium production and plutonium needs.
It concludes upon the necessity to envisage the use of a possible
excess of plutonium in thermal reactors and also upon the inter-
est to study an uranium 235 enrichment of the fast reactors in
case of a temporary lack of plutonium. Some comments are
given about this latter case.

* Directeur at '"BelgoNucléaire' S.A. (Société Belge pour
1'Industrie Nucléaire ), Brussels, Belgium
% Directeur-Adjoint at ' BelgoNucléaire "
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Research and Development Program

The principal objective of the fast reactor Belgian research
and development program is to prepare the Belgian industry to
participate in the design and construction of the future commercial
fast reactor power station.

The main aspects of this program are briefly described here-
under.

In January 1966, Euratom and the Belgian Government signed
an Association contract for the development of fast reactors. It is
carried out in co-operation with the Euratom - Germany fast reactor
Association. Jts first phase amounts to more than 3 million dollars
and is supported by Euratom, the Belgian State and the industry. The
research and development work has been assigned to BelgoNucléaire
and the Centre d'Etude de 1'Energie Nucléaire (CEN). One section
of that contract is devoted to fast reactor fuel.

Ten years ago, an agreement was signed between Atomic Power
Development Associates (APDA) and BelgoNucléaire. The CEN
joined this agreement later on. In the scope of this agreement, about
ten BelgoNucléaire- and CEN engineers have participated in the de-
sign, construction and start up of the Enrico Fermi reactor. They
totalize more than 30 years - engineer spent in the United States.

As a continuation of that collaboration, BelgoNucléaire under-
took in the framework of the above mentioned Association the study
of the plutonium oxide fuel for the second core of the Enrico Fermi
reactor. It was considered that the know-how gained in developing
the work could be applied afterwards to European programs. A de-
tailed description of the performed work is given in the report en-
titled ' Belgian Experience in Fabrication and Irradiation Perform-
ance of Fast Reactor Fuel' prepared for this symposium by J. M.
Leblanc , R. Horne and H. Andriessen. This program will be ex-
tended during the next Belgian five year plan by a general study of
fast reactor fuel elements including plutonium oxides, carbides and
a very small effort on nitrides.

BelgoNucléaire is also negotiating, with the full support of the
Belgian Authorities, an extended co-operation with the German
Consortium Siemens - Interatom and the Dutch Company Neratcom
on the design and the construction of a 300 MWe sodium cooled fast
reactor prototype to be put in operation at the end of 1973. It will
be in the field of the design and construction of the reactor core
that the Belgian effort will be mostly concentrated.

Time-scale forthe Belgian industrial Fast Reactor Program

As said hereabove, a 300 MWe fast reactor prototype will be
built and put in operation at the end of 1973 in the framework of
the co-operation between Germany, the Netherlands and Belgium.
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As a result of this, a first 1,000 MWe prototype reactor is
expected to run in the second half of the next decade.

As far as the later future is concerned, it can be estimated
that in somewhat more than 30 years from now on, it is to say at
the end of the present century, the power need will request approx-
imately 30, 000 installed MWe including probably 20, 000 MWe which
could be of the nuclear type. In order to reach these requirements,
as from 1982 on, 1,000 MWe will have to be installed at the begin-
ning of every two years, afterwards every year and at the end of
the century 2,000 MWe will have to be put in operation every year.
An important part of these installed capacities after 1982 will
probably be covered by fast reactors taking into account the various
advantages that one can expect from them, but principally also in
respect with plutonium availabilities.

Fuel Requirements for the industrial Fast Reactor Program

In order to start the fast reactors, the plutonium normally
requested, will be produced by the existing thermal power stations.
The total thermal reactor capacity to be installed in 1980 will
amount between 3, 500 and 4, 000 MWe following approximately the
schedule shown in table I. Taking this program as a reference, the
quantity of plutonium produced by these thermal reactors and the
prototype fast reactors are given in figure 1. An average production
of 250 g Pu/MWe installed has been considered. Curve A takes
into account an average delay of three years between the production
of energy and the availability of plutonium. On the other hand, curve
B shows the plutonium availability , taking into account a reduction
of that delay to two years. Curve C shows the amount of plutonium
needed to fulfil the prototype fast reactor program described above.
Curve D shows the same needs, but in the event of a delay of one
year in the fast reactor industrial program. On the bases of these
curves one can see that up to 1974 there will be probably a lack
of plutonium because of the fact that the Research and Development
programs will also request plutonium which is not included in the
curves.

During a non-defined period after 1974 there will be probably
an excess of plutonium. This incertitude is due to the fact that the
parameters used for the estimation greatly influence the conclusion
and that these parameters are depending on external factors such
as :

- general international political situation ,

- possibilities of purchasing plutonium outside of the country,
- speed of development of fast reactors ,

- competition between thermal and fast reactors ,

- evolution of the reprocessing capacity and characteristics,
- ete..
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It is quite difficult in these conditions to establish definite
conclusions at the present time as far as plutonium availability
and plutonium needs are concerned. As a matter of fact we have
to consider that following the evolution of the development of the
various reactor types and the different factors mentioned hereabove
we could have to face in Belgium from time to time a lack of pluto-
nium ( this will certainly be already the case during the next six
or seven years) or an excess of plutonium ( at least during a non-
defined period after 1974). Considering these incertitudes and
taking into account that Belgium wants to develop largely its nuclear
fuel industry, a coordinated program has been decided. As a main
objective this program covers the use of plutonium as a fast reac-
tor fuel. But on the other hand it incorporates also a general study
of the recycling of plutonium in the thermal reactors and a study
on the interest of fuelling fast reactors with uranium 235 instead
of plutonium. It has in fact to be considered that the industry must
have the necessary knowledge to offer a core for the operating
reactors whatever the situation could be as far as plutonium avail-
ability is concerned.

The work carried out in Belgium on the recycling of plutonium
in thermal reactors has been performed up to now in the framework
of contracts concluded with Euratom and the actual conclusions are
encouraging. A description of the general program is given in the
communication of P.Kruys (Euratom ) on the " Euratom Program
on Plutonium Recycled Fuels in Thermal Reactors " and in the
paper entitled " Irradiation of Plutonium Fuel in the BR - 3" by
H. Bairiot ( BelgoNucléaire ). Both reports are presented during
this symposium.

As said before, in case of a temporary lack of plutonium, a
fuelling of fast reactors with uranium 235 could reduce the problem
of fuel requirements. Some considerations about this concept are
given hereafter.

Interest of fuelling Fast Reactors with Uranium 235

As pointed out above, this solution could be envisaged in case
of temporary plutonium shortage. It is for instance supposed that
the plutonium produced in a uranium 235 enriched fast reactor is
directly recycled in the same one.

A reactor fuelled with uranium 235 is not a true breeder
reactor so that during the first cycles an extra amount of plutonium
is needed to get the reactor critical, but after a few cycles the
quantity of plutonium produced exceeds the requested one. The ex-
cess can then be introduced in the core of other reactors,.

An analysis of this concept has been made by BelgoNucléaire
(1) inthe framework of the Euratom - Belgium Association contract
taking as a reference the Nal 1,000 MWe prototype fast reactor
studied by the Karlsruhe C enter (GfK - Germany).
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One has to consider first that reprocessing of the core and the
blankets, either together or not, influences of course the extra
quantity of plutonium needed during the first cycles. Three main
cases can be envisaged :

case 1 : separate reprocessing of core, axial blanket and radial
blanket ,

case 2 : common reprocessing of core and axial blanket, the radial
blanket being reprocessed separately ,

case 3 : common reprocessing of core, axial blanket and radial
blanket.

Figure 2 shows for the three cases at the upper side of the
curves the extra quantity of plutonium needed and at the lower side
of the curves the amounts of excess of plutonium produced. It can
be seen on the figure that following the reprocessing concept, called
case 1, for instance 250 kg of fissile plutonium are needed for the
first recycling, somewhat more than 100 kg for the second recycling
and approximately none for the third one. At that point the conver-
sion ratio becoming greater than 1, an excess of plutonium is pro-
duced.

Table II summarizes for the three reprocessing cases the
amounts of plutonium needed and the quantities of that material
produced in excess after the first cycles.

Another interesting result is given on figure 3 showing the
decrease from cycle to cycle of the U 235 enrichment. Reprocess-
ing the fuel following case 1, a uranium 235 concentration practical-
ly equal to the natural value is reached after six recyclings.
Following reprocessing case 2 this point is reached after four re-
cyclings and in the latter reprocessing case, the reactor needs only
three recyclings to lower the uranium enrichment to the natural
value.

As far as economics are concerned, this concept will not alter
considerably the cost of the fuel cycle itself. Indeed, it will be
applied only in case of plutonium shortage and in such a situation
the value of plutonium will be directly determined by that of uranium
235 so that as a principle, in such event the fuel cycle cost of a
uranium enriched or a plutonium enriched reactor will be very
similar. This of course implies that fast reactors should be close
to competition if they are enriched with uranium 235.

Table III gives the average fuel cycle costs ( calculated for the
various cycles up to the equilibrium).

As a conclusion of the study briefly summarized above, it
seems that it is perfectly possible to shift progressively from a
uranium enrichment to a plutonium one and this process could be
used in temporary cases of plutonium shortage. Nevertheless, we
have to consider that :
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1) reprocessing the core of the reactor separately allows to use a
limited extra quantity of plutonium during the two first recy-
clings, the residual uranium 235 enrichment reaching the natural
value after six recyclings.

This process gives the possibility to recycle all the residual
enriched uranium 235 in the reactor. A disadvantage of this
comes from the progressive increase of the parasitic isotope
uranium 236 with the number of uranium cycles. This phenome-
non could force to limit this number and to shift sooner to a

full plutonium enrichment.

2) reprocessing the core and the blankets together leads to an
increase of the fuel cycle cost due to the reduction of the
enrichment of the mixture in uranium 235, but decreases the
uranium 236 concentration. This process gives of course a
great excess of residual enriched uranium which has to be sold.
The extra plutonium quantities needed to operate the reactor
during the first recycling is much higher than in the first case
mentioned above.

General Conclusion.

A plutonium fuel requirement estimation is difficult to
establish far in advance, mainly because of the large incertitudes
relative to the development of the different nuclear reactor types
( thermal and fast), but also because of external factors which
could largely influence the nuclear market. Therefore, we could
have to face temporarily either a lack or an excess of plutonium.

Consequenlty, even if we consider that plutonium has to be
used in priority in fast reactors, we have to be prepared to absorb
a not yet defined plutonium excess in thermal reactors and also to
envisage the possibility to fuel fast reactors with uranium 235 in
the event of a temporary lack of plutonium.

Both alternatives are technically and seem economically
feasible. They will be a complementary insurance against the
unforeseeable fluctuation of fissile material availabilities and
could therefore decrease the importance of the fuel requirements
problem.
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TABLE I

Thermal capacity to be installed in Belgium

Year MWe Remarks

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

( .
T2 iaon- 1500 | Tvo Feer satons o be ocated
Doel
1976 750
1979 750
1980 750
3500 - 3900
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TABLE II

Uranium 235 fast reactor enrichment

Number of Plutonium needed (kg)
recyclings case 1 case 2 case 3
1 220 800 1280
2 125 150 75
3 20 = -
. } _ _

Plutonium in excess

2 s - 170
3 60 80 210
4 110 160 225
5 140 190 230
6 170 205 230
7 180 210 230

TABLE III

Uranium 235 fast reactor enrichment - Fuel cycle cost

Actualizati
o I;?eiza%mn P;./vglue Fuel cycle cost (mills /kWh)
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 Requirements
French Program

F. Sebilleau - C.P. Zaleski

Abstract

The French Fast Breeder Fuel Program is mainly based on
mixed uranium-plutonium oxides. This choice ensures continuity of ef-
fort from Rapsodie to the large fast reactors beeing built at the end of
the next decade.

For Phenix (250 MWe) the plans are to use pellet type fuel
made by a sintering process and stainless steel canning. For economics
and fabrication reasons, the main effort is directed towards improvement
of industrial stainless steel though noticeable work is performed on
nickel based alloys.

On a parallel line, other types of fuels materials : carbides
and carbonitrides, other fabrication process like vibrocompaction and
other type of fuel like vented fuels are studied. They are considered as
solutions which could provide better economics of the fuel cycle for
large breeder reactors.

Commissariat & 1'Energie Atomique - B.P. n°® 6 - 92 Fontenay aux Roses
Association Euratom-CEA - Contrat n® 006,/62/1 RAAF
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REVIEW OF THE FRENCH PROGRAM FOR FAST REACTOR FUELS.

General trends.

On account of the large amount of effort required for the
research and development in the fast reactor field, the French program
is mainly concentrated on one reactor type : sodium cooled fast reactors.

As fas as the fuel cycle is concerned, it seems that sodium
cooling has greater advantages than vapor or gas cooling, in particular
because of the low pressure and small coolant velocity involved. The
situation is not the same for other components like heat exchangers for
example and more development is needed in this field.

Concentration of efforts requires a continuity in the deve-
lopment which is outlined by the characteristics of the two prototypes
preceeding the future large power plants : Rapsodie and Phenix.

Rapsodie is a small experimental reactor, the first of its
kind in France, It is expected to provide experience not only on fast
core operation but on other components like sodium pumps and heat ex-
changers. It is also a convenient irradiation facility for testing fuel
prototypes for Phenix and future large power reactors,

Phenix will be a demonstration prototype more industrial in
character ; it is expected to provide informations on the design and con-
cepts validity of large power stations. Though not economically compe-
titive, it will provide a firm basis for power generation costs evalua-
tions, Because of its industrial character it will probably be less flexi-
ble than Rapsodie for irradiation studies but on account of its greater
neutron flux it will provide essential informations especially on canning
material behaviour.

Fuel types.

In fast reactor fuel development, first priority is given to
mixed uranium plutonium oxide fuel with sealed stainless steel cans.
Such a design is considered at the moment as sufficiently prooven to
constitute a basis for the development of economic fuels for the next
future.

On a parallel line a small effort is made on vented fuels.

It seems that the main interest of this design lies in the possibility of
reducing the fuel length and consequently the core height by suppres-
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sion of the gas plenum, That possibility lies in turn on the availability
of a reliable venting system other than the diving bell, the development
of which requires a great deal of effort. The situation seems to be dif-
ferent for carbide or nitride fuels where the sodium may be allowed to
enter in the can thus requiring a simpler venting device.

Fundamental studies of carbides and nitrides are performed
on the same level than oxides, but on account of the priority given to
oxide the effort on development of carbide fuels is small, as shown in
figure 1 which gives the number of irradiated carbide and oxide prototy-
pe fuel pins versus time. It is expected that the rate of effort on carbi-
des and nitride will increase in the next few years.

For canning materials, studies are mainly devoted to stain-
less steels. AISI 316 was choosen for Rapsodie and a similar alloy will
be used for Phenix, though the exact grade is not yet determined. Indus-
trial stainless steels exhibit acceptable characteristics for their use as
canning material, it seems to us that the first step is to improve these
characteristics such as creep strength and irradiation behaviour by al-
loying additions and modifications of the fabrication process. If the ir-
radiation behaviour of stainless steels cannot be satisfactorily improved,
nickel based alloys can be used. Nevertheless these alloys will proba-
bly be needed for carbide fuels at high linear power.

An important part of the work on canning materials is con-
centrated on non destructive testing and fabrication control in order to
determine reject criteria compatible with low fabrication costs and re-
liability.

Fuel fabrication and reprocessing.

The fuel for Rapsodie has been made by sintering, and the
same technique will be used for Phenix. The fabrication process is
beeing adapted to low density pellets either in the porous or in the an-
nulus form, For Phenix the present plant capacity will be increased by
a factor of ten (3 to 30 kg of mixed oxide per day) merely by extrapola-
tion of the actual process.

A discontinuous process rather than a continuous one will
be employed, the smaller fissile material concentration allowing increased
batch size, This solution has been selected because it is believed that
it leads to more reliable and flexible equipment, and in order to take
advantage from previous studies for Rapsodie.

A small effort is made on vibration techniques. 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 oxide 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. QOur reprocessing studies
include aqueous and dry processes like volatilization of fluorides, the
last one needing more development to demonstrate its validity.

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 showing a minimum at about 130 000 MWd/t.
Calculations made in France indicate that the fuel cycle cost is 20 %
less if the burn up is increased from 70 to 100 000 MWd/t, the gain
beeing very low for greater values.

These economic considerations must be faced with technical
feasibility . At the moment it seems that 70 000 MWd/t is reasonably at-
tainable with oxide fuel canned in stainless steel, the next step will
require more development effort than the first one towards greater burn
up in the 90 - 100 000 MWd/t range. The main difficulty lies in impro-
ving canning materials properties, especially creep resistance and post
irradiation ductility.

In view of these considerations, the design burn up has been
chosen as 30 000 MWd/t for Rapsodie, 60 - 70 000 for Phenix and from
70 to 100 000 for the first large power station.

It should be noted that, since increasing the 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 example the same
20 % reduction of the fuel cycle cost can be gained by increasing the
burn up from 60 to 70 000 MWd/t or by minimising the axial flux distri-
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 desirable but not ne-
cessary since the corresponding loss may be compensated by a better
reactor design or a better load factor.

In order to accomodate the swelling some void fraction must
be kept in the fuel and two questions arise which had not been given up
to now very clear answers : what is the amount of swelling for a given
burn up and which is the best void distribution inside the fuel ?

For mixed oxides, at high linear power, it appears from re-
cent experiments that the swelling rate has probably been overestimated
and in view of these results one can anticipate a substantial decrease
of the void fraction in the fuel from the actual 20 % value, In the case
of carbides, more experiments are needed but it already appears that
severe temperature limitations will be necessary if reasonable swelling
rates are required.

The void fraction may be distributed in the fuel either in the
form of a central hole or in the form of uniform porosity. From the heat
exchange point of view, these two solutions are very different at the
beginning of the irradiation but it is likely that the situation will be ap-
proximately the same forboth at the end of their life. The choice between
the two solutions will therefore be guided by other factors like the stres-
ses induced in the can by fuel swelling and fabrication economics.

Linear power.

With mixed oxide fuels, reasonable linear power can be at-
tained in the 500 W/cm range with fuel diameter 0,5 - 0,6 cm. This leads
to 0,7 - 0,8 MW per kg of plutonium, Higher values could be reached
provided a certain amount of central melting is not ruled out during the
life of the fuel, but more statistical experience is needed in order to
determine the exact limits.

As far as thermal bonding is not used, between can and fuel,
carbide and nitride performances are not very different from oxide's ones
because of severe temperature limitation imposed by swelling. Improve-
ment of linear power for these fuels seems to lie uniquely in increasing
fuel density, hence heat conduction, at the maximum value compatible
with swelling.

Provided the fuel-canning temperature drop is lowered at
a small value, by sodium bonding for example, carbides and nitrides
could probably be operated at linear powers in the 1500 - 1800 W/cm
range. Difficulties arising from thermal stresses in the can and from
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heat extraction in the sub-assembly may well reduce this figure to
1000 W/cm. This high linear power, combined to corresponding larger
fuel diameter, is a strong incitation to further studies of these second
generation fuels as they have been called by some authors.

Internal breeding gain.

Internal breeding gains not very different from 1 are desira-
ble. This allows to minimise the reactivity loss due to burn up and thus
improves the general characteristics of the reactor. One can consider
that internal breeding gain values between 0,9 and 1,1 are very suitable
ones, 0,8 beeing still acceptable. It seems that one of the better ways
to achieve high internal breeding gains is to increase the fuel density
and this gives considerable interest to the use of carbides even with me-
dium linear power.

An other way to increase the internal breeding is to increase
the fuel proportion in the core at the expense of coolant. The limiting
factors in this way are merely of safety concern and it is probable that
more reactor operation experience is needed before assigning reasonable
limits.

Maximum can temperature.

The maximum can temperature depends upon sodium outlet
temperature and hot channel factors. The sodium outlet temperature is
determined by the vapor temperature and the trend is obviously to adopt
the standard value for conventional turbines which, in France, is 565°C
for the 250 and 600 MW power levels.

On the other hand the creep properties of the canning mate-
rial introduce limitations of the maximum can temperature. For the stain-
less steels it seems that 700°C is about the upper limit, higher tempe-
ratures requiring other material like nickel alloys. The temperature dif-
ference 700°C - 565°C = 135°C is sheared in two parts : the temperature
drop in the heat exchanger and the hot channel factor.

For the Phenix project, the actual design is :
- sodium outlet temperature : 566°C
- vapor temperature : 512°C
- maximum can temperature : 700°C.

Obviously, except for the maximum can temperature, these
temperatures result from optimisation of the heat generation system which
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can lead to somewhat different results for larger reactors.

As far as the fuel is concerned, it seems that some improve-
ments could be made in reducing the hot channel factor, especially by
a better knowledge of sodium mixing in the sub-assemblies and reduction
of other uncertainty parameters. This could lead not only to a higher va-
por temperatures but to a lower maximum can temperature ensuring a
longer life for the fuel.

Since the incentive for vapor temperatures higher than 565°C
is poor, the use of nickel alloy cans would allow some improvements in
the can design in account of their better creep properties rather than an
increase of the maximum can temperature.

CONCLUSION.

Table I illustrates the evolution of fuel characteristics from
Rapsodie to the first large power station in the French program. It is
obviously difficult at the present time to know if these evaluations are
pessimistic or optimistic, operation of intermediate size plants like
Phenix will provide priceless experience in this field. Nevertheless it
can be hoped that the main difficulties will be overcome leading to eco-
nomic power generation by fast reactors in the next future.
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TABIEI - FUEL CHARACTERISTICS

RAPSODIE

PHENIX

POWER PLANT

first core

other cores

first core

other cores

Fuel

Canning material

Pu/U
Maximum can temperature

Maximum linear power (W/cm)

Burnup MWd/t
Fuel diameter (mm)
Core height (mm)

Maximum neutron flux

Uuo

Z—PuO2

AISI 316

1/3
650°C

340 - 360

30000
5,7
340

2,5.10%°

UOZ-PuO2
(carbides)

AISI 316
X 18 M (316)

1/3
700°C

400 - 500

30 - 50000
5,6

340 - 600

UOZ-PUO2

X 18 M (316)

1/5-1/3
700°C

430

60 - 70000
5,5
850

g.10'%

UOZ-PuO2

(carbides)

X 18 M (316)

1/5-1/3
700°C

400 - 600

70000 - 100000
5-6
700 - 1000

g.10'°

UOZ-PuO2

carbides

1/3 -1/5
700°C

400 - 600
1000

70000 - 100000

5-8
1000 - 1400
16

10




CENTRAL STATION FAST BREEDER REACTOR
*
PLUTONIUM FUEL REQUIREMENTS )

K. Kummerer

Abstract

Some basic decisions on fuel and pin type introduce into the
field of the principal criteria for the fuel of large fast bree-
der reactors, which are presently in a conceptional stage. As the
German development program pursues in parallel the two lines of

a sodium cooled fast breeder and a steam cooled version, the fuel
pin requirements are compiled for both cases. The pin layout
characteristics translate the requirements to real designs and
also to fuel and pin specifications. In conclusion the future
development lines concerning fuel types and pin features are
shortly mentioned and compared to possible future fuel require-
ments.

Institut fiir Angewandte Reaktorphysik
Kernforschungszentrum Karlsruhe
Federal Republic of Germany

*
) Work performed within the association in the field of fast
reactors between the European Atomic Energy Community and Ge-
sellschaft fiir Kernforschung m.b.H., Karlsruhe
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INTRODUCTION

The fast reactor fuel requirements are evaluated in differ-
ent stages of development. In the German fast breeder program
the first stage was dedicated to some principal selection studies,
a procedure, which of course is typical for all large technical
development projects. As a first basic decision, oxide type fuel
for the fast breeder prototype reactor designs was selected. A
metal fuel was considered to be too limitating with respect to
the necessary linear power rating at high fuel temperature and
to the achievable burnup. On the other hand carbide ceramic is
not yet enough experienced, at least not within the available
technological know-how for our project. A second approach, how-
ever, may be performed with carbide fuel leading to an economi-
cally improved fuel cycle.

A further basic decision pertains to the external and inter-
nal geometry of the fuel arrangement. Having also studied the
feasibility of ball-shaped fuel units, we selected pin type geo-
metry, the latter being more evaluated, both in the inpile cool-
ing behaviour and in the fabrication techniques. The internal
geometry is conventional. As we propose a tight free standing
strong can, provisions are to be made for the fission gases and
vapors and also for the solid fuel swelling in radial and axial
direction. Thus the total length of the fuel pin is distributed
to the active fuel zone, to lower and upper axial blanket re-
gions and to a fission gas plenum.

The design ideas for fast reactor fuel pins are strongly
oriented to our fast reactor design studies for a sodium cooled
prototype reactor (1,2,3) and a steam cooled prototype (4).
There might be some differences between prototype designs and
future central station fast reactors with a capacity of, say,
1000 MWe, mainly concerning the enrichment in fissionable iso-
topes and the pin length. These differences are considered to be
of minor influence to the overall performance of the pin type
fuel and hence can be neglected in this state of evaluation. The
design principles follow a rather conservative line as far as
preparational assumptions for a pin layout are concerned. They
are based on some irradiation test pin experience (5), on the
single efforts of our fuel development program (6) and also on
our irradiation performance considerations and results (7).

The paper here describes at first the basic criteria, which
are the starting point for the pin design logic. These lead to
the fuel pin requirements for prototype fast reactors. The re-
quirements have to be translated to detailed wording within spe-
cifications, some highlights of which we are presenting in the
chapter on pin layout characteristics, together with a few typi-
cal drawings. In conclusion, there is a discussion on the main
limitating factors for a pin layout and on possible future and
futuristic development lines.

It should be mentioned, that the requirements concerning the
whole subassemblies bring certainly some important enlargement,
which refer mainly to the cooling thermodynamics. As the sub-
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assembly features are only of minor influence to the pure fuel
and fuel pin technique, they are not included here. Above that
such subassembly requirements are not yet in a stage of technical
evaluation as to be easily expressed in common principles.

BASIC CRITERIA

The basic criteria for the fuel pin design have their sources
in the triangle: safety, economy and breeding potential. A forth
point of view, which is less scientific - ©but is of practical
importance - 1is the adjustment to the available development
background. The following paragraphs will outline, in more detail,
these considerations.

The safety criteria refer to normal reactor operation con-
ditions, if they ask for duly adapted smooth linear power rating
distribution. They refer also to possible sudden overpower con-
ditions in the reactor core, when reactivity changes must be out-
ruled by inherent safety features. Their wording might be in
short terms:

- The fuel specifications concerning the longitudinal dis-
tribution of fissionable material are to be established as
to guarantee a smooth heat source distribution over the
pin length according to the requirements for the hot
channel analysis of the subassembly.

- The reactivity feedback according to an - expectedly -
negative temperature coefficient for the Doppler effect
in the fuel mixture must become effective within calcu-
lated short delay time in a reactor power transient. This
asks for specified homogeneity in the plutonium distribu-
tion. In this context reference is made to a recent theo-
retical work (8).

- Another limitation is induced by the socalled "slumping
danger'". The internal geometry of the fuel pin has to
limit axial fuel movement to a specified extent, in order
to avoid inherently fuel configurations, which produce
an uncontrollable reactivity increase. A general measure
in this context is to limit the free volume in the fuel
ceramic. This leads to a lower limit for the smeared
density of the fuel.

The economic criteria receive their language from different
aspects concerning the fuel cycle:

- A plain, but most important truth is, that the fuel pin
specifications are to be established as a fit to the 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 "least amount of fuel in the
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 the time
schedule of the prototype planning. Hence the specifica-
tions take consideration of the really available tech-
niques and the really foreseeable price situation (9).

- Finally a principle of continuous evolution demands, that
the initially established specifications are also appli-
cable to recycle fuel without major economic influence.
This means for instance, that a fuel fabrication line,
which is adjusted to a set of specifications, can handle
also plutonium of equilibrium isotopic composition.

The breeding potential as a target is implicitly involved
in the economic criteria. Above the pure economic optimization,
however, there is an additional special incentive:

- In order to make comparable the '"doubling time" of the
future expanding energy demand to the doubling time of
an expanding breeder reactor population, a high 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 conditions of a
"dry" plutonium market.

The basic selection criterion with respect to available expe-
rimental and technical experience reads e.g. as follows:

- A fuel pin design for a large fast breeder reactor can be
based reliably only on a sufficient fabrication experience
- at least in pilot plant scale - and on the positive
results of irradiation performance tests with a number of
pins, which allow at least some statistical judgement.

FUEL PIN REQUIREMENTS FOR PROTOTYPE DESIGNS

The elements of the fuel pin requirements are getting their
incentives and limitations by

- reactor physics
- fuel cycle economics
- safety considerations

Taking also into account the basic criteria formulated above,
these requirements are outlined and discussed in the following
statements.

The enrichment of fissionable material is dictated by the
core magnitude and the detailed core design. The content in
fissionable Pu is for large fast oxide breeders in the range
between 10 and 25 % of total U and Pu contained in the fuel. Nor-
mally two radial zones different in the enrichment are provided
in order to get a radial power flattening. For a 1000 MWe sodium
cooled design e.g. the figures are about 10 % in the central zone
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and 14 % in the outer zone, while at typical prototype designs
(ca. 300 MWe units) the contents are 15 and 23 %, respectively.

The isotopic composition of the plutonium itself will corres-
pond in the long term range to the related equilibrium conditions
of the fuel cycle. At combined core and blanket reprocessing ma-
nagement, there might be a composition of, say, 75 % Pu 239, 22 %
Pu 240, 2 % Pu 241 and about 1 % Pu 242. At a separated reprocess-
ing routine the content of higher Pu isotopes in the core cycle
will be much higher, of course.

The linear rod power is selected to have values which guaran-
tee no central melting of the fuel. Hence at nominal conditions
the maximum figures are in the region of 500 watts/cm. These are
the data, which are typical for sodium cooled fast reactors. At
the steam cooled version the economically reasonable surface heat
transfer makes further limitations to bring the maximum nominal
rod power into the range of 350 watts/cm at still reasonable dia-
meters.

The fuel diameter at sodium cooling is determined by the opti-
mized rating value and the selected rod power. At steam cooling
the diameter is a compromise between the incentive to a large
rating, the feasible steam cooling technique and an economically
favoured increased diameter. In both cases the region between 5
and 6 mm in fuel diameter is the result of recent reference de-
sign evaluations.

The length distribution of a pin is governed by the request
for axial breeder blankets and a fission gas plenum. The volume
demand of the latter is in strong relationship to the mechanical
pin concept and the internal fuel geometry, see below.

The internal breeding ratio receives its "sources" only from
fertile material in the core. Therefore the highest allowable
fuel density - each additional density percent is of full bene-
fit to the fertile potential - is aimed for.

The smeared fuel density is a compromise between the neces-
sary porosity in the ceramic body for gaseous and solid fission
products - which defines the higher density limit - and
breeding loss as well as the slumping danger concerning the lower
limit. The most promising density range for oxide type fuel is -
according to our knowledge - between 80 and 85 % of theoretical
density. For first core equipment of prototypes we propose to use
80 % of theoretical density taking into account a sacrifice in
internal breeding. It is hoped that further irradiation perform-
ance experience will justify a moderate fuel density increase
for later central station fast reactor fuel pins.

The fuel burnup is expected to be in ranges between 50 000
and 100 OO0 megawatt days per metric ton of heavy elements. A
steam cooled reactor might have the schedule at about 60 000
MWd/ton, while a sodium cooled prototype asks for 80 000 to
90 000 MWd/ton, all expressed as maximum burnup values. The re-
quirements for future large central stations may be still some-
what higher.

The level of the cladding temperature distribution is forced
to the highest possible data by the required thermal efficiency
of the system. The maximum nominal can midwall temperature is
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about 600°C for sodium cooling and about 650°C for steam cooling.

The mechanical requirements onto the pins are outlined by
the strong can concept. For sodium coolings the necessary mechani-
cal properties are defined by the fission gas pressure buildup
during burnup and the thermal stresses in the can wall. The radial
solid fission product swelling is considered to be the most dan-
gerous mechanical attack to the cladding wall. The pin lifetime
is solely governed by these impacts, if the cladding material
layout is to withstand the fission gas and thermal stresses for
the expected loadtime at fast neutronm environment. Hence the me-
chanical cladding layout is to be adjusted to the available
swelling volume for the solid fission products.

For steam cooling the pressure situation with respect to the
cladding is turned around. The high coolant pressure outbalances
by far the internal gaseous pressure within the pin. This situa-
tion is accompanied by the mechanical creep buckling problem.
This instability danger must be handled by additional tubing spe-
cifications in high temperature creep strength and in initially
limited ovality and also by possible internal support from the
ceramic fuel. For steam cooling the '"strong can" thinking has
lost some of the absoluteness.

The internal geometry of the pin has two main sources of de=-
finition. The first one deals with the homogeneity of the fuel
mixture. Due to the fact that the inherently acting negative
Doppler coefficient shall operate instantaneously, the largest
admissible pure PuO.-particles are in the magnitude of 100 micron.
Above that microhomogeneity, there is a request for "macrohomoge-
neity" in the fuel, which means an overall uniform distribution
of the fissionable isotopes in the fertile matrix.

The second source of definition is embedded in the upper and
lower density limits, see above. The chosen smeared density can
be realized by different fuel densities (for pellet fuel), cor-
responding to a proper amount of open voids for gap, dishing and
central hole. The gap between pellet surface and can, diametrally
about 100 to 200 microns, provides for thermal expansion and some
fission product swelling. It favours also the pellet fill-in steps
at the pin production. According to our knowledge, there is no
special incentive for pellet dishing and central hole from the
irradiation performance standpoint, if the rod power is high
enough to plasticize the central fuel region. The fabrication
procedure, however, in some cases may prefer a dished or cored
pellet, in order to direct the bulk density of the pellet into
higher ranges, where sintering precision is easier to be con-
trolled.

PIN LAYOUT CHARACTERISTICS

In this paragraph it is intended to summarize all actual in-
formation concerning the real pin layout. Of course the main
examples are taken from the reference design studies (1,2,3,4).
Other to some extent very representative examples can be derived
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from the layout characteristics for pin irradiation performance
tests like the fuel irradiations in the Enrico Fermi Fast Bree-
der Reactor (EFFBR) (5) and the pin irradiation in a trefoil rig
of the Dounreay Fast Reactor in Scotland. All important data are
compiled in Tables I and II. There was made a distinction between
performance parameters and fabrication parameters. The latter
ones constitute the network of pin specifications, while the
first ones show the operational conditions in the reactor core or
in the irradiation test bed.

The pin data for the Nal reference design are somewhat futur-
istic, mainly in the expected maximum burnup compared to the
assumed smeared fuel density. The Na2 reference design concentra-
ting now to a prototype reactor of 300 MWe capacity takes more
cautious parameters on the basis of very conservative solid
fission product radial swelling calculations. The D1 reference
design for steam cooling outlines an evaluation comparable to the
Na1 stage. The D2 design for the steamcooled prototype, which is
presently under evaluation, is not yet included here. There are
three examples for irradiation test pins. The two data sets for
EFFBR specimens include both a pellet pin version and a pin with
vibrocompacted powder fuel. The specimens for the DFR irradiation
finally are more developed to a conservative pin layout.

A demonstration of the pin layout in simplified drawings is
included in Fig.1 for the reference design pins and for the irra-
diation test pins. Hence the main geometrical features can be
compared.

MAIN LIMITATIONS AND FUTURE DEVELOPMENT

As to the present status of experience we see the main limi-
tations for a high performance oxide fuel pin layout in the
radial swelling problem and in the hardly sufficient high tempe=-
rature creep behaviour of the cladding material. Especially at
a steamcooled fast reactor the high external pressure may cause
a mechanical instability by creep-buckling.

If a conservative low smeared density for the fuel is taken
- 1in order to provide voidage for the solid fission products -
the slumping danger arises. Also the internal conversion ratio
is adversely affected. One of the goals of future systematic
experimental evaluations is to find the fuel density, just
highest possible in view of radial impact on to the cladding.
This density figure, of course, will be dependent on a network
of parameter constellations like internal fuel geometry, tempe-
rature distribution, cladding restraint and burnup level.

The fission gas pressure buildup is partly governing the
mechanical analysis of the cladding. But principally in all
cases the fission gas plenum can be foreseen large enough, as to
shift the critical path for the cladding design to other claims
like thermal stresses or radial swelling forces. Therefore the
concept of fuel venting get the justification only from space
availability arguments, because the pin geometry with fission gas
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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 to 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 types for sodium
cooling, as e.g. the vanadium base alloys, are under investiga-
tion. But also the class of iron base alloys, the steels, need
a "tailormaking" procedure, as the bulk of the now available
steels were not developed for reactor design requirements. Es-
pecially the fast neutron induced irradiation damages ask for
new "streamlined" steel alloys.

43



REFERENCES

D. Smidt and A. Miiller, Referenzstudie fiir den 1000 MWe
natriumgekiihlten schnellen Brutreaktor (Na1), 1964, KFK-299

K. Gast et al., Na2 Design 300 MWe German FCR, ANS Fast
Reactors National Topical Meeting, San Francisco, April
10-12, 1967, ANS-101

E. Schlechtendahl et al., Safety Features of a 300 MWe
Sodium Cooled Fast Breeder Reactor (Na2), Conference on Fast
Reactor Safety, Aix-en-Provence, Sept. 19-22, 1967

A. Miller et al., Referenzstudie fiir den 1000 MWe dampfge-
kilhlten schnellen Brutreaktor (D1), 1966, KFK-392

G. Karsten and K. Kummerer, Program, Pin Design and Speci-
fication for Fuel Irradiation Experiments in the Enrico
Fermi Fast Breeder Reactor, 1967, KFK-586

K. Kummerer and G. Karsten, Some Results on the Development
of a Fast Reactor Fuel Element, BNES Conference on Fast
Breeder Reactors, London, May 17-19, 1966, KFK-576

D. Geithoff et al., Irradiation Performance of Fast Reactor
Fuels, This Symposium, Session E, KFK-662

E. Fischer and K. Keller, Einflul} der Entmischung von oxy-

dischem Brennstoff auf den Verlauf von Leistungsexkursionen
in schnellen Reaktoren, die durch den Dopplerkoeffizienten

abgefangen werden, Nukleonik, 1966, 8, 471

K. Kummerer, Production Cost Parameter Analysis for Fast

Reactor Fuel Elements, IAEA Symposium on the Use of Plutonium
as a Reactor Fuel, Brussels, March 13-17, 1967, KFK-576

44



S¥

Na=-1 Design Na-2 Design D-1 Design
Table I PIN LAYOUT FOR REFERENCE DESIGNS (1000 Mwe, (300 Mwe, (1000 Mve,
sodium-cooled) sodium-cooled) stean-cooled)
Max. Linear Rod Power, nominal (W/cm) 566 446 326
. | Max. Can Midwall Temp., nominal °c) 625 627 622
S | Max. Can Midwall Temp., hot spot °c) 654 696 737
E Max. Internal Gas Pressure (atm) 70 70 260
& | Max. External Pressure (atm) 4 6 170
Max. Burnup, axially averaged (MWd/tMetall) 100 000 68 000 55 000
External | External Diameter (mm) 6.7 6.0 740
Geometry | External Length (mm) 2672 2475 2155
Wall Thickness (mm) 0.35 0.38 0.37
Diametral Gap () - 140 180
Internal
1 | Ceometry | Upper Axial Blanket Length (mm) Loo 4oo 350
s Tuel Length (mm) 955 950 1510
3 lower Axial Blanket Length (mm) 4oo 4oo (separate)
E Fission (Cas Plenum Position Bottom Bottom Top
H] Length (mm) 800 650 250
g Cladding Material Incoloy 800 16/13 CrNi Inconel 625
-l
'§ U0..-Pu0. Fuel Shape Vibro Powder Pellet Pellet
B pr= o
= Composition in Zone 1/2 (w/o Puoz) 16/20 20/30 13/16
Smeared Density (% th.d.) 20 80 87
Uoz-nlankot, Smeared Density (% th.d.) 90 90 87
He Filling, initial pressure at room temp. (atm) 1 1 56




9%

Test Irradiation in EFFBR

Test Irradiatons

Table II PIN LAYOUT AT PERFORMANCE TESTS e =T in DFR (Trefoil)
Max. Linear Rod Power, nominal (W/cm) 600 615 500

8 | Max. Can Midvall Temp., mominal (°c) 602 602 650

E Max. Can Midwall Temp., hot spot (®c)

é Max. Internal Gas Pressure (atu) 78 78 <100
Max. External Pressure (atm) (low) (low) (low)
Max. Burnup, axially averaged (a/ty 00090 50 000 50 000 80 000
External External Diameter (mm) 6.35 6.35 6.35
Geometry External Length (mm) 1286 1286 709

Wall Thickness (mm) 0."0 0.4o 0.40
Diametral Gap (M) 150 - 150
Internal

. | Geguetey Upper Axial Blanket Length (mm) 150 150 130

8 Fuel Length (mm) 700 700 360

H Lower Axial Blanket Length (am) - = 70

2 Fission Gas Plenum Position Top + Bottom Top + Bottom Top

g Length (mm)| 188 + 195 188 + 195 130

8 S

@ | Cladding Material 16/13 Crii 16/13 Crii 16/13 CrNi

2 el

% U0 ~Pu0 Fuel Shape Fellet Vibro Powder Pellet

B 2 2 | Composition (w/o PuOy) 15 15 20
Fel Smeared Den3ity (% th.d.) 83 85 83
G0,-Blanket, Smeared Density (% th.d.) 83 85 83

He Filling, initial pressure at room temp. (atm)

1

1




Items in Millimeter

Pl = Fission Gas Plenum

F = Fuel

Bl = Axial Blanket
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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 MWe 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 ————————a- Early 1968
Breaking Ground =—=-—=——ceeeme—e—- Early 1969
Fuel Loading —===ceccccccccaaaa- Middle 1972
Dry Critical —==———cememmmmmee e Middle 1972
Wet Critical ===ccccccccccccca- End 1972
Full Power ———ceemmcemcec e 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 MWe 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 MWe 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
March 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

2, JFER AND 1,000 MWe 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 MWt, 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.

(b) 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 have 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 adjacent to the reactor.
Periodical inspections of fuel assemblies are to be done,
and capability for further irradiation is estimated stage
by stage. High density pellets might be used for the first
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. Lower density pellet is
thought to give longer burnup capability, but has many
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 Mid-19071.

Two kinds of design study on 1,000 MWe breeder reactor
have been done by JAERI, 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 give more difficulties as
the reactor size becomes large.

The 1lst 1,000 MWe breeder design study dealt flat
cylindrical (D/H = 2.15) core geometry with an aim that
a higher breeding gain could be obtained (1.44). Two-
zone enrichment (10.5% and 14.8% Pu0O2) 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.

Safety aspects were emphasized in the 2nd design
study from the following stand points;

(a) Maximum sodium coefficient was reduced in order
to have more nuclear safety margin,

(b) Power density intthe core was reduced in order
to have more thermal safety margin,

(c) Clad thickness was increased in order to 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 the two design
studies are shown in Table 2.

3. FUEL FOR THE JFER

Key parameters of JEFBR 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 PuOj is changed
in accordance with the isotopic ratio of plutonium which
is used for the reactor. If the plutonium from the Tokai
Reactor of Japan Atomic Power Company, a Calder Hall Type
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Reactor of 166 MWe, is used for this purpose, the weight
percentage of PuO; in U0O2-Pu0, 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 UO; -40% PuO; has two phases at
room temperature, while it has single phase at_high tempe-
rature, as shown in the Vienna Panel of IAEA.4

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

However if we should avoid the less-known metallogra-
phical and thus irradiation behaviours of this composition
of the mixed oxide, and this will be more realistic from
the standpoint of plutonium availability at the planned
construction stage, we must consider the enrichment both
by U-235 and Pu-239 enrichment which means less content of
U=-238, and the Doppler dependency from reactor safety
standpoint must be reestimated. Fission paterns in mixed
oxide crystals are different in 239-238 system and 235-
239-238 system.

As for the designed thermal performances of fuel pins
and fuel pins assemblies of JFER, the levels are almost of
the same order expected in the prototype or demonstration
reactor. So we expect that we could proceed to the proto-
type reactor fuel development without greater difficulties.

4. PRESENT STATUS OF FAST REACTOR FUEL DEVELOPMENT IN
JAPAN

As described in the introduction, detail design of
fuel element for JFER, hydraulic studies, and mechanical
assessments of fuel assembly are being carried out in JAERI,
Fuel material development and studies are mainly done by
the Plutonium Fuel Development Laboratory of PNC. Studies
on cladding materials and basic studies on mixed carbide
and nitride and some of mixed oxide are to be done by the
metallurgy group in JAERI. Inspection techniques have been
developed and are applied in the Inspection Laboratory of PNC.
An irradiation testing of fuel pins in the Enrico
Fermi Reactor is planned by the collaboration of JAERI,
PNC and the Japan Central Research Institute of Electric
Power Industry (CRIEPI).S) The fuel test assembly contains
24 fuel pins sub-assembled in 4 thimbles. The combination
of sample pins is planned to obtain informations as much
as possible from the single test assembly irradiation.
As there are the reactivity limits both of upper and
lower value for the in-reactor irradiation, and we
must consider fissile material availability, two kinds
of enrichment were selected, that are 40% Pu02-U02
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(20% U-235 enriched) and 20% PuO -UO, (90% U-235
enriched). The maximum linear rod powers at the reactor
overpower are 320 w/cm and 540 w/cm, and 240 w/cm and
420 w/em at normal condition, respectively. Seven types
of fuel specimens are planned.
Type II ; 40 w/o Pu02-U0y (20% EU)

Vibratory compacted, 80% Smeared density with

crush and sintered particles.

Clad 0.D. 6.30 £ 0,05 mm

Clad thickness 0.40 £ 0.05 mm

Type III; 40 w/o Pu0y3-UO3 (20% EU)
90% T.D. pellets, 5.5 mm diameter mechanically
blendent and sintered.

* 081, ATST 316 clad

0/M 2.00
Clad 0.D. 6,30 X 0,05 mm
Clad thickness 0.35 £ 0.05 mm

Type IV ; 40 w/o Pu0y-U0, (20% EU)
Holed 90% T.D. pellets, 8§07 Smeared density
5.5 mm
0.D. pellet mechanically blended and sintered.
Same 0/M ratio.
Clad thickness 0.40 £ 0.05 mm

Type V ; 40 w/o Pu02-U0, (20% EU)
Vibratory compacted to 80% Smeared density
with Sol=Gel UOz—PuOZ particles.
Clad 0.D. 6,30 £ 0.05 mm
Clad thickness 0.40 £ 0.05 mm

Type VI ; 40 w/o Pu02-U02 (20% EU)
90% T.D. pellet with low O/M (1.93 ~ 1.96)
Clad 0.D. 6.30 ¥ 0.05 mm
Clad thickness 0.40 £ 0.05 mm

Type VII; 20 w/o Pu0,-U02 (90% EU)
90% T.D. pellet, 0/M 2.00 * 8-8%
Clad 0.D. 6.30 = 0.05 mm b
Clad thickness 0.35 £ 0.05 mm
Type VIII; 20 w/o Pu0,-U02 (90% EU)
§3% T.D. pellet, 0/M 2.00 ¥ 0-07
Clad 0.D. 6.30 £ 0.05 mm ~ = °
Clad thickness 0.35 = 0.05 mm

Test specimens are examined at several burnup levels.
Another series of irradiation testing in the
Dounreay Fast Reactor is being planned. The first

program is to be done with a main emphasis of the
investigation on the cladding material. AISI 316
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stainless steel pipes of different grain size, cold
drawn and solution treated, will be irradiated at the
higher temperature in the reactor. Natural Uranium
Dioxide pellets and control orificing of sodium flow
are used to keep clad temperature at designed levels.
Mixed oxide fuel pins of the design for first loading
of JFER are to be irradiated in the second program.

Studies on mixed carbide and nitride are not yet
started in the present. However JAERI is modifying
research facilities for this purpose. Uranium carbide
and nitride have been investigated for these years both
by JAERI and private compaines. Interests are being
shown to the nitrocarbide.
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Table 2. Main Reactor Core Parameters Related
to the Fuel Design

Reactor power MWt

Active core height

Core outher diameter

Core inner diameter

Core volume

Length of axial blanket

Thickness of radial blanket

Core composition Fuel
Sodium
Structural

Fuel material

Enrichment (Pu fissile %)

Isotopic composition of Pu
(Initial)

(Discharged)

Fuel inventory Pu-239, 241, kg

Total Pu, kg
Breeding ratio
internal
blanket

Power peaking factor

Specific power MWt /kg fissile

Power density MW/Z -core
Number of fuel assemblies

239
240
241
242
239
240
241
242

Number of radial blanket assemblies
Number of pins per fuel assembly

Pin pitch

Fuel assembly pitch

Fuel pin
OQuter diameter
Clad thickness
Inner diameter
Pellet diameter
Active core length
Axial blanket length
Gas reservoir
Total length

Coolant sodium
Velocity

55

mm
mm

mm
mm
mm
mm
cm
cm
cm
cm

m/sec

1st Design 2nd Design

2,500 2,500
80 80
264.8 324.4
- 160
4,400 5,000
40 40
40 40
44 41.4
39 36.2
16 21.6
Pu0,-U02 Pu02-U0,
i § 10.5 13.0
I1 14.8
77 «4 774
17.7 17 7
4.3 4.3
0.5 0.5
75.4 74.7 70.8
19.8 20.2. 23:3
4.0 4.4 4.8
0.7 0.7 Laill
1,930 2,335
2,350 2,858
1.44 1.29
0.96 0.81
0.48 0.48%
1.0 1.55
0.65 0.96
0.50 0.45
I37 390
234 312
265 265
77 7.7
135 135
6.4 6.4
0.275 0.35
5.85 547
5.8 5.6
80 &0
40 x 2 40 x 2
60 60
220 220
g&.0 4.8



Flow rate t/sec

Pressure drop kg/cm
Inlet temp. oC
OQutlet temp. oc

12
10
400
550

Table 3. Designed Fuel Performance

o3 9.86

.0 5.0
400
600

1st Design 2nd Design
Fuel material Pu02-U09 Pu02-U0,
PuO2 content % I 12.8 1T 18.1 15.9
Density g/cc 10 10
Cladding material AISI 316 AISI 316
Av. linear rod power w/em 312 272
Max. linear rod power w/cm 500 420
Peak/Average 1.8 1.54
Max. fuel temp. oC 2,358 2,556
Max. clad temp. oC 684 723
Max. thermal stress in
clad kg/cm? 795 711
Max. pressure stress in
clad kg/cm? 424 (610 ©°C) 588
Av. burn up MWD/T 86,300 83,000
Max. burn up MWD/T 100,000 100,000
Table 4. Design Parameters of JFER
Plant performance
Reactor power Mwt 100
Core power Mwt 93
Reactor inlet temp. °C 350
Reactor outlet temp. oC 500
Core region coolant velocity m/sec 5
Primary system allowable pressure
drop kg/cm? 6
Core pressure drop (grid spacer) kg/cm?2 342
Dimensions
Core volume (including control rods) £ 200
Pitch of fuel assemblies (triangular) mm 80
Pitch of fuel pins (triangular) mm Tad
Clad outer diameter mm 6.3
Clad thickness mm 0.35
Fuel diameter mm 5.5
Core height mm 600
Axial blanket height mm 400 x 2
Radial blanket height mm 1,400
Gas reservoir height mm 200
Core Performance
Core average power density MW/z 0.45
Core material Pu02-U0,
Enrichment 0.35
Core volume fraction Fuel/Na/SS 38/38/23
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Core fuel
Number of
Number of
Number of
Number of
Max. fuel

density g/cc
core fuel assemblies
control rod

radial blanket assemblies
fuel pins per core assembly
pin linear power w/cm

Peak to average power ratio in core

Max. heat flux at pin surface w/cm2
Max. clad surface temperature oc
Max. fuel temperature ocC
Max. burnup a/o
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10
55

257

88

500
1.6

250

580

2,300



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

J. H. Wright

The near term use 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 possible shortage without undue economic penalty.

The amount of plutonium required as initial inventory and 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 initial inventory in the core and in the 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
is 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 inventory was assumed.
From this we find that 3.3 tons of plutonium are required as an initial
investment. The compound doubling times 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 initial plutonium requirements is from 9 to 18
years. This example shows the importance 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 inventory. 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-
sition 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 simple 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 gain when the breeder reactors are being built in large numbers.
All the fast breeder concepts which have been conceived to-date will
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probably have higher capital costs than the present and future water
reactors, thus emphasizing the critical importance of the fuel cycle
economics,

The breeder doubling time is more than a statement of plutonium
gain potential; it is also an index to the economic potential of the fuel
cycle. For example the plutonium credit from a breeder can be accu-
rately approximated by the following expression:

Net Pu credit, mills/kwhr = 0'045€(BR'—1) x Pu Value, $/gm

Furthermore, the inventory cost, expected to be the largest single
component in the 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:

I,=1_1_ (X (4 10° m/kwhr
S € 7000
S Specific Power MWt/kg Pu fissile
€ = thermal efficiency
X = Pu value, $/gm fissile
Y = annual charge for non-depreciating assets
103 = mills/$
7000 = hours/yr at 80% factor

b) out of core inventory

F; = F

I,= I T ¢ m/kwhr
Fc
E ’
T = Total fuel in cycle
PC = In-core fuel

c) inventory on Bred Pu

I

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

= 0.2 3% 1070 (BR-1) (1-3) (X) (PF)
(1L +F) (€)
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d) total inventory costs
I=Iz#%1 *1y mills/kwhr

Thus, as the core design parameters are altered to improve (reduce)
doubling time, the economics of the fuel cycle are advantageously affect-
ed. Figures 2, 3 and 4 show graphically these effects. In Figure 2 the
inventory costs are related to the plutonium specific power; separately,
the plutonium credit is shown also as a function of specific power. In
this graph plutonium value is taken at 10$/gm fissile and annual charges
at 10%. In Figure 3 the net plutonium costs (inventory cost less credit)
are plotted with specific power again using 10% annual charges but
showing two values for plutonium. Here, the advantages to fuel cycle
cost for high specific power and breeding ratio are clearly indicated.

The ultimate purpose of any new reactor system, including breeder,
is purely economic. The breeders developed for utility use should serve
three important and related functions:

1. They should be economically attractive compared to all
other power sources at the time of installation.

2. They should have fuel cycle characteristics which provide
for continuing good economics independent of future uranium
or plutonium prices. Failure to achieve this objective removes
most of the incentive of any breeder system.

3. The breeder should create a more stable fuel cycle environment
for all existing reactors. The breeder can accomplish this if it
reduces the future demand for large quantities of uranium and if
it provides a truly premium market for plutonium from other reac-
tors. It can eventually supply an adequate but alternate source
of fissile material in competition with enriched uranium.

Figure 4 indicates the net plutonium unit cost as a function of
plutonium value 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 breeding ratio of 1.4 would have zero plutonium costs independent of
the value placed on the plutonium. This corresponds to a high gain
breeder having a seven year doubling time according to definition (4).
These design parameters would then meet all three of the breeder
objectives.

Breeder Design Considerations

From the foregoing discussion the plutonium costs are minimized in
designs having high specific power and high breeding gain. To reduce
unit fabrication costs and extend operating intervals between refueling,
there is considerable economic incentive for high burnup fuel. 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:

1. 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 having
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 enrichment of plutonium? The answer, which
is transitory in nature, is related to the current understanding of safety
characteristics in large breeders. A large breeder core, cooled by
sodium, will exhibit a positive sodium temperature and void character-
istics if designed for minimum plutonium content, because, in order to
use the minimum plutonium content, it is necessary to minimize the
neutron leakage; this is done by minimizing the surface to volume ratio.
In such a core the internal breeding ratio is high but the sodium
provides significant spectral softening during normal operation. On the
loss of sodium, the neutron energy spectrum tends to harden, and the
reactivity increases. Present technology has not determined exactly
how much reactivity increase from this source can be satisfactorily
dealt with by other safety mechanisms (Doppler coefficient, thermal
expansion, fast acting rods, etc.) nor how much reactivity increase
will actually occur, Therefore, it may seem prudent to avoid the
problem at this time by designing cores having higher neutron leakage
resulting in negative sodium coefficients but requiring higher plutonium
loading.

A general picture of the enrichment requirement shown as a function
of surface to volume (leakage) ratio is given in Figure 6 where it can be
noted that current designs require 15 to 18% plutonium loading. Figure
7 gives a general relationship of breeding ratio versus surface to volume
ratio (leakage). Although this figure indicates that the loss of internal
breeding ratio may be compensated by additional breeding in the blanket,
it is important to note that the blanket must be much larger and more
costly and that the increased enrichment required for this abortive
design reduces the specific power drastically.

It is both likely and imperative that the necessary answers to the
safety questions be soon forthcoming and breeder design development
be pushed more toward the optimum. Eventually, the answer must be
found in the overall power coefficient rather than in the one term,
sodium coefficient,

The specific power design of the breeder is subject to all of the
usual materials constraints - fuel center temperature limit, maximum
allowable clad temperature, clad thermal stress, fuel swelling and gas
release, irradiation embrittlement of clad and structural materials, etc.
The design influence of two of these limitations, fuel center tempera-
ture and fuel clad temperature, are illustrated in Figures 8 and 9.

Although ceramic fuels have found widespread use in the growing
nuclear power systems throughout the world, the performance demanded
of these fuels has been modest compared to fast-breeder fuel require-
ments., Specific power and burn-up requirements for breeder fuels will
exceed the performance previously demanded of nuclear fuels by a
factor of three or four.
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When fission heat is 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 amount of fuel through which the heat must be
conducted (pin diameter), the thermal conductivity of the fuel clad, the
gap between the fuel and clad, and the heat transfer coefficient and
bulk temperature of the reactor coolant.

With liquid sodium used as reactor coolant, excellent heat transfer
from clad to coolant exists, but care must be taken to prevent the
sodium temperature from rising to its boiling point. The clad material
(usually 316 stainless steel) adds further constraints on the tempera-
ture profile by imposing maximum clad temperature limits. This limit
for stainless steel is thought to be in the range of 1300-1400 degrees F
and is determined, in part, by the temperature-dependent rate of nickel
removal by sodium.

With a fixed maximum clad temperature, the reactor sodium temper-
ature must be well below this point. The relationship between average
sodium outlet temperature, average sodium temperature rise, deviation
of hottest part of core from core average (hot channel factor), and
maximum clad temperature is shown in Figure 8. For example, with an
average outlet sodium temperature of 1000 degrees F, a sodium tempera-
ture rise of 250 degrees F, a hot-channel factor (FAH) of 2.0, the maxi-
mum sodium temperature is 1250 degrees F for an inlet sodium tempera-
ture of 750 degrees F (Fig. 8). With a sodium flow of 3 x 106
pounds/hr-ft? and a heat flux of 2 x 106 Btu/hr-ft2, the maximum clad
temperature will be 1310 degrees F (Fig. 8).

To minimize the temperature rise across the clad-to-fuel-pellet
gap, this gap is filled with sodium.

The temperature rise from the outside to the center of a cylindrical
fuel pellet is given approximately by the formula,
ATpellet = %k_ r2
where AT is the temperature difference between the outside and center
of the pellet, Q is power density in the fuel (Btu/ft3-hr) , I is the
radius of the fuel pellet, and k is the average thermal conductivity of
the fuel material.

The thermal conductivity of many ceramic materials, including
uranium and plutonium compounds, changes with temperature; therefore,
a simpler expression, kilowatts (thermal) per foot of rod length is often
used to describe thermal performance capability of fuel rods.

If center fuel melting is to be avoided for all fuel during normal
operation, a design basis for steady-state operation must be estab-
lished that is well below the melting point, One such criterion might
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be to allow center fuel melting only at 15 percent over-power. In such
a case, the maximum thermal rating per unit length of fuel rod can be
established. The specific power of the total fuel then becomes a
function of the fuel pin diameter. A plot of this relationship is shown
in Fig. 9 for three ceramic fuel materials.

An example will illustrate the application of the specific power-
fuel rod diameter curve, For a mixed carbide fuel with a fuel pin
diameter of 0.300 inch, the maximum specific power, limited by the
center melting criteria previously described, is 0.65 MWt per kilogram
of total fuel material (Fig. 9). This maximum specific power, divided
by Fg, the heat generation hot channel factor (Fig. 9), gives an average
specific power for the fuel of 0.2 MWt. To get specific power per unit
of fissile plutonium, average specific power of the rod is divided by the
plutonium content of the fuel (Fig. 9) to get 1.5 MWt per kilogram of
plutonium. And finally, this value is corrected for the applicable fuel
density (Fig. 9).

At this time all of these relationships are under development and
therefore are being continually revised as more is learned in experi-
mental work. For example, hot channel factors are empirical in nature,
and vary from one reactor design to another with such factors as total
size, core geometry and fuel assembly design. Hence, a full-sized
prototype fuel assembly can provide accurate values for a significant
part of the overall performance evaluation.

Also, there are many other constraints on fuel pin diameter in
addition to center temperature, which may turn out to be the controlling
factors; for example, fuel swelling or gas release, because of the
extremely high burmups that are being sought, may become limiting
factors. However, the relationships illustrated by these curves point
out the desirability of high fuel density, high thermal conductivity,
low plutonium enrichments, and low hot-channel factor in obtaining
larger, more economic fuel pin diameters.

Cne of the most critical aspects of attaining really high thermal
and neutronic performance is in reducing the plutonium loading by more
profound safety design criteria.

Future Plutonium Requirements

From the previous sections of this paper the parameters affecting
the inventory and production rates of breeder reactors have been dis-
cussed. In order to discuss the plutonium requirements for future
breeders it is necessary to make some estimates on performance
characteristics and rate of breeder installations.

Near Term

For the next 8 to 10 years plutonium requirements for fast breeder
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reactors will be quite nominal, 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, perhaps, steam and
gas cooled breeder experiments. Critical facilities will require a few
tons of plutonium and fuel experiments will add only slightly to the
total requirement. Rough estimates of these requirements are tabulated
in Table II.

The figures in Table II indicate that FBR plants will require approx-
imately 2 to 2.5 tons of plutonium annually in the near future. This
estimate is on the high side because it includes rather optimistic
assumptions for the experimental breeder projects and optimistic
scheduling of LMFBR prototype plants.

The source of plutonium during this period will be the production in
water reactors. The composition of the water reactor plutonium, having
about 70% fissile atoms, will charge only slightly during its irradiation
in the core, but the new blanket plutonium will be much higher, >95%,
in fissile content, Depending on the management of the various fuel
streams recovered, the composition of the equilibrium breeder core plu-
tonium may be quite similar to that from water reactors. This would be
the case if the core and axial blanket are combined and the radial
blanket separated for use elsewhere. In this case the fissile plutonium
content would still be about 70%, but there would be a shift in isotopic
distribution toward Pu-239 at the expense of Pu-241. Generally speak-
ing, plutonium from or recycled in water reactors tends to build up in
the heavier isotopes, and that recovered from breeder cores is altered
slightly in the same direction, while the new blanket plutonium is
predominantly Pu-239, It is, therefore, evident that water reactor
plutonium can be most satisfactorily used for starting up breeders and
will be the dominant source of plutonium in the United States for a
great many years to come,

The growth rate of breeder capacity will occur in three time phases,
each phase subject to different constraints as noted in Figure 10.

Phase I Technical Limitations

First, the growth rate is technologically limited at the
present time, Although a large breeder could be built with
present day knowledge, attaining economic attractiveness
from the breeder depends on further technical progress.
This paper assumes that prototype breeders will become
operational in the mid 1970's and that marginally attractive
breeders will become operational in the late 1970's.

Phase II Transition Period

It is reasonable to expect that some transitional period will
exist between the start-up of the first marginally economic
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units and full scale growth. This period may be from five to
eight years duration. During this period additional breeders
will be placed into operation, but they will be bucking the
more established types and regarded by many as a more risky
investment. A few years of successful operation will be
required to surmount these financial and psychological limi-
tations. New units are expected to add only 2000 MWe
annually during this transitional phase.

Phase III Electrical Growth Rate and/or Plutonium Limitations

By the mid 1980's it is expected that a large flow or orders
will begin for breeders causing a strong upward surge in
breeder on-line capacity by 1990.

From this point on and assuming a continuation of economic
attractiveness and good technical performance, the growth of
breeder capacity can be expected to accelerate subject only
to the continuing demands for electricity, plutonium avail-
ability and the manpower and facilities required to fill the
orders.

Barring major catastrophe it is a foregone conclusion that the
demand for increased electrical capacity will continue at or
near its present pace for many decades. In Figure 11 the
total nuclear capacity is shown derived from an estimate that
nuclear power will account for approximately 60% of all new
generating capacity. The large initial capacity of water
reactors dwarfs the breeder capacity for many years to come;
the estimate given here is that a 50 - 50 water reactor-
breeder mix may occur around the turn of the century.

The future plutonium requirements can now be found by combining
the growth rate curves with the breeder design parameters. In Figure
12 the plutonium production and requirements are summarized. These
curves are based on available plutonium obtained from a displacement
in time of the production curves to allow for core operation, cooling
and reprocessing. Plutonium requirements for the breeder are based on
a design having a specific power of 1 MWt per kilogram of fissile plu-
tonium and one third of a core out of core inventory coupled with the
growth rate predictions in Figure 11. It was assumed that the plutonium
would be required one year before plant operation. The curve indicates
minimal requirements until the mid 1980's. The acceleration of breeder
growth is illustrated by the steepness of the annual requirements from
1985 to 1995. Toward the end of this period, new breeder additions
will have reached 45,000 MWe per year, and that rate may be expected
to hold with only slight increase for the succeeding 10 or 20 years.

During this period plutonium production comes from two sources,
water reactors and breeders. The water reactor production rate, shown
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in Figure 1, for a single plant, is based on 85% plant factor. The total
annual production curve, Figure 12, is shown to take a dip in 1990,
reflecting a slight reduction of load factor for water reactors. The
breeder plutonium production is based on a design having a 7 year com-
pound doubling time (example: breeding ratio 1.4, specific power 1.1,
one third of core out of reactor). With a longer doubling time the bred
plutonium would be reduced.

For this particular set of assumptions it can be noted that the
amount of water reactor plutonium is considerably in excess of breeder
requirements until the late 1980's, shortly after which there may be a
brief period of time when the plutonium requirements exceed the produc-
tion. Most of the breeder fuel will come from water reactor plutonium
throughout this century. Figure 13 illustrates the net difference
between total plutonium available and fast breeder requirements. On a
year by year basis a deficit could appear in the early 1990's. This
curve illustrates that a brief holding period, say 5 or 6 years, would
provide plutonium for continued expansion of breeder capacity during
these years. The curve also indicates that there will be approximately
300 tons of water reactor plutonium which will be in excess of breeder
requirements and, therefore, available for recycle in water reactors.
This recycle plutonium will reduce the uranium requirements during that
period by as much as 60,000 tons. This curve also shows that pluto-
nium will be in excess again by the late 1990's, thus providing a re-
placement for 10,000 tons/year of uranium by the turn of the century
and going up sharply thereafter,

These indicated requirements are subject to many envolved assump-
tions. For example, this apparent plutonium shortage would not exist if

1. the water reactors continued through 1995 at 80 - 85% load
factor,

2. higher specific power designs are developed for the breeder,
3. the growth of breeder capacity is smaller than projected.

On the other hand the apparent plutonium deficiency could become
serious if,

1. breeders having worse performance characteristics are used,
2. water reactor capacity does not grow as anticipated,
3. Dbreeder growth rates are greatly accelerated.

In the case of a sustained plutonium deficiency, breeder reactors could
be initially fueled with enriched uranium, but a significant economic
penalty would result.

Plutonium fuel fabrication volume is given in Figure 14. The annual
volume of plutonium bearing fuel, tons/year, is plotted on the basis that
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all breeder fuel contains 15% fissionable plutonium and that water re-
cycle requires 3% fissionable plutonium loading. The water recycle
plutonium is included for comparative purposes. The fabrication re-
quirement for breeder fuel is quite nominal until the mid 1980's after
which it rises sharply and continuously.

The annual fabrication volume of plutonium recycle in water
reactors is expected to reach a peak of more than 1,500 tons by the
mid 1980's but may drop sharply thereafter due to the anticipated
demand for plutonium in the start-up of new breeder reactors. Some
level of plutonium recycle is expected to continue indefinitely. In
Figure 14 the volume of re-recycle plutonium fabrication is estimated.
It is more likely that new plutonium would be preferable in water
reactors to the second and third recycling of water reactor plutonium
in order to limit the build-up of heavy isotopes. The curve only serves
to identify this plutonium of somewhat different composition as being
available with the expectation that the best method of utilizing it will
be determined later.

The curves in Figure 15 give estimates of the total fuel fabricated
for the nuclear-electric industry through the turn of the century and
provide a relative comparison of the water reactor and breeder fuel
fabrication requirements. Whereas the total water reactor fuel volume
may be expected to reach 15,000 tons/yr, it is important to note that
the plutonium recycle fuel for water reactors does not exceed 15% of
the total water reactor fuel during any year, and the fast breeder fuel
will not reach even the 1975 volume of water reactor fuel during the
remainder of this century.
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Doubling Time Expression Approximate Formula Example*

. : . , % 32
1. Simple Doubling Time, core inventory only SDTcore = SBRD) (BR-1) 8.0
(F
2. Simple Doubling Time, including out-of-core SDT = 3.2 "0 . 107
3 total S (BR-1) (F
inventory c)
3. Compound Doubling Time, core inventory only CDTC = in 21 = 5«3
Inf 1+ SDT
o)
4, Compound Doubling Time, including out-of-core CDTT = 1n 2 = 7.8
inventory in i+ 1
SDT,
iy
*The example uses the same reactor design in all Where S = Specific power, MW thermal/kg
four cases: Fissile Pu in core

Specific power 1 MW thermal/kg fissile Pu ?? : ?Ic‘iz;hfr;ilraigc;yc]e

Breeding ratio 1.4 ¥ o ieard .
Refueling cycle 1/3 of core and blanket annually cr= BUELIILICO

**Explicit form is
2.6 l+F
SDT= TF, SBR-1) 1 +9
Where F is fast fission effect in U-238
and & is capture to fission ratio in Pu
Assumption in Formula

1. 80% load factor
2e A #EF
~ 1.0

1 +3 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. #I 15% 900 300 = - =
LMFBR PROT. #2 15% 900 300 = =
LMFBR PROT. #3 15% 900 300 =
SCRE 25 - 40% | 400 140 140 15 I5 15
GCRE 50 - 80% 400 200 150 150 150
LMFBR PDR #1 15% 1800 600
LMFBR PDR #2 I 5% 1800
NET Pu REQUIREMENTS, TONS/YR 1.2 2.4 2.3 1.9 2.3 2.5
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Figure 1. Plutonium Production from Breeder Reactors
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Figure 2 Plutonium Effect in FBR Fuel Cycle
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INTERNAL CONVERSION RATIO

Figure 6. FBR Fissile Enrichment
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FFTF PLUTONIUM FUEL DEVELOPMENT

B. R. Hayward

Abstract

The Fast Flux Test Facility (FFTF) mixed oxide plutonium
fuel development program is summarized. This test facility
represents the first large U.S. fast reactor using
plutonium fuel. Its purpose is to provide a well
characterized fast reactor test environment. Only limited
data exist on materials and components exposed to the goal
burnup of 75,000 MWd/t and 1.3 x 1023 fluence. High
performance reliability is emphasized in the program. The
fuel pin and fuel subassembly designs are shown along with
the design requirements and initial operating characteristics.
It is anticipated that a strong advance in fast reactor
fuel technology will be provided through this process
development and irradiation test program for the FFTF.

B. R. Hayward is Manager, Fast Reactor Fuel Development
with Battelle Northwest Laboratories, Richland, Washington.
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The Fast Flux Test Facility or FFTF is the key facility construc-
tion program in the U. S. Liquid Metal Fast Breeder Reactor Program
today. It will be constructed at the Pacific Northwest Laboratories
in Richland, Washington with criticality currently planned for early
1973. The FFTF will include a Fast Test Reactor (FTR) and a Nuclear
Proof Test Facility (NPTF). The FTR will be a sodium cooled, 400 MW
fast reactor using ~700 kg Pu per year in mixed oxide fuel. The
associated Nuclear Proof Test Facility or NPTF will use about 800 kg
Pu total for physics measurements. The conceptual driver fuel sub-
assembly for the Fast Test Reactor consists of a bundle of 217
one-quarter inch diameter 304 SS clad pins. Each seven foot long by
.016" wall pin contains approximately 36" of high density sintered
pellets. The fuel core average composition is approximately
U0, + 25 wt% PuOp with an oxygen-to-metal ratio of 1.98. There are
about 75 subassemblies in the core, the number depending on the
complement of experiments in the core. The initial bulk sodium
exit temperature is 900 OF with the plant to be designed for 1200 °f
sodium.

This test facility is significant to the U. S. Program in that it
represents the first large fast reactor using plutonium fuel technology.
Its primary purpose is to provide a known and controlled environment
for large scale fuel, materials, and fast reactor component tests in
both open and closed loops. The initial series of mixed oxide cores
with stainless steel clad are using conventional design and existing
materials properties. The reliance on existing data requires some
extrapolation for achievement of the peak burnup goal of 75,000 MWd/tonne
on the fuel and 1.3 x 1023 n/cm? exposure to the clad. No data exist
on materials and fuel configurations tested in full scale to these
peak conditions. Through an extensive process and irradiation test
development program at the Pacific Northwest Laboratories and similar
AEC sponsored IMFBR development programs elsewhere, confirmation of
the proposed design will be obtained well in advance of plant operaticn.
This development program plus a continuing fuel surveillance program
is expected to contribute to and advance the status of materials
technology in such areas as nondestructive testing, quality assurance
standards and methods, properties of irradiated fuel, statistical
performance results, and in semi-remote and automated fabrication
methods. The British and French fast reactor fuel work has significantly
contributed to the FTR fuel technology and design.

A major goal in the development of the fuel subassembly is high
reliability. Extensive efforts are in progress to assure the high
rerformance goals. All detailed operations from the fuel and cladding
material sources through to the final product are being thoroughly
characterized and evaluated to assure that only high quality design
materials and workmanship are used. The product specificaticns are
stringent and each fuel and cladding supplier will be required to
qualify by fabrication of prototypes with representative materials
on representative scale equipment and to representative quality assurance
standards. With this emphasis on reliability, the mixed oxide
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specifications developed will probably represent the starting state of
plutonium technology for the initial fast reactor demonstration power
plants. Other ceramic fuels such as carbides and nitrides that show
potential for increased performance will be tested in the FTR. Present
plans anticipate an advanced core for FTR operation. This reactor

will significantly contribute to all aspects of fast reactor development
and plutonium technology.

The following three figures show the conceptual subassembly design,
the fuel pin design, and the FTR test environment.

FTR FUEL SUBASSEMBLY DESIGN REQUIREMENTS
AND OPERATING CHARACTERISTICS

Reactor

Reactor Power, (MW):

Thermal 400
Pin 0D, (in.) ~0.250
Cladding ID, (in.) ~0.218
Sodium Coolant:

Flow Direction Up

Average Velocity, (ft/sec) 29
Core Pressure Drop, (psi) 60
Linear Power, (kW/ft):

Average 9.2

Maximum 15.4
Heat Flux, (106 Btulhr-ftz)

Average 0.485

Maximum 0.845
Coolant Inlet Temperature 500 OF
Coolant Qutlet Temperature:

Average 800-900 °F

Maximum (with hot channel) 1060 OF
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CENTRAL STATION BREEDER REACTORS: FPLUTONIUM FUEL REQUIREMENTS

United Kingdom FExperience

B. R. T. Frost

Abstract

The United Kingdom programme for the installation of nuclear power
stations envisages that the first commercial fast breeder station will
start operation between 1976 and 1978. Since the P.F.R. is scheduled

to reach full power in 1971 the fuel pin and sub-assembly designs for

the first central stations must follow that of the P.F.R. quite closely.
The core parameters of the P.F.R. and a published 1000 llie design are
compared; it is shown that the only essential difference is the larger
number of sub-assemblies in the latter and hence a lower length: diameter
ratio for the core. The key materials problems which need to be studied
to improve fast reactor economics and safety are discussed.

B. R. T. Frost is leader of the Advanced Fuels Group in Metallurgy
Division, Atomic Energy Research Establishment, Harwell, Berkshire.
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Early Commerciel Reactor Design

The United Kingdom has declared that it does not intend to recycle
plutonium in its thermal reactors (1. It believes that greater
economies can be achieved by developing fast breeder reactors, burning
plutonium fuel, on as short a time-scale as possible. Construction of
the 250 MWe prototype fast reactor (F.F.R.) began in 1966 with a target
on-power date of 1971. Its main purposes are:

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

2. to develop fuel technology, and

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

This reactor project is supported by the Dounreay Fast Reactor (D.F.R.),
which is now primarily a materials testing reactor, the ZLBRA fast zero
energy assembly, numerous sodium loops and extensive plutonium labora-
tories and hot cells.

The rate of production of plutonium in thermal reactors in the
United Kingdom will be sufficient to support the construction of the
first commercial fast reactor ( ~ 1000 M7e) for an on-power date between
1976 and 1978 (2). In the absence of thermal recycle this early
construction date is desirable. TFor it to be technically feasible
there can be little deviation from the design principles already
incorporated in the P.F.R. The basic 'building block' for the core
must be the P.F,R. sub-assembly, the extra power output being obtained
by increasing the core diameter, i.e. by adding more standard sub-
assemblies to give a more pancake-shaped configuration.

The P.F.R. reference fuel pin design is shown in Figure 1. It is
a type 316 stainless steel tube 0,200-inch I.D. and 0.230-inch 0.D.
containing a 36-inch length of fuel with ~18-inch sections of axial
breeder on either side and a plenum section 47-inches long which has a
smaller diameter to reduce the coolant pressure drop. The fuel is 80%
theoretically dense (U,Pu)Oz, the form being either annular pellets or
vibrocompacted granules. The P.F.R. core has two enrichment zones for
flux flattening (19% Pu in the inner zone, 25% Pu in the outer). Other
important parameters are included in Table I,

325 pins are assembled inside a hexagonal sub-assembly wrapper and
are spaced on a 0.290-inch pitch by means of metal grids (Figure 2)
spaced at L-inch intervals over the core length. The total length of
each sub-assembly is 12-feet 6-inches. The P,F,R. core is made up of
78 of these sub-assemblies giving a core diameter of 5-feet surrounded
by 42 radial breeder sub-assemblies containing natural or depleted UO,

(Figure 3).
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The 1000 MWe core design (3) uses 195 of the fuel sub-assemblies,
giving a core still 3-feet long but 9-feet in diameter, i.e. with an 4/D
ratio of 0.33 (Figs. 4 and 5). The parameters are summarized in Table
II. This C.F.R, design involves a higher sodium outlet temperature
(610°C cf. 580°C) and a higher maximum fuel rating (234 w/gm cf. 210 w/gm)
but these differences are unlikely to have a marked effect on fuel element
performance. The essential point is that the parameters of the early
C.F.R.'s will resemble those of P.F.,R. very closely.

Materials Problems: Current Status

A number of individual fuel pins and several 77 pin sub-assemblies
containing (UO.85 Pu0_1 )02 fuel in pellet and vibrocompacted form have
been irradiated in the B.F.R. core, The fuel pins have incorporated
the essential features of the P.F.R. design, particularly the correct
radial dimensions, but have been shorter than the 36-inches of the FP.F.R.
core since the D.F,R., core is only 21-inches long. Nevertheless the
tests were representative of P.F.R, temperatures and ratings. The
incidence of cladding failure up to 7.5% burn-up was very low (4,5).

It therefore appears that this is a reasonable target for the peak burn-
up in P,F.R, The failure rate of single pins increases above this
level, the cause being the strain induced by fuel swelling in cladding
which has become embrittled by transmutation products. Improvements
in burn-up will depend to a large extent on gaining a better under-
standing of these phenomena. It is already clear that clad failure
occurs well before the initial 20% voidage is consumed by fuel swelling.
A more efficient use of this voidage would be possible if' the cooler
regions of the fuel were more plastic and if the cladding aff'orded
greater restraint; +this suggests two lines of research which might lead
to higher burn-ups.

The behaviour of the cladding is complex, It has been known for
several years that the irradiation of stainless steels in a thermal flux
roduces a loss of ductility due to the production of helium from 10
?6,7). Helium bubbles form in the grain boundaries and grow under a
tensile stress until they weaken the grain boundaries (8). It has
been observed that the embrittlement is greater flor a given fast neutron
dose than a thermal and the reason appears to be that not only are
helium bubbles produced in a fast neutron flux but also voids which may
be vacancy clusters containing some gas atoms (9). These can produce
a nett swelling of the metal. The efflect of fuel swelling strain on
the density of void population is unknown but may be significant. Thus,
fuel-clad interaction studies acquire an added significance in the quest
for higher burn-ups.

Mixed oxide fuel technology has been built on the firm foundation
of U02 technology and this has largely determined its choice for the
P.F.R. first charge and for early C.F.R.'s. Other fuels, particularly
mixed carbide, have been studied as possible replacements for oxide.
Carbide has some of the attributes of a ceramic fuel (high melting point
and isotropic structure) combined with some of those of metals
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(particularly higher thermal conductivity and density). The basic
problem is how to capitalize on these advantages. One way is to use
the higher conductivity to use larger diameter pins without centre
melting; this reduces the number to be made and may increase the fuel
fraction in the core, provided sodium heat transfer limitations are not

exceeded.

Alternatively the higher conductivity may be used, in conjunction
with sodium bonding, to maintain the fuel at a low temperature thereby
effectively immobilizing the fission products, minimizing the size of
gas bubbles and the aggregation of solid fission products. Carbide
already offers the attraction of better breeding. If this can be
accompanied by a burn-up at least as high as that of oxide there is a
strong economic incentive to introduce it into the C.F.R. programme at
an early date.

Fuel cycle costs represent only a fraction of the fast reactor
power costs. Significant cost reductions may alsoc be achieved through
engineering developments, e.g. improvements in heat exchanger design and
ultimately through the use of alternative coolants. However, it is
clear that the timescales discussed above do not permit much deviation
from the established pattern and the concept embodying oxide fuel in
sealed stainless steel pins cooled by sodium which uses two heat exchange
circuits to generate steam is likely to dominate the scene until well
into the 1980's. The longer term prospects in the United Kingdom,
summarized in an earlier paper by Searby and Iliffe (10), are shown in
Figures 6 and 7. These show the total national electricity capacity up
to 1990 and the contributions of different reactors systems to this,
making respectively pessimistic and optimistic assumptions on national
needs. It shows a possible maximum installation of 49,000 Mie of fast
reactors by 1990 with a potential cost advantage of ~£500 million or
£1.2 billion, Thus there should be the economic incentive to pursue a
large and vigorous programme of development and the capacity in which
to introduce new concepts.

Acknowledgements: This paper has been written more from the viewpoint
of fuel element development than of reactor economics, in which field
the author freely acknowledges his ignorance. In consequence, free use
has been made of published works of his colleagues in the U.K.A.E.A. and
the United Kingdom nuclear industry.
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TABLE I

P.F.R. - List of Main Farameters

Thermal Output

Gross electrical output from
generator

Nett electrical output from station
Coolant temperature at core inlet
Coolant temperature at core outlet

Secondary sodium temperature at
steam generator inlet

Secondary sodium temperature at
steam generator outlet

Primary flow through core

Primary pump head

Secondary coolant flow

Secondary pump head

No. of fuel pins per sub-assembly
Outside diameter of fuel can

Fuel can thickness

No. of sub-assemblies in inner zone
No. of sub-assemblies in outer zone
No. of radial breeder sub-assemblies
Length of fuel in pin

Length of axial breeder

Overall length of pin

Weight of mixed oxide fuel in core
Weight of PuO2 in core

Diameter of primary vessel

Wieight of sodium in primary vessel
Steam temperature at T.S.V.

Steam pressure at T.S.V.

Reheat pressure inlet

Feed temperature

559 MW Core
265 MW approx.

248 MW approx.
400-430°C
560-600°C
530°C

370°C

23.2x106 1bs/hr

117 p.s.i.

23.2x106 1bs/hr

45 p.s.i.
325

0.23 in
0.015 in

30

L8

L2

36 in

9 in

103 in

4.0 tonne
.902 tonne
4O ft.

900 tonne
513-566°C
2315 pssSsisg.
495 p.s.i.a.
288°cC

41 MW Breeder

752-806°F
1040-1110°F
986°F

698°F

70,500 1/min
8.23 kg/sq.cm
70,000 1/min.
3.15 kg/sq.in

.585 cm
.038 cm

91.5 cm
22.9 cm
262 cm

1221 cm

955-1050°F
163 kg/sq.cm
3445 kg/sq.cn
5500F



TABLE II

Fast Reactor Power Plant Design Parameters for Nominal 1000 Mie

Nett electrical output per reactor
Overall plant efficiency

Core thermal power output (fuel cycle equilibrium)

Breeder and reflector thermal power output
Totel 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:
Core fuel

Radial Breeder

Control

Reflector

Initial fuel loading (PuO2 + UO5)
Initial Pu loading (metal

Mean rating of fuel

Average core density

Exponential fuel doubling time

Fuel and axial breeder sub-assembly
Outside dimension across flat of hexagon
Pitch
Number of fuel pins
Pin pitch (trianguler)

Peak can temperature (mid wall)

Design maximum burn-up

Weight of fuel in sub-assembly

Weight of axial breeder per sub-assembly

Primary Sodium
Outlet temperature from core
Inlet temperature to core
Flow rate in core
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 MW

LS.

2272 MW
107 MW

2379 MW

350.0 cm
5210 litres

195
150
18
66

15.1 tonnes
2.4 tonnes
150.4 w/gn oxide
436.0 kw/litre
10 years

14.1 em
14.5 cm
325

7.37 mm
670°C
105
51.3 kg
28.1 kg

610°C

380°C

29x106 kg/hr

0.52x106 kg/hr
.2 kgf/cm

6.2 MW

340°C

5800C

28.4x106 kg/hr
7 kef/em?

9 MW



Table II (Continued

Steam Side Data

TSV pressure

TSV temperature

Number of reheat stages
Reheated steam inlet pressure
Reheated steam inlet temperature
Superheated steam flow

Reheat steam flow

Feed temperature

92

163 kgf/em?
560°C

one

39 kgf/cn?
560°C

3.16x102 kg/hr
2.48x106 kg/hr
252°¢
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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 UOp, Al-Pu, and UO2-PuO; have been evaluated.
Packed-particle oxide fuels fabricated by swaging or
vibrational compaction have been emphasized. Over 10
tonnes of UO3-PuOy packed-particle fuel has been irradia-
ted in PRTR. Fuel material has been prepared by mechani-
cally mixing discrete UOp and PuOj particles during load-
ing or by pneumatic impaction. Plutonium compositions
ranged from 0.5 to 4.0 wt® PuO, in UOj. Maximum element
burnups of over 11,000 MWd/tonne have been attained with
prototypic UO,-PuO, 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 Power Density UO;-Pu0O, fuel elements
operated at power generations greater than those currently
employed in commercial power reactors. Maximum linear rod
power generations are 20 kW/ft with maximum fuel tempera-
tures near melting. Goal burnups are over 13,000 MWd/tonne.
The comparative performance of powder and pellet fuels is
also being evaluated. Two vibrationally compacted UO3-PuOj
elements instrumented to measure plenum gas temperature and
pressure are included in the Batch Core loading.

Results of the program to date indicate that for the
low plutonium concentrations of interest in thermal reac-
tor fuels the performance characteristics are not signifi-
cantly different for UO; and UO;-Pu0; fuels. Experience
with in-service failed and deliberately defected packed-
particle fuels has been very encouraging. Deliberately
defected irradiation tests with UO2-PuO, 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 with the Batch Core Experiment, irradia-
tion tests of UO»-PuO2 fuel rods utilizing a special 8-rod
test element are being conducted at higher power genera-
tions in the FERTF. Tests will be performed to evaluate
the effects of fuel form (powder, pellet), power genera-
tion (20 to 28 kW/ft), and defect behavior on fuel perfor-
mance.
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Introduction

The objective of the Plutonium Utilization Program
(PUP) at Pacific Northwest Laboratory has been to develop
base technology to support the commercial application of
plutonium recycle in thermal reactors (1). Included in
this program is a major effort to (1) develop inexpensive
and safe methods of fabricating plutonium fuels and (2)
demonstrate through extensive irradiation testing the per-
formance characteristics of such fuels.

The Plutonium Recycle Test Reactor (PRTR) (2), which
began operation in July 1961, is the principal irradiation
facility used in support of the PUP. It is a pressure tube
reactor cooled and moderated with heavy water. The 70
MW (t) reactor is ideally suited for testing experimental
fuel assemblies under power reactor conditions. Rod clus-
ter fuel assemblies which are prototypic of power reactor
designs can be tested in any of its 85 pressure tubes. The
Batch Core Experiment*, which has been underway in PRTR
since January 1967, uses High Power 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 was originally loaded with 33 Al-Pu spike
elements and 52 swage-compacted natural UO; elements.
Starting in April 1962, the swaged and vibrationally com-
pacted mixed-oxide elements containing mechanically mixed
or incrementally loaded fuel were added to the core replac-
ing the Al-Pu spike and UO3 elements. The first recycled
plutonium was returned to the core in May 1963. Irradia-
tion of swaged and vibrationally compacted mixed-oxide ele-
ments fabricated from pneumatically impacted feed material
began in October 1963. Irradiation of the first vibration-
ally compacted High Power Density elements containing pneu-
matically impacted UO3-2 wt% PuOp fuel commenced in
October 1964. The Batch Core Experiment utilizing a core
loading of High Power Density fuel got underway in PRTR
during the first part of 1967.

Basic PRTR Fuel Element Design

The basic PRTR fuel element design consists of 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
of a plutonium enriched fuel loading as a function of
burnup under controlled conditions (3).
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with a cladding thickness of nominally 0.030 inches.

Twelve of the rods in the element are helically wrapped
with an unbonded spacing wire (0.072 inch diameter) on a
10-inch pitch. PRTR fuel elements used prior to the cur-
rent High Power Density fuel loading were 98 inches long
with an active fuel length of 88 inches. Detailed descrip-
tions of the principal pre-High Power Density fuels tested
in the PRTR are given in References 4, 5, 6, 7, and 8.

The High Power Density fuel currently being used in
the PRTR is 76 inches long with an active fuel length of
58 inches. A 7-inch long plenum was incorporated in the
top of each fuel rod to accommodate the increased gas
release at the higher fuel temperatures. Fuel rod diameter
and cladding composition and thickness is the same as used
in the pre-High Power Density fuel. A detailed descrip-
tion of the High Power Density fuel element is given in
Reference 9.

More than 70 variations in fabrication techniques,
fuel compositions, and cladding utilizing the basic
Zircaloy clad 19-rod cluster have been tested in the PRTR
(10). Included in the 361 elements irradiated in the PRTR
are 75 aluminum-plutonium spike enrichment elements, 68
UO2 elements, and 216 UO2-PuOy elements. Both swaged and
vibrationally compacted oxide fuels have been emphasized
with most attention being given recently to vibrational
compaction. A summary of the fuel elements irradiated in
the PRTR is given in Table I.

Pre-High Power Density Fuel Irradiations

The spike enrichment elements used during initial
operation of the PRTR contained non-segmented hot extruded,
Al-2 wt®% Ni-1.8 wt% Pu alloy cores inserted into Zircaloy
cladding (4,5). A diametral gap of 4 to 8 mils between
the fuel cores and the Zircaloy cladding was partially
closed by differential thermal expansion during operation.
These Al-Pu elements were irradiated at maximum rod powers
of 15 kW/ft to burnups of 83% of the initial fissionable
atoms (0.74 x 1020 fissions/cm3). The most noticeable irra-
diation effect was progressive rod shortening upon repeated
heating and cooling as a result of intermittent core-clad
interaction. Fuel rod shortening caused the nonbonded
spacer wires to appear loose after irradiation. Differen-
tial thermal expansion retightened the spacer wires during
operation because no evidence of fretting or wear was
observed.

The irradiation performance of UO; packed-particle
elements fabricated by swaging and vibrational compaction
has been excellent. A swage compacted UO, element which
has reached a burnup of over 9400 MWd/tonne at maximum rod
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powers of approximately 14 kW/ft is still being irradiated.
One UO, element fabricated by hot swaging was irradiated to
a burnup of approximately 1700 MWd/tonne.

The evaluation of irradiation performance of UO,-PuO,
elements fabricated by swaging (7) or vibrational compac-
tion (8) is continuing. Several pellet rods are also being
irradiated. PuOj concentrations include 0.50 wt%, 0.75 wt$g,
1.0 wt%, 2.0 wt%, and 4 wt%. In the first mixed-oxide fuels,
mechanical mixing or incremental loading of UO; and PuOj
powders (11) was used to obtain a relatively uniform gross
axial distribution of PuO; in both swage-compacted and
vibrationally compacted elements. Moderate layering of the
PuOp occurred within increments during loading and gamma
scanning was used to assure that no hot spots caused by
local concentrations of plutonium would exceed the maximum
permissible point heat flux limit. In general, the irra-
diation performance of the mechanically mixed UO,-PuO; ele-
ments in PRTR has been excellent (10). Maximum burnups of
11,000 MWd/tonne have been obtained at maximum rod powers
of approximately 16 kW/ft. Localized regions of bulk sin-
tering, grain growth, and central void formation were not
detrimental to the fuel performance in PRTR.

High-density UO,-Pu0, feed material subsequently used
in PRTR was prepared by high-energy-rate pneumatic impac-
tion of blended powder mixtures (12). In this material,
the -325 mesh PuO; particles are uniformly distributed in
the U0 matrix. Pneumatically impacted UO2-1 wt% PuO; fuel
elements have achieved a maximum burnup of approximately
8500 MWd/tonne in PRTR (13). Pilot gquantities of High
Power Density elements containing UO5-2 wt% PuOp fuel
material have attained maximum burnups of approximately
5000 MWd/tonne (14).

Minor changes in the element design such as widening
the end fixture bearing surfaces markedly improved resis-
tance to fretting or wear corrosion between fuel elements
and process tubes. During pre-High Power Density fuel
operation PRTR fuel elements were manipulated more often
than in most reactors because fuel management experiments
were being performed. A total of 3500 fuel element move-
ments were made (each element was moved an average of 12
times). Damage to some circumferential bands and spiral
wire spacers resulted. Remote repair technigues have been
developed which permit damaged elements to be returned to
useful service.

Of nearly 5300 fuel rods irradiated in the PRTR prior
to the start of High Power Density operation, only 38
failed in service (1 UOy, 3 Al-Pu, and 34 UO,-Pu0O,). Even
though severe localized embrittlement and loss of cladding
fragments occurred in some instances, little or no fuel
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loss into the coolant resulted and no severe reactor oper-—
ating difficulties were experienced, Fuel washout resis-
tance is improved as a result of in-reactor sintering
which occurs during the early stages of irradiation. No
water-logging occurred in in-service failed and intention-
ally defected elements. In many instances, the release of
fission products was first detected during post-shutdown
depressurization of the reactor system.

All of the UO7-PuO, fuel element failures, with one
exception, were attributed to three types of impurities in
the fuel: (1) fluoride contamination in plutonium, (2)
sorbed moisture, and (3) traces of hydrocarbons introduced
by failure of mechanical processing equipment. These fail-
ures characteristically occurred at low burnups as a result
of severe internal hydriding and embrittlement of the clad-
ding caused by a gas phase hydriding mechanism. Typical
PRTR vibrationally compacted UO,-PuO, fuel rod failures
caused by fuel contaminates are shown in Figure 2.

High Power Density Fuel Irradiations

The Batch Core Experiment is providing statistically
significant irradiation behavior data on High Power Density
UO,-Pu0O; fuel elements operated at power generations
greater than those currently employed in commercial power
reactors. Maximum linear rod power generations are nearly
20 kW/ft with maximum fuel temperatures near melting. Goal
element average burnups are over 13,000 MWd/tonne with
peak burnups near 20,000 MWd/tonne (14,15). The present
core loading status is summarized in Table II. Two vibra-
tionally compacted UOp-PuO, elements containing four rods
instrumented to measure plenum gas temperature and pressure
are included in the Batch Core loading. A similarly instru-
mented vibrationally compacted ThO2-PuO; element will be
charged into the reactor in the near future.

Vibrationally compacted UO,-2 wt% PuO, elements in the
Batch Core have reached an average burnup as high as 2100
MWd/tonne. Nondestructive and destructive examinations of
selected fuel rods indicate that performance is satisfac-
tory. No fuel failures have occurred thus far in the pro-
gram. A transverse cross-section of a vibrationally com-
pacted UO,-2 wt% PuOp fuel rod irradiated in PRTR at
approximately the maximum power expected during the Batch
Core Experiment (20 kW/ft) is shown in Figure 3.

Irradiation of selected UO, and UO2-Pu0; fuel elements
(pre-High Power Density vintage) containing 0.5, 1.0, 1.5,
and 2.0 wt% PuOy is continuing in fringe positions of the
PRTR during the Batch Core Experiment. These elements are
being irradiated to determine their performance at higher
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exposures. A listing of these elements and their current
burnup status is given in Table II.

The fringe elements contain both pneumatically impac-
ted and mechanically mixed (incrementally loaded) UO3-PuO,
fuel material. The highest burnup (over 11,000 MWd/tonne)
is being obtained on one of the first mechanically mixed
UO2-PuO, elements charged into the PRTR. Periodic under-
water examination of these elements indicates that their
performance continues to be satisfactory. Irradiation of
these elements will continue for the duration of the Batch
Core Experiment.

Irradiations to Establish Reactor Power Limit

Among the first fuel irradiations to be performed in
the PRTR during the Batch Core Experiment were tests to
determine the maximum allowable reactor power level based
on a maximum fuel temperature limit. The limiting PRTR
power level is established by the linear rod power that
produces fuel temperatures (+2790 °C) just below melting.
Thirteen fuel rods were metallographically examined and
maximum temperatures attained were deduced from the fuel
structures formed during irradiation. These experiments
indicated that under PRTR operating conditions the onset
of melting in vibrationally compacted UO-2 wt% PuO, fuel
rods occurs at a heat rating of 20.5 + 0.5 kW/ft. This
power to produce melting is equivalent to an /TmgraT of
about 68 w/cm. Results of these examinations “also show
that:

(1) the temperature at which columnar grain
growth apparently begins is approximately
2000 °C for irradiation times up to 80 hours;

(2) ceramographic avidence of typical once-molten
fuel 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 typical
of molten fuel operation, as indicated on beta-
gamma autoradiographs, are not completely eradi-
cated during 72 hours of subsequent nonmolten
irradiation;

(4) fuel structures formed in different rods irra-

diated under the same nonmolten conditions are
comparable; and

102



(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 UO2-PuOj 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 wvapor 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 linear rod power generation of nominally 9.5 kW/ft to
approximately 1200 MWd/tonne and the other two rods have
operated at a nominal maximum linear rod power of 16.5
kw/ft to a burnup of approximately 2400 MWd/tonne.

The pressure exerted by the sorbed gases and moisture
in the fuel (the pressure at zero burnup) was less than
calculated if 100% release of these gases is assumed. How-
ever, the rates of pressure increase are consistent with
rates predicted from fission gas release measurements pre-
viously made for similar fuel (14). This comparison indi-
cates that approximately 13% of the gases are being
released from the low power fuel (volumetric averaged fuel
temperature of 1250 °C). After about 1000 MWd/tonne expo-
sure, the two high power fuel rods operated for a short
time (+5 hours) at a peak linear heat rating of 20 kW/ft
and fuel temperatures above melting. No unusual gas
release was noted. The rate of pressureincrease in the
high power fuel rods was lower during recent operation than
during the first 1000 MWd/tonne because peak linear heat
ratings, and hence fuel temperatures, were lower. The mea-
sured internal gas pressures during operation in the low
and high power rods are presently about 20 and 55 psi, res-
pectively.

Plenum temperatures have been measured in all of the
instrumented fuel rods and are primarily a function of
coolant outlet temperature; fuel temperatures have an
insignificant effect on plenum temperatures. A one-half
inch long depleted pellet at the end of the fuel column
acts as an effective thermal insulator. At no time during
operation (maximum fuel temperatures 200 °C to melting and
maximum coolant temperatures of 270 °C) did the measured
plenum temperatures exceed the coolant outlet temperatures
by more than 13 °C.

Commercial Fuels Study

An important part of the Plutonium Utilization Program
Fuel Development studies is to procure and test plutonium
fuel rods designed and fabricated by caommercial fuel ven-
dors. A 19-rod cluster of commercially designed and fabri-
cated fuel rods containing hot pressed U03-1.94 wt% PuO;
pellets was irradiated in the Fuel Element Rupture Test
Facility (FERTF) (16) at a linear rod power of 21.2 + 1.0
kW/ft to an average element burnup of 1900 MWd/tonne.

Periodic examination of the element in the basin indi-
cates that it is performing satisfactorily; no adverse
effects of irradiation have been observed. Postirradiation
examination of one of the rods indicates that incipient
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fuel melting occurred and that structures typical of
pellet fuel rods formed during irradiation (Figure 7).
Incipient fuel melting is evidenced by the presence of a
centrally located high fission product activity region on
the B-y autoradiograph. The fuel structure is character-
ized by an unaffected region adjacent to the cladding, an
equiaxed grain growth region, a columnar grain growth
region, and a central region 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 similar pellet element
will also be irradiated in the Batch Core.

Three fuel rods containing cold pressed and sintered
UO,-PuO; fuel pellets have also been obtained from a com-
mercial fuel fabricator. The performance of these fuel
rods will be investigated and compared to that of the hot
pressed pellet rods and to vibrationally compacted fuel
rods designed and fabricated at BNW.

UO-PuO, Solubility Studies

The dissolution behavior of various unirradiated and
irradiated mixed-oxide PRTR fuels in HNO3 has been studied
(17). The per cent of plutonium in mixed-oxide fuels which
is soluble in HNO3 was found to be a function of fabrica-
tion technique and irradiation history. The high-energy-
rate pneumatic impaction process provides an oxide mixture
that apparently dissolves more readily in HNO3 than mixed-
oxide fuel prepared by the mechanical mixing or incremen-
tal loading process. However, over 95% of the plutonium
in fuel irradiated to 5000 MWd/tonne or higher is soluble
in HNO3 regardless of fuel fabrication process (Table III).
Ceramography and autoradiography show that localized
regions of high PuO3 concentrations persist in the lower
temperature peripheral fuel regions throughout the irradia-
tion. These results indicate that the PuOs in the nonsin-
tered lower temperature peripheral regions of the fuel rods
becomes soluble in HNO3 as a consequence of some as yet
unidentified irradiation effect. The PuOy in the high
temperature fuel regions forms solid solution with UOp dur-
ing irradiation and becomes soluble in HNOj.

Fuel Defect Behavior

The defect behavior of full-sized PRTR fuel elements
operating under power reactor conditions is being investi-
gated in the Fuel Element Rupture Test Facility (FERTF) (16).
Irradiations of intentionally defected PRTR fuel rods have
provided information on the relative fission product re-
lease 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-
tionally compacted PRTR fuel rods. Release characteristics
for the different types of defects were determined by
analyzing the ratios of nuclides released to the coolant.
Generally, the defect behavior of ceramic packed-particle
elements has been excellent (14). No appreciable fuel
washout, fuel rod deformation, water-logging effects, or
hydriding of the Zircaloy cladding was observed in any of
the packed-particle fuel element defect tests. The only
exception was the rupture of a deliberately defected
UOp-PuO, rod operating with considerable fuel melting at
the plane of the defect (18). A list of the defect tests
performed in the FERTF is given in Table IV.

The current FERTF program is designed to study the
effects of specific power and burnup on the defect behav-
iro of pellet and packed-powder fuel (19). An eight-rod
element has been designed and built to provide the safety
and ease of fuel rod manipulation required for defect test-
ing in the FERTF. The FERTF Test Element illustrated in
Figure 8 comprises a protective sleeve assembly surround-
ing the fuel rod rack that supports an eight-rod ring of
fuel rods. The sleeve assembly provides protection for
the surrounding Zircaloy pressure tube. The fuel rod rack
assembly can be removed from the sleeve assembly as an
integral unit to facilitate rod manipulations. The fuel
rods are suspended from the top of the rack assembly and
are free to expand or contract independently. Four circum-
ferential strip bands secure the rods to the rack assembly.
Power generation of fuel rods irradiated in the FERTF Test
Element can be varied by using various sleeve and insert
materials in the assembly.

Vibrationally compacted UO2-PuQO, fuel rods, pellet-
containing UO2-PuO, fuel rods, and vibrationally compacted
enriched UOy fuel rods will be irradiated in the FERTF Test
Element at linear heat ratings to 20 kW/ft. This test ser-
ies will require approximately nine irradiation periods.
Subsequent test series are planned for rod powers of 23 and
28 kW/ft with considerable fuel melting. Testing will
include irradiation of both nondefected and deliberately de-
fected fuel rods under these test conditions.
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Table 1. - PRTR Fuel Element Irradiation Summary

Maximum
Number Linear
Element Of Elements Rod Power
Type (Sub-totals) kw/ft
Al-Pu 75 V15
U0, 68
Vipac (1) w10
Swaged
(1 Hot Swaged) (65) 14
Vipac Tubular (1) i
Vipac Inverted
Cluster (1) ot
UOZ“PUOZ 216
U02-0.5 wt% PuO, (81)
Vipac (20) 16
Swaged (61) 13
UOy-1.0 wt% PuO, (49)
Vipac (16) A 15
Swaged (33) VN B
U02-2.0 wt% PuO, (84)
Vipac (79) n 20
Swaged (2) n 20
Pellet (Hot
Pressed) (2) a2l B
Vipac Salt Cycle (1) 17
U02-4.0 wt% PuO, (1) n 27
UOp-1.5 wt% PuOj (1) a 6
Mg0O-2.1 wt% PuOp
(Swaged) 1 n 12
ThO,-5 wt% Pu02
(aipac 1 v 10

108

Element

Average

Burnup
MWd/tonne)

(v80% of Pu)

2,200

9,400
1,500

150

11,000
10,200

6,300
8,500

5,400
3,200

1,900
1,600

1,100

3,000



Table II. PRTR Core Loading Status (as of 9/1/67)

Element
Max. Rod Average
Element(a) No., of Power Gen. Burnup
Type Elements (kW/ft) (MWd /tonne)
Batch Core Experiment:
Vipac PI (b) U02—2 wtg
PuO, (Batch Coré
Experiment Elements) 65 v 20 2,100
Hot Pressed Pellet
U05-1.94 wt$% Pu02 2 N 215 1,900
Fringe Position Tests:
Vipac PI UO,-2 wt% PuO,
(Pilot HPD Elements) 6 v 20 5,400
Swaged PI UOp-2 wt% PuO, 1 v 20 3,200
Swaged PI U02—l wt% Pqu i 8 v 17 8,500
Vipac PI UO,-1 wt% Pu02 2 v 15 6,300
Vipac MM (c) UO,-0.5 wt%
PuO, 1 v 16 11,000
Swaged MM UO,-0.5 wt% PuO, 2 v 13 10,200
Swaged uo, 1 n 14 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 High-energy-rate pneumatically impacted fuel.

(c) MM Mechanically mixed fuel.
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Table III. Dissolution of UO>«Pu0O, PRTR Fuels in HNO,;

Nominal Approximate Plutonium

Fabrication Initial Linear Rod Burnup, Soluble in

Process % PuO- Ppwer,kW/ft MWd/tonne HNO;, %
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 6,700 99.7
PI (b)-Swaged 1i%,0 0 None 6.2
PI - Vipac 2.0 0 None 5.3
PI - Vipac 4.0 27 1,100 95.2
PI - Vipac 2.0 19 3,700 94.6
PI - Vipac 2.0 19 5,100 93.4
(a) MM = Mechanically mixed or incrementally loaded fuel.
(b) PI = High-energy-rate pneumatically impacted fuel.
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Table IV.- Coolant Activities From Defected PRTR

Elements Irradiated in the FERTF

Loop Activity, (cpm)
Maximum Steady DN Burst
Test Element Cladding Rod Power, State (Delayed Activity  Type of
No. Type Defect (kW/ft) GM (By) Neutron) GM (By) Release
A Al-Pu 6in. Cracks ~1.0 15,000 13,000  ------ Recoil(@
FE-5008
B Swaged UOp 0.06 in. diam 13 8,000 4,000 220,000 Equilibrium(®
FE-1069 Hole
C  Swaged UOp 0.62 in. long 70 ~3,0000© ~130000 700,000 ------
FE-1039 Longitudinal Slit
D  Swaged UOp 3.2in. long 7.0 23,000 13,000 100,000 Diffusion'd
FE-1039 Longitudinal Slit
E Swaged UQp 6.5in. long 6.1 68,000 38, 000 150,000 Diffusion
FE-1030 Longitudinal Slit
F Vibrationally 3.0in. long 13 47,000 26,000 170,000 Diffusion
Compacted U0z Longitudinal Slit
FE-1067
G  Vibrationally 3,9in. long 1.3 60, 000 31,000  ------ Diffusion
Compacted U0y Longitudinal Slit
FE-1067
H  Vibrationally 0.06 in. diam 24 80, 000 4,000 660,000 Equilibrium
Compacted UO2-  Hole
2 wt% PuO;
FE-6004
I Vibrationally 0.06 in. dia 27 7.7x1080  16x10%0)  --—--- (Ruptured)
Compacted UOp-  Hole
4 wi% PuOy
FE-6504

(a Good communication between fuel and coolant - zero delay time.
(b) Poor communication between fuel and coolant - long delay time.
(c) Test was discontinued before stable form of release was established.
(d Good communication between fuel and coolant - short delay time.
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THE EBWR PLUTONIUM RECYCLE DEM ONSTRATION EXPERIMENT(B)

G -His Bean(b), R ‘E% Sharp(c), and W. J. Bailey(d)

Abstract

The recycle of plutonium fuel was demonstrated in the Experimental
Boiling Water Reactor at Argonne National Laboratory. 1,2 Engineering
and physics data were obtained from this experiment for use in the design
of future (or modification of existing) central-station power plants oper-
ated with recycled plutonium.

The fuel elements consisted of pneumatically-impacted, vibration-
ally-compacted, mixed-oxide fuel in Zircaloy-2 tubular jackets. A work-
able technology was developed for fabricating and inspecting the fuel.

Both capsules and production-type elements were irradiated in sup-
porting fuels development evaluation tests. No failures occurred during
evaluation testing.

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

(@) This paper is based on work performed under Contract W-31-109-
eng-38 and Contract AT(45-1)-1830 with the Atomic Energy Commission.

(b) Associate Metallurgical Engineer, Argonne National Laboratory,
Argonne, Illinois.

(c) Formerly Senior Research Engineer, Pacific Northwest Laboratory,
Richland, Washington. Mr. Sharp is currently with the Plutonium
Fuels Development Laboratory, Valecitos Nuclear Center, Pleasan-
ton, California.

(d) Research Associate, Pacific Northwest Laboratory, Richland, Wash-
ington.
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Introduction

Engineering-scale demonstration of the practicality of plutonium
recycle in water reactors and pertinent physics design data were ob-
tained from an AEC sponsored experiment consisting of a plutonium fuel
loading in the Experimental Boiling Water Reactor (EBWR) .3 The EBWR,
a prototype for a direct-cycle, natural-circulation, boiling-water-reac-
tor, integrated power plant, is located at Argonne, Illinois.

This experiment was aimed at operating EBWR to obtain information
useful for the utilization of plutonium as a fuel in light-water thermal
systems. In particular, data were needed on the isotopic behavior of
plutonium as it is irradiated in a thermal reactor. Plutonium fuel tech-
nology also would benefit if it could be shown that plutonium fuels
could be fabricated that would operate reliably in a power reactor. It
is this technology that is the subject of this paper.

The Plutonium Recycle Demonstration Experiment was a joint pro-
gram conducted by Argonne National Laboratory (ANL) and Pacific North-
west Laboratory (PNL). The plutonium loading, the central part of the
EBWR core, was fabricated at PNL. The Zircaloy-jacketed mechanically-
mixed UO7-1.5 w/o PuOj packed-powder fuel elements contained a
total of 14.1 kg of Pu (8% Pu240) and 1.9 kg of U235 in 1080 kg of
U0O2-Pu0s.

EBWR Fuel Performance

EBWR, UO7-PuO9 Fuel Design

The central portion of the core loading consisted of 36 assemblies
containing 1296 UOp-1.5 w/0o PuOj rod-type fuel elements. Fuel ele-
ment and fuel assembly construction may be noted in Figure 1.

The vibrationally-compacted, Zircaloy-jacketed fuel elements were
1.07 cm OD by 148 cm long. These elements were jointly designed by
PNL and ANL to be capable of achieving a burnup of 25,000 MWd/tonne.
A 13.97 cm long plenum was located above the fuel. This plenum was
adequate to accommodate 100% release of all fission gases. A single
ZrOy pellet was inserted on top of the fuel column. A stainless steel
spring loaded to 2.268 kg was positioned between this pellet and the
top end plug to maintain the fission gas space and prevent shifting or
dislocation of the fuel column during shipping, handling, and fuel load-
ing at the reactor. The fuel assembly boxes held 36 rods. The assem-
blies were designed to allow individual elements, or rods, to be with-
drawn and replaced. This essential feature permitted isotopic analysis
studies, the main objective of the experiment, to be made as burnup
proceeded without having to replace entire fuel assemblies. Thus the
mixed oxide fuel loading, plus a few special elements of different fuel
or isotopic Pu compositions, offered a great deal of flexibility for con-
ducting an extensive set of experiments.

117



UO2-PuQy Fuel Fabrication

The flow diagram for the fuel-element fabrication process4'5 is
shown in Figure 2. Specified requirements for materials and fuel ele-
ments4-6 are shown in Tables I and II. The mixed-oxide feed material
was prepared by mechanically blending depleted UO; (-65 mesh) with
PuO2 (-325 mesh), pneumatically impacting the mixture to >98% TD,
crushing, and screening.

Two vibrational compaction techniques were used for this fabrica-
tion, a vertically-excited resonant-plate coupling and a transversely-
excited resonant-beam COUpling.7'8 Up to 50 elements per 8-hour
shift were vibrationally compacted with the pilot-scale units.

The total of 2250 fuel elements prepared by PNL included 1296 for
the core, 750 for PNL physics tests, 25 special test elements and 179
spare elements for the core loading. Over two tons of mixed oxide were
processed and loaded into more than two miles of fuel-jacket tubing.
Cost data has been published9 on the fabrication of these elements.

Fuel and Material Acceptance Controls

Fuel-Jacket Inspection. A newly developed ultrasonic test detec-
ted internal cracks in the jacket-to-end cap welds of a number of the
UO02-1.5 w/0 PuOj fuel elements after they were fabricated. Ultra-
sonic techniques had been used to test the cladding of selected ele-
ments in previous studies and no defects were observed. However,
near the completion of the fabrication, several elements broke during
vibrational compaction. These failures prompted an intensive investi-
gation in nondestructive examination. Existing techniques were unable
to detect defects within about 0,64 cm (0.25 in.) of the tube ends be-
cause of background signals. Approximately 200 elements (10% of the
total), representing all fabrication histories, were inspected by a modi-
fied procedure that permitted these regions to be scanned. Defects
were found in the end cap region in more than half the elements. Met-
allographic examination of selected elements supported the ultrasonic
evidence in every instance and showed typical fatigue-type cracks.

Finished elements were inspected by the modified procedure and
many exhibited ultrasonic indications of internal cracks. Thermal-
cycling tests were conducted by Lobsingerl0 to evaluate the potential,
in-reactor propagation tendencies of defects in these elements. Eight
elements with representative ultrasonic indications were heated to
400°C and 60 atm (1000 psig) in 1 hr, held at this temperature and
pressure for 3 hr, and cooled to 100°C and 1 atm over an 8 hr period.
In most cases the cracks propagated after 10 cycles. None of these
elements failed in 52 cycles, at which time the test was terminated.
Although the test conditions were more severe than any anticipated
reactor service conditions, and the probability of elements failing in
service was remote, it was decided that all welds showing indications
of defects would be repaired.

A process for repairing fuel elements was developed. In this
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repair process the tube was parted just below the defect, the 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 PuO; distribution in impacted mixed oxide was analyzed.11,12,13
The average PuO, particle size in the EBWR fuel was ~25 microns. The
thermal time constant* for this fuel--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 development, was used to investigate the plutonium
distribution along the fuel element length. It essentially monitors
gamma ray emissions only from the plutonium. Ninety production-run
fuel elements--one or more from every lot of impacted mixed-oxide fuel--
were scanned (100% coverage) while being rotated and translated in the
device. The qualitative indication showed that the plutonium distribu-
tion was very uniform, as expected. Subsequently, all elements were
scanned with this device to provide additional qualitative assurance of
proper plutonium distribution. All fuel elements were accepted.

Linear Variation in Fuel-Rod Bulk Density. A gamma absorptiom-
eter with a 10-curie Cs'°’/ source provided data on the possible varia-
tion in fuel bulk density along the rod length. Based on determinations
from 90 elements at roughly 0.318 cm (1/8-inch) intervals, the typical
bulk density along the element length was within + 1.0 to 1.5% of the
overall bulk density of the element.

Irradiation Performance

Prototype Testing. Fuel development and evaluation for the mixed
oxide loading for EBWR included prototype irradiation in other reactors
of 32 capsules and 58 production-run elements. The irradiation tests
were conducted to study fission gas release, sintering, plutonium and
fission-product migration, isotopic changes, compatibility--e.g.,
jacket-coolant, fuel-jacket, spring-pellet-fuel--effect of fabrication
variables and adequacy of design. Irradiation of all capsules and all
but 21 of the rods is comsplle}e. Some of the results of these tests have
been published.14,15,16:17 cajculated burnups as high as 27,600
MWd/tonne (6.8 x 1020 fissions/cm®) were attained. Specimens oper-
ated with linear powers of 1280 w/cm (39 kw/ft), well beyond those
for EBWR.

Fission gas data are shown in Figure 3. The results16.18 indicate
a reasonably good correlation can be obtained if one assumes 100% re-
lease of the fission gas at fuel temperatures >1800°C and ~10 to 15%
release below 1800°C.

*The thermal time constant is a measure of the rapidity with which heat
is transferred from the PuO2 to the surrounding UO2, and is mainly a
function of the PuO; particle size and PuOj concentration in the fuel.
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The capsule in Figure 4 operated initially at ~460 w/cm (14 kw/ft)
and attained a burnup of 18,300 MWd/tonne. In-reactor homogenization
of the impacted fuel can be noted in the regions where grain growth and
columnar grain formation have occurred. This is evidenced by the more
uniform exposure on the beta-gamma and alpha autoradiographs for these
regions. The dark areas on the autoradiographs correspond to regions
of high radioactivity. The black dots on the autoradiographs are sites
where the initial plutonium enrichment was located. Note the initial
plutonium enrichment sites near the outer edge of the fuel and the
metallic inclusions (fission products) at the specimen center.

Plutonium segregation studies were made by Freshleyld on pneu-
matically-impacted mixed-oxide fuel operating under molten conditions.
Segregation of alpha emitters was observed on intentionally defected
specimens by autoradiography only.

Fission-product migration was noted in UOp-1.5 w/o PuOg speci-
mens which operated at high linear powers--e.g., 31 kw/ft. There
was little migration of Zr95-Nb95, Sr90, and Cel44-prl44, Marked
migration was observed for Cs137 and Rul06, Little or no change was
noted in the fission product distribution, except for Csl37, at lower
linear powers--e.g., 10-16 kw/ft.

Mass spectrographic data for irradiated EBWR test specimens are
included in Table III. This is a more accurate determination of sample
burnup and supplements the flux-monitoring-wire burnup data. Data
were obtained on isotopes of interest for some of the higher burnup
specimens because of handling problems--e.g., Pu238, pu236, py240--
or as isotopic heat sources--e.g., Pu238, Cm244,

Fuel-Zircaloy reactions were observed in test specimens that oper-
ated at very high linear powers--e.g., >1150 w/cm or 35 kw/ft. Reac-
tions were noted between the fuel and ZrOj pellets at the top of the fuel
column in low burnup, <8000 MWd/tonne, capsules that ran at linear
powers > 22 kw/ft. Fuel-ZrOj reactions that were time-temperature de-
pendent also were noted in higher-burnup specimens, ~15,000 Mwd/
tonne at linear powers of ~590 w/cm (18 kw/ft).

Examination of full-size EBWR elements irradiated in the Plutonium
Recycle Test Reactor, (PRTR), showed them to be in good condition,
both externally and internally. No evidence of hydriding was detected.
Plenum components were examined and autoradiographs bore no indica-
tions of fission-product or alpha-emitter migration into the ZrOj pellets.

Irradiation proof tests to date with capsules and production-run
elements continue to indicate that the fuel elements are functionally
adequate and capable of operating under EBWR conditions to the pro-
posed burnup of 25,000 MWd/tonne.

Performance in EBWR. All plutonium fuel elements were available
for service in EBWR by July, 1965. Fuel was loaded into the reactor in
1966 and used to obtain physics data before bringing the reactor to
power. Zero power critical experiments; and subcritical, critical, and
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low-power transfer-function measurements were obtained with the plu-
tonium fuel.

The reactor was raised to power, 42 MW(t), in November, 1966. It
operated at this level until March, 1967, at which time the power was
raised to 70 MW (t). Except for scheduled interruptions for removal of
test elements and for critical measurements prior to increasing power,
the reactor operated continuously until the termination of the program
on June 30, 1967.

Only 60% of the reactor power was produced in the plutonium fueled
portion of the core. The remaining 40% was produced in the slightly en-
riched uranium-oxide driver fuel that surrounded the plutonium fuel in
the core. Fuel burnup was concentrated in the lower 91 cm, (36"), of
the 1296 plutonium fueled elements in the core during the 42 MW (t) oper-
ation. The average linear rod power was 210 w/cm, (6.5 kw/ft). The
power was increased by further withdrawal of the control rods without
increasing the linear rod power.

The first group of experimental elements was removed from the
reactor in March, 1967, after 1300 MWd/tonne burnup. The second
group was removed after 2200 MWd/tonne burnup. The surface of these
elements was bright with no evidence of discoloration or other physical
change. These elements were shipped to PNL for controlled reactivity
measurements and fuel composition analysis.

The maximum burnup for the plutonium fuel at the termination of
the program was 3,000 MWd/tonne. This is appreciably less than the
maximum design burnup of 25,000 MWd/tonne. The plutonium fuel did
perform reliably and complete integrity was maintained on all fuel ele-
ments at all times.

There are no plans for continued irradiation or destructive analysis
of the irradiated fuel.
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TABLE I - REQUIREMENTS FOR FUEL AND CLADDING MATERIALS
FOR EBWR Pu RECYCLE FUEL

Fuel Material

Fuel Composition UO,-1.5 w/o Puo,
Pu4? Content in Pu ~8 a/o

U?3% Content in U ~0.2 a/o

Fuel Particle Density (Min.) 10.76 g/cc (98% TD)
Size Fractions 55 w/o, -6 +10 Mesh

25 w/o, =20+ 65 Mesh

20 w/o, -200 Mesh

Moisture in Fuel, (Max.) 100 ppm
Cladding

Material Zircaloy 2 Tubing
Cladding Specification ASTM=-353-62T

Tubing Dimensions (As Purchased)
Inside Diameter (Nominal) 0.945 cm (0.372 in.)
Wall Thickness (Nominal) 0.0685 cm (0.027 in.)
Tubing Dimensions (After Etching)

Wall Thickness (Min.) 0.058 cm (0.023 in.)
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TABLE II - SPECIFICATIONS FOR EBWR Pu RECYCLE

FUEL ELEMENTS

Test Core Elements (Total of 2225)

Overall Length 148 cm (58.3 in.)
Active Fuel Length 122 cm (48 in.)
Fuel Weight 825-830 g.

Plenum Length 14.6 cm (5.75 in.)
Stainless Steel Spring Type 302

ZrO, Pellet Thickness 0.64 cm (0.25 in.)

Special Test Elements (Five Each)

Fuel Core Composition Pu240 Content in Pu, (w/0)
Al-3.35 Pu-2 Ni Alloy 8
Al-3.35 Pu-2 Ni Alloy 26
uo, (Normal) -
UO,-1.5 PuO, 20
U02—1.5 PuO, 26
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TABLE III - BURNUP AND ISOTOPIC DATA FOR UO2-1.5 w/o0 PuO2 FUEL, IRRADIATED IN THE MATERIALS
TESTING REACTOR (MTR)

MASS SPECTROGRAPHIC DATA(a)

MEASURED
BURNUP PLUTONIUM, (a/o) URANIUM, (a/o0)
MWd/tonne 236 238 239 240 241 242 234 235 236 238
of fuel _ R . - _ . . . . -
0 91.53 7.75 0.69 0.03 <0.001 ~0.22 <0.002 99.78

910 88.69 10.30 0.95 0.060 =5 e =2 =
1,540 85.76 12.76 1.47 0.096 -~ 0.148 0.0055 99.846
2,750 85.22 13.08 1.48 0.22 = == = ==
4,290 72.94 22.90 3.67 0.484 0.0024 0.122 0.0095 99.868
4,950 69.66 24.93 4.74 0.670 -—  0.113 0.0116 99.875
6,330 63.52 29.18 6.15 1.150 == 2= == ==
8,400 (b) (b) 55.15 35.04 7.65 2.165 - -- - -
10,900 (b) (b) 47.47 38.62 9.93 3.98 oo == = —
12,560 1.8 x 10-7  0.23 47.28 37.22 9.24 6.03 NDW  0,0376 0.0214 99.941
13,650 (b) 0.32(c) 41.75 40.80 10.94 6.51 <0.001 0.042 0.023  99.935
16,930 2.2x 10-7 0.32 38.47 40.70 11.23 9.33 <5 ppm 0.0259 0.0228 99.9513
18,300 5.0 x 107 0.42 38.87 38.22 11.74 10.76 ND 0.0234 0.0240 99.953
(a)

Typical uncertainties (at the 95% confidence level) are: for Pu239 and Pu240 * 0,1 to 0.2; for Pu24l,

+0.02 to 0.1; for Pu242, + 0,002 to 0.08; for U234, 5 ppm (detection limit) to * 0.009; for U235,

+0.0008 to 0.002; for U236, * 0.0004 to 0.009; and for U238, £ 0,0008 to 0.002.

(b)
(c)
(@

Analysis currently in progress.

ND = not detected.

Value (0.32 * 0.3) obtained by alpha energy analysis.



EBWR PLUTONIUM FUEL ELEMENT

=
ms:.r"wLH

ss WW\E
~15 Pu0z

ot i

ZIRCALOY TUBE

ZIRCALOY BOTTOM
END mr\_ﬁ

A6/

EBWR PLUTONIUM FUEL FABRICATION
e : Pu O, g Ht;'i’i = im

END CAP

VIPAC
i
i -

e "3;:‘,','3. RESONANT BEAM

TUBE
PREPARATION

S

PREPARATION RESONANT PLATE
Ty = — -
ﬁ«ﬁf‘ O | =3
Q i a | 5 o
Y ETCH | -
‘ WELD SECOND END CAP W
’ DECONTAMINATE
[ 3
[ =
AUTOCLAVE @
SHIP
VISUAL INSPECTION 7.2

LEAK CHECK

127



(%)

Fission Gas Release,

100

®
A
80 - « 4
LEGEND*
® Capsule Without
60 — Fission Gas Plenum
P & . (FGP)
4 Capsule with FGP
° ® .
40 — ° ® Production-Run
° A EBWR Fuel Rod
2 with FGP
)
20 & * yvibrationally-Compacted Specimens
o 0 (77-88% TD). All Contain Impacted
- ® U02-1.5 wt% PuO2
0 | | 1] | | ] |
0 200 400 600 800 1000 1200 1400
6.3

Rod Power, (w/cm)

AlG #

a) Photomacrograph b) Beta-Gamma Autoradiograph ¢) Alpha Autoradiograph

128



OPERATING EXPERIENCE WITH THE SAXTON REACTOR
PARTIAL PLUTONIUM CORE II¥

R. S. Miller K. R. Jordan
Js B. Roll Js L« Rolin
C. J. Kubit
Abstract

Operation of the Saxton Reactor with nine central fuel assemblies
containing 6.6 w/o PuOp in natural UO; and clad with Zircaloy-4

was begun in December, 1965 and continues through the present time.
Observed nuclear, thermal-hydraulic, and fuel materials performance
to date have agreed very well with the performance predicted during
the design phase of the program. The results of the post-irradia-
tion examination and evaluation of two pellet and two vipac fuel
rods, removed from the central 3 x 3 subassembly at a peak burnup
of 6100 MWD/MTM, are discussed.

*The Saxton Plutonium Project is conducted by the
Westinghouse Electric Corporation in cooperation
with the Saxton Nuclear Experimental Corporation
(SNEC) under USAEC Contract AT(30-1)-3385.

The authors are with the Engineering Department of the Nuclear Fuel
Division, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania.
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Introduction

The economic incentive for recycling plutonium in thermal
reactors in the United States will be particularly strong in the
mid-1970's to mid-1980's. This is the period when large quantities
of plutonium will be discharged from operating water reactors and
assurance of plutonium value by government purchase will have
terminated. Furthermore, a significant demand for this material
for use in fabricating fuel for fast reactor cores will not develop
until late in the period.

If the plutonium were held until required for fast reactor use,
the inventory cost could reduce the plutonium value considerably,
thereby increasing fuel cycle costs for all operating water reactors.
Although this situation has long been recognized by the nuclear
industry, the rapid growth of water reactor sales in the past two
years has re-emphasized the problem of plutonium value. The result
has been a stimulated plutonium recycle activity in both government
and industrial organizations. The nature, direction, and emphasis
of the various plutonium recycle programs have been discussed at
length at previous technical symposia.™?®

The basic objective of the Westinghouse recycle program is to
achieve commercial recycle of plutonium in pressurized water reactors
(PWRs) in the United States in the early 1970's. Since there are no
questions of basic technical feasibility to be resolved, achievement
of this objective is viewed as being an evolutionary process. How-
ever, in order to participate in the plutonium fuel business on a
truly commercial basis, certain technical objectives have been
identified:

1) Develop and evaluate plutonium core design technology and
accumulate sufficient operating experience on plutonium -
fueled reactors to ensure that the design and licensing
of plutonium core regions can be accomplished in a period
comparable to that required to perform the same function
for a UO2 replacement core region.

2) Demonstrate plutonium fuel manufacture on an engineering
scale with processes which yield fuel cycle costs
competitive with those for slightly enriched UO2 fuel.

3) Successfully irradiate PuO5-UO2 fuel in operating PWRs
at peak power levels and to peak exposure levels anti-
cipated to be typical of core operating conditions in
the mid-1970's.

A vital first step in this overall technical program is the
Saxton Plutonium Project. This paper briefly describes this
program and presents the results of a recently completed examination
of low burnup fuel.
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Saxton Plutonium Proiject

The Saxton Plutonium Project is the first AEC-Westinghouse
plutonium recycle effort and constitutes the technological base
upon which our overall program is being developed. 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 capability.

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 four 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 are 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 information relative to the two fabrication techniques, the
program will enable evaluation of Pu0y-UO2 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 information.

*
The Saxton Reactor is operated by the Saxton Nuclear Experimental
Corporation in technical cooperation with Westinghouse.
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The project was initiated in early 1964 and core design and
fabrication activities were completed with delivery of the core at
the reactor site in October 1965. Loading of the core and initial
operation were accomplished by December 1965, and full power oper-
ation began in January 1966.

Plutonium Core Design

Nuclear Design

The nuclear design was conducted in three steps. Initially,
parameter studies were carried out to determine the performance
characteristics of the Saxton reactor containing a partial core of
plutonium. Later, more specific nuclear design calculations were
performed to set the enrichment specification and determine the
available burnup for a core containing nine central plutonium fuel
assemblies with twelve surrounding uranium assemblies. Finally, a
series of critical experiments using the design fuel and a supporting
program of analysis were used to confirm the specified nuclear de-
sign. Details of the nuclear design are described in Reference 3.

The Saxton Core II nuclear design predicted a lifetime capa-
bility of 9,300 MWD and an average burnup in the plutonium fuel of
15,350 megawatt days thermal per metric tonne heavy metal (MWD/MTM).
The current estimates of Core II lifetime (overall, as well as
plutonium region) show that these predictions will be essentially
duplicated by actual operation to end of life.

The supporting critical experiment program4 provided significant
beginning-of-life physics information about the fuel and formed the
basis for improving the correlation of analysis with experiment for
plutonium-fueled systems. Critical experiments with water moderated,
single region and multi-region Pu0-UOp fueled cores were performed
in the CRX reactor critical facility at the Westinghouse Reactor
Evaluation Center (WREC) at Waltz Mill, Pennsylvania. Close agree-
ment was thus found between predicted and measured beginning-of-life
nuclear characteristics.

Mechanical, Thermal, and Hydraulic Design

The mechanical, thermal, and hydraulic design guidelines for the
Pu09-UOp portion of Saxton Core II included: a) 20,000 MWD/tonne
peak rod average burnup; b) 16 kw/ft maximum heat rate in the rods;
c) internal gas pressure at end of design life to be less than
external reactor operating pressure; and d) fuel rod outside diam-
eter, length and lattice spacing to be the same as for the U0, rods
in Cores I and II. The details of this aspect of the program are
reported in Reference 5.
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In addition to the fuel rods, the basic components of each fuel
assembly consist of four grids, two enclosure halves, and top and
bottom nozzles. The grid assemblies are of brazed "egg crate"
construction and are spaced axially on ten-inch centers to provide
lateral support for the fuel rods. The enclosure halves are welded
to the peripheral straps of the grid assemblies to support the grids
and to tie the fuel assemblies together. The nozzles, which provide
a means of handling the fuel assemblies and of positioning the
assemblies in the reactor core, are welded to the top and bottom ends
of the enclosure halves.,

The fuel rods are arranged in a 9 x 9 square lattice with a
0.580-inch pitch in a typical main fuel assembly. Of the possible
81 lattice locations in this pattern, nine locations at one outer
corner are eliminated from each fuel assembly to provide room for
cruciform control rods positioned between the assemblies. In ad-
dition, two lattice locations in each fuel assembly were left
vacant during fabrication to allow for insertion of flux wire
thimbles, source rods, or removable fuel rods when the assembly
was installed in the reactor.

The individual rods are 41 inches long; active fuel length
being 36.6 inches. Rod outside diameter is 0.391 inches. Clad
thickness is 23 mils for the Zircaloy clad and 15 mils for the
stainless steel clad.

Materials Design

Materials design entailed selection of the cladding and fuel
rod fabrication techniques employed for the project, development
of fuel specifications, and provision of materials information to
other design groups for establishing design parameters and safety
criteria. The details of the materials design are given in Refer-
ence 6.

Oxide fuel was selected because it offers the best compatibility
with present water reactor fuel cycles. 1In selecting the fabrication
processes, the following factors were considered:

1) In-pile reliability of fuel fabrication by the method;

2) Projected economics of the process; and

3) State of development of the process.

Evaluation of the available evidence led to selection of vibra-
tional compaction and pelletization of mechanically blended fuel.
Fuel fabricated by both methods already had been tested in various
short-term experiments. Testing of bulk quantities of vipac fuel in

EBWR is reported in another paper in this conference./ Other fabri-
cation methods, such as extrusion and swaging, were not considered
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sufficiently advanced for proof-testing in commercial reactors.

Zircaloy-4 cladding was used for the bulk of the plutonium-
bearing fuel rods because it was expected to be generally employed
in future cores. Some Type 304 stainless steel cladding was included
for comparison.

Table I summarizes the materials selection for the program. All
fuel is natural U0, enriched to 6.6 w/o PuOp. The plutonium contained
8.6 a/o Pu-240. Table II summarizes the reactor operating conditions
for the program.

Reactor Operating Experience

Operation of the partial plutonium core at full design power
levels has been completely satisfactory to date. A continuing program
of nuclear operations analyses has shown no significant deviation from
expected core operating characteristics. These analyses have included
investigation, at power, of boron and control rod worths, temperature
and power coefficients, core depletion rate, and core flux wire and
detector maps. Core nuclear parameters have also been evaluated in
two series of limited zero-power tests performed at approximately
one-third and two-thirds of the expected core life. These latter
tests included measurements of boron and control rod worths, tempera-
ture and pressure coefficients, minimum shutdown reactivity, and
xenon decay. References 8 to 11 describe the plutonium core opera-
tions in detail.

Completion of operation with the partial plutonium core is
scheduled for the first quarter of 1968. At the end of core life,
the average exposure in the plutonium region will be 15,500 MWD/MTM;
the average exposure in the peak power plutonium assembly will be
23,500 MWD/MTM; and the exposure in the peak plutonium pellet will be
31,800 MWD/MTM. The overall average core fuel exposure at the end
of life will be 11,500 MWD/MTM. The reactor was shut down from
January to August, 1967, to complete installation of an in-pile test
loop. Estimated fuel exposure values at that time were 7,390 MWD/MTM
average for the core; 12,210 MWD/MTM average for the plutonium-
enriched region; and 21,500 MWD/MTM for the peak plutonium pellet.

The evaluation of materials performance will be accomplished in
three distinct efforts:

1) The destructive examination of two rods removed from the
core at relatively low burnup as described in the following
section.

2) The end-of-life major post-irradiation examination and

evaluation effort, planned for mid-1968, described later
in the paper.
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3) An examination of nine rods conducted during the recent
extended shutdown as described below.

During the extended outage in the first half of 1967, five of the
individually removable fuel rods were removed from the core, examined
with an underwater periscope and remote profilometer, stored in the
pool for use as reference rods, and replace with spare rods. Four
other such rods were removed, examined and reinserted in the core.
Typical grid contact marks were noted on all the rods. Further, the
examination of these nine rods revealed no evidence of cladding
deformation, strain or other evidence of anomalous performance. Thus,
continued satisfactory performance of the plutonium fuel was indicated.

Examination of Low Burnup Fuel

In addition to the major post-irradiation examination and evalua-
tion effort planned for plutonium rods removed from the fuel assemblies
at the end of core life, two pelletized fuel rods and two vibrationally-
compacted fuel rods were removed from the central 3 x 3 subassembly in
April 1966. These rods had accumulated calculated average exposures of
about 4500 MWD/MTM and calculated peak exposures of about 6100 MWD/MTM.

Visual and dimensional examination of the removed fuel rods re-
vealed no anomalies or evidence of fretting corrosion at the area of
contact between the support grid spring-clip fingers and the cladding
tube. The diameter measurements obtained with a remote spiral trace
profilometer showed no deviation from the original fabrication
tolerances. Bambooing or unusual ovality was not observed. There
was no difference observed in the dimensional performance between the
vipac and pellet rods.

The rods were punctured to determine the volume of fission gases
released from the Pu02-U02 fuel and the contained gases were collected
for mass spectrometer analyses. The results of the analyses are shown
in Table III. Rods of the same kind yielded similar gas samples. The
Xe/Kr ratios were similar for all rods. Observed differences in the
composition of the vibrationally-compacted fuel and pelletized rod
gas samples can be partly explained by the different gas atmosphere
used in welding the rods. Further, the high nitrogen content of the
vipac rods is believed due to release of pre-irradiation nitrogen im-
purity in the fuel at elevated temperatures. A release of 20 percent
of this initial content would account for the 7 to 8 standard cubic
centimeters observed. i

The distribution of the wvarious xenon and krypton isotopes was
found to agree well with that which would be predicted using the
fission yields reported by Katcoff.l2Z The observed release of xenon
and krypton corresponds to 2.1 percent and 10.8 percent for the pellet
and vipac rods, respectively. Calculations 14 based upon the diffusion
model and a realistic axial and radial temperature distribution predict
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3.0 percent and 33.3 percent for the xenon and krypton release for the
pellet and vipac rods, respectively. The calculation for the vipac rod
used a model based upon pellet-type fuel and, further, assumed conser-
vative® thermal parameters. However, the observed release for the
vipac rods agrees well with that observed in irradiations of vipac

fuel in the PRTR.13 At the approximate average fuel temperatures for
these low burnup rods (v700°C), a 14-15 percent release was observed

in the PRTR rods.

A gamma scan was taken of each of the four rods. A typical result,
rod D, is shown in Figure 1. Also shown is the location of the various
samples taken for the destructive analyses. Graphical integration of
the gamma scan curves confirms the axial peak-to-average power ratio
of 1.37:

The burnup samples were analyzed for cesium-137, strontium-90,
neodymium-148, and heavy-element isotopic ratios. The results of
these c?imical analyses were then used to infer a burnup for each
sample. These inferred burnups are shown in Table IV along with
the burnup calculated based upon the reactor operating log and the
average radial power factors for the particular fuel subassembly
which contained these rods. Although the burnup inferred from the
heavy element isotopic data was also calculated, some of the input
data are suspect. Thus, the values are not reported. The discrepancy
between the calculated and inferred values of burnup (average absolute
percent difference "“10) is due in part to the use of average sub-
assembly radial power factors. The power skewing effects known to
exist across the subassembly were not considered in obtaining the
calculated burnup. The algebraic average percent difference is only
2.4 percent. This is consistent with the reported16 estimated error
in measurement of burnup by the fission product method of +2 percent
at 1 ag.

Photomacrographs, taken in the as-polished condition, are shown
in Figure 2 (left: Rod D, 12x; right: Rod, X-1, 8x). Etching
revealed no substantial differences in structure from the as-polished
sections. The microstructural features are essentially the same as
those shown for unirradiated pellet17 and vipac18 Pu0y-U09 fuel.

Figures 3 and 4 show typical photomicrographs of the etched fuel
surfaces. (All are 250x except 4a which is 100x) The average grain
size at the center of the pellet fuel (Figure 3a) is larger than that
at the mid-radius (Figure 3b) or at the edge (Figure 3c). Further,
there is a complete absence of columnar grains. Since equiaxed grain
growth becomes apparent at about 140006, and columnar grains form at
fuel temperatures between 1700°C and 1800°C, the microstructure sug-
gests a maximum fuel temperature between 1400°C and 1700°C. This is
consistent with a maximum observed power rating of the fuel of 10.6
kw/ft, which corresponds to a maximum center temperature of approxi-
mately 1500°C.

Figure 4a shows the vipac fuel at an r/a=0.6. Two anomalies were
observed in the materials evaluation of the vipac rod, X-1:
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1) The cladding from the vipac rod shows an average hydrogen
content approximately 18 ppm higher than that from the
pellet rod (Table V); and

2) The I.D. surface of the vipac rod has an 0.6-mil thick
reaction layer (Figure 4b).

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

In the first case above, fuel chemical analyses showed signifi-
cantly higher moisture content in the vipac than in the pellet fuel,
indicating that this extra moisture may be a possible source of the
higher hydrogen content in the vipac cladding. Precise calculations
are impossible because several batches of fuel, of varying moisture
and hydrogen content, were used for both the vipac and pelletized
rods.

Examination of the chemical analyses of the various fuel batches
shows 25 ppm as a reasonable value for the difference in moisture
content for the two fuel types. If all of this moisture reacted and
released hydrogen which was subsequently absorbed by the cladding,
the clad hydrogen content increase would be 15 ppm. It is therefore
reasonable to hypothesize that the higher moisture content of the
vipac fuel is the source of the higher hydrogen content of the vipac
cladding.

The hydride distribution is shown in representative photomicro-
graphs of the cladding in Figure 5 (left: from pellet rod; right:
from vipac rod; both etched, 100x).

In investigating the second case noted above, the reaction layer
was not identified positively. However, calculations based on fuel
chemistry show that the extent of reaction cannot be explained on the
basis of nitrogen or moisture impurities in the fuel. Reduction of
the hyperstoichiometric fuel (0/M 2.01-2.02) to stoichiometric could
account for the observed reaction layer. Also, this possible source
is consistent with the absence of a similar reaction layer with the
pellet fuel since the latter material was hypostoichiometric.

The possible consequences of this layer have been evaluated with
respect to thermal performance. Considering possible further reaction
of the fuel and clad to a fuel O/M ratio of 2.00, the resulting in-
crease in the fuel center temperature at end-of-life has been estimated
to be ~25°C. This small increase will not significantly influence
fuel rod performance.
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End of Life Examination

During the last quarter of 1967, the Saxton reactor power will
be escalated to 35 MWt, resulting in a maximum calculated rod power
of 19.1 kw/ft. Operation will continue at this higher power level
until the end of operation of the Saxton partial plutonium core
(Core II), presently expected in early 1968. At that time it is
planned to subject fifteen rods to a more detailed non-destructive
and destructive examination. It is expected that the maximum burnup
of fuel to be examined will be about 31,000 MWD/MTM.

Elements of this examination program will include at least the
following:

1) Physical examination of the intact assemblies and rods
for twist, bow, wear, or other indications of undesirable
mechanical performance.

2) Single channel and multi-channel gamma scans of the rods.
3) Fission gas analysis.

4) Burnup and isotopic analyses of selected fuel samples
using cesium-137, strontium-90, neodymium-148, and heavy
element isotopics as indicators.

5) Metallographic examination of selected fuel and cladding
samples.

6) Autoradiographic examination of selected fuel samples.
7) Clad tensile and burst tests.

A final report will document the results of these examinations.

Conclusions

The Saxton Plutonium Project has been the vehicle for the design,
fabrication, irradiation and evaluation of the first large-scale
plutonium fuel demonstration. All evidence obtained thus far through
post-irradiation examination of the fuel and by deduction from reactor
operation data shows that, as expected, the plutonium-enriched mixed
oxide fuel performs as well as the standard U0 fuel. It is also
anticipated that excellent fuel performance will continue to be
demonstrated throughout core life. By mid 1968, the ability to
design, fabricate and operate plutonium-enriched mixed oxide fuel
to peak exposure levels in excess of 30,000 MWD/MTM in a pressurized
water reactor will have been successfully demonstrated.
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TABLE I
MATERIALS SELECTION

Powder Prep. Fuel Density No. Rods
Clad Form Method % T.D ** Inserted
In Reactor
Zr-4 Pellets Mechanical Mixing 94+2 470
Zr-4 Vipac Mech. Mixing - Nupac#* 87:1 138
304 SS Pellets Mechanical Mixing 94+2 20
304 SS Vipac Mech. Mixing - Nupac* 87+1 10

* Battelle Northwest Laboratories high energy impaction process.

*%* Percentage Theoretical Density.

TABLE II
SAXTON REACTOR OPERATING CONDITIONS

Maximum Power Level 23.5 Mw(t)
Maximum Linear Power Density 16 kw/ft
Maximum Heat Flux 531,400 Btu/hr—ft2
Average Coolant Temperature 277°C  (530°F)
System Pressure 2,000 psia
Maximum Clad Surface Temperature 339°C (642°F)
Average Clad Temperature at

Hot Spot (SS) 356°C (674°F)
Average Clad Temperature at

Hot Spot (Zr-4) 367°C (692°F)

Maximum Fuel Central Temperature
Peak Burnup
Chemical Shim, Beginning of Life

Initial Loading - Pqu—UO2

Initial Loading - UO2
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2200°C (3992°F)
>25,000 MWD/MTM
2,000 ppm Boron

345 Kg/9 assemblies
525 Kg/1l2 assemblies



TABLE III
POST-IRRADIATION GAS SAMPLE ANALYSIS RESULTS

Gas Volume, cc at STP

D
0.004
4.445
0.047
0.022
0.287
0.080
1.185

6.07

X-BU-

5207
5277
5246
5243
6240

16.0

Hy

4,897
0.018
0.007
0.303
0.097
1.445
0.001
6.77

1 X-BU-2

4881
4819
4717
4805
5240

8.3

Content (ppm)
61
82
52

Gas X-1 X-5
H2 == ==
He 4.555 2.677
N2 7.970 9.881
02 0.057 0.143
Ar 0.004 0.010
Kr 0.389 0.494
Xe 5.886 7.507
CH4 - 0.037
Total Volume 18.86 20.75
TABLE IV
FUEL BURNUP
Sample D-BU-1 D-BU-2
Inferred Burnup
Cs 6146 5520
Sr 6445 6143
Nd 6223 5514
Avg. 6305 5725
Calculated Burnup 6015 5210
Calc-InferredxlOO - oo
Calc
TABLE V
HYDROGEN CONTENT OF IRRADIATED CLADDING
Rod No. Sample No.
X-1 1
X-1 2
D 1
D 2
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IRRADIATION OF PLUTONIUM FUELS IN THE BR-3 ,

H. Bairiot "
A. Lhost

Abstract

The paper describes schematically the different types of fuels
which have been tested in the BR-3 reactor.

The first campaign enables to compare pelletized uranium fuel
to vibratory compacted and tc swaged plutonium fuels. Furthermore,
different types of UO2 have been utilized for the powders.

The burnup has been of the order of 5,000 MWd/t. The main
result concerns the gas release of heterogeneous particulate fuels
compared to pellets and the effect of the UO2 powder used as starting
material,

The BR-3/Vulcain experiment will enable to compare at high
burnups (30,000 MWd/t) vibratory compacted and pelletized plutonium
fuels. In this experiment, it has already been possible to evaluate
some very important details concerning a simplified technique utilized
for the manufacture of the plutonium fuels.

R Work performed in the frame of the Cooperation Agreement
Euratom/United States Contrat Nr 00l-64-1 TRUB, between the
C.E.N. (Centre d'Etude de 1'Energie Nucléaire) - BelgoNucléaire
Association and Euratom.

AR Ingénieur, Chef de Service at "BelgoNucléaire" (Scciété Belge
pour 1'Industrie Nucléaire, S.A.).

AR Ingénieur at "BelgoNucléaire",
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1. INTRODUCTION.

The work presented in this paper has been performed by the
Joint C.E.N. - BelgoNucléaire Plutonium Group, under contracts
forwarded 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 fuel development effort has been devoted to assess the
merits and disadvantages of a special fabrication technique based on
powder packing processes (vibratory compaction or vibratory compaction
followed 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 past at Hanford but has been superseded at the
Richland site by the Dynapak process.

Among the main advantages (1), one should notice :

a reduction of the fabrication steps involving the handling of
plutonium,
- an enhanced heat transfer within the fuel rod (2, 3),

- the possibility of profiling the enrichment longitudinally.

1

Among the disadvantages, the two major ones are :

- the necessity of a long and tedious development effort,

- the occurrence of local plutonium concentration ; the local hot
spots might Iimpose a reduction of the fuel performances under
certain circumstances (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
to considerable error" (6), these orientation tests are supported
by a demonstration program performed in power reactors, which will
be the subject of the present paper.
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2. BR-3/PWR.

This experiment is the first step of the demonstration program.
It is representative of the state of art prevailing in Belgium in
1962, when the fabrication technique was still in its infancy and a
large uncertainty existed on the applicability of the core design codes
to plutonium containing lattices. As a result, the fuel is of poor
quality compared to our present standards and the power ratings to
which the fuel was subject are very low.

2.1. Description of the fuel.

The fuel consists of three size fracticns mixed together while
locading the tube ; the coarse and the medium fractions are fused and
ground UOp or Dynapak UOp (rods R 298 and R 307) ; the fine fraction
is a blend of fused and ground U0, with sintered (U-104% Pu)0, or
a blend of Dynapak U0, and sintered PuO, (rod R 307) or sintered
(U - 5.65 % Pu)05 (rod R 293). 1In all cases, the uranium was natural
and the total enrichment therefore 0.7 % U235 and 0.96 % Pu containing
5.7 % Pue40, except for rods R 298 and R 307 (7.7 % Pu2+0),

The fuel rod design is represented in figure 1. The vibrated
rods have a fuel density of 86 % TD and a plenum partially filled
with a hold down spring (0.7 cm”? of the total 10 em? voidage).

The plutonium distribution along the rods may be characterized by
maximum local 384 KeV gamma peaks of 27 to 40 % in the hot zone

(1/3 to 1/2 of the fuel height) and up to 140 % at the upper end ;
these values are measured with an uncertainty of + 10 %#. The swaged
rods have a fuel density of 0.5 & TD and no plenum (total voidage :
o i cmj). The plutonium distribution may be characterized by maximum
local 334 keV peaks of 7 to 26 % in the hot zone and up to 210 % at
the upper end.

The fuel rods are located in a now classical assembly made by
"Métallurgie et Mécanique Nucléaires", in the positions indicated
in figure 2. This figure also indicates the position of the assembly
in the core.

2.2. Irradistion data.

The irradiation conditions are summarized in Table I.

It had been computed that for a core life of 4,000 EFP hours
the burnup of the 12 plutonium rods would be between 3,500 and
4,800 MWd/t depending on their location in the assembly. The computed
longitudinal and transversal power distributions are given in figures

5, 6 and 7.
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The plant has been on power from December 1963 to July 1964
with a load factor indicated in figure 3. The reactor was shut down
at 4,800 EFP hours because of the requirements of the Vulcain Program.

2.3. Post-irradiation tests.

1. Dimensional checks.

The visual examination revealed no deformations or defects of
the cladding. The crud was uniform in color., Within the experimental
errors (i 0.02 mm), no dimensional changes have been found . a small
decrease in diameter (0.01 mm, i.e, 0.1 %) might have occurred in the
swaged rods. The hot spots did not show any departure from the
average behavior of the rod, both for what crud deposition and dimen-
sions are concerned,

Due to the late commissioning of the required hot cell equipment,
the gamma activity was only sufficiently high at 0.1 MeV and 0.66 MeV
to perform a gammascanning. The scannings at both energies are
identical within the error limits (figure 5).

Figure 4 compares the gammascanning of rods fabricated by
different methods. In the uranium rod utilized as standard, the
location of the grids is noticeable. The plutonium rods show the
effect of the heterogenecus distribution of the plutonium among“the
fuel. The "European Institute for Transuranic Elements" C.C.R.
(Karlsruhe) has demonstrated that the fuel is still mobile by tapping
a rod and comparing the gammascans taken before and after this test.

The swaged rods have maximum activity peaks of 0 to 16 € in the
hot zone (for instance, figure 5) within the accuracy of the measure-
ments (+ 6 %).

A Joint Nuclear Research Centre - Euratom
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The vibrated rods have maximum local activity peaks of 9 to 25 %
in the hot zone (for instance, figure 6). Assimilating these peaks
to power peaks, it can be deduced from these figures that the 334 keV
activity profile overestimates the longitudinal variations of the
plutonium distribution by a factor 2 . this conclusion is confirmed
by the analysis of numerous other activation and irradiation tests.
The comparison of the gammascans with the calculated longitudinal
power distribution (figures 5 and 6) shows that the fuel assembly
has still run at a high power at the end of life.

One vibrated rod (V 41) has been chopped into 15 segments of
10 em for the determination of the burnup profile along the rods.
The burnup of other rods has been measured by sampling a specimen
from the rod ; the average and maximum burnup data were deduced from
the gammascanning profiles, The burnup of the other rods is calculated
from the relative gamma intensities alone. The results described
hereunder are based on the data obtained at Mol, which are nearly
complete = the work at Karlsruhe is still in progress.

V_41 rod. The rod has been chopped and the fuel dissolved at
the IMA R in a HNO; 10 M boiling solution, then in a HCl 5 M +
HBr 5 M + HF 0.1 M boiling solution. An aliquot of each solution
has been sent to the Radiochemistry Service of the C.E.N. ; some
have also been sent to Eurochemic for isotopic composition deter-
mination ; some have finally been used at the IMA for Csl37 analysis.

The separation of 05137 at the IMA is based on the precipitation
of fission products carbonates other than caesium on an anionic
exchange resin. The eluated solution is analyzed and measured
spectrometically. The claimed accuracy of the method is + 10 %.

The results are given in Table II.

The separation of fission products at the Radiochemistry Service
of the C.E.N. (7) is effected by determining the fission density of
irradiated fuels by measurement of the concentration of Csl37, Celua
and Sr%0, This method is based on a separation on Dowex 50 resin
with use of complexant products (7). From these different measurements,
the burnup is determined by taking into account the uranium and
plutonium isotopic composition after irradiation for estimation of
fission yields, and the irradiation and cooling times.

& IMA : Laboratoires de Moyenne Activité - GEX - C.E.N.-Mol
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A third control was established by the BCMN *, which determines
directly the Csl37 content by mass spectrometry of the initial
solution.

To the accuracies given by the authors should be added 10 %
for the error in the fission yield of the different products.
The total accuracy is then 20 %. The experimental data given in
Table II do not support such a low figure for the accuracy. The
comparison of the various experimental data is given graphically in
figure 6.

Other rods. The only other experimental data concern two rods ;
the average and peak burnups based on the data and on the gammascans
are given in table III. These values confirm the data obtained by
comparison with the rod V 41 on the gammascan basis, except for the
average of R 289.

The average adopted burnup data are selected from the experimental
datae (radiochemical analysis, gammascanning, isotopic compositions)
and predicted power distribution, These values are mapped in figure 7.
In generzl, the agreement between experimental and predicted data is
good in the case of plutonium rods,

Table IV gives the result of 5 determinations of the isotopic
composition performed at Eurochemic. From the results on three
segments of rod V 41 the burnup was calculated , the vaiues (Table II)
are in agreement with the adopted values within the 1limit of accuracy.
Likewise it may be seen that the isotopic composition varies continu-
ously with the adcopted burnup data within the limits of accuracy.

A few new fission gas release data have been obtained since
the previous paper (4) , a summary is given in Table V.,

The isotopic composition of the released xenon and krypton
(Table VI) is similar for all plutonium rods, but slightly different
for the uranium rods. The influence of the proximity of the control
rod is noticeable, reflecting the difference in irradiation history.

R Central Office for Nuclear Measurements, Joint Nuclear Research
Centre, Euratom, Geel, Belgium,
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The efficiency of the gas collection during the post-irradiation
test lies in the region 14 - 26 %, except for rod R 298, The high
figure for this rod is surprising, taking into account the higher
density and smaller grain size of the swaged fuel.

The free gases at room temperature represent a pressure of
4 - 9 atm. One should be careful in extrapolating this residual
room temperature pressure to the gas pressure under operating
conditions. It is noticeable that the highest pressures are for
"dynapak" fuel, which snould have the highest surface area for gas
adsorption,.

The hydrogen content of the gas corresponds to a hydrogen
content of the fuel of 0.05 - 2.5 ppm or tc a moisture content of
the fuel of 0.4 - 22 ppm. Both contents are within the specification
of the initial fuel., The lower value for "dynapak" fuel is
probably due to the fact that it was carefully dried Jjust before
the fabrication of the rods.

The CO and CO, content of the rods with "dynapak™ powder does
not confirm the analyzed carben content of the fuel (40 ppm C).
It should be noted that the carbcn content of the fused UO2 was of
the same order of magnitude (50 ppm C).

The fission gas release is more than one order of magnitude
higher for the powder fuel than for the pelleted fuel (0.9 %).
Since the central fuel temperature is estimated at 600°C in both
cases (figures 8 and 9), the release rate for the powder fuel can
only be explained by the heterogeneous nature of the fuel (plutonium
in the fine size fraction only). It should be expected that small
grains release more fission products ; the recoil distance is indeed
of the same magnitude than the grain size. The comparison of results
for rods R 307, R 289 and R 298, in which the plutonium was in solid
solution in 1.10 and 18 % of the fuel respectively (Table V), suggests
however that the saturation of the fuel lattice could be the main
effect ; in Table V, the burnup and the release rate were computed
for the plutonium containing part of the fuel, assuming 60 % of the
power was generated by the initial plutonium and that all the release
came from the fine size fraction of the fuel. It can be noticed that,
on this basis, 20 % of the fission products enter the adjacent fuel
by recoil, if one estimates that at 200,000 MWd/t and 300 - 600°C
the fuel is completely saturated.
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6. Structure.

Figures 8 and § present a macrography, an « - and a B -y
autoradiography of a cross-section of two representative rods.
No major modification of the structure has occurred under irradiation,
except an overall spike sintering phenomenon in the swaged fuel ,
the strength of the sintered joints is such that circumferential
cooling cracks are visible throughout the hottest specimens.
This observation is not in contradiction with the assumed 600°C
maximum central temperature since

1) one of the authors found that swaged UO2 sinters when subjecting
the rod to 1,000°C (and even 900°C) for 1 h

2) it is well demonstrated that the fission process can lower the
sintering temperature by 30 ¥. The $00 - 1,000°C range corresponds
therefore to 550 - 600°C under irradiation.

The preferential plutonium and power distribution at the outer
edge (4) is only dightly visible in the autoradiographs due to
polishing effects. The fiattened transversal distribution of
temperature (2) is supported by the uniformity of the structure and
by the pattern of cracks, These observations are only gualitative
and even not conclusive by themselves.

5. BR-3/VN,

The program has been presented at the Brussels Symposium on
the Use of Plutonium as a Reactor Fuel, March 13-17,1967 and its
status will only be mentioned briefly hereafter. Characteristic
data are given in Table I,

3.1, Description of tie fuel.

A fuel assembly containing 16 pel.eted rods and 19 vibrated
rods has been made of plutonium enriched natural uranium. The
vibrated rods were of the heterogeneous type.

The principal actual result was to show the great importance
of the pessimistic hypotheses adopted for thne interpretation of
the control data and for the celculation of the burnout margin.
The development program has been adapted ccnsequently.
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3.2, Irradiation data,

By the time of the present symposium, the plutonium fuel will
have reached an average burnup of 9,000 MWd/t and a peak burnup of
12,000 MWd/t in the highest rated vibrated rod.

4, COMPARISON WITH RESULTS FROM IRRADIATION TESTS.

The past BR-3/PWR run is representative of the power rating
of the lowest rated 40 # of the fuel charge of a modern water cooled
power station. The present BR-3/VN run is representative of the
power rating and the burnup of the lowest rated 60 % of such a
fuel charge.

The present section will summarize the results of irradiation
tests conducted under more extreme conditions. Those irradiations
are realized in two facilitiles of the BR-2 , a hydraulic rabbit (HR)
and a "boiling water capsule" (CEB).

4,1, HR (Hydraulic Rabbit).

A research program to check the thermal behavior of plutonium
enriched oxide fuel is performed in a hydraulic rabbit of the BR-2
at Mol in Belgium.

The tests include a series of specimens reaching full power
after 15 min at linearly increasing power and a series of specimens
reaching full power in 0.2 s. Each test also includes homogeneous
and heterogeneous fuel.

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

v _ 4% g -
q = 7 ~/‘ kdT with ¥ fn fg
where q"(W/em) : power rating
£ : correction for the heterogeneity in the

transversal distribution of the power
density (W/cem?)

£ : correction factor for a homogeneous fuel
due to the neutron flux depression

154



big : correction factor for the heterogeneous
g distribution of the fissile material,

For vibratory compacted fuel at 85 % TD, the integral from
0 to 2,800°C is equal to 70 W/cem for specimens filled with argon
and 70 - 80 W/em for helium containing rods., The f factor is
respectively 0.7 - 0.8 and 0.8.

This means that, under normal conditions of modern water reac-
tors, the melting point should just be reached at 600 - 800 W/cm
for homogeneous fuel and 900 - 1,000 W/em for heterogeneous fuel.

On the basis of these data, it has been calculated that it
would be possible to design and fabricate a fuel with a f down
to0 0.6.

4,2, Boiling water capsule.

The continuous monitoring system of the capsule (8) gives the
evolution of the heat rating and the cladding temperature at various
levels along the channel,

Only the first of the four irradiation capsules tested in the
BR-2 is being examined presently in hot cells. The characteristics
are given in Table I. The specimens were made by incremental loading;
each increment of powder was a blend of the three size fractions.
This produced a longitudinal segregation of plutonium to 4 levels
corresponding to the interface between each of the four increments,
The plutonium gamma activity of the rods presented 4 peaks up to
30 % (figure 11) ; the loading process avoided to a maximum extent
any transversal heterogeneity of the plutonium distribution,

The irradiation history is given in figure 10. It can be
noticed that the power rating was increased from 170 to 320 W/cm
at 50 % of the fuel life ; this simulates power peaking that might
arise from a reshuffling. The peak cladding temperature was 550°C
In a homogeneous fuel the central temperature would have been
1,600 - 1,700°C and the average fuel temperature 1,200°C. The total
irrediation time was 2,400 h of which 200 h have been in high power
rating after 1,200 h of irradiation. From the recorded data, the
burnup has been estimated at 10,000 Mwd/t.

The dimensional tests revealed no change due to the irradiation,
which was a surprise considering the high cladding temperature.
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The gammascanning (figure 11) indicates local power peaks
equal (within the accuracy) to the plutonium activity peaks measured
before irradiation. This is believed to confirm the good transversal
distribution of the plutonium, although the effect of heterogeneities
on the plutonium activity is much less in such small rods than in
large ones.

The radiochemical burnup determination is still in progress
at the moment of writing. From the neutron flux monitors, the
burnup should be of the order of 16,000 MWd/t ; the peak power
rating should then be 500 W/cm and the peak central temperature
would have been 2,400 - 2,600°C in a homogeneous fuel.

The gas release data are given in Table V,

The structure of one of the specimens (V 62) is given in
figure 12, The modifications are only a spike sintering from the
cladding to a depth of 10 - 20 % of the radius in rod V 62 in a
section at average power, 5 - 10 % of the radius in the same rod
in a section at 120 % of average power and 50 % of the radius in
rod V 59 at 90 % of the average power of rod V 62. In rod V 62,
the plutonium has migrated to a 50 p depth in the large U0, grains
in the central portion ; such a phenomenon has not occurred in rod
V 59. Since the metallographic examination is not completed, it can
only be concluded that the central temperatures were respectively
ranging from 1,500 to 1,600°C in rod V 62 and from 1,300 to 1,400°C
in rod V 59. These figures lie in the present range of uncertainty
of peak temperatures based on the available power data (continuous
monitoring and neutron dosimetry) ; a conclusion will only be
possible when the radiochemical analysis will have defined more
precisely the burnups. It will then be possible to see to what
extent the burnup influences the improved heat transfer properties
of the fuel.

The fission gas release is given in Table V. The total of the

collected gases from rod V 59 was only 20 % of that from rod V 62
and too small to enable an analysis to be performed. These rough
values do not permit to draw a conclusion since they might be
influenced less by the density than by the extraction efficiencies
which can be as low as 20 % (Table V). The isotopic composition
of the gaseous fission products is given in Table VI . no major
difference exists with the case BR-3/PWR. The hydrogen release is
lower than in the BR-3 rods ; since the same powder and the same
fabrication techniques have been used, it is probably an effect of
the higher permeability of the cladding to hydrogen at high tempe-
ratures. The 70 % fission gas release can be influenced both by
the higher temperature and the higher burnup. The comparison of
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the release and the burnup reduced both to the plutonium bearing
part of the fuel shows a good agreement with the BR-3/PWR results
and tends to indicate that the temperature has not the major
influence.

CONCLUSIONS.

The long term irradiations performed up to now have proved
the beneficial effect of heterogeneous fuel on gas release.
From the data available at the time of writing, the burnup influence
on the improvement of heat transfer demonstrated in the rabbit
experiment could not be deduced.
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TABLE I

IRRADIATION CONDITIONS

e
Unit BR-3/PWR BR-3/VN CEB-1
Dete 1963 - 1964 1966 - 1968 1965 - 1966
Number of rods 12 19 3
Number of rods per assembly 108 BT 1
Outer diameter mm 8.7 8.5 6
Total length cm 152 125 15
Cladding SAE 348 304 (L) 348
Thickness m 0.5% - 0.6 0.5 0.5
Enrichment Pu % 0.96 6.6 5
Density % TD 86% - go, AR 85 83 - 87
0o/Mratio 2,01/2.02 2.00/2.01 2.00
Coolant HQO press. H20 - D0 press. NaK
Max. cladaing temperature £¢ 300 340 550
Max. power rating W/cm 130 200 320
Max. heat flux v/ cn® 50 70 180
Max, burnup MWd/t 6,000 (25,000) (10,000)

R Vibrated rod
AR Swaged rod




091

TABLE II

BURNUP DETERMINATION OF ROD V 41 (MWwd/t)
Operator LMA Radiochemistry Service C. E. N. BCMN Eurochemic Adopted

opte

Method G e Cal 570 Am?Y! &ty Yeotopic value

(1) (1) (1) Composition

Segment nr 15 660 530 700 650
Segment nr 14 950 800 1,000 1,100 950
Segment nr 13 1,840 1,500 2,000 1,800
Segment nr 12 2,470 2,620 2,200 2,600 2,500
Segment nr 11 2, 640 3,550 2,900 3,450 3,400 3,100
Segment nr 10 3,220 4,040 3,300 3, 650 3,500
Segment nr 9 |3,010 and 3, 250(2) 4,920 4,100 4,000 3,800 3,800
Segment nr 8 3,930 5, 300 4, 350 4,900 5,000 4, 600
Segment nr 7 4,010 5, 680 4, 600 5,100 4,900
Segment nr 6 4, 300 6,210 5,100 5,200 4, 350 4,200 5,000
Segment nr 5 6,510 5,300 5,200 5,300 5,400
Segment nr 4 4,875 4,000 4,500 4, 400
Segment nr 3 2,900 4, 640 3,800 4,200 3,800 3,900
Segment nr 2 3,080 2,550 2,700 2,400 2,900
Segment nr 1 2,130 1,800 1,800 1,900
Average burnup| (3,200) 3,700 3,400 3, 400 3,400 (4,000) (3,400)
Accuracy % 7 13 6 7 9 10 5
Peak burnup (4, 400) 6,500 5,100 5,200 5,000 (4,000) (4,100) 5,400
Accuracy % 20 20 25 25 25 30 30 5

Note :

(1)
(2)

( ) indicates that the value is not deduced directly from measurement

inaccurate results (cf. 2.3.2.) - Only the relative longitudinal figures were deduced from the experimental data

results of two measurements on different aliquots of the solution
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TABLE III

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

Average Peak
Rod T T
From direct From comparison From direct From comparison
measurement (1) with V 41 Adopted value (3) | measurement (1) with V 41
(+ 10 %) (+ 10 %)
u 1 (3,300) (3,700) (5,000)
u 2 (3,300) (3,500) (4,300)
vV .29 2,900 2,900 4,600
vV 40 Q) 2,900 3,000 a) 4,600
v ok 3,400 (+ 5 %) (5) 3,400 3,300 5,400 (+ 5 %) “(5) 5, 400
v k4 3,800 (+ 20 %) 3,500 3,600 7,100 (+ 20 %) 6,100
> i 3,000 3,000 4,500
v 4y 3,400 3,300 5,100
R 283 2,900 2,900 4,500
R 284 2,400 2,400 3,900
R 286 (@) 3,200 3,100 (2) 5,100
R 289 ' 2,400 (+ 20 %)*°7 4,000 3,200 3,900 (+ 20 %)'°°. 5,000
'R 298 3,100 3,200 i 4,700
R 307 2,600 2,600 4,000

1)
(2)
3)

see Table II
from radlochemical determination of a segment and calculations based on gammascans
from experimental determinations and theoretical data (see figure 7)
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ISOTOPIC COMPOSITIONS
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Rod Unit Initial R 289 vV 42 V 41
data
Segment 1T 16 9 3 6
Adopted burnup MWa/t 3,200 3,200 3,800 3,900 5,000
U isot. compos.
el % 0.004 0.005 0.003 0.006 0.005
U235 % 0.71 0.55 0.56 0.585 0.56 0.53
R0 % 0.034 0.032 0.03 0.032 0.038
2?8 % 9.3 99.41 99.40 99.38 99.40 99.42
Pu_content
Pu/U + Pu w/o 0.96 0.87 0.85 0.93 0.90 0.91
Pu_isot._compos._
nd % 93.7 74 4.9 75.8 75.0 7.6
pusto % 5.7 18.5 18.1 17.8 18.5 20.0
pu2tL % 0.6 6.8 6.3 5.8 5.9 7.4
puh2 % 0.77 0.68 0.59 0.635 0.96
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TABLE V

FISSION GAS RELEASE
BR-3/PWR CEB-1
Rod Ul U2 vV 41 vV 42 R 289 R 298 R 307 Vv 62
Unit
Free space cm 8 10 10 7 7 7 0.33
Average b. u. MWd/t (3, 500) 3,300 3,600 3,200 3,200 2,600 (lO, 000)
Collected gases
Ar +He +N, +0, em) 5.5 | 2.1 2% 1.4 1.2 4.4 1.0 0.59
H cm, 7.2 4.7 2,3 2.5 0.8 0.25 0.5 0.01
C6 + CO, emg - - . = e 29.0 2,7
Xe +Kr em, 0.3 ] 0.22 5,3 3.6 2.6 6.9 4. 36 3.58
Total cm 13 7.0 10.2 TS 4.5 41 8.5 4.18
Efficiency of the gas e
collaction % 68 26 26 14 1 63 14 100
Gas pressure at room At 2.4 3.4 4 4 9 9 13
temperature
H released ppm/UOz 4.5 2.4 1.2 2.5 6. 65 0. 05 0.5 0.05
C released ppm/UOz - - - a G 40 17
Fission gas released % 0.7 0.9 32 39 27 19 55 70
?l}";:fo‘“ e MWwd/t (22,000) (23,000) (20,000) (11, 000) (200, 000) (180, 000)
»
Yoo
Fission “ gas released 6
of the (U, Pu)0, (50) (60) (40) (32) (80) (75)
Note : ( ) indicates that the values are estimated by calculations from experimental determinations
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TABLE VI

ISOTOPIC COMPOSITION
OF THE RELEASED XENON AND KRYPTON (%)

BR-3/PWR CEB-1

Rod V41 V 42 Vv 289 R 298 R 307 u1 v, vV 62
Xenon

131 12 12 12 12 13 14 10 12

132 20 19 19 18.5 19.5 21 15 18.5

134 28 27 27 29 27 29 30 26

136 40 4.5 42 40 43 36 45 43
Krypton

83 18 37 17 17 12 15 20 12

84 28 28 29 29 27 30 35 31

85 7 T 6.5 7 4 6 = 7

86 47 48.5 43 48 58 49 45 50
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Vibrated rod V 41

FIGURE 7

Map of the burnup in the Pu assembly of BR}/PW3
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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-U07 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-uranium dioxide fuel manufacturing methods have been
developed to meet increasing demands for critical assembly, test reactor,
and demonstration power reactor fuel elements. (1) The most important
areas which have been developed are (a) conversion of plutonium nitrate
and metal to sinterable grade Pu0, via four different process routes;
(b) fabrication of Pu02-U02 pelle%s from mechanically blended Pu0,-U0O
powders; (c) fabrication of Pu0 —UO2 fuel pellets from coprecipitated
Pqu-UOZ; (d) preparation of pe%lets of different oxygen-to-metal ratios
over a wide range of plutonium concentrations to optimize the stoichio-
metry with regard to in-reactor performance; (e) control of pellet
physical and mechanical properties such as density, dimemnsion, and void
distribution; (f) control of trace metallic impurities and other con-
taminants such as C, N, H, F, Cl, moisture, and total gas, having
closely specified upper limits; (g) control of precise plutonium assay
of fuel lots as well as microhomogeneity of individual pellets; (h) fuel
rod loading, welding, leak checking, radiography, gamma scanning, and
autoclaving; (i) supporting operations including materials receiving and
product shipping, shipping container development and testing; account-
ability, criticality control, licensing, quality assurance, quality
control, and radiological safety; (j) recycle and recovery technology
for all process stages; (k) specialized equipment designs for all
process stages.

During the first four year period between 1961 and 1965 the above
stages of development progressed from a kilogram scale to contracts
requiring over 500 kilograms of fuel. One multi-ton order for SEFOR
is now being processed by a commercial supplier and additional large
orders are expected to be fabricated by industrial suppliers during
1970 and beyond.(z)

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-
ly for the conversion of plutonium nitrate into high reactivity inter-
mediate compounds for subsequent hydrofluorination, are also well-suited
for making Pu0,. Additional requirements for the resultant sinterable
Pu0, include cfoser control of impurity contents, physical properties,
and"assay. Comparative data on alternate routes have been obtained
by processing and evaluating test batches prepared in safe geometry
equipment. Direct conversion of metal to oxide is also described.
Properties are summarized in Table I.
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Continuous Precipitation and Calcination of Pu(IV) Oxalate

This is the current reference process for preparing nuclear grade
Pu0, with controllable physical properties and sinterability. Pre-
cipitation is easily controlled to yield a final sedimentation average
powder size of 2-4 u. Filtrate waste loss is less than 1 percent
providing that the oxidation state of plutonium is pre-adjusted to
Pu(IV) by the addition of H,0,. Plutonium recovery from the filtrate is
required. Tap density, bulﬁ aensity, B.E.T. surface area and residual
carbon content are controlled by the time-temperature history during the
thermal decomposition (calcination) step. Powder properties can also be
adjusted by hammermilling and by dry ball milling. Purity of the product
is higher than the nitrate feed solution. The Pu0, powder thus produced
has been used as a reference material to prepare () high density Pu0. -
U0, pellets by mechanical blending and sintering; (b) high density Pu 5
pellets; (c) controlled density Pu0, microspheres by powder agglomeration,
sizing and sintering; (d) plutonium carbide by reaction with carbon at
high temperatures under vacuum.

Continuous Precipitation and Calcination of Pu(III) Oxalate

In the recovery of plutonium from process scrap by nitric acid
dissolution and anion exchange, the final elution step can be accelerated
by establishing reducing conditions with hydroxylamine nitrate, for
example. Oxalate precipitation from the resultant Pu(III) eluate

+solution is convenient, provides additional purification, and results

in slightly lower filtrate losses than the Pu(IV) route. Calcination
control provides the same function as previously described. The
resultant Pu0, has higher bulk and tap density, larger particle size,
and slightly %ower sinterability than the previous method, but these
minor deficiencies can be improved by milling if required. Accordingly,
this process is considered acceptable for cases where the feed solution
is already available as Pu(III) nitrate.

Plutonium Peroxide Precipitation and Calcination

This route requires close control to obtain reproducible oxide
properties due to the tendency to form varying amounts of cubic and
hexagonal peroxide crystallites during precipitation. In addition,
filter cake washing and drying control is more critical since the
peroxide precipitates are less stable than the oxalates and generally
contain more residual nitrate impurity. Physical properties of the
final calcined PuO, are distinctly different from oxalate derived
material, and in spite of a high surface area, the product has only mar-
ginal sinterability. With thorough calcination, combined with powder
milling to reduce the size of agglomerates, an acceptable product can be
obtained. Although the peroxide route produces the lowest total
metallic impurity levels of the three methods, the process is considered
sub-standard with respect to the others because of more difficult process
control, poorer sinterability, and greater safety hazard associated with
hydrogen peroxide.
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Direct Conversion of Plutonium Metal to Pu0

2

Plutonium metal buttons were oxidized directly to Pu0, in a fixed-
bed pan reactor under an atmosphere of moist air or oxygen. Halide
impurities were removed during calcining, but total metallic impurities
remained. To obtain reproducible sintering characteristics the powder
was milled to an average particle size of 1-1.2 microns. Although the
Pu0, product was dense, when blended with sinterable-grade U0,, good
fabrication control was obtained for mixtures containing 1.5 %o 20% Pu02.
Mechanically Blended Fuel Pellet Fabrication

Powder Blending

In the mechanical blending process, individually prepared oxides
of uranium and plutonium are intimately mixed together in the required
proportion. Specialized equipment requirements are minimal since only
the Pu0, preparation, final blending, and pellet fabrication require
alpha g%ove box containment. Sinterable-grade natural or depleted UO,,
usually the major component, is inspected, assayed, and pre-weighed for
batch blending prior to transfer into the glove box system. In general
practice, an attempt is made to match the particle size and surface area
of the two components. Mechanical techniques which have been utilized
for the mixing include (a) twin-shell pre-blending, (b) hammer-milling,
(c) mix-mulling (wet), (d) paste blending (wet),and (e) ball-milling
(wet or dry). Agglomerate '"snow-balling" has been observed with simple
dry twin-shell mixing, resulting in micro-segregation which is greater
than fuel specifications allow. Dry pre-blending followed by hammer-
milling and dry ball-milling, which imparts inter-particle shear forces
to break down such agglomerates, results in good micro-homogeneity as
shown by autoradiography of sintered pellets. Mix-mulling, wet ball-
milling and paste blending produce uniform mixtures, but have the dis-
advantage of utilizing liquids which must be removed before pelletizing.
Drying is a slow procedure even in a vacuum dryer, since the temperature
must be kept below 80°C to prevent oxidation of the UO,. Although
acceptable for thermal recycle fuel compositions, the ilise of hydrogenous
liquids in grinding, mixing, or granulation of fast fuels containing 20
to 25% PuO2 is less satisfactory due to criticality limitations.

For example, the calculated safe mass limit for 25% Pu0,-U0, paste
or slurry is 1 kg of contained Pu as compared with a dense powder dry
limit of 22 kg contained Pu. Safe mass limits for typical material
configurations are shown in Table II.

To control microhomogeneity, alpha autoradiographs of sintered test
pellet transverse cross-sections are made and compared with visual
standards. With the aid of electron microprobe verification, it has been
shown that dry-milling and wet ball-milling of mechanically blended oxides
will meet proposed microhomogeneity specifications for fast reactor fuels.
To illustrate the relative degree of microhomogeneity attained with con-
ventional ball-milling, an ARL-EMX electron microprobe was used to
determine the microhomogeneity of U0,-15% Pqu fuel pellets prepared by two
alternate routes, coprecipitation + ary sintering and mechanical-blending
+ dry sintering.
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The reference NUMEC RED process was used for coprecipitation. Pu-IV
oxalate derived Pu0, and Eldorado Mining and Refining Company normal U0
were mechanically—b%ended by dry ball-milling for four hours. All pelléts
were sintered on a 4-4-4 schedule at 1650°C in a N,-6% H., atmosphere in
a 3 inch diameter molybdenum wound alumina muffle Sintering furnace.
Pellets were pressed without binders or lubricants in a double-acting
hand press die set. '"Dry'" sintering denotes 100-200 ppm moisture content
in the inlet gas to the furnace.

For purposes of visual comparison, the full pellet cross-sections
as polished for microprobe examination were autoradiographed prior to
platinum shadowing. The microprobe scanning target areas were selected at
random and the local plutonium concentrations and uranium concentrations
were examined using the Pu L& or Pu M X and UL x x-ray lines, respectively,
using an accelerating voltage of 30 Kv and beam current of 0.2 pa. 11
inch LiF and 4 inch ADP analyzing crystals were used for the Lx and M
lines, respectively. Step scanning at 1 micron intervals with a 1 micron
spot was selected as the most sensitive procedure. Display scan x-ray
and electron backscatter TV display prints were taken on most of the
samples after quantitative scanning. These display prints illustrated
general features over a 45 micron square area within which the step scans
were made. Surface porosity was clearly shown in the backscatter displays.

Quantitative scan data were transferred from the strip charts to
tabular form and analyzed for variance based on 95% confidence limit
criteria.

Prior to ranking the product homogeneity, the data were tested first
to:

1) determine that the CP data population variance was significant
with respect to the variance due to instrument background
variations;

2) determine that the population variances were the same for the
duplicate sets 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 pellet). The data were then tested to establish that
the CP material was in fact more homogeneous than the MB-dry
material.

The analysis showed that the point-to-point deviation of plutonium
concentration of the mechanically-blended oxide was * 3% which is only
slightly greater than the value of + 1.4% for coprecipitated material.
The results are summarized in Table III.

The ability to control lot-to-lot macrohomogeneity during
mechanically-blended fuel fabrication can best be illustrated by experi-
ence gained during manufacture of 530 kgs of 6.6% Pu0,-U0 pellet fuel.
As shown in Table IV, product lot sample assays for plutonium varied from
5.75 wt % to 5.85 wt % Pu which represents a spread of only 0.1 wt % Pu.
This result was achieved for 13 blend lots which were prepared in a twin-
shell blender. The lot size was 35 kg.
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After powder blending, the fabrication process follows a stepwise
path which is similar to U0, pellet manufacturing practice, with modifi-
cations added to provide alpha containment. The process lends itself
well to the stringent pellet inspection requirements which are necessary
for reactor loadings. A typical dry process flowsheet suitable for Pu0,-
U0, fast reactor fuel is shown in Figure 1. Each process step utilizes
a Separate glove box unit.

Pelletizing

Fuel shapes are continuously and automatically fabricated by mech-
anical compression of a powder possessing suitable physical character-
istics. Such a powder must be free flowing for uniformity and duplication
in the filling of the die and must impart to the compacted piece sufficient
green strength to allow normal handling. Sinterable grade ceramic powders
have an average 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 to 8 TSI or by mixing with a solution of soluble wax
and drying. A lubricant such as stearic acid is usually added to the
granulated material to maintain the free flowing characteristics and to
facilitate release from the die following compaction. Coprecipitated
and mechanically-blended powders of Pu0,-U0, are generally compacted at
10 to 30 TSI to give a resultant green Shap€ which has a density of 40
to 55percent theoretical. Lower compaction pressures are insufficient
to give suitable strength to the body and result in excessive shrinkage
during sintering. Higher pressures cause conical end cracking unless a
binder is utilized.

Sintering

Final densification of the compacted fuel shape is achieved by high
temperature sintering. In this process the individual particles coalesce
giving rise to grain growth, solid solution formation, and volumetric
shrinkage. All of these effects are time, temperature, and atmosphere
dependent. Furthermore, traces of chemically bound water or unconverted
compounds will volatilize and thus may influence the pellet structure.

Sintering studies for Pu0,-U0, compositions have been carried out
extensively. In general, the Systém can be described as one of complete
solid solution between the component dioxides but complicated in the
Pu02-rich region by the formation of lower oxides, namelyCX-PuZOS. This
formation occurs in the reducing atmosphere which is necessary td
maintain the stoichiometry of the U0, and at the temperatures required
for sintering, 1500 to 1700°C. VariGus sintering atmospheres have been
utilized; Ar, Ar- HZ’ CO2 -Co, N -H,, H 2 He, He-H The non-explosive
nature of ArlL, N -H, and He-H wﬁere the hydrogen content is below 8
percent is espec1a11y well- sulged for venting into closed glove boxes.
The reducing characteristics of such gases are less pronounced than pure
hydrogen, but suitable oxygen/metal ratios are obtained during sintering.
The behavior of molybdenum furnace heating elements in such atmospheres
is also satisfactory.
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The maximum practical charging rate of Pu0,-U0, in a continuous
pusher furnace operating under a non-explosive ﬁ -6% H, atmosphere is
limited by the in situ formation of large amountS of moisture from the
reduction of super-stoichiometric oxide contained in the green pellets.

If the charging rate is excessive, a high ratio of water partial pressure
to hydrogenpartial pressure can occur in the furnace atmosphere, resulting
in cracked pellets, distorted pellet shape, or excessive "dishing'". This
condition can be corrected by increasing the gas flow rate, improving the
countercurrent gas flow pattern or reducing the pellet charging rate.
Decreasing the excess oxygen content of the green pellets by powder re-
duction or by presintering will also increase the sintering furnace
capacity, in accordance with straight-forward stoichiometry considerations.
Local temperature profiles and gas compositions in the discharge or cooling
zone of the furnace are considered to be important factors in freezing the
final pellet stoichiometry levels. Quantitative data on equilibrium

oxygen partial pressure for mixed oxides(4) and the U-0 and Pu-0 systems
are being used to set allowable ranges of gas compositions and to improve
pellet stoichiometry control.

The lot-to-lot variability in pellet oxygen/metal ratio during pro-
duction sintering of mechanically-blended 6.6% Pu0,-U0, is shown in
Table IV. The oxygen/metal ratio of 13 production”lots averaged 1.99 with
a standard deviation of 0.01.

Density and size control of sintered pellets in the range 93-95%
T.D. is achieved by the same techniques developed for U0,, that is, by
controlling pellet green density and size. Sintering temperature is
adjusted initially within the range of 1550°C to 1650° + 50°C. Final
pellet density is maintained within + 1 to + 2% T.D. of the average.

Press feed properties, and sintering temperature are held constant.
The die size is changed to compensate for different powder properties.

Recent results have shown that control of pellet density in the
range of 91 to 93% T.D. is possible using a dry slugging-granulating
process. Figure 2 shows typical fired density versus green density
curves as a function of slugging pressure and granule particle sigze.

The starting powder was 20% Pu0,-UO, having a surface area of 5 M"/g and
Fisher Subsieve size of 0.9 micfons. In general, coarse particle sizes,
high slugging pressures, and low pellet pressing pressures result in
decreased density. The slugging-granulating method also offers a flexible
means of controlling open and closed porosity. In general, high slugging
pressures, an absence of "fines", and low pellet pressing pressure lead
to open porosity. By decreasing slugging pressure, introducing 'fines',
or increasing pellet pressing pressure, the structure gradually changes
to a higher ratio of closed to open pores. Porosity may be varied from
16% open/0.8% closed to 0.9% open/4% closed.

Density control in the region below 91% T.D. can be achieved by
several approaches that offer the possibility of control with further
development. These methods include the dry addition of organic
(burnable) pore formers and the presintering of ceramic grade powders
prior to pellet fabrication. Dry additions of 1.5 to 3% methylcellulose,

180



sucrose, dextrose and carbowax yield adequate control of density range,
providing that the organic additive is removed prior to sintering by heat
treatment in CO, at 880°C. The addition of powder presintered at 1400-
1600°C in N,-6%"H, has also been used to obtain reduced pellet density.
For example, a 25% addition of 1600°C presintered powder to virgin powder
permits density control in the range of 88 to 91% T.D.

Pellet Grinding

Centerless grinders of two types have been used for obtaining close
control of pellet diameter; belt centerless grinders and abrasive wheel
grinders. These machines are capable of controlling diameters to
+ 0.0005 - 0.001 inch on pellets of about 0.2 inch to one inch in
diameter. Machines of both types ordinarily require a recirculating
water spray for cooling and lubrication during grinding. Critical mass
control is therefore a problem as the grinder sludge is entrained in the
coolant. Control has been accomplished either by weighing pellets before
and after grinding and limiting plutonium accumulation within the safe
limit (250 grams) by accountability or by limiting the total liquid volume
to less than 3 liters.

Tube Loading and Welding

Pellet loading and weld area decontamination represents the transition
point in the process between complete glove box containment and secondary
cantainment in an open-front hood. In general, all external cladding
surfaces should be protected from contamination throughout the loading
process. Usually the only area requiring decontamination is the internal
surface of the tube in the end cap area. It is critical that this area
be clean as contamination is otherwise trapped in the weld metal and can
never be removed. Vinyl tape over the external tube end protects the
surface and can easily be removed during decontamination. At least two
techniques have been successfully utilized for attaching the tube end to the
glove box while keeping the external tube surface outside the box. The
most universally applicable technique is to attach a number of tubes to
projections formed in a plastic pouch by means of tape and using the
standard bagging procedure to connect to a bag port. After loading,
the vinyl projection tubes are sealed off with a dielectric sealer and the
bag remnant carefully removed from the tube end in an open front hood.

The tube end is decontaminated with alcohol-dampened cloth patches and swabs.
Clearance is needed between the fuel material and the tube end in order to
thoroughly decontaminate the weld area. A plastic or rubber breather plug
is then inserted in the tube to contain the fuel and control contamination
during subsequent evacuation in the vacuum welding box. An alternative
technique which can be used with relatively dust-free pellets is to insert
the tube through a rubber grommet mounted in a wall between a glove box
and a ventilated air lock or open front hood. Only the tape protected

end of the tube is inserted for loadings. After loading, the end is
withdrawn into the air lock, decontaminated, and closed with the
previously described plastic plug. The second end cap is then inserted
and the tube closed by conventional welding techniques. Welding is
usually performed in an evacuable chamber backfilled with inert gas.
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Coprecipitation Process for Mixed Oxide Fuel Pellet Fabrication

As an alternate to the mechanical blending process described above,
mixed oxide pellets have also been fabricated from powder prepared by
the coprecipitation process. The coprecipitation process provides
slightly improved microhomogeneity and a greater assurance of solid solution
in the final product. This process has been used for fabrication of fuel
for physics tests and for reference materials which are used in irradi-
ation testing and thermophysical property measurements.

The preferred chemical blending process is based on the coprecipita-
tion of a plutonium hydroxide-ammonium diuranate intermediate compound
fran mixed uranium-plutonium nitrate solution, followed by filtration,
washing, drying, thermal decomposition, and reduction in a N2-6% H2
atmosphere.

The corresponding mixed oxalate or mixed peroxide coprecipitation
processes are unsatisfactory because of high solubility losses, in-
complete solid solution, and sub-standard powder sinterability.

The following features led to the choice of the ammonium diuranate
plutonium hydroxide conversion route as a final process.

1. The coprecipitation process was uniquely suited to the
preparation of the required single-phase homogeneous mixed
oxide ceramic fuel.

2. The continuous precipitation process took advantage of
extensive large-scale experience with the closely-related
ADU/UO, conversion route which minimized the cost of
development and assured better control of product quality.

3. The process chemistry met requirements of close U/Pu composition
control, flexibility in the choice of precipitants (i.e., gaseous
ammonia or ammonium hydroxide), negligible corrosion con-
tamination, and low plutonium waste losses.

4. Preliminary studies showed that the operational safety of the
hydrogen atmosphere furnace reduction step could be maintained
by using a dilute non-explosive mixture without sacrificing
product quality.

Pre-assayed uranyl nitrate and plutonium nitrate solutions are
blended to yield feed solution containing 0.4 - 0.6 mols (U+Pu) per
liter and 1.0 mols free acid/liter. The feed solution and ammonia
precipitant are contacted in an agitated precipitator at a temperature
of 50-55°C. An average residence time of 25 + 5 minutes is used to
obtain satisfactory particle size and agglomerate structure. The
slurry is continuously filtered and washed by reslurrying-filtration.
After air-drying at 180-220°C, the solid material is thermally decomposed
and reduced to uranium-plutonium dioxide in a nitrogen-6% hydrogen
atmosphere at 850°C for 1-1/2 hours. The product is hammer-milled to
eliminate agglomerates prior to use. A process flow diagram is shown
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in Figure 3. The major process variable affecting final product sinter-
ability is the time-temperature history during thermal decomposition
and reduction. Precipitation transient conditions, ammonia concentra-
tion, pH, and the ammonium nitrate residue in the intermediate product
after washing, were also variables which influenced the final oxide
properties; however, these variables are easily controlled in practice.

The major control features underlying the successful use of this
process for mixed oxide containing up to 35 percent PuO2 are:

1. The basic powder properties required for pellet
fabrication by cold-pressing and sintering to 93-96
percent density are controllable within acceptable limits.
This includes homogeneity, purity, particle size, bulk density,
tap density, surface area, and oxygen/metal ratio.

2. Key properties can be closely controlled to meet specific
fabrication requirements, for example:

a. The plutonium content can be controlled to a relative
accuracy of + 0.5 percent.

b. Any desired surface area within the range 3-12 M2/g can
be obtained by controlling the reduction temperature,
residence time, and gas atmosphere.

c. Reduction time and temperature may both be used to control
the final oxygen/metal ratio within the range of 2.10-2.30.

d. Subsequent heat treatment in CO, can be used to adjust the
oxygen/metal ratio downwards ana to reduce surface area.

3. The basic precipitation process gives low aqueous Pu losses
(0.01%). Clarified filtrate is decontaminated by an in-
expensive standard water-treatment flocculation process prior
to discharge to the environment.

Fabrication of pellets from coprecipitated Pu0,-UO, powder
utilizes the same techniques described in the previdus Section, however,
in order to guarantee reproducibility of powder fabrication character-
istics additional precautions are required. Cross-blending is required
for "levelling" of properties on a day-to-day basis during continuous
operation. This requirement could be minimized by sophisticated process
controls and by maintaining production at a steady rate; however, utilization
of all material, including powder produced during transient operating
conditions is an economic necessity and must be provided for by cross-
blending. It should be pointed out that the coprecipitation process
does not have the inherent size advantage of the established multi-ton
batch ADU process used for the production of sinterable-grade normal or
depleted U0, used in the mechanical blending process.
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EQUIPMENT AND FACILITIES

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 utilizing a unit process approach in
the equipment design. The equipment to perform each unit process is
installed within its own glove box and is complete. A fuel manufacturing
line is then assembled by locating each unit process glove box in the
proper sequence and then connecting boxes together with gloveport
transfer tunnels to reduce handling and to allow continuous flow of
product from one unit process to the next.

Utilizing this concept, we have fabricated and loaded 400 kilograms
of 6.6% Pu0,-U0, fuel for the SAXTON reactor, involving 70,000 pellets
which were prodiiced from mechanically mixed Pu0,-U0,. Then, by re-
arrangement of the unit processes and substitution o0f a few process
alternatives, 500 kilograms of 1.5% Pu0 -UO2 fuel was produced for a
critical assembly, involving 30,000 pel%ets made from mechanically-
blended and coprecipitated powder. Another rearrangement allowed
the fabrication of 30,000 20% Pqu-UO fast fuel pellets from mechanically-
blended and coprecipitated powders. %rradiation testing of these pellets
cntained in encapsulated fuel rods is now underway in EBR-II. Performance
data will provide feedback to determine the optimum process.

Greatly increased manufacturing capability can be obtained with
the above approach, by duplicating unit process modules which limit
the overall production capacity.

While this approach, at the present state of equipment development,
does not result in a semi-automatic, low-hand contact, high capacity
pellet production line and minimum projected fuel costs, the development
of improved equipment for automating a few of the critical unit processes
will be a major step toward such a line. Unfortunately, at the present
time and for at least the next five years, the projected plutonium fuel
fabrication business cannot justify much more commercial production
capability than currently exists. Between the present two major
commercial plutonium fuel fabricators (those who have produced over
50 kilograms of plutonium as mixed-oxide fuel), there is an existing
mixed-oxide pellet fuel production capacity well in excess of three
fast reactor cores per year and this capacity could easily be doubled
within a short time.

Additional capacity can be gained by adding improved equipment
for powder and press feed preparation for the mechanical blending
process. Other equipment items designed specifically for plutonium,
such as the continuous sintering furnace shown in Figure 5, have given
reliable service and therefore require only improvements relating to
gas atmosphere control in order to gain capacity.
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Improved finishing and inspecting equipment including centerless
grinders, pellet cleaning stations, pellet automatic gaging and plutonium
compositional monitoring devices will be used to augment capacity up
to the point of fuel rod loading. Adequate loading and welding equipment
is already available and improvements now being made in the rapidly-
growing UO, fuels manufacturing industry will be directly applicable to
Pu02~U02 fiel manufacture.

Recycle and Scrap Recovery

Recycle of fabrication scrap on a current basis and recovery of
plutonium from end-of-job scrap, require facilities for dissolution,
ion-exchange or solvent extraction partitioning of mixed actinide streams
and plutonium product concentration. Experience has been gained during
the operation of an ion-exchange pilot plant facility in which 30 kgs
of plutonium was recovered from mixed-actinide scrap. Using this
experience as background, improved facilities have been designed and are
being installed for recovery and purification of plutonium as plutonium
nitrate or plutonium oxide. Additional process and equipment development
is needed to control plutonium losses in low-level raffinate streams and
solid waste streams.

Since the current price of plutonium is $43,000 per kilogram,
about four times higher than 235U, the penalty for losses which occur
during fabrication is extremely severe. The high material cost also
results in leasezggarges and insurance charges which are four times
higher than for U processing. These considerations may require
future plants to have higher throughput and lower holdup in order to
minimize in-plant inventory. Rigidly controlled materials management
and exploitationof high-yield processes are mandatory. The problem of
reducing scrap generation and non-recoverable losses in plutonium pro-
cessing is one of the most important economic challenges to be met
during the growth of this industry.

Product Quality Assurance

Fast test reactor fuel and demonstration power reactor fuels will
be purchased to rigid specifications designed to assure the quality
and reliability needed for high-rating performance. Specifications are
still under development, and feedback from manufacturing experience
and performance tests will be used to establish limits. Confidence
limits will be based on manufacturing experience and fuel designers'
requirements. Resolving the details of product assurance for Pu0,-U0
fast fuels is a major task to the fuel manufacturer and to the deSignér,
since the relationships between fuel performance, and product variability
are not yet established. Although cost vs product variability relation-
ships can be estimated from manufacturing experience with UO,-based fuels,
establishing the economic crossover point will remain a majof challenge.
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Table I

Typical Properties of Sinterable-Grade Oxide Powders

Sintered Density
Fisher  Sedimentation 1 hour - 1650°C

Furnace Bulk Tap Surface Sub-Sieve Average % of theoretical density
Conversion Density Density Area Size Particle Size Atmosphere
Material Route Temg‘c Milling g/cc g/cc M%/g microns microns Air N, -6% H2
PuO2 IV Oxalate 760 0 1.4-1.9 2.0-2.9 3.5-9.5 1.5-3.0 2.0-4.0 91.5-92.5 89 0-91 0
PuO2 111 Oxalate 760 0 1.2-1.5 1.7-1.9 1.6-4.8 1.5-5.0 3.0-4.0 90.0-91.5 85.0-89.0
Pqu IV Peroxide 490 HM 2.0-2.8 4.0-4.92.0-26.0 1.0-2.0 3.8-5.8 86.5-91.5 81.0-90.0
Pqu Direct Oxidation 760 DBM 4 5 3-4 2 1.0-1.5 - -
(U-20% Rnoz ADU-Pu(OH)4 840 HM 0.8-1.4 1,7-2.1 5.0-8.5 0.4-0.6 0.6-1.2 -—- 95.3-97.5
UO2 ADU Zgg- HM 0.7-1.0 1.7-1.9 8.0-9.5 0.5-0.9 0.8-1.5 -- 93.5-96.5

NOTE: Ranges illustrate typical upper and lower limits obtained during materials evaluation tests. Normal control
bands are generally narrower.

HM:  Hammer-Milling
DBM: Dry Ball-Milling



Table II

Safe Mass Limits for Water Reflected Systems ContainingﬁPqu

Safe Mass Limit2

25 wt % PuOZ—UO2 Systems Kg Pu Kg Pqu—UO2
Fuel in Solution 1.0 4.8
Fuel Pellets in Water 1.1 5.1
3 Ft. Fuel Pins in Water 2.0 9.1
(Optimum Spacing)

High Density Pellets 22 100
(Unmoderated)

3 Ft. Fuel Pins 47 215
(Unmoderated)

Low Density Powder 59 270
(Unmoderated)

100% Pu Systems

Solution 0.25
High Density PuO2 Powder 4.6
(Unmoderated)
Low Density Pu0, Powder 8.6
(Unmoderated)
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Table III

Statistical Analysis of Microhomogeneity

in 15% Pqu—UO2 Sintered Pellets

(Electron Microprobe Step Scan - 1 Miron Spot x 1 Micron Step)

Plutonium Concentration

CP Dry MB Dry
Sample Variance s? 0.08346 0.6570
Standard Deviation s 0.289 0.811
Percent Deviation 1.4% 3.1%

Uranium Concentration

CP Dry MB Dry
Sample Variance 52 0.4076 1.3678
Standard Deviation 52 0.638 1.169
Percent Deviation 0.76% 1.4%
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Table IV

Lot-to-Lot Variability during Manufacture of 6.6% Pu0,-U0, Pellet
by Mechanical Blending Process il

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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MECHANICALLY BLENDED Pu0,-UO, PIN FABRICATION
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SOL-GEL URANIA-PLUTONIA MICROSPHERE PREPARATION
AND FABRICATION INTO FUEL RODS*

F. G. Kitts
Chemical Technology Division
R. B. Fitts and A. R. Olsen
Metals and Ceramics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee

Abstract

The sol-gel process, originally developed for thorium-base fuels, is
currently being exploited to produce experimental quantities of urania-
plutonia fuel material. This process provides an intimate mixture of
fissile and fertile elements in an oxide of almost theoretical density.
Although various fuel material preparation and fabrication processes are
being studied at ORNL, this paper is limited to a discussion of the
preparation of U0,-Pu0; microspheres and the development of a low-energy
vibratory compaction technique (Sphere-Pac) for using these particles to
prepare cylindrical fuel rods. Presently, mixed-oxide microspheres are
prepared in v100-g batches in a facility consisting of three glove boxes:
one for PuO; sol forming, one for sol mixing and microsphere forming and
drying, and one for firing and classification. The test fuel rods are
loaded and closure welded in two additional boxes.

Plutonia sol is formed by precipitation of the hydrous oxide from
nitrate solution using excess NH4,OH, thorough washing of the precipitate,
peptization at a NO3~/Pu mole ratio of 2, thermal denitration to a NO3~/Pu
ratio of 0.1-0.2, and resuspension in water to a concentration of 300 g
of Pu per liter. This material is mixed with urania soll to obtain the
desired composition. Microspheres are formed by dispersing the homogene-
ous mixture in 2-ethyl-l-hexanol, which dries the droplets to gel spheres.
After separation of the gel from the alcohol and further drying, firing
to 1100°C yields dense (>95% of theoretical) microspheres.

The Sphere-Pac fabrication process, employing the sequential loading
of two size fractions of these microspheres into vibrated tubes, yields a
volume packing density approaching 85%. Laboratory experiments show that
for our conditions the best Sphere-Pac results are obtained using 400
and <44-u-diam spheres and 60-cps mixed axial and lateral vibration. The
test fuel rods are closed by remote, automatic, Tungsten Inert Gas weld-
ing techniques.

Since nitrate solutions, the products of aqueous reprocessing, are
the starting materials for both sols, the sol-gel approach to refabrica-
tion is consistent with established recycle technology. The adaptability
of PuO; sol and UOy-Pu0; microsphere forming to semiremote techniques,
necessitated by the accumulation of heavy-isotope radioactivity with re-
cycle, will be demonstrated in a recently-completed facility with a nomi-
nal kilogram-per-day capacity. The Sphere-Pac technique appears to be
well suited to remote fabrication. The irradiation performance of sol-
gel-derived mixed-oxide microspheres fabricated by the Sphere-Pac techni-
que is being determined by tests now in progress.

*Research sponsored by the U. S. Atomic Energy Commission under contract
with the Union Carbide Corporation.
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INTRODUCTION

The first ORNL sol-gel process was developed for the preparation of
thoria sol, and was applied to the production of dense, irregularly
shaped UO,-ThO; fragments for vibratory compaction into tubes in the
Kilorod Program.2 The process was then adapted to the preparation of
microspheres.3 More recently it has been adapted to UO,, PuOp, and ZrOs;
and to mixtures of Pu0,-U0;, Pu0;-ThO;, and UO,-Zr0O,. The sol-gel
approach to all of these potentially useful reactor fuel materials is
simple, yields a homogeneous product, and requires relatively low sin-
tering temperatures (1100 to 1200°C) to produce the final dense, re-
fractory fuel material. Development work at ORNL is presently concerned
with the preparation of many types of fuel material based on the sol-gel
process and with fuel element fabrication by a variety of methods. How-
ever, this paper is restricted to the discussions of preparing Pu0O; sol,
mixing PuO; and U0, sols, forming, drying and firing microspheres, and
the low-energy vibratory compaction of this dense product (Sphere-Pac)
to prepare cylindrical fuel rods.

PREPARATION OF UO,-PuO, MICROSPHERES

More than 4 kg of 15-20% PuO,-UO, and 0.5 kg of 5% Pu0,-UO, micro-
spheres have been produced, in batches of 50 to 150 g, in the ORNL
development facility in the Chemical Technology Division Pilot Plant.
Most of these spheres were 300-600 u in diameter; however, enough fines
(<44 p in diameter) were produced to give a coarse material/fines ratio
of approximately 3. Densities were generally >95% of theoretical. All
this material was prepared by using the standard ORNL sol-gel process,
which consists of sol forming, sol mixing, and sphere forming. Spheres
>50 y in diameter are formed in a tapered column, while fines (<44 p in
diameter) are made by the '"stirred pot" method.* After drying, the
spheres are fired to the dense oxide under controlled atmospheres at
temperatures up to 1100°C. They are then classified with respect to
size and roundness.

PLUTONIA SOL FORMING

Over forty plutonia sols (50-150 g of plutonium per batch) contain-
ing over 3 kg of plutonium have been prepared using the standard pro-
cedure of precipitation, washing, peptization, denitration, and resus-
pension. These preparations demonstrated the operability of equipment
and the reproducibility of the standard flowsheet, and provided sol for
the formation of mixed-oxide and plutonia microspheres.

The generalized flowsheet for the formation of plutonia sol is
presented as Fig. 1. This is a flexible flowsheet as shown by the ranges
of concentrations over which it has been demonstrated; the batch size
shown is 150 g of plutonium. Prior to the use of this flowsheet, if
negessary, NQ gas is passed through the Pu(NO3), solution to convert both
Pu’' and Pud” to the desired Pu“t. To date the Pu(NO3)y, solution that we
have received has not required a plutonium valence adjustment. A minimum
HNO3 concentration of 1 M is maintained in the feed to prevent polymeri-
zation; successful sol preparation starting with free HNO3 concentrations
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as high as 3 M has been demonstrated. In the precipitation step, as
little as 487 excess base has proved satisfactory as long as the molarity
of the NH4OH in the final solution is >1 M. The Pu(NO3)y feed solution
is added to the NH,OH solution at rates up to 30 cc/min with moderate
agitation to ensure rapid neutralization and precipitation of the Pu(OH)y.
The NH,NO3-excess NH,0H solution is drawn off through a filter having
10-p-diam openings. The precipitate is washed four times; the filter
cake is resuspended in each wash. Filtration time is 40 min/wash, and
four such washes give adequate NH,* removal. Plutonium losses to the
total filtrate have been less than 0.01%. After washing, the precipitate
is digested for 2 hr im H,0 at 95-100°C; this treatment appears to sta-
bilize the crystalline structure and prevents depolymerization in the
subsequent denitration step. A high-nitrate sol is then formed by pep-
tizing in dilute HNO3 at a NO3~/Pu mole ratio of 2. All the steps to
this point are carried out in a single precipitation-filtration vessel
that is 8 in. in diameter with a porous stainless steel filter in the
bottom. The high-nitrate sol passes out through the bottom of the
vessel, leaving no solids on the filter.

A minimum NO3~/Pu ratio of 1 is necessary for sol formation. Ratios
as high as 4 have been demonstrated, but a ratio of 2 is sufficient to
produce a sol upon heating to ~90°C. At this point a true sol (crystal-
lite size 20 A) exists, but microspheres formed from this material have
a low density and a low resistance to crushing. To form a desirable
product, a sol must have a NO3~/Pu ratio in the range 0.1-0.2; this is
accomplished by thermal denitration (baking). Several other methods of
precipitation and denitration were tried, but none produced satisfactory
results.>

The sol is first evaporated to dryness at 100°C, forming a thin,
porous cake that remains intact through subsequent heating to "240°C.
The higher the temperature, the shorter the time required for denitra-
tion. During the evaporation to dryness, excess HNO3 is evolved, giving
an initial NO3~/Pu ratio of 0.8-1.0 in the dry solid. Generally, after
1-2 hr at 240°C this ratio will have been reduced to 0.2-0.3; usually
another 2-3 hr is required to attain a final N03-/Pu ratio of 0.1-0.15.
Progress of the denitration is followed by periodically resuspending a
weighed sample of the dry material and titrating with NaOH to determine
the NO3~ content. It is important that the heating of the solid be
uniform in order to produce a homogeneous product. If denitration is
allowed to proceed until the NO3~/Pu ratio is appreciably <0.1, a form
of Pu0; that cannot be resuspended as a sol will result. A schematic of
the denitration vessel, which allows independent control of temperatures
of the top and bottom surfaces and limits radial gradients to "“2°C, is
shown as Fig. 2.

In addition to the decrease in NO3~ concentration, crystallite
growth and agglomeration also occur during the denitration step. After
this step, the average size of the crystallites is 80 A; these form
agglomerates on the order of 1000 A. Crystallite growth is apparently
not detrimental, but the degree of agglomeration must be limited if a
stable sol is to be obtained. Denitrated sol having a N03‘/Pu ratio in
the range of 0.1-0.15 can be resuspended in water, by only mild agitation,
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to form sols having plutonium concentrations approaching 2 M; more-
concentrated sols may be produced by subsequent evaporation if desired.

FORMING OF PuO,;-U0, GEL MICROSPHERES

Sols droplets are converted to spherical gel particles by the ex-
traction of water into an organic liquid such as 2-ethyl-l-hexanol, in a
tapered column. To form wet gel microspheres of Pu0,-U0, it is necessary
to:

1. Measure the separate sols to produce the desired composition,
combine, and mix thoroughly.

2, Disperse the mixed sol into droplets of the proper size and
suspend them in an immiscible liquid that will remove water
to cause gelation.

3. Maintain the droplets as separate particles in the drying
medium until they gel.

4. Maintain a constant drying condition in the solvent by removing
water from it at approximately the same rate that it is ex-
tracting water from the sol.

5. Separate the gel spheres from excess solvent,.

The first step, sol mixing, is very important since this is the
point at which the final composition of the fuel particle is determined.
In the work reported here, the urania sol concentration was 0.75 to 1.0 M
and the plutonia sol concentration was 1.1-1.4 M. Mixed sols were made
by measuring the required volumes of the analyzed sols and agitating.
Simple sparging is not sufficient since it does not produce thorough
mixing adjacent to vessel walls. Any system containing urania sol must
be protected with an inert atmosphere at all times.

The Sphere Forming Column

Steps 2 through 4 listed above are accomplished in equipment similar
to that shown schematically in Fig. 3. Sol is dispersed into droplets in
a two-fluid nozzle at the top of a tapered drying column. This operation
is important since the size of the ultimate particle is determined in
this step. The rates of flow of the sol and the solvent through the
nozzle are the principal determinants of droplet size, although sol con-
centration, viscosity, and nozzle configuration also play a part. The
constancy of these flows, and nozzle dimensions affect the uniformity of
the droplets. For diameters <800 u a mathematical expression has been
developed, assuming a varicose mechanism, which can be used as a first
approximation in determining nozzle operating conditions to produce a
given size range. Final adjustments to obtain the desired product are
based on experience with the particular system.

The sol droplets emerge in the top of a sphere forming or drying
column where they are suspended by an upward flow of solvent. As water
is extracted, the settling velocity of a sphere increases 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, is tangetial, thus generating a vortex and flattening
the normal parabolic velocity profile in the bottom section of the
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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-u-diam spheres the fluidizing flow is "1 liter/min. A sol flow of
n1.2 ce/min and a normal residence time of “1/2 hr result in an average,
steady-state column loading of V16%, 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 Pu0,-U0, 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 Z 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 the 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 system; this is
represented schematically in Fig. 4. Saturated 2-ethyl-l-hexanol (2.5
wt % Hpy0) boils at ~100°C; dry solvent boils at V185°C. At a temperature
of 170°C, effluent from the still contains 0.3 wt % water; the remainder
of the water is vaporized overhead with 10 volumes of solvent. This
stream separates into two phases upon condensation; the water (contain-
ing 0.1 wt % solvent) is disposed of as waste, 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 (40-60u) 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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at 105-130°C was incorporated; this removed the 2-ethyl-l-hexanol more
quickly but whether it has a beneficial effect on the final product has
not yet been determined.

After the drying step the Pu0,-UO;, gel spheres are fired at tempera-
tures increasing to 1100°C at an average rate of “275°C/hr, using the
following schedule of temperatures and atmospheres:

Heat to 450°C in argon-47% H,.

. Hold for 1/2 hr, then flush with argon for 5 min.
Heat to 850°C in COj.

Hold for 1-1/2 hr; then flush with argon for ~5 min.
Heat to 1100°C in argon-4% H, and hold for 1/2 hr.

. Cool to below 100°C in argon.

(NN VU S

The total firing time is about 7 hr. A reducing atmosphere is main-
tained during heatup except for a period at intermediate temperatures
when a mild oxidizing agent (CO,) is used to burn out any carbon that may
still be present as organic residues. Flushing with argon precludes the
possibility of any reaction between H; and CO;. After cooling, the dense
spheres can be handled in air.

EVALUATION OF PRODUCT MICROSPHERES

After firing, the microspheres are sized using standard sieves, and
the product fraction is passed over a roundometer to remove nonspherical
particles. Table I shows the size ranges, total weights, number of
batches, and physical properties of the three compositions of PuO,-U0;
microspheres produced in quantity to date. The properties of Pu0O;-ThO;
and PuO; spheres are also shown for comparison. Handling of the material
containing enriched and normal urania was similar except that allowable
inventories of the fissile material were much smaller. No significant
differences in processing or properties were observed over the range of
Pu0, content (5-20%). The two size ranges of microspheres produced were
roughly an order of magnitude apart as appears to be required for dense
packing in tubes.

Densities of microspheres of all compositions were >95% except for
the fines fraction. The fines, when compacted with the coarse fraction,
gave composite densities consistent with their high-pressure densities
(Table I) rather than with their bulk densities. Possibly the extremely
small voids between the smaller spheres in the fines fraction appear as
porosity in the analytical method used (Hg porosimetry), thereby causing
the low bulk densities shown. Surface areas of the coarse materials were
<0.06 m?/g, and carbon levels were less than 100 ppm in all cases. Gas
release on heating from room temperature to 1200°C was usually <0.05 cmalg.
An average crushing stren%th of 600 g/sphere was measured for 300-y-diam
spheres of the 15% Pu02—2 8U02 material. Good reproducibility in crush-
ing strengths was obtained; thirteen determinations gave a range of 475
to 725 g/sphere.

Electron microprobe techniques were used to measure the homogeneity
of the 20% Pu0,-U0; material. Two cross-sectioned microspheres (400
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in diameter) were traversed at 10-p intervals near the centers of the
spheres and at 2-p intervals near the edges. No significant differences
in composition were observed. The maximum deviations from the calculated
mean compositions were 1.9 and 1.5 wt % uranium.

REMOTE FACILITY

We have recently completed the installation, in Building 3019, of
an alpha-contained, remote facility; it is capable of handling batches
of PuO; sol containing 200 g of Pu and producing mixed-oxide microspheres
at a rate of 1 kg per day. A schematic equipment flowsheet of this
facility is presented in Fig. 5. The sol-forming equipment will utilize
the chemical flowsheet in Fig. 1; the two principal pieces of equipment
were described earlier. Operation in this facility should have several
advantages over that in glove boxes. Manual operations have been mini-
mized; those remaining will be performed with manipulators. All solu-
tion transfers will be made using gravity or vacuum techniques; solids
will be conveyed hydraulically or pneumatically. Heat will be provided
by steam rather than by electrical resistance elements; thus, heat-
transfer surfaces will operate at lower temperatures without the possi-
bility of severe overheating or element burnout. This feature should be
especially beneficial in the solvent still, resulting in longer sur-
factant life, with less makeup required, and a slower buildup of decom-
position products in the recirculating solvent.

REACTOR FUEL PREPARATION BY SPHERE-PAC

The high-density spheres produced in the sol-gel process are ideally
suited for fabrication into reactor fuels rods by a low-energy vibratory
loading process. In this technique, which we call Sphere-Pac, low-energy
vibration of the cladding tube is employed to impart energy to the micro-
spheres; this allows them to assume the preferred, closely-packed, high-
density configuration. The use of Sphere-Pac with sol-gel microspheres
offers a fabrication technique employing a minimum number of operatioms
and items of equipment. The elimination of powder processes and their
attendant dust problems would appear to be beneficial with regard to
both equipment maintenance and inventory control. These factors are
particularly important for remote fabrication operations. The need for
a two-step loading procedure and the limit on attainable densities are
possible objections to this technique. Uncertainty about in-reactor
performance characteristics, particularly the thermal conductivity of
the packed bed, is to be resolved by irradiation testing.

LABORATORY EXPERIMENTS

We have conducted laboratory experiments, using sol-gel microspheres,
to investigate loading procedures, equipment requirements, time cycles,
and attainable packing densities. These experiments were based on the
reported work of others?:8 and were directed toward providing practical
experience with the technique and producing fuel rods for irradiation
testing of performance characteristics.
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Two size fractions of microspheres were used in the initial tests.

The coarse fraction, 420-500 p in diameter, was produced by the column-
forming technique, while the fine fraction, <44-p-diam microspheres, was
made by the sol-gel "stirred pot'" method.® As found by others, all
attempts at mechanical blending or simultaneous separate feeding resulted
in gross segregation of the two sizes of spheres and, consequently, low
packing densities. Sequential loading, in which the coarse fraction is
loaded into the tube first and the fine fraction is then infiltrated from
the top, produces the most uniform packing and the highest density.

We tested a variety of vibrational frequencies and modes of input.
Frequency had little effect on density; however, a frequency of about
60 cps provided the best loading rate. Vibration methods that included
a lateral component gave faster packing and higher densities than did
pure axial vibration. We have obtained 847% volume packings in 9 min
using 0.230-in.-ID tubing with a fuel column height of 2 ft. The effects
of sphere size variation within the size fractions appear to be minimal
(e.g., we have found no variation in loading characteristics using
spheres from 14 different batches). The optimum coarse/fine particle
volume ratio is approximately 2.7 for these particular size ranges.

A light follower rod on top of the fine-particle bed prevents ex-
pansion of the coarse-particle bed during infiltration and increases the
packing density. For fabrication involving plutonia, where a low con-
tamination of the upper part of the tube is desirable, we have used a
funnel with a screen in the bottom, as suggested by Ayer,8 to restrain
the coarse bed during the infiltration of the fine spheres.

We have not attempted to optimize all of the variables. Utilizing
the available sol-gel products, a ternary loading appears impractical
because the ratios of tube diameter/largest microspheres and largest
microspheres/fines fraction are about 10:1. A ternary loading with a
smallest size fraction of about 20 p (the practical minimum) would re-
quire a primary-size microsphere about 2000 u in diameter, or about four
times the maximum diameter now practical. Densities of 82 to 847% are
readily attained with two size fractions. Since this is the density
range required for high-burnup Liquid Metal Fast Breeder Reactor fuels,
we have concentrated our efforts in this area.

TEST FUEL ROD FABRICATION

Twenty-four fuel rods have been fabricated from plutonium-bearing
microspheres using Sphere-Pac. The results of these test rod loadings
are shown in Table II; UOj-bearing rods are included for comparison.

They consist of 3-in. fuel columns in 7-1/2-in. long, 0.250-in.-0D by
0.010-in.-wall stainless steel tubes, or 6-3/4-in.-long fuel columns in
9-1/2-in.-long, 0.5-in.-0D by 0.035-in.-wall Zircaloy-2 tubes. The fuel
column heights, densities, and density variations are quite consistent.
The lower-density rods, which are the result of low-density microspheres,
still exhibit the 847 volume packing that is expected. Most of these
are presently being irradiated in the Engineering Test Reactor.
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The principal items of equipment employed in the fabrication of
these rods were a Syntron vibratory feeder, which was tilted 45° to
obtain mixed lateral and axial vibration, and a C-clamp modified slightly
to hold the cladding tubes and the screened-end funnel during vibration.
These are located inside a 6-ft glove box. A vacuum glove box is also
employed in which end plugs are welded into the top ends of the tubes
under a helium atmosphere.

The assembly of a rod is begun by introducing into the fuel loading
box a plastic-covered stainless steel or Zircaloy tube, with its bottom
end plug and extruded-thoria® bottom insulator already in place. A
plastic bag is taped to the top end of the cladding; this keeps it clean
during handling in the box. Other non-fuel portions of the fuel rod are
inspected, weighed, checked dimensionally, and placed in the box in
marked bottles.

In the loading box the large microspheres are poured into the
cladding tube. The screened-end funnel is inserted into the tube, and
this assembly is placed in the holder on the vibrator, clamped in place,
and vibrated for approximately 20 sec. The small microspheres are then
poured into the funnel, a follower rod is inserted, and this assembly is
vibrated for 2 min. The follower rod and the funnel are removed, and
the top thoria spacer is pushed down to contact the top of the fuel
column. Out-gassed Fiberfrax® (30% dense) is placed on top of the thoria
spacer to prevent movement of the fuel bed during subsequent handling.

The assembly is then ready for installation of the top end cap and
closure welding. It is bagged out of the loading box and into the weld-
ing box. During this transfer the contaminated protective bag on the
cladding is stripped off so that only the uncontaminated rod is intro-
duced into the welding box.

After Tungsten Inert Gas closure welding is accomplished, the
finished rods are inspected. In particular, variations in density are
measured by gamma scanning, using a technique that was developed for the
Kilorod operation;z this technique has proved to be satisfactory for
detecting variations of +1% of the average density.

SUMMARY

We have demonstrated, in laboratory and semi-engineering equipment,
a reliable sol-gel process for the production of uniform-composition,
high-density microspheres of UO;-PuO, containing 5 to 20% plutonium.
Equipment has been designed and installed in an existing semiremote
facility to produce batches of PuO; sol containing 200 g of plutonium,
and 1 kg per day of sol-gel mixed-oxide microspheres.

Using two size fractions of these microspheres (v420 p and <44 u in
diameter) with a sequential loading procedure and a low—energy vibratory

*
Fiberfrax is a product of the Carborundum Co. It is composed of equal
quantities of Al,03 and SiO; plus about 4% ZrO0,.
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compaction method, we have fabricated 24 irradiation test rods having
uniform 84% volume packings. These rods are now undergoing irradiation
testing.
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Table I. PuOj,-Containing Microspheres Prepared in Glove Box Facility, Building 3019

Density by Hg Porosimetry Surface Area
Type Size Total 10,000 psi Gas
of Range wt. No. of Bulk Theoretical Carbon Adsorption Calculation
Material ) (g) Batches (g/cc)  (g/cc) (€A) (ppm) _ (m?/g) (m?/g)
20% Pu0,-23500,  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% Pu0,-238p0,  300-600 970 11 10.5 10.6 97 <90 — 0.06
<44 234 4 5.6 9,2 84 <100 _— 0.5
5% Pu0,-238U0,  300-600 496 3 — — — —_— —_ —_
5% Pu0,-ThO;, 300-600 1148 5 9.48 9.84 97 <10 0.02 e
<44 403 4 6 9.5 94 = 0.17 —
Pu0, 250-600 251 4 1133 11.22 98 <30 0.02 0.03
50-250 571 7 11.06 11,19 98 <70 0.01 0.02

<4t 43 1 — —_ — — e e




Table II. Sphere-Pac Fuel Rods
Micro- Fuel

sphere Column Max, Fuel
o Density (% Theo. Density Volume Column
Rod Fuel (% of Oxide Variation Packing Height
No. Material Theo.) _ Density) (%, )b (%) (in.)
V-1 (Th+5% Pu)0, 99.8 84.8 2 85.0 6.67
V-2 (Th+5% Pu)0, 99.8 84.7 1.5 84.9 6.70
Iv-3 (Th+5% Pu)0, 99.8 83.5 2 83.7 6.69
IV-4 (Th+5% Pu)0, 99.8 84.0 1 84.2 6.74
V-5 (Th+5% Pu)0, 99.8 83.3 1l 83.5 6.69
Iv-7 (Th+5% Pu)0, 99.8 83.3 1 83.5 6.73
2 (Th+5% Pu)0, 99.8 84.0 2 84.2 3,15

3 (Th+5% Pu)O0, 99.8 83.8 1 84.0 3.16

4 (Th+5% Pu)O0, 99.8 84.5 1 84.7 3.13

5 (Th+5% Pu)O0, 99.8 83.9 155 84.1 3.15

7 (U+20% Pu)0, 91.5 75.38 1 82.8 3.14

8 (U+20% Pu)0, 91.5 76.0 4 83.1 3.13

9 (U+20% Pu)0, 91.5 75.9 1 83.0 3.14
10 (U+20% Pu)0, 91.5 75.9 1 83.0 3.13
12 Uo, 87.7 73:2 2.5 83.5 3.12
13 U0, 87.7 73.8 2 84.2 3.09
14 U0, 87.7 73.5 2 83.8 3. 10
16 Uuo, 87.7 74.1 3 84.5 3,07
26 Uo, 87.7 73.6 2 83.9 3.00
28 U0, BT 73,2 2.5 83.5 3.:01
22 (U+15% Pu)O0,p 95.0 80.3 2 84.5 LW
23 (U+15% Pu)0, 95.0 80.3 2.5 84.5 3,12
24 (U+15% Pu)0, 95.0 78.9 2 83.1 3.04
25 (U+15% Pu)0, 95.0 81,2 2 85.5 3.01
27 (U+15% Pu)0, 95.0 81.7 2 86.0 2.99
32 (U+15% Pu)0, 95.0 8l.4 2 85.7 2.99
38 (U+15% Pu)0, 95.0 80.5 2 86.0 2.99
39 (U+15% Pu)0, 95.0 80.7 2 84.9 3.02
40 (U+15% Pu)O, 95.0 79.8 2 84.0 3.02
41 (U+15% Pu)O0- 95.0 79.0 2:5 83.2 3.04

#Calculated from height, weight, and inside diameter.

b ; oseaE
Determined by transmission gamma scan along rod.

CETR-1V group rods were 1/2 in. in diameter; all others were 1/4 in.

diameter.
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PulNO3)y FEED H0 WASH H,0 ADDITION NITRATE
150 g Pu 12 liters 2.2 liters ADDITION
1-3 M HNO3 3 liters/wash 1.8-6.3 M HNO3

41-115 g Pu/liter

]

PRECIPITATION FILTER-WASH DIGESTION PEPTIZATION
2.5-6.3 M NHa0H 4 washes 2 hrs ot 95-100° C [ 20-53 g Pu/liter
*IM NHa0H after Cake volume = ~ 1.2 liters NO3/Pu=13-25
reaction Agitate ot ~90° C
FILTRATE
<17 liters
Transfer to evaporator
H,0 ADDITION
~0.5 liter
EVAPORATION it DENITRATION RESUSPENSION
ran
Concentrate to denitration vessel Ory and heat Agitate
"
1-2 M Pu at to 240° C ~0.5 liters
~|02° C 3-6 hrs ~300 g Pu/liter
CONDENSATE PuOp SOL
~4 liters NO3/Pu=0.1-0.2
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A SIMPLIFIED SOL - GEL METHOD
FOR MIXED OXIDE FUELS

G. Cogliati and G. Schileo

SUMMARY

Microparticles of plutonium, uranium-plutonium and thorium-
plutonium oxides of a controlled size (up to 600 microns),
nearly theoretical density, low surface area and good
crushing strength, were produced. The starting materials
were colloidal urania or thoria sols, as those used for

the previous urania sol-gel process developed by CNEN,

and plutonia sols with a relatively high nitrate content.
Plutonia sols with NO_/Pu mole ratios between 1 and 1,5
were prepared from plutonium nitrate solutions by
extraction of nitrate by strong-base amines and evaporation
to the desired plutonium concentration.

The sols then are dispersed as uniform droplets in an
organic liquid by use of two-fluid nozzles. The droplets
are suspended and converted to gel spheres by extraction
of the residual nitrate by an amine dissolved in the
solvent. The spheres are separated from the organic liquid,
washed, dried and calcined to 1200° C.

The ability to produce dense plutonia, as well as homogeneous
urania-plutonia or thoria-plutonia microparticles at any
desired ratio has been demonstrated on a laboratory scale.
The first specimen loaded with U02-16% Pu0, is awaiting
irradiation in the Avogadro test reactor of SoRIN in Salug-
gia, Italy.

Comitato Nazionale per 1l'Energia Nucleare -Via Belisario,l5
Rome, Ttaly
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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 utilizatbn have
been therefore undertaken both by Enel (Ente Nazionale per
1'Energia Elettrica), the Italian Government power agency,
and by C.N.E.N. (Comitato Nazionale per l'Energia Nucleare),
the Italian Government nuclear agency.

Enel program was undertaken in cooperation with
Euratom ahd it is aimed at the practical and immediate goal
of thermal utilization. Such 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 Enel's power stations.

C.N.E.N. program covers a wider scope of research and
development, spanning from thermal to fast utilization. Such
program is an eight-million-dollar undertaking started in

1966 with funds allocated through 1969.

CNEN PLUTONIUM PROGRAM

The major objective of this program is to provide
CNEN in the shortest possible time with a plutonium capability
- both in personnel and facilities - in the area of ceramic

fuels. While the program is intended to include research
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work on non-oxide compounds, such as carbides or nitrides,
by far the main emphasis is now being put on oxide fuels.
The fabrication methods considered are: (a) the pelletization
technique, either by mechanical mixing or coprecipitation
routes, where a choice between the two will be made at a
later date, and (b) the vibrocompaction technique of micro-
particles, produced by modified sol-gel methods, two of
which are now under investigation. One of these is the
subject of the present paper; the other is a proprietay
method developed at the laboratories of the SNAM-PROGETTI,
in Milano, Italy.

To fasten the development of said methods, the
decision was made to build at CNEN La Casaccia Center near
Rome, Italy a 21,000 -sq.ft. facility, approximately half
of which consists of alpha laboratories. The building has
been finished and completion works are now underway.

While awaiting for the plutonium laboratory to be
ready for use in Italy, it was decided to push the program
by renting some alpha laboratory space where available,
and therefore gain time by starting the comparison between
the two considered sol-gel methods without any further delay.

To this purpose a contract was signed early in 1966
with the Centre d'Etude de 1l'Energie Nucléaire (C.E.N.) and
the Société Belge pour 1!'Industrie Nucléaire (Belgonucléaire)
for renting in Mol, Belgium an empty 600 - sq.ft. alpha
laboratory plus cold laboratory space and offices for about
ten people. Contractual previsions were also made to have
ancillary services performed, such as health physics
surveillance, analyses, etc. The laboratory was then equipped

with ten glove-boxes in two parallel lines to perform
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plutonium chemistry (precipitation, filtration, liquid-
liquid extraction, centrifugation, etc.), thermal treatments
Co

(in air, Ar-H Ar) and some basic characterizations,

2 - i
chemical analyses, etc.

CNEN- SOL-GEL METHODS

CNEN's previous experience in the field of nitrate
extraction with strong-base amine led to the development
of modified sol-gel processes capable of yielding micro-
particles of thorium and uranium oxide or carbide with
satisfactory nuclear characteristics. The general results and
findings are reported here concerning the extension of such
experience and methods to the preparation of microparticles
of plutonia, urania-plutonia, or thoria-plutonia. For
detailed data, reference is made to the papers that have
been presented a few days ago at the Turin Sol-Gel Symposium
(2).

It might be remembered that all known sol-gel methods
for the production of heavy metal oxide microparticles include:
(a) the preparation of a colloidal solution (sol)carring the
heavy metal ions, (b) the dispersion of said solution into
droplets of the desired diameter, (c) the drying of said
droplets into solid (gel) microparticles, and finally (d)
the appropriate thermal treatment of said microparticles to
convert them into small and compact oxide bodies.

A substantial difference between the sol-gel methods
developed by CNEN and those developed at other laboratories,
as in the United States or United Kingdom (3,4), lies in
the N0;/ metal ratio of the starting colloidal solution.

The ratio is at a relatively high value (NO;/ metal = 1.0 +
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1.5) with the CNEN method, while with the other methods
every effort must be made to reduce it as much as possible
(down to a value of Nog/ metal = 0.1 + 0.3).

Thorium colloidal solutions with a low Nog/Th ratio
are relatively easy to prepare, almost independently of the
methods used: (a) by steam denitration (5), (b) by peptizing
the hydroxide in nitric acid (6), or (c) by denitration of
thorium nitrate solution by liquid-liquid anionic exchange
(7); all these methods yielding a low-ratio thorium colloidal
solution with satisfactory characteristics.

Greater difficulties are encountered in the preparation
of the colloidal solutions of uranium-thorium. The difficulties
increase by increasing the U/Th ratio until instability or an
excessive viscosity might be obtained.

Colloidal solutions of U(IV) with a low NO;/U(IV) ratio
are obtained with relative ease by peptizing uranous hydroxide;
however,when trying to obtain a colloidal solution of U(IV)
with the lowest possible content of either NO; or U(VI). much
greater care is required, as an inert gas atmosphere, and
much larger washing - and then waste - volumes are needed (2).

Lastly, plutonium colloidal solutions with a low NOé/Pu
ratio are particularly difficult and tedious to prepare (8).

Direct denitration of plutonium solutions do not yield
colloidal solutions with a NO;/Pu molar ratio less than one.
On the other handpeptizing plutonium hydroxide leads to a
product with a high NOQ/Pu ratio and the excess nitrate must
then be disposed of by cautious baking of the plutonium
polymer produced by peptization.

The need for low - Nog/metal - ratio colloidal solutions

stems from the particular type of gelation process used. In
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fact with sol-gel processes using such solutions, the change
of a sol into a gel is generally accomplished by removal of
water. After syneresis,the shrunk microparticles cannot
therefore be washed in any aqueous medium, so that essentially
all the nitrate contained in the colloidal solution is still
in the solid microparticles undergoing the thermal treatments.
It is universally accepted that one of the main reasons for
rupturing during the thermal treatments is actually the
presence of too high a nitrate content, and particularly of
ammonium nitrate.

A process was then sought by CNEN in which the gelation
would be performed by extracting directly the nitrate from
the colloidal solution. In such a way the need for a low -
NO&/ metal - ratio colloidal solution is eliminated. As
indicated, in the sol-gel methods developed by CNEN, the
starting colloidal solution has a Nﬁg/metal ratio between 1.0
and 1.5. The gelation of a sol then is accomplished by raising
the pH value of the solution that had been previously dispersed
into droplets of the desired size, by means of a liquid anionic
exchange agent dissolved in the dispersing medium. In such a
fashion, the resulting process is tremendously simplified
and shortened, with clear economic implications. In the
uranium case, for instance, the colloidal U (IV) solution can
be directly obtained during the reduction of U (VI) to U(IV)
from a starting solution of uranyl nitrate having a NOé/U(VI)
ratio of about 1.5. In 1962 CNEN developed a process for the
hydrogen catalytic reduction of uranyl nitrate solutions by
means of a platinum-alumina bed under pressure (9). Dilute
acid solutions containing up to 1 mole/liter of uranyl nitrate

can be reduced continuously over a fixed catalytic bed in an
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autoclave; while concentrated acid-deficient solutions
containing up to 4 mole/liter of uranium can be reduced
discontinuously by mechanically agitating in an autoclave
batches of a dispersion of catalytic powder in the same
solution. Naturally, the operating conditions during the
reduction of U (VI), and hydrolisis and polimerization of
U(IV) should be set to avoid any precipitation that would
inhibit the catalyzer from being further contacted by the
solution. As mentioned before, colloidal solutions of U(IV)
obtained by reduction of acid-deficient solutions of uranyl
nitrate have a much higher NO;/U(IV) ratio than those
prepared by peptizing uranous hydroxide in nitric acid.
Furthermore the direct reduction method permits to work on
solutions much more concentrated in uranium than would be
otherwise permissible, with negligible contents of U (VI).
This is an important advantage when preparing microparticles

with a diameter, after calcination, greater than 500 microns.

CNEN SOL-GEL METHOD FOR PLUTONIUM FUELS

Plutonium colloidal solutions with a NOQ/Pu ratio between
1.0 and 1.5 can be easily obtained either by peptization of
the hydroxide or direct nitrate extraction from a solution of
Pu(IV) nitrate. On the basis of CNEN experience the latter is
by far the simplest method, since tedious operations, such
as washing - with the resulting large volumes of waste
solutions - or plutonium hydroxide recovery, are avoided
altogether. Moreover the direct extraction technique is more
amenable to continuous operations.

On a small-scale laboratory line (with a capacity of

ten to twenty grams of material per batch) the solution of
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Pu(IV) nitrate is contacted in a separatory funnel with a
long-carbon-chain primary amne (Primene JMT) in an aliphatic
solution. The Pu(IV)/amine ratio is established in order to
obtain a final NO;/Pu(IV) ratio in the aqueous phase between
1.0 and 1.5. Since generally the Pu(IV) nitrate solution
comes from an ion-exchange column with a plutonium
concentration of 0.2-0.3 mole/liter, the diluite aqueous
phase is evaporated at 80°C to a final plutonium concentration
of 1 + 2 mole/liter. The residual plutonium content in the
organic phase does not exceed a few milligrams per liter and
can be recovered as usual by conventional means.

A high number of batches have been processed discon-
tinuously through the line;while a mixer-settler extractor
for continuous operation is under design.

The Pu(IV) colloidal solutions obtained as described
show a low viscosity even at a high plutonium concentration
and can be safely stored for months without showing any
alteration whatsoever. Such a colloidal solution can be used
as prepared for producing plutonia microparticles or can be
properly mixed with other colloidal solutions of heavy
metals, such as tetravalent uranium or thorium, to produce
mixed urania-plutonia or thoria-plutonia.

The dispersion of colloidal solutions into small
droplets is easily performed by conventional techniques by
either mechanical stirring or spraying two immiscible fluds:
one, the aqueous colloidal solution and the other, an
organic fluid with which the first is immiscible. The latter
contains in solution the denitration agent to produce
gelation.

The choice between the two systems, stirring or
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spraying, is essentially determined by the desired size of
the microparticles. The gelation of small diameter micro-
particles (less than 100 microns after thermal treatment)
is performed in a beaker with diaphragms. The gelation of
microparticles of a larger diameter is made in a Plexiglas
column with a conical section in which the sprayed droplets
are lifted and kept in a suspension by an ascending current
of the organic phase containing in solution the denitrating
agent.The column is very similar to that originally
developed by ORNL (5).

A low-cost commercial product "Alphanol 79", that
essentially consists of a mixture of high-carbon-number
alcohols, is used as the organic dispersing medium. In
order to keep microparticle coalescence to a minimum, 0.5
volumetric percent of a tensionactive agent (SPAN-85) is
added.

Finally the denitrating extractant, 1 or 2 volumetric
percent of an amine mixture, commercially known as Primene
JMT, is also added to the organic phase. The amines of
Primene JMT show also a tensioactive action. The solubility
of water in the Alphanol-79 is 3 or 4 percent in volume; if
used in the anhydrous state the Alphanol-79 would therefore
extract water from the sol droplets. Incidentally, this
process of water extraction is precisely the cause of
gelation in the mentioned sol-gel processes developed by
others while in CNEN modified sol-gel process the water
extraction must be strictly avoided since it would form a
nitrate-impervious thin layer at the surface of the micro-
particles with the resulting difficulty to complete the
gelation of the innermost parts of the microparticles.

Therefore, before using it, the organic phase needs to be
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saturated with water at the operation temperature. Among the
many factors that affect the duration of complete gelation,
the most important ones are certainly the amount of nitrate
to be extracted and the microparticle diameter.

It has to be borne in mind, though, that the nitrate
extraction must be strictly controlled not to exceed a limit-
ing rate, otherwise too rapid a gelation of the outer skirt
of the microparticles occurs that would cause gelation
inequalities. However, the nitrate migration is not stopped
altogether by gelation, but simply slowed down.

Gelation is assumed to be completed when a limit between
0.1 and 0.2 of the Nog/metal ratio is reached. Such a nitrate
content has been shown not to have any harmful effect on the
characteristics of the microparticles after the thermal
treatment.

It has been routine practice in the reported experiments
to discharge completely the gelation column after every run.
After rinsing the gelled microparticle with an organc volatile
solvent to free it of the Alphanol-79 excess, the product is
ready to undergo the thermal treatments.

The plutonia, urania-plutonia and thoria-plutonia
specimens referred to in this paper,have been all fired under
an argon - 5% hydrogen atmosphere in resistence tubular ovens
for four hours to reach the soaking temperature of 1,200°C
at which they were held for two hours.

The oxide microparticles so produced showed a
satisfactory spherical form in all batches with different
diameters: from a few microns up to a maximum of about 600
microns. The carbon content of the calcined product is

tipically less than 100 parts per million. The individual
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microparticle crushing strength values for 300-micron (U-
16%Pu)02 microparticles showed a variance between 6 and 10
kilograms. This value is very difficult to keep constant
from particle to particle within a single batch and to
reproduce from batch to batch. X-ray analyses showed that
the urania-plutonia microparticles have a solid solution (U,
Pu)O2 structure. The microparticle densities ranged from
08%, of theoretical density for urania -16% plutonia, to
consistently higher than 99.5% of theoretical density for
mixed oxide of urania or thoria with only a few units
percents of plutonia (up to 5 or 6% Pu).

The appearance and cross-section of urania - 5% plutonia,
urania -16% plutonia and thoria -5% plutonia microparticles
produced by the modified sol-gel process here described are
given in the figures.

Preliminary vibratory compaction tests of such micro-
particles in typical fuels sheets indicated that smeared
densities around 81-827% of theoretical using a binary size
mixture and around 85-86% of theoretical using a ternary
mixture can be achieved.

The first specimen loaded with U02-16%Pu0 is awaiting

2
irradiation in the Avogadro test reactor of SoRIN in Saluggia,
Italy. A comprehensive irradiation program is being now
started, for which use of the HBWR reactor in Halden, Norway

and the R-2 reactor in Studsvik, Sweden, is planned.

FUTURE ACTIVITY

The optimization of the single steps of the described
process will be continued up to a point where a comparison

can be made with the other modified method under investigation
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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. This
work will be performed at the rented laboratory in Mol,
Belgium. As soon as the 21,000-sq.ft. plutonium facility is
ready for use at the outskirts of Rome, Italy (scheduled
for 1968) a similar comparison work will begin between
coprecipitated and mixed pelletization techniques on one
side and between the most promising pelletization technique
and (sol-gel + vibratory compaction) technique on the other
side.

The irradiation experiments 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. GUILLET
Y. MASSELOT, A. ROBILLARD, F. STOSSKOPF

Abstract

The fabrication of the 96 first elements for the
Rapsodie reactor has been carried out at the

Atelier de Technologie du Plutonium in 1965-1966.

It represents the use of 320 kg of mixed oxide
(U,Pugoz containing about 70 kg of plutonium.

First, we examine the fabrication itself, the

total evaluation of the fabrication and the yield

of the different stages are detailed. Then, we
study the problems and difficulties raised by the
fabrication. At last, we summarise, as an extension,
the studies devoted to the adjustments of the proce-
dure for the fabrication of low density oxide for
Rapsodie. In the end, we give the specifications
considered just now for the first charge pellets of
the Phenix reactor.

Commissariat & 1'Energie Atomique (France),
Direction des Matériaux et Combustibles Nucléaires,
SECPER, Service des Techniques Appliquées au
Plutonium (Centre d'Etudes Nucléaires de Cadarache)
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Up to now, ninety six fissile assemblies for the
Rapsodie Reactor have been manufactured at the Atelier de
Technologie du Plutonium in CADARACHE. A first series of
pins for seven assemblies was made between April and October
1964, in order to adjust the manufacturing process and set-
tle the specifications. The pins for seventy-nine standard
and three special assemblies were then made between
November 19%h 1964 and October 2oth 1965. The corresponding
assemblies were fitted up during the first months of 1966.
The further standard assemblies were made at the end of the
same year.

A report1 has described in detail this production and
a communication was presented in BRUSSELS in March 19672,
in which we showed the evolution of the process and its
extrapolation to the fuel for the Phenix Fast Reactor Pro-
ject. It also gave indications on the economicgl aspect of
these fabrications.

In this paper, we shall deal with the production of
mixed (U, Pu) 02 oxide pellets during the first and second
campaigns and we shall consider the problems connected with
it.

Fabrication of mixed oxide pellets

Manufacturing process and specifications.

The production flow line is shown on Figure 1. It was
settled at the end of the first series, which also showed
the good quality of the pellets and allowed us to determine
the following limits for the specifications :

. Weight Pu 02 x 100 _ +
Fu 0, content & Gt wized oxide ~ 22»91 = 0,29
Weight Pu x 100 _ +
o Weight mized oxids — --#84 = 0,25
Stoichiometry : U 3 Pa = 2,00 % g 05
= ’
Diameter of the pelletB..icsssnwensee = 95,57 .2 0,05 mm
+

f

Geometrical densityissiawnsvwvssmviass 95,5 = 2 % of the
(measured on unrectified pellets) theoretical density

External aspect of the pellets : no chip of more than 1 mm.
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Quantitative results. The results of the measurements

carried out on the pellets are shown as histograms on the
subjoined figures. They call on the following remarks :

- Plutonium content : Chemical analysis is carried out on
five sintered pellets per half-batch. One batch is made of
all the pellets containing uranium from one reduction step,
ore half-batch being made of all the pellets coming out of
the same sintering furnace (one half-batch contains 480 to
550 pellets).

Figure 2 shows that the histogram of the first cam-
paign is centered slightly higher than the nominal value.
Although all the batches are good, the mean value given by
chemical aznalysis is 22.95 %, whereas the value aimed at
by weighing is 22.84 %.

This difference is lower for the second campaign, but
the number of batches is ten times less.

- Stoichiometry : 0 ratios are determined on one pellet
per half-batch by X ray diffraction measurement of the
lattice parameter. This can be done accurately only on
single phase oxides®. The last third of the first campaign
and all the second campaign were double-phased so that the
histogram on Figure 3 does not show all the fabrication.
It is however noticeable that all the single phase
batches are substoichiometric, the mean value being 1.985.

- Diameters. The diameters are determined as the mean value
between two measurements near the ends of each pellet on

10 % of each half-batch. The histogram on Figure 4 shows
that the specifications have easily been maintained. The
average value is slightly higher than the nominal value,
because of the adjustement of the process. The reason is
that if the diameter is too large, pellets can easily be
rectified. Only 2 % of the batches fell in that case.

- Density. Density is determined by geometrical measure-
ments and weighing on 4 % of the pellets for each half-
batch. Figure 5 shows that the histogram is centered on
high values. A certain number of batches of the first cam-
paign were even out of the specifications (they were
however accepted with derogation).

- Longitudinal mass. Longitudinal mass is calculated from
the diameter and the density. Figure 6 gives the distribu-
tion of the half-batches of the first campaign that were
not rectified with respect to the lines of equal longitu-
dinal mass. Figure 7 shows the histograms of longitudinal
mass for the first and second campaigns.

Material balance. The total plutonium balance for the
86 standard assemblies and the three special ones, first
series included, is the following :
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Total quantity of plutonium used

- estimed by weighing 69.488 kg
- profit after chemical analysis +252 kg
- total quantity taken into account 69.740 kg 100 %

Plutonium delivered in the 89
fissile assemblies and in the

additional accepted pins 67.889 kg 97.34 %
Plutonium recoverable by chemical

means

- analysis and destructive controls 1.353 kg 1.94 %
- fabrication scraps . 458 kg .66 %
- total 1.811 kg 2.60 %
Unrecoverable losses .040 kg .06 %

About this balance, a significant decrease of the
oxide mass (0+35 weight per cent) during sintering, lubri-
cant excepted, was shown on the overall first run. Chemical
analysis of the utilized U0 powder led to an O ratio equal
to 2.06. We assume that the PuOp Q ratio is M equal to
2.00. The oxides being manipulateu in a purified argon at-
mosphere, we assume that UO, does not undergo reoxidation,
and that the observed weight loss is due essentially to an
oxygen loss during sintering. In this case, calculations of
the average Q0 ratio of the sintered oxide lead to the value
1.986.

This value is to be compared with the average value
1.985 obtained by X-ray diffraction on single phased bat=-
ches. Therefore, it is reasonable to assume that the 0 ratio
for double phases batches is also close to this valuel

Problems raised by the fabrication

After this rapid survey of the results, it is interes-
ting to emphasize some important aspects of this fabrication.

The options. The fabrication was directed from the start
by some leading ideas on the oxide and the technology of the
process.

The burnup estimated for the first charge was not
higher than 35,000 M W D / T, so that the choice of densities
near the theoretical value had the following advantages :
neutron economy, good mechanical strength owing to the lack
of cracks and porosity, low dispersion of characteristics of
the manufactured pellets.
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Consequently we tried to optimize the fabrication
parameters, by studying mainly the influence of the A D U
calcination temperature, of the milling time and of the
organic additions. Thus we were obliged to eliminate the
camphor process and to replace wet granulation by double
compacting.

We decided secondly to pilot the fabrication by measu-
ring the density of the pellets in the green state and
varying the pelleting pressure (this shows the advantage of
a hydraulic press). This method and the choice of the matrix
allow a good reproducibility of the sintered pellets and
avoid, as much as possible, rectification which may cause
difficulties with the future behaviour of the pellets and
with criticality. Figure 8 gives as an exemple two parts of
the diameter control curve corresponding to two fabrication
periods.

The third choice is the use of sintering furnaces with
molybdenum resistors, which need a reducing atmosphere (non
explosive mixture of hydrogen and argon in 10/90 proportion).
Sintering under thece conditions leads to substoichiometric
oxide which seemed to be a good guarantee against the appea-
rance of UzOy in the case of slow reoxidation (stocking
atmosphereg which could embrittle the pellets. It was shown
later that substoichiometric despite a lower thermal conduc-
tivity gave an advantage for the resistance of the oxide to
swelling under irradiation. Moreover, it was found that
hyperstoichiometric pellets crumble to powder after a few
hundred hours in sodium at 600° C, probably because of the
presence of U308 at the grain boundaries. On the contrary
substoichiometric pellets have a good resistance under
these conditions and this is a guarantee in the case of can
failing.

Lessons drawn from the fabrication. A first fact is the
satisfactory external aspect of all the pellets. Even after
rectification no crack can be seen in the oxide, the mecha-
nical strength is good and the number of pellets discarded
because of chips before cladding is very small,

The second observation is the following :

Because of the need to minimize the number of density
measurements, which long time require, it appeared more in=-
teresting to caracterize the pellets by their linear mass,
which is easier to obtain through measures and computations.

Moreover, this parameter is of greater interest than
density for the physicist, in order to evaluate the linear
power within a pin.

Figure 9 shows the results of density vs. diameter

measurements for 3 half batches covering the whole range of
linear masses.
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It can be seen that a linearized relationship betwen
diameter and density is quite valid within the range of va-
riations of these parameters.

Furthermore is should be recolled that the rate of
change of density versus diameter depends upon each particu-
lar half batch : this explains the slight variations of
slope of the fitted straight lines on these diagrams.

It was checked that the experimental relationships
were quite close to the ideal density vs. diameter relation-
ship for constant linear mass (see figure 6).

Since people are very interested in keeping a linear
mass as constant as possible, they should avoid centerless
grinding wich, while reducing the diameter dispersion does
not keep the linear mass constant since there is a mass loss
at constant length.

A third fact is the importance of the specifications
on raw materials. Without talking of the second phase, which
we shall see later, we have observed that is was necessary
to carry out new adjustements on the pelleting pressure or
on the diameter of the matrix when we used a new batch of
A DU.

If we suppose that the physico-chemical properties of
raw materials guarantee a certain quality of mixed oxide, it
is very important for the manufacturer that the fluctuations
of these properties be as small as possible. That is to say,
these products must be as homogenecus as possible.

This desire is not easy to translate into specifica-
tions ; but it would lead to the use of batches as large as
possible, taking however, criticality into account.

Difficulties encountered. Two main difficulties were
encountered during the production : one is the slight dif-
ference between the Plutonium content aimed at by weighing
and the value determined by chemical analysis ; and the
other is the appearance of a second phase in some batches,
which makes the determination of stoichiometry difficult.

For the first point, the results are given in table I.

The relative difference is 50 00 which is small and
very near the error on chemical analysis. However the dif-
ference was systematic batch after batch and not a mean
value, so that this is a problem.

Various hypothesis have been suggested
. Methods of analysis to be improved
. Partial reduction of oxides during sintering
. Presence of americium
. Initial hyperstoichiometry of UOp.

Finally, the retained explanation is the following :
a theoretical value of 22.84 was desired while assuming
that the mixed oxide was exactly stoichiometric. Taking
into account an % ratio equal to 1.985 leads to the new
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value 22.89., Furthermore, is was assumed that UO2 was
exactly stoichiometric in the initial coumpound, but further
chemical analysis showed the formula to be UO . By adding
the corresponding correction to the previous “6ne, one finds
a Pu percentage equal to 22.94, which is remarkably close to
the analytical average.

The second difficulty is the existence in the mixed
oxide of a second phase corresponding to the use of a cer-
tain batch of A D U, covering the last third of the 18%
campaign and all the second campaign.

This phase was first revealed by X-ray diffraction and
micrography (Fig. 10 and 11). It is made of clusters, 20 to
50 microns in size composed of small grains of .5 to 5
microns. Microprobe recordings of the U and Pu contents have
shown this phase to be richer in uranium and poorer in plu-
tonium than the matrix, its composition being UO2, as could
be predicted from X-ray diffraction measurements. Electron
microscopic studies by a two stage replica method showed
that the UOp grains were surrounded by a fine edging which
was supposed to be the (U,Pu)02 matrix, for plutonium was
detected in these clusters by autoradiography.

Although the second phase has been well investigated
its origin is still undetermined. The processing conditions
did not vary and it seems that the properties of the A D U
could account for it. A different behaviour during the
milling or the existence of an impurity which could slow
down the diffusion have been considered. High temperature
annealings should have made this second phase disappear,
but did not, and thus eliminates the first assumption (in
fact, the highest temperature used was 1800° C, and the
diffusivity of plutonium in UOp is still very low 4). As
regards the second assumption, we should have been able to
detect this impurity that did not appear in the other
batches of A D U, but none was to be found. So that the
question is still unanswered.

Because of this second phase, it was impossible to
measure accurately the stoichiometry of the corresponding
batches. Because stoichiometry is determined by X-ray dif-
fraction measurements of the lattice parameter, it is neces-
sary to know accurately the percentage of the second phase,
and it is not the case. However if we take the utmost esti-
mated value, 4 % (1.6 % being the mean value determined by
micrographic counting) we have verified that the oxide is
still substoichiometric, and this is confirmed by the good
resistance to sodium that was observed for double-phase
pellets,

It is interesting to note that X-ray difiraction eva-
luations give a higher percentage for the second phase,

15 % being the maximum. This could be due to the preponde-
rance of very small isolated particles which are not counted
by micrographic examination.
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Studies of future development of oxide fuels

The burnup aimed for the future cores of Rapsodie and
Phenix are near 100,000 M W D/T and it is necessary to
study oxides having a good resistance to swelling under
irradiation. For that, we are trying to obtain densities
between 75 and 90 % of the theoretical density.

Preliminary studies

A - During the trials that were made before the fabrication
we have just described, we were able to see the influence of
sintering temperature on the final density of the oxide.

Therefore we have studied systematically the behaviour
of U0, pellets having a green state density of 65 % of the
theoretical value, under sintering temperatures varying fromn
1150° C to 1650° C. We can see on the corresponding curve of
Figure 12 that the densities obtained vary from 68 % for the
lowest temperature (1200° C) to 97 % for the maximum tempe-
rature (1650° C).

There are two disadvantages to this method : risk of
bad diffusion in a mixed oxide and lack of stability of the
density for temperatures higher than the sintering tempera-
ture. Once in the pile, the zone of low density oxide could
be reduced to & fine annular layer near the can.

B - We have therefore searched for a method allowing sinte-
ring temperatures of at least 1500° C :

a) with this object we reduced the specific area of the
powders by high temperature treatment. A trial on UO2 heated
in a reducing atmosphere at 1350° C for 4 hours, gave after
sintering at 1500° C for 3 hours a density of 90 % to 92 %
of the theoretical value for a green state density of 70 %.
This result was still inadequate.

b) we decided to increase the quantity of zinc behenate
which Was initially .2 wt % and added around the oxide gra-
nules after the first compacting.

By adding 1 wt % behenate in a mixed oxide that had
been calcined at 1100° C for 4 hours we obtained after sin-
tering for 3 hours at 1500° C a density of 88 % of the theo-
retical value. The porosity was heterogenous and mainly made
of cracks due to the accumulation of behenate around the
granules. It seemed therefore impossible to increase the
quantity of zinc behenate introduced in this manner.

c) we were thus lead to the method now used which
consist in the incorporation of behenate_to the milled mixed
oxide powder before the first compactings. Thus, behenate is
distributed much more regularly in the oxide and we verify
that its capacity to slow down the densification is highly
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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-
re;ical value after sintering for 3 hours at 1700° C (Figure
12).

Spectrographic analysis of the pellets show that the
zinc content is below the detection limit (50 ppm) and
carbon analysis give results lower than 50 ppm.

Fabrications for irradiation tests

A - Irradiation of mixed oxide in Enrico Fermi reactor.

This new method was first applied to the fabrication of
low density (85 % of the theoretical density) mixed
(U.g8 » Pu,p) 0, oxide for irradiation in the Enrico Fermi
reactor which should have started in 1966 (Figure 13).

In this manner 15 pins, containing 2.5 kg of mixed
oxide in conformity with the specifications 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 the
theoretical value and a central hole made directly during
pelleting, bringing the apparent density down to 85 %.

B - Irradiation of mixed oxide in the Dounray Fast reactor.
A second fabrication, to be irradiated in the D F R,

took place in December 1966. Six pins filled with about

.5 kg of low density (85 %) (U_8 § Pu.e) O, oxide were made.

C - Irradiation of mixed oxide in Rapsodie.

The fabrication of the pins for 4 experimental fissile
assemblies has started in April 1967, filled of (U_a,Pu.z)Oz
pellets. They will be irradiated in Rapsodie in July 1967.
They contain 5.5 kg of full pellets with a density of 80 %
and 5.5 kg of full pellets with a density of 85 % of the
theoretical value.

Four further assemblies containing a similar fuel
(partly with annular pellets) will be manufacturel in the
second half of 1967).

Specifications considered for the Phenix reactor fuel.

The fabrications we have just mentionned show that low den-
sity oxide falls in the domain of practical application.
They have also been used as a base for the specifications
considered for the fuel for Phenix reactor and which we hope
to confirm by the irradiations in progress.

These specifications are the following :

P ¢ weight Pu x 100 = 2 central zone 20
B0Z seutant weight mixed oxide external zone 25
- ; (0] .
: e e 2. d : L)
Stoichiometry : g 5= 00 (desired 1.96)
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Diameter of the pellets : 5.5 mm

Longitudinal mass on unrectified (central zone 2.23 g cmn™!
pellets (full pellets of density

equal to 85 % of the theoretical (external zone 2.24 g cm~!
value)

External aspect of the pellets : maximum of 5 chips 1 mm
or 1 chip 2 mm

Conclusion

The fabrication of the first charge of Rapsodie and the
studies of low density mixed oxide in an extended irradiation
programme has enabled us to collect a large information as
well on the fabrication and control processes as on the
physico-chemiceal properties of the oxides. This knowledge is
now used for the definition of the fuel for the Phenix reac-
tor and for the survey of the manufacturing plant, capable
of producing every day 30 kg of oxide, which will be equip-
ped in 1968.
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Table 1. Weight Percentage of plutonium in mixed oxide

Determined by chemical

Aimed at analysis
by d
weighing 15Ycampaign 2 campaign
Pu 0p mean value mean value
calcined on 220 on 26
in air at half-batches half-batches
T700° C

Weight Pu x 100

Weight mixed oxide iy B4 22'955 22'937
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Ammonium Diuranate Calcined oxalate

60% enriched U 300° C
Delivery check Delivery check
Calcination Calcination
900°C_.1h 700°C_ 2h
Reduction
900°C. 2h

in Hy+N, (10.90%)

—

Grinding 2 h
. He

Granulation
Compacting 1500 bar
Granule from 315 to 600 [l
+0.2% zinc behenate

|

Pelleting 4500 to 7000 bar

|
Sintering
800°C . 1 h
1650°C . 5h
(Hy+Ar) (10 . 90%)

Density control X Ray-Micrography
Geometry and aspect| |Chemical analysis

Conditionning
for cladding

!

PELLETS

Fig.1.Processing diagram of the pellets.
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Fig10-Micrography and X Ray diffraction analysis
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Fig11- Micrography and X Ray diffraction analysis
of a two-phase pellet.
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(U-Pu)C PARTICULATE FUEL FABRICATION

J. E. Ayer

Abstract

A series of uranium-plutonium carbide elements were fabricated
for fuel element performance studies. The fuel consisted of mixed
uranium and plutonium carbides and solid-solution uranium-plutonium
carbide. The fuel elements were manufactured by vibratory compaction
employing an infiltration technique. The loading process parameters
were determined on the basis of model studies carried out on non-
fissile materials.

Eleven rods containing 80% uranium carbide and 20 plutonium
carbide and five rods containing solid-solution carbides were fabri-
cated. The mixed carbide fuel elements were all loaded to "smear"
densities of 80% of theoretical with the exception of one which was
compacted to 83.8% theoretical density. The solid-solution rods
were formed to fuel densities of 84.2 + 1.3% of theoretical.

Fabrication revealed that the packing characteristics of carbides
deviated from the model studies due to attrition of the fuel material.
In some cases 20 percent of the first component addition was reduced
to finer screen sizes during loading. Uniformity of density is
promoted by infiltration, although angular particles are conducive
to low infiltration rates.

J. E. Ayer is the Leader of the Plutonium-Materials Fabrication
Group, Metallurgy Division, Argonne National Laboratory, Argonne,
I1linois.
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Carbide fuel fabrication development at Argonne National Laboratory
is motivated by two stimuli. One is the desirability of developing
improved fabrication techniques and the second is the need of the car-
bide fuels performance program which exercises a continuing demand
for fabricated elements. Both facets of the development program are
incorporated in the results described in this paper.

Generally ceramic fuels are presented to the Jjacket in one of
two forms; pellets or granules. Because a fuel body density between
80 and 85% of theoretical is desired for our fuels evaluation program,
particulate fuel columns formed by vibratory compaction are of
interest. The interest in particulate fuel columns derives from the
void space that must accompany fuels of this low density. The voids
offer paths for the accumulation and release of fission gases and
provide space into which swelling may be accommodated. Small particle
size promotes fission gas release by limiting the distance that the
gas must travel in order to diffuse to the particle surface.

The attainment of capability to fabricate ceramic fuel bodies
by vibratory compaction was preceded by considerable development.
Studies were carried out on model systems to determine the effect of
particle geometry and vibratory mode on packing characteristics. The
initial studies were conducted with spherical particles in single and
multi-component systems. The results of experiments with malleable
steel shot have been published in the Journal of the American Ceramic
Society (1) and are shown in Fig. 1. This is a plot of the void
packing efficiency versus diameter ratios of container to first com-
ponent spheres and spheres to spheres. The void packing efficiency
is defined as the fraction of available void volume that is occupied
by the entering component. The equations given on the figure are
least-squares fits to data points determined from experimentation.
The standard deviation of data from the mathematical expression was
found to be 0.01 for over 200 individual data points determined on
single component systems. In the case of binary systems 60 data
points showed a standard deviation of 0.013 from the curve fit.
These findings permit one to predict achievable density by mathematical
calculation (2). These data were gathered by employing an infiltration
technique, thereby the lower curve in Fig. 1 represents the void
packing efficiency of the second component in the first component
matrix spheres. The lower curve is universal in the sense that it
represents the packing efficiency of any size sphere in a matrix of
spheres.

The above work has been extended to the compaction of angular
shapes. In this study the infiltration technique was used to find
the influence of particle dimension and shape upon void packing
efficiency. The results of this study, which have also been published
in the Journal of the American Ceramic Society (3), are shown in
Fig. 2. Figure 2 like Fig. 1 is a plot of void packing efficiency
versus the diameter ratios of container and matrix particle to
entering particle dimension. Particle dimension was determined by
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sieving and is the average between screen openings through which the
particles pass and on which they are collected. The least-squares
fit of the packing efficiency data is shown as the mathematical ex-
pression on the figure. The standard deviation of packing efficiency
of angular particles fram the curve fit found on over 100 data points
was 0.009 for a single component system of particle dimension less
than 300 microns. The mathematical expression generated for spherical
and angular particle packing are of similar form. The expression for
the angular system, however, has an added term. This middle term is
a function of reciprocal of particle dimension and is dependent upon
the surface-to-volume ratioc of the particles being packed.

The experiments in spherical and angular packing are sufficient
to define the spatial characteristics and limitations of the systems
studied. They do not, however, reflect the influence of attrition
of particles or permit one to infer rate of infiltration. Preliminary
studies to determine the influence of factors effecting the infiltration
rate have been conducted. Results indicate that infiltration rate is
a function of frequency and acceleration of vibration and particle
shape. Generally, infiltration time for both spherical and angular
particles varies inversely with acceleration to about 15 g's. Little
difference in the infiltrating rate was observed between 15 and 20 g's.
This finding suggests that a plateau is reached in the rate of infil-
tration between these two values. The rate of infiltration was a
maximum between 40 and 80 cycles per second for all accelerations to
20 g's. At driving frequencies between 100 and 400 cycles per second,
infiltration time increased with increasing frequency. This finding
prompted the use of 60 cycle vibration for all fabrication work. The
influence of particle shape on infiltration time can be illustrated
through one experiment in which comparable sized spheres and angular
particles were loaded. In this instance, a 22-inch long, 1/b-inch
diameter column was loaded at 60 cycles per second and 15 g's. The
infiltration time for the angular particles was about 25 minutes.
About 7 minutes was necessary to complete the infiltration of
spherical particles.

Translation of information from the development studies into
fabrication was accomplished through the fabrication of 16 elements
for fuel evaluation studies (L4). The fuel specimens consisted of
cylindrical metal jackets with welded end plugs, a fuel column, and a
retainer. The over-all length of fuel elements was 25-1/4". The fuel
occupied the lower 14" of the element and a plenum for the accommodation
of fission gases occupied the upper 9" of the element between the top
plug and the retainer. The inside diameter of all elements was 0.256".
Pertinent data on the fuel-jacket combinations and the fuel composition
are shown in Table 1 and Table 2. Two types of elements were fabricated:
one was a uniform column of solid solution (U+Pu)C at 85% theoretical
density; the other consisted of a UC matrix into which PuC was infil-
trated to achieve an over-all density of 80% of theoretical. In both
cases the uranium-plutonium ratio was to be L:1.
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Previously described development work conducted with malleable,
non-fissile material indicated that the maximum packing fraction for
a two-component system of angular particles in small diameter tubes
would be about 80%. Because the density of fuel carbides was about
97-1/2% of theoretical a two component system would yield a fuel density
of only T8% of theoretical. One method by which the packing density
may be increased is to use a three-component system. This method has
been successful in model systems using spherical shapes. However,
efforts to produce uniform density by an infiltration technique on
three component systems of angular particles has been unsuccessful.
Another alternative is to blend three components of predetermined size
and quantity and introduce them to jackets while wvibrating. This
approach was rejected because we have found that in unconstrained
columns the fine fraction will settle, levitate the coarse particles,
and result in non-uniform axial density distribution. The problem of
achieving "smear" density greater than 80% of theoretical was
resolved as a compromise between these two solutions. Two size
components were selected such that the smaller component would be
small enough to fit into the voids in the coarse component matrix and
large enough to be retained in these voids. The finely divided third
component was infiltrated through this mixture. The coarse fraction
size was calculated to give the maximum packing efficiency determined
by the use of the angular particle packing efficiency curve previously
shown in Fig. 2. The mathematics necessary to determine the maximum
packing efficiency is as follows:

Pe. = 0.635 - 2ee0 0.072 e'O'QOTD/dl
1 d
il
A _
PE1 30,0 (0.072)(e 0.207D/d) y (5 po7p) - &
A3 T 2 2 -
1 d, a
0.01koD e‘O'QOYD/dl = 32.0
when, D = 6.50 x 103 u (0.256 in.)
e'O'QOTD/dl = 0.330

O.2OTD/dl =1.11
D/d; = 5.36

a =1.22 x 103 4 (0.048 in.)

= 32.0 -(0.207)(5.36)
Pe1 (yay) = 0+635 - 1559 - 0072 e
_ -1.11
PE1 (Max) = 0.635 - 0.026 - 0.072 e
P€) (Max) = 0-635 - 0.026 - (0.072)(0.33)
Pe (Max) = 0.609 - 0.024 = 0.586
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The optimum size for the coarse fraction is found by setting the
derivative of Pej; with respect to d; equal to O and solving for d;.

The maximum packing efficiency of this component was found to be

58.6%. The size of the coarse component to achieve this maximum
packing efficiency was determined to be 0.048". The size and quantity
of the second component to raise the packing fraction to above 66%

was determined by making model runs with angular blast cleaning grit.

By this method we determined that the second component size should be
about 1/2 of the first component size. The model conditions required
to yield a fuel body of 80% coarse material, 20% finely divided material
and 82% packing fraction were thus determined. In terms of percentages,
the carbide fuel charges were as follows: 62.4% of 12/14 mesh material
blended with 17.6% of 30/35 mesh material into which was infiltrated
20% of -325 mesh powder. Similar calculations were made to determine
the quantities and sizes of components to achieve 85% TD bodies of
solid-solution carbides.

The fabrication procedure is outlined in Fig. 3. All jacket
material was inspected, measured for volume, and cleaned before entering
the process. Massive chunks of fuel material were reduced to desired
mesh sizes by hand using a Plattner mortar. The product was screened
to obtain the coarse fractions and the unacceptably small sizes were
passed through a micro-pulverizer to generate fines for infiltration.
Fuel charges were weighed out according to calculation, placed in
plastic bottles, and stored in a desiccator under vacuum until ready
for use. Once in the gloveboxes the jackets were attached to a vibrator
platen by a stud that was threaded into the bottom plug. A rattle
cage was dropped over the tube and a funnel inserted into the open
end. Figure L} shows such an element ready for loading. Pre-weighed
coarse and intermediate sized fractions were blended and the mixed
charge was poured into the jacket through a long funnel. During the
introduction of the blended fuel charge the 60 cycle vibrator was
operating at about 5 g's determined by an accelerometer attached to
the bottom side of the vibrator platen.

After complete introduction of the large component the funnel
was carefully removed to prevent contaminating the upper portion of
the inside wall of the jacket with plutonium. The funnel was replaced
by a thimble and a shorter funnel as shown in Fig. 5. The thimble
is a brass tube soldered to a standard Swage-lok reducer. The bottom
of the thimble contains a screen with a mesh larger than the most
finely divided fuel fraction and smaller than the coarser fractions.
The O-rings at the bottom prevent the infiltrating fraction from being
conveyed up the fuel tube wall and contaminating the fuel rod hardware.
The thimble was seated against the fuel jacket top by downward pressure
on the reducer while the fuel tube is driven at 60 cycles per second
and 15 g's. When the thimble is seated, vibration is stopped and the
Swage-lok fitting tightened against the top of the fuel tube. The
funnel is then inserted and the fine fraction is introduced. Intro-
duction of the coarse fraction took from 30 to 40O seconds and the
fuel level was invariable within 1/8" of the final calculated depth.
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Five specimens of solid-solution (U:Pu)C were fabricated for
the carbide fuels evaluation program. The densities attained were
84.2 + 1.5% of theoretical employing 97.1% TD particles. This is
equivalent to an average void packing efficiency of 86.7%. An
indication of the uniformity of the solid-solution columns may be
seen in Fig. 6. The two elements on the left of this figure are
the solid-solution-containing columns. The rod on the extreme left
is quite uniform and packed to a density of 82.9% of theoretical.
The rod on its right is packed to a density of 85.5% of TD and
exhibits isolated low density regions at the top half of the rod.
Low density regions are acceptable from the standpoint of irradiation
behavior since they form cold rather than hot spots. They are, however,
deviations that may not yield to control and are thereby objectionable.
This kind of structure is not typical of vibratorily compacted rods
but it 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. All elements show a low density region at the
top that is caused by the absence of fine fraction. The extent of
this low density region varies from 1/2 to 1-3/4". The low density
at the top of the fuel column was brought about by the deviation of
the carbide system from the model system previously discussed. The
model system was made up of angular particles of malleable material.
The carbides, which are brittle, undergo attrition during the loading
process due to the vibration. We have determined that attrition will
bring about a change in particle surface-to-volume ratio and a conse-
quent change in particle packing efficiency. This characteristic was
confirmed when some elements, which behaved in an unpredictable
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 to two and one-half percent by the complete
filling of the void, which appears at the top of the rod, with the
infiltrating fine fraction.

The results of development work, and this fabrication effort,
tend to support a number of conclusions. First, model studies
can be used to determine, mathematically, the sizes and weight of
first component fuel charges to attain desired density. This conclusion
is supported by our success at achieving desired column height in the
matrix component. 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 that occur unpredictably when loading irregular particles can
be avoided and fabrication rates can be markedly improved by using
spherical particles. To support this conclusion, I submit Fig. T.
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 other 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
time for this model rod, which is four feet long, was about one hour.
Here again it is possible to load a number of such rods on a single
vibrator platen. The charges of simulated fuel and blanket were
determined using the mathematical expression shown on Fig. 1 and the
degree of intermixing of blanket and fuel sections is shown in Fig. 8.
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Table 1.

for Performance Studies

Average Composition of Fuel Carbides

Fuel Material

uc PuC (U*Pu)C
I. Chemical Composition in w/o
A. Uranium 95.12 - 76.33
B. Plutonium - 95.02 19.07
C. Carbon 4,59 4,85 5.11
D. Oxygen 0.47 0.0k4L 0.0066
IT. TIsotopic Analysis in w/o
. U23s 1.00 - 0.76
B, U235 88.60 - TL.32
c. U238 0.2k = 0.18
D. U238 5.29 - L4.08
E. Pu239 e 90.26 17.43
F. Pu240 - 4.38 1.50
G. Pu?hl == 0.37 0,13
H. Pu2h2 . 0.02 0.01
ITI. Density Measurement
A. Absolute Density g/cc 13.28 13.2k4 13.22
B. Theoretical Density in % 97.1 97.4 97.1
IV. Carbon + Oxygen/Metal Ratio 1.02 1.02 1.05
Table 2. Specifications for Carbide
Irradiation Specimens
Number of Jacket Wall Fuel Density
Specimens Material in in. Form % D
L Hastelloy-X 0.015 UC-PuC 80
3 Nb-1w/o Zr 0.012 UC-PuC 80
2 Ta-10w/o W 0.020 UC-PuC 80
1 316-ss 0.020 UC-PuC 80
1 304-88 0.020 UC-PuC 80
2 Nb-1lw/o Zr 0.012 (U*Pu)c 85
L V-20w/o Ti 0.020 (U-Pu)C 85
51 v 0.020 (u-Pu)c 85
W-coated 0.005 . 8
1 Hastelloy-X 0.015 (0-Bu g 2
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URANIUM-PLUTONIUM ALLOY FUEL FABRICATION*
Arthur B. Shuck
Abstract

The uranium-plutonium alloys have been used principally in zero-
power and fast-reactor experiments where a high density of fissile atoms,
good thermal conductivity and high thermal expansion are required. The
binary uranium-plutonium alloys have very poor mechanical properties and
oxidation resistance, except in low plutonium concentrations. Modifying
elements, such as molybdenum, zirconium, or titanium, have been added to
improve the mechanical properties with some measure of success. These
alloys have been fabricated into reactor fuel elements.

The largest single requirement, to date, for uranium-plutonium alloy
fuels has been for the fast zero-power physics experiments. Approxi-
mately 11,000 kilograms of U-28.3w/oPu-2.5w/oMo alloy is being fabricated
into 15,500 plate-type elements for the Zero Power Plutonium Reactor.

The elements consist of rectangular plates of the fuel alloy in tight-
fitting stainless steel jackets. Conventional hot-working methods of
fabrication required temperatures in excess of 500°C to avoid billet
cracking and a high-purity inert atmosphere to prevent oxidation. Jacket-
and pack-rolling techniques were not promising because of the tendency of
the alloy to react with most of the commonly used jacket materials.

Vacuum melting and casting the U-28.3w/oPu-2.5w/oMo alloy into reuse-
able, multiple-cavity molds was found to be a practical method for making
rectangular-section bars from which the element plates were machined.
Directional solidification of the castings from the bottom and continuous
feeding of molten metal into the hot-topped molds was necessary to pre-
vent internal shrinkages. The cast bars were parted into the individual
plates, which were machined to the specified weights and dimensions.

The stainless steel jackets were stretch formed from welded-and-
drawn, Type-304L tubing. As with all plutonium fuel elements, loading
the alloy cores into the jackets must be done by methods that do not
contaminate the weld joints and jacket exterior with plutonium. The
Jjackets were enclosed in a protective fixture and the cores were loaded
through a funnel that prevented contact of the core with the jacket lip.
Close-fitting end plugs were inserted in the jacket sleeves and forced
tightly against the cores. The seal welds between the jacket sleeves and
end plugs were made at less than one-half atmosphere pressure of inert
gas. The reduced internal pressure prevented inflation of the fuel
element at operating conditioms.

Arthur B. Shuck is a Senior Metallurgical Engineer with Argonne National
Laboratory, Argonne, Illinois.

*Work performed under the auspices of the United States Atomic Energy
Commission.
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INTRODUCTION

The uranium-plutonium alloys have the advantages of high density of
fissile atoms, good thermal conductivity, large thermal expansivity, and
minimal neutron moderation. These advantages are such that there has
been a continued interest in metallic fuels for fast reactors in spite of
operating temperature and burnup limitations. Several thousands of
uranium-plutonium alloy fuel pins have been fabricated by injection cast-
ing methods! for experimental use in EBR II. These have been alloyed
with fissium (a synthetic fission product composition), zirconium, titan-
ium, or molybdenum to improve the properties and irradiation resistance?
of the binary alloy.

The greatest application for uranium-plutonium allocy fuels to date,
however, has been for zero-power reactors. Approximately 11,000 kilograms
of U-28.3w/oPu-2.5w/oMo alloy is presently being fabricated into 1/4-inch
thick by 2-inch wide, stainless steel jacketed plate elements for use in
the Zero Power Plutonium Reactor, ZPR-3, ZPR-6, and ZPR-9. These zero-
power reactors at Argonne, Illincis and the National Reactor Test Station
are large separable tables, each with a three-dimensional framework in
which one-half a reactor may be assembled. The fuel, structural materials,
coolants, and parasitic neutron absorbers may be mocked up, building block
fashion, for any given reactor design. Control and safety mechanisms are
also incorporated and the reactors are highly instrumented. When the two
one-half reactors are brought together, the assembly may be made to
approach and become critical, and to display the nuclear characteristics
of the full-scale reactor of which the design is being studied. The
principal advantage of the zero-power reactors (ZPRs) is the ease and
economy with which the building-block arrangement of fuel and nonfissile
materials can be changed. Even greater economy and flexibility can be
achieved by zone assemblies, where smaller, highly instrumented zones are
built within the core of a larger reactor assembly to study the fine-
scale neutronic effects of fuel variability or composition.

ZERO POWER REACTOR FUEL REQUIREMENTS

The zero-power reactors require fuel elements with the following
characteristics:

(1) Each fuel element of a given size must be of known and
uniform weight and composition.

(2) The fuel elements must have a prompt, positive expansion
in the longitudinal direction when heated by a nuclear power excursion.

(3) The core plates must not burn if exposed to air.

(4) The outside of the jackets must remain free of
plutonium contamination.

(5) The fuel elements must withstand shipment, normal wear,
and repeated use without core breakup, distortion or jacket leakage.

(6) The fuel elements must be practical to manufacture.
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In order to meet these requirements, the core alloy should have a
high coefficient of thermal expansion, sufficient strength to stretch the
Jacket and resistance to oxidation and ignition. The jacket must fit the
core tightly in the longitudinal direction, and have flat ends to transmit
thermal expansion to the adjacent elements in the reactor. If the jacket
is gas bonded to the fuel element core, the pressure of the gas should be
sufficiently low that the jacket does not inflate at reduced barometric
pressure and increased operating temperature.

The zero-power reactor fuel element should be of as simple a design
as possible. Figure 1 shows the evolution of the plutonium zero-power
reactor fuel element. The first elements were Pu-1.2w/oAl, rolled plates
in loose fitting jackets. A spring held the core against one end of the
Jacket so that expansion was always against the spring. The first of
these elements wag made in Illinois and the jackets sealed at 600 feet
altitude pressure. When the elements were taken to Idaho, at 6,000 feet
altitude, all of them inflated so that they would not pass the thickness
gages. ©Subsequent elements were welded in a reduced pressure chamber and
had an internal pressure of about 1/2 an atmosphere. The sides of the
jackets now pressed so tightly against the cores that the spring action
was largely defeated.

The second design, Figure 1-b, was developed for the SEFOR critical
experiment in ZPR-3. The cores were precision cast from U-20w/oPu-2.5w/oMo
alloy. The jackets were two drawn half panels with turned-out rims that
enclosed the core plates and were sealed by a peripheral fusion weld that
joined the rims. A heavy weld bead was cast at each end of the jacket,
which was machined to form a shoe to transmit expansion. The jacket was
easily assembled and fit the core quite tightly as the result of contrac-
tion of the weld. Precision individual castings, and jackets were re-
quired with separate tooling for each size. The welds were easily dam-
aged and the shoes tended to become bent out of shape. Production costs
were high.

The present ZPPR fuel element is shown by Figure l-c. The cores
consist of rectangular fuel alloy plates, which may be cut from precision-
section bars. The jacket consists of a rectangular sleeve, which may be
cut from formed tubing, and two end plugs. The core is loaded through
the sleeve opening and the final weld is made under reduced pressure
while the end plug is loaded against the core.

FABRICATION PROPERTIES OF URANIUM-PLUTONIUM ALLOYS

The uranium-plutonium alloys, in the 15 to 40 percent plutonium
range, are not satisfactory for fuel-element fabrication. The zeta-phase
field occurs in this composition range, and the zeta-phase-containing
binary alloys tend to fragment in the casting molds and to disintegrate
at room temperature, probably as a result of microfissuring and oxidation
of the zeta phase. These binary alloys are decidedly pyrophoric. Heating
in air showed that ignition would occur at temperatures as low as 150°¢3.
Spontaneous ignition has been experienced in air-filled gloveboxes on
several occasions. The addition of 2.5 weight percent of molybdenum to
the binary alloy modifies and largely eliminates the microfissuring and
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oxidizing tendencies of the binary alloy. The ignition temperature of a
U-28.3w/oPu-2.5w/oMo alloy was above 500°C and is similar to that of
unalloyed uranium. Fairly good oxidation resistance was observed with an
alloy of U-37.0w/oPu-2.5w/oMo.

The U-28.3w/oPu-2.5w/oMo alloy solidifies over a range of 1020 to
920°C and the as-cast microstructures show the coring and microsegregation
that might be expected. The as-cast hardness is influenced by gamma-
uranium phase retention. Castings that were made in molds at 600 to 900°C
and very slowly cooled had a Rockwell C hardness of 45 to 54, and were
quite difficult to machine. Castings that were made in molds at about
400°C, and more rapidly cooled, were of Rockwell C hardness 35 to 40 and
were machinable with carbide-edged tools. The alloy has very little
ductility at room temperature. Compressive strength at room temperature
was between 140,000 and 170,000 psi. Very little compressive plasticity
occurs until the alloy is heated above 4L50°C. It is highly plastic at
5502C.

The alloy, when cast into coated carbon molds, shows a very good
fluidity and replicates the mold surface precisely. About 300°C of
superheat was needed to eliminate laps and flow marks. The liquid
volumetric thermal contraction is several times that of the solid metal,
and good foundry practices, directional solidification of the castings
and continuous feeding of the solidifying interface, are required to
prevent internal macro- and microshrinkage. The alloy is highly plastic
between 600 and 900°C and gas pressure on the casting surfaces will
cause them to dimple in as the metal freezes. This is prevented by
vacuum casting or by casting against a chilled surface. Internal frac-
turing may occur if the mold draft is insufficient. All of these poten-
tial defects may be corrected by proper mold design and selection of
casting parameters.

There was an interest in metalworking as a possible means of fabricat-
ing the ZPPR fuel. Rolling was tried on a number of cast billets. Roll-
ing at billet temperatures below 500°C resulted in extensive damage to the
billets at less than five percent reduction as shown by Figure 2-a. The
metal became quite soft at 550°C and could be rolled by rolls heated to
250°C, as shown by Figure 2-b. Surface cracking occurred when the 550°C
billets were rolled between rolls at room temperature. A very good inert
atmosphere was required to prevent excessive oxidation. Oxidation was
excessive in an atmosphere that contained about 0.1 percent oxygen and 30
ppm of moisture. Jacket rolling was not successful because the fuel
alloyed with the metals that were tried for jacketing, making it very
difficult to strip the jackets from the cores. Similar problems were
experienced with sticking of the metal in steel extrusion dies. Metal
working was abandoned as a means of fabricating the cores because of these
difficulties.

DEVELOPMENT OF FABRICATION METHODS

The method developed at Argonne National Laboratory for the fabrica-
tion of the zero-power reactor fuel elements consisted of the following
operations:

266



1. Plutonium from various sources was melt-blended to
produce a composition containing ll.SiO.Sw/ozquu. The blended
plutonium was cast as ingots that weighed about one kilogram each.

2. A uranium-molybdenum binary alloy was prepared and
cast into ingots of suitable size for remelting.

3. After analysis of the plutonium and the binary
alloy, they were alloyed together to produce a ternary alloy
containing 25.0w/o(23%Pu+241pPu) and 2.5w/o molybdenum. The
composition of the resulting alloy was approximately U-28.3w/oPu-
2.5w/oMo. This alloy was cast into bars of finish thickness and
of sufficient width to allow machining. The length should be
selected to allow two or more core plates 4, 5, 6, T, or 8 inches
long to be machined from each casting. The experimental molds
were 10-1/2 inches long. Twelve or fifteen inch molds may be more
efficient for production of elements.

L. One edge of the bar was machined full length.

5. Core plates were parted from the cast bars by
means of carbide-tipped milling saws. More than one milling
cut was made by mounting more than one saw on a common arbor.

6. The edges of the core plates were chamfered and
the ends machined to finished length. The width was cut to the
top of the tolerance range.

T. The core plate was weighed, and, if too heavy, the
width was remachined to bring the core plate weight to within the
weight tolerance range.

8. Jackets were fabricated by stretch forming 1.35-inch
diameter by 0.0l6-inch wall, Type-30LL, stainless steel tubing into
a box die by means of an expanding mandrel. End plugs were machined
and one end was TIG welded to the jacket sleeve.

9. The jackets were protected against plutonium contam-
ination during core-plate loading by enclosing them in a protective
fixture, and the core plates were loaded through disposable aluminum-
foil funnels,

10. After removal of the funnel, the second end plug was
inserted and the fixture was closed to exert a clamping force of
40 pounds on the two ends of the element. The loading and welding
fixture was provided with the copper chill pads that were necessary
to control the contour and penetration of the welds.

1l1. The ends and one side of the plug was welded to the
sleeve with the welding chamber at atmospheric pressure. The final
weld was made after the chamber had been evacuated and back filled
with argon-helium mixture to six psia.
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12, Final inspection consisted of alpha count, neutron count,
leak detection, visual inspection, gaging and radiography.

Plutonium Ingot Preparation

The available plutonium varied in isotopic composition. The 240py
content ranged from eight to fifteen percent and there were similar varia-
tions in other isotopes. From many analyses it was determined that an
approximately uniform composition could be achieved by blending low and
high 240py material to produce a composition that contained 11.5w/0240pu.
The plutonium was then added to the ternary alloy in an amount that would
yield 25w/o of fissile 239pu+24lpy in the core plates. An order was
given at Hanford to produce the 11.5 percent 240py to Argonne specification
as one kilogram ingots.

Preparation of Binary Alloy

It was found that much lower losses of plutonium and better control
of composition could be achieved if the alloy were prepared in two steps.
The first step was the preparation of a U-3.54Lw/oMo binary alloy. Ura-
nium and molybdenum compacts were melted in yttria-washed MgO crucibles.
The molybdenum compacts were obtained commercially. They were made from
hydrogen-reduced molybdenum, which was pressed into 3/4-inch diameter
tablets that were low fired to produce an outgassed, somewhat porous, and
easily dissolved tablet. About 1L470°C was found to be necessary to dis-
solve about 360 grams of molybdenum in ten kilograms of uranium. A 40~
minute melting cycle gave complete dissolution. The resulting alloy was
made up to be slightly uranium-poor, so that a small amount of uranium
could be added for adjustment of the ternary composition. The binary
alloy was cast in yttria-coated carbon bar molds of the same type as used
for ternary alloy casting. In production it would be advisable to cast
into molds of a different shape.

Alloying and Casting the Ternary Alloy

Ternary alloy preparation and casting the bars for core-plate manu-
facture was carried out in a single operation. Casting is shown in
Figure 3. All operations involving unjacketed plutonium alloys were
carried out in helium-filled gloveboxes. The furnace glovebox line is
shown in Figure 3-a. The furnaces were of the bell-jar, lift-coil type,
shown schematically by Figure 3-b. Solid tungsten coils, powered by a
10,000 Hz, 220-volt generator, were used to heat tantalum susceptors
around the crucibles and the top of the carbon molds. Bottom pouring
magnesia crucibles with 3/U-inch pouring holes, stopper rods, and crucible
covers were coated with alcohol suspended yttria on all melt contacting
surfaces and dried. Broken pieces of the binary alloy were placed in the
bottom of the crucible with the plutonium on top, so that maximum contact
would be achieved as the plutonium melted down through the binary fragments.

Multiple-cavity, book molds of high-density carbon were used to cast
bars of finished thickness. Various refractory coatings were tried includ-
ing milled calcium and magnesium zirconate, thoria, and zirconia. Yttria
of minus six-micron particle size suspended in ethanol seemed to give the
best surfaces, although this material may cause some problems in the
plutonium recovery operation.

268



The molds are shown, in exploded view, in Figure 3-c, The separators
between mold cavities were made quite thin in order to reduce the heat
capacity of the sections on the two-inch wide surfaces. This prevented
freeze-off across the 0.205-inch width of the casting. Solidification
from the bottom of the casting was promoted by removing heat through a
conductive stool, which rested on the water-cooled furnace bottom.

Molten metal feeding of the solidifying casting was provided by extending
the top of the mold into the furnace coil, while the sides of the mold
were insulated with porous-alumina tiles. This arrangement caused a
thermal gradient of from about 300°C at the bottom of the molds to about
900°C at the top of the mold before pouring. The castings produced by
pouring 1325°C molten alloy into these molds from the crucible described
above were solid and essentially free of surface defects. A typical
casting is shown in Figure 3-d. The casting parameters and optimum
conditions for binary and ternary alloy casting are shown by Table I.

Core Plate Machining

The castings had a Rockwell-C hardness of 35 to 45 depending upon
the amount of retained gamma-phase material in the structure. Machining
with high-speed steel cutters was found to be quite difficult at room
temperature, but machinability was improved when the alloy was heated.
An electrically heated fixture was designed to test the feasibility of
hot machining core plates with high-speed tools, but the method lacked
the precision required unless time was allowed for the workpieces, fix-
tures and the milling machine to come to thermal equilibrium before start
of machining. The hour or more required for this was too long for the
method to have practical application. Burns to operators were an ever
present hazard and oxidation of the core plates was greatly increased.

Room-temperature machining of the core plates by means of carbide
milling cutters was found to be practical. Solid carbide milling saws
of 0.040-and 0.060-inch thickness were first tried. These were so easily
broken that 0.090-inch carbide-tipped, side-cutting saws were substituted.
These lasted for 40 to 50 cuts before dulling, if the sharp corners were
radiused slightly to prevent breakdown. Clamping was a problem because
the as-cast surfaces were slightly irregular and the brittle plates were
easily broken. Breakage and chipping of the edges were greatly reduced
when an 0.030-inch-thick soft-aluminum shim was placed between the fixture
and the core plate. Some work was done to determine whether the core
plates might be sawed directly to length, but the results were somewhat
imprecise, possibly because of difficulties in keeping a zero end play in
the milling machine arbor. Better precision was obtained by a second
milling operation to finish the ends. The edge chamfers were machined by
means of two 45° cutters that were mounted on the same arbor.

The machining sequence is shown by Figure 4. One edge of the casting
was milled first as a fixturing base line. Several castings were clamped
on the sawing fixture and core plates were parted as shown by Figure L-a.
The ends and second edge of the core plates were milled by a side cutter
in a vertical milling machine, as shown by Figure L-b. At this point the
cores were machined to the maximum width allowed. They were weighed and
if too heavy, a calculated amount was removed from the width to bring
them within the specified weight. Chamfering of the edges, Figure lL-c,

269



was the final operation of machining followed by weighing. Machining of
the two-inch wide surfaces was not normally done unless required to sal-
vage a rough or warped casting.

Jacket Manufacture

Initially the jacket sleeves were made from stainless steel sheets
thatwere folded around a mandrel and welded at one corner. The method
was imprecise and the corner welds on the thin metal leaked and caused
trouble in loading the cores. Commercially-formed rectangular tubes did
not meet the dimensional requirements, and attempts to draw form the tubes
resulted in overworked and thinned corners.

A method was developed at ANL by which commercially welded and drawn
tubing was flattened over a mandrel and then stretch formed into a
rectangular box die by means of a wedge-actuated expanding mandrel. This
method distributed the deformation over the flat surfaces of the sleeve
and did not cause corner thinning. The cold working of the flat sides of
the sleeves added greatly to their rigidity. The dimensional requirements
were easily met.

The end plugs were manufactured from Turk's-head-formed stainless
steel wire. It was originally felt that except for machining of the ends,
very little machining would be required, but this was not true. It was
necessary to flatten and die size the wires, and then to produce the end
form and radii by means of a shaving die operation. This produced end
plugs of good quality.

Fuel Element Assembly and Welding

The tungsten-electrode, inert-gas shielded, (TIG) method was used to
fusion weld the end plugs into the jacket sleeve. By enclosing the sleeve
in chills and a chill against the end plug it was possible to fuse the
joint between the end plug and sleeve producing a contour of controlled
radius. One end plug was welded before the core was loaded.

Contamination of the exterior surfaces of the jackets by the pluto-
nium has always been a problem in loading plutonium elements. Contam-
inated welds usually cannot be cleaned to the required alpha radiation
levels and the element must be rejacketed. Careful cleaning of the core
plates to remove all loose particles is the first step of the loading
operation. The subsequent steps of assembly and final welding are shown
by Figure 5. The jacket-sleeve surfaces were protected by enclosing the
jacket in the protective welding fixture. Strippable tape was used to
protect the exposed surfaces of the fixture. Loading of the cores was
done through a formed-aluminum funnel that was inserted in the top of the
jacket sleeve. The funnels were disposable and used only once. The
loading operation is shown in Figure 5-a.

The end plugs were inserted and forced down against the core plates.
The open chill fixture is shown by Figure 5-b. It is designed so that
when it is closed a forty-pound load is exerted against the two ends to
hold the plugs in contact with the core, The ends of the plugs were first
tack welded as shown by Figure 5-c. This was a hand operation that
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required considerable skill, which could be mechanized for production.
After welding the ends of the plugs the chill was transferred to the
welding chamber, where the first of the two-inch long welds were made at
atmospheric pressure as shown by Figure 5-d. The welding chamber was then
closed, evacuated and backfilled to six psia with LOv/o argon-60v/o helium
mixture. The final weld was made at this reduced pressure with a flow of
gas through the electrode shroud. Chamber pressure was controlled by
means of a regulating valve between the vacuum pump and chamber. The weld
parameters are shown by Table II.

Inspection

Inspection of the core plates, jacket components, and finished fuel
elements was established on a go, no-go gaging basis where practical.
Measurements and analytical information were reguired as follows:

(1) total weight of element to 0.0l-gram accuracy, (2) total weight of
core to 0.01 gram, (3) length and parallelism of core ends to nearest
0.001 in., (4) length and parallelism of element ends to nearest 0.001 in.,
(5) alpha total surface count rate, and (6) neutron emission rate.

Leak detection was done by helium leak detectors and bubble test.
The bubble test was needed for very large leaks, which were pumped out and
missed by the helium leak detector. The test elements were radiographed
to determine gap between the core and end plugs. In production this will
be determined from the length and end parallelism measurements. All welds
were inspected visually and by binocular microscope at 15 or 20 X. Weld
sectioning and metallography was required at the start of each operator
shift on an element lcaded with a stainless steel core before fuel cores
were loaded. This allowed the operator's loading and welding practices to
be checked by the supervisor on the dummy element.

Analytical Requirements

Complete charge-in data were maintained on all melts from which the
uranium, plutonium, and molybdenum composition of each batch were calcu-
lated. This information was verified by analysis of samples taken from
one casting from each melt. Isotopic analyses were made by mass spectro-
meter and metallic impurities were obtained by arc-source spectrograph.
Oxygen, nitrogen, and carbon analyses were made by fusion and gas train
methods. Radiochemistry was used to analyze 238y ang 241lpm, Impurities
were easily held to below the 4200 ppm maximum of the specification.
Elements that would yield a,n neutrons were kept to a minimum. Total
neutron emission was well within the 140% of spontaneous fission neutron
level allowable. The isotopic, chemical, and major impurities analyses
were converted to core-plate composition and a data card was designed upon
which all information pertinent to that element was punched and printed.
These data cards will be furnished to the experimentalists and will also
be used in development of accountability records.
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CONCLUSION

The objective of the zero-power reactor fuel development was to write
a realistic product specification, backed up by well-developed methods for
the manufacture of the fuel elements. These objectives were met with a
specification“ furnished for quotation and a process development reportS
furnished for information. Two organizations, Dow Chemical Company at
Rocky Flats, Colorado and Nuclear Materials and Equipment Corporation at
Apollo, Pennsylvania, have contracts for the furnishing of the fuel in
accordance with the specification. The processes differ in detail only
from those described in this paper.
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TABLE I. CASTING PARAMETERS

Binary Alloy Ternary Alloy
Range Selected Range Selected
Variable Tested Datum Tested Datum
Heating Cycle
Min. to melt L0-T75 60 40-100 50
Min. above 1200°C  —-——- = 8-Lo 30
Min. above 1275°C 8-60 4o
Mold TemE.*
Top, °C 400-T700 500 400-1050 900
Center, °C 150-300 200 200-600 450
Bottom, °C 80-300 100 100-400 300
Max. Melt Temp. °C 1350-1500 1470 1300-1480 1380
Casting Temp. °C  1335-1L45 1400 1270-1390 1280

¥Mold temperature was a function of melt cycle and temperature.

TABLE II. OPTIMIZED WELDING PARAMETERS

Arc Voltage 12 £ 1,0
Arc Current, amperes 36 £ 2.0
Shroud Gas Flow

argon, cfh 10 - 12

helium, cfh 15 - 18
Electrode thoriated tungsten
Electrode diameter, in. 0.060, 30° point
Arc gap, in. 0.025 * 0.003
Torch traverse rate 3.2 in. per min.
Pressure first weld one atmosphere
Pressure final weld 6 - T psia
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Evolution of Plutonium Zero Power Reactor Elements, (a) ZPR-III
Element with Pu-1.2w/o Al Core, (b) ZPR-ITII-SEFOR Critical
Element and (c) ZPPR Element.

U-28.3w/oPu-2.5w/oMo Alloy Billets rolled at (a) L50°C and
(v) 550°C.

Casting Operations, (a) Glovebox Line, (b) Schematic Drawing
of Furnace, (c) Molds for Casting Alloy Bars, and (d) Fuel
Alloy Casting in Mold.

Machining Sequence (a) Core Plate Cut Off, (b) Side Milling,
(c) Chamfering, and (d) Machined Core Plate.

Assembly and Welding Sequence, (a) Core Plate Loading,

(b) Exploded View of Welding Fixture, (c) TIG Welding Plug
Ends, and (d) Vacuum Chamber Machine Welding Plug Sides.
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PLUTONIUM METALLIC AND CERAMIC FUEL
FABRICATION AND DEVELOPMENT AT THE
EUROPEAN INSTITUTE FOR TRANSURANIUM ELEMENTS

H.M. MATTYS

Abstract

Some aspects of our work in the field of plutonium fuel fabrication
and development are reported.

- 2,700 uranium - plutonium=-iron alloy fuel rods have been produced
for the critical experiment MASURCA by a centrifugal casting
method. The total amount of plutonium contained in this loading
was 175 kg.

- 7,000 uranium = plutonium oxide pellets have been sintered for our
fast reactor irradiation program. Dry powder blending was preferred
to coprecipitation. No centerless grinding was necessary to obtain
reproducible pellet diameter (5.40 mm + 0.03 mm). The stoichiometry
of our pellets was adjusted by sintering atmosphere control.

- Spherical particles of PuO, g, have been produced to be irradiated
as graphite coated particles.

H.M. Mattys - Assistant Manager - European Institute for Transuranium
Elements - EURATOM - Karlsruhe, Germany.
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INTRODUCTION

The European Institute for Transuranium Elements is located at
Karlsruhe, Germany, and is an Establishment of the Common Research
Center of Euratom.

The Institute, specialized in the field of high activity alpha
emitters, has been built in 1963 - 1964. Scientific work started in
the beginning 1965.

At present, 220 people, including administration, maintenance and
health physics, are working in the Institute.

Most of our activity is presently devotedto plutonium and deals
with fundamental research on fuel materials, fuel fabrication
development, and post irradiation examination.

In this paper we will report some aspects of our work in the field
of fuel fabrication and development.

METALLIC FUEL FOR THE FAST CRITICAL EXPERIMENT MASURCA

In 1966, the Metallurgy group of the Institute for Transuranium
Elements fabricated a plutonium bearing metallic fuel loading for
the MASURCA fast critical assembly, which is operated by the
CEA-EURATOM Association in Cadarache, France.

This fuel loading consisted of 2100 fuel elements containing a
total amount of 175 kg plutonium. The fuel material was an alloy
of 74% uranium, 25% plutonium and 1% iron.

The maximal length of an element is 101.6 mm (4") or 202.2 mm (8").
The external diameter is 12.7 mm (0.5"). The thickness of the
cladding is 0.25 mm (0.010").

The fabrication process (see flow sheet fig. 1) was composed of the
following steps:

1) The alloy components are melted together in an induction furnace
(shown in fig. 2) under vacuum to obtain a homogeneous ingot of
10 kg, a photograph of which is given in fig. 3.

2) The ingot is re-melted in a centrifugal casting furnace, where
the metal is distributed and injected into 22 stainless steel
tubes set in a steel rotary mould. The stainless steel tubes are
of the same internal diameter as the ultimate claddings and are
lined with a 5 microns thick silicon dioxide layer. Fig. 4 shows
the open rotary mould of the furnace after a casting.

3) The alloy core is removed from the stainless steel tube, (see
fig. 5) polished to discard the outer silicon dioxide layer and
cut to provide a required weight of fissile plutonium. In fig.

280



page <

f6a and 6b a fuel rod is shown before and after polishing and
cutting.

4) The rods are then insertedinto a cladding tube closed at one end.
The second end plug is put into place after decontamination and
is then welded by electron bombardment.

5) The element is brought to its specified length by grinding the
end caps. Fig. 7 shows a finished fuel element.

6) After a helium leak test, the weight of Pu-240 contained in the
element is determined by counting the spontaneous fission
neutrons. This enables the total weight of fissile material in
the element to be determined on the basis of the isotope analysis.

7) The elements undergo a check for dimensions and a final test for
non-contamination.

To obtain 2115 fuel elements, corresponding to the specifications,
2376 fuel rods were cast. This means that 11% of our material was
reintroduced into the first casting operation. The final product
had the characteristics reported in table I. Table II gives the
plutonium balance of the fabrication.

The production started on February 1, 1966 and ended in October 1966.
A team of 17 people was involved in this task. This number does not
include the persons belonging to the analytical chemistry and health
physics groups.

PRODUCTION OF FAST REACTOR UOE- PuO2 FUEL PELLETS

About 7000 fully enriched UOz - PuOy pellets have been produced to
cover the needs of our fast reactor irradiation program. Part of the
fuel will be irradiated in Enrico Fermi Reactor as soon as this

will be possible. Another part is already under irradiation in
Dounreay Fast Reactor.

"In this part of the paper we will deal with three problems we had
to solve to produce the specified material: homogeneity control,
dimension control and stoichiometry control. The flow sheet of our
production process is given in fig. 8.

1. Homogeneity Control : coprecipitation versus powder blending

Fast reactor mixed uranium - plutonium oxides have to be homogeneous
in order to ensure a sufficient contribution of the Doppler
coefficient to the reactor safety.

From this point of view a sufficient homogeneity is achieved when
the PuOz is statistically dispersed in the UOp matrix as particles
which do not exceed 100 microns.

It is evident that pellets made from coprecipitated powders, will
meet this minimum requirement. Their production is not difficult:
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6 fuel rods which are, or have been, irradiated in Dounreay Fast
Reactor to study the influence of stoichiometry on irradiation
behaviour have been loaded with pellets we produced from a coprecipi-
tate.

It is, however, most unprobable that a fast power reactor fuel
loading will be made from coprecipitaded powders. A fuel which

obeys the minimum homogeneity requirements can be produced at lower
cost from mechanical blends of U0z and PuOp. Since the UO2 is by far
the major constituant of the fuel material, its sintering behaviour
will control the sintering behaviour of the mixed powders. PuO2 does
not need to be a high quality ceramic grade material. It can be
produced in any rapid process and this will allow to simplify the
problems of criticality control.

Therefore, most of the mixed fuel we produced was prepared from dry
blends of UO, and PuO2. An efficient and rapid dry blending process
has been developed by our ceramists: the well dried starting
materials, UO, and PuOp, are first sieved on a 125 or 250 mesh screen
and then mixed in a paddle mixer. We observed that in pellets made
from these blends and sintered for three hours at 1520°C in hydrogen,
more than 65% of the PuOp had diffused in the UO2. The rest of the
plutonium oxide was statistically dispersed as particles smaller

than 100 microns.

A longer sintering time, a higher sintering temperature or a
previous ball milling of the blended powders improve the micro-
homogeneity. However, a cost increment has then to be taken into
account.

2. Dimension Control

In plutonium ceramics technology, centerless grinding is a very
obnoxious operation, because it has to be performed in glove boxes
and because of the criticality problem involved in slurry handling.

Therefore, we tried to define the conditions which would allow us
to produce sintered pellets with high dimensional precision. The
diameter of the pellets was specified as 5.40 + 0.03mm. A density
variation of # 1.5% was considered to be acceptable.

The precision sintering of high density pellets (90 to 95% of the
crystallographic density) was quite easy. Once the sintering
behaviour of a batch of powder is known, the only problem is to
press green pellets with a satisfactory dimension reproducibility,
and this is easily achieved by pressing to saturation with a good
hydraulic press. Provided sintering time is long enough to
compensate for temperature inhomogeneities in the sintering furnace,
all the pellets will reach the same final density which depends on
the precipitation conditions. Twelve per cent of the sintered high
density pellets were out of tolerances and were reintroduced into
the starting powder mixture, after a heat treatment under air. Our
pellets had a length to diameter ratio of about 2. Even with this
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rather high ratio the diameter in each part of the pellet was
constant within + 10 microns.

Production of low density pellets (80 to 90% of the crystallographic
density) is more difficult if centerless grinding has to be avoided.

We tried, without success, three different procedures:

- uncomplete sintering of high density green pellets,

- complete sintering of low density pellets (uncomplete pressing),
- complete sintering of pellets which contain large amounts of
organic material.

The problem of low density pellets production was solved by a
preliminary heat treatment of the UOp powders or of the UO2 + PuOp
mixtures. In this way, we obtained without centerless grinding the
3000 low density pellets needed for our irradiation program. 15% of
the pellets which were out of tolerances had to be reintroduced in

the starting material, after a heat treatment under air. Nevertheless,
the production of low density material with a high dimensional
precision was much more time consuming than the production of high
density pellets, because the suitable preliminary heat treatment
conditions had to be carefully determined for each powder batch.

It is not clear that such a high precision on pellet dimensions is
really needed. The important specification of a fuel rod is the
smeared density of the fuel it contains. In Dounreay Fast Reactor

an irradiation program is under way in which we study the effect of
the radial repartition of the fuel density. We compare the behaviour
of low density pellets, high density pellets with a very large
diametral gap and high density cored pellets. If it appears that the
original fuel density repartition has no influence on the irradia-
tion behaviour, the production of low density fuel rods will be

much easier because pressing will be the only critical step of the
fabrication.

If not, it is possible that vibration compaction will be considered
as the only practical way to produce those low smear density fuels.

5. Stoichiometry Control

The most suitable oxygen to metal ratio of a fast reactor mixed
oxide fuel has not yet been established.

Out of pile measurements performed in our Institute have shown that
heat conductivity of uranium- 15% plutonium oxide is a maximum when
the 0/U + Pu ratio is 2,000.

Nevertheless, as thermal conductivity is not the only important
property of a fuel, we felt that influence of stoichiometry on the
behaviour under irradiation had to be checked by a careful fast
reactor irradiation experiment. This is the aim of some of the
irradiations we perform at present in Dounreay.
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The oxygen to metal ratio of the pellets for the Dounreay stoichio-
metry experiments were adjusted by a careful control of the oxygen
partial pressure in the atmosphere of the sintering furnace. 0/U +
Pu ratios of 1.97 and 1.92 have been obtained by heat treatment in
nearly dry hydrogen at 1550 and 1650°C, respectively. Nearly
stoichiometric oxides were obtained by sintering in a Hp = N»
atmosphere containing about 4000 ppm of water.

PRODUCTION OF SPHERICAL PARTICLES OF PLUTONIUM OXIDE

Pure plutonium dioxide spherical particles, 250 microns in diameter,
have been produced in our Institute by a sol gel process, in view
of an irradiation experiment for a High Temperature Gas Cooled
Reactor project.

The preparation of a concentrated sol, with a low NO}/Pu ratio, was
a necessity to obtain sound large microspheres. We established
suitable conditions to prepare such a sol: the plutonium in nitrate
solution is first hydrolised at a pH of about 1.2 and, after about
one hour, is precipitated at a pH of 6. The precipitate after
filtration and washing can be dispersed in diluted HNOz and gives a
2 M plutonium sol with a NO3/Pu ratio lower than 0.2. No interme-
diate baking step is involved in this procedure.

The formation of the microspheres was obtained by gellation in
Ethylhexanol.

After sintering in dry hydrogen we obtain microspheres of PuO .
Substoichiometric plutonium oxide was preferred to stoichiometric
PuO,; to avoid any reaction with graphite during the graphite coating
process.
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Table 1

long short

Diameter mm

12.10 + 0.03

Length mm 196.10 + 0.05 99.6 + 0.05
Weight g Loo + 1 200 + 1
Fissile Pu content g 91 + 0.90 45.75 + 0.45
Clad fuel element
Outer diameter mm 12.67 + 0.03
Length 203.23 + 0.03 101.63 + 0.03
Table II

Pu weight kg %

- Masurca rods delivered 17510 93.47
at Cadarache

- Oxyde on received ingots Q350 0.27
- Analytical samples 0.68 0.36
- Scraps, waste and losses 11.04 5.90
Total received 187.32 100,00
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The heat conductivity of Uranium Plutonium mixed oxides

H.M. Mattys

Mr. H.E. Schmidt of the Institute for Transuranium Elements, has
measured the thermal conductivity and the thermal diffusivity of
uranium-plutonium mixed oxide pellets with different oxygen contents
All specimens had a density very close to 94% of the crystallogra-
phic value. Stoichiometry changes were introduced by appropriate
heat treatment of the samples under reducing or slightly oxidizing
atmosphere.

Mean value curves of the results of conductivity measurements -
obtained with a stationary, absolute, longitudinal heat flow method =
are given in fig. 1. It is clearly seen, that stoichiometric samples
(with O/M-ratios between 1,997 and 2,000) exhibit the highest
conductivities within the observed temperature range.

Above 200°C and up to 800°C, the results may be represented analyti=-
cally by K = (A + Bt)-7, where the stoichiometry dependance of A

can be related to the variation of the phonon mean free path due to
the presence of excess oxygen atoms or oxygen vacancies.

The diffusivity of mixed uranium-plutonium oxide, measured between
800°C and 1700°C on two hypostoichiometric samples varies with
oxygen concentration (see fig. 2) in the same manner as the
conductivity at lower temperature.
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THERMAL, CONDUCTIVITY OF URANIUM-PLUTONIUM
OXIDE FUELS

W.E., Baily*
E.A, Aitken¥*¥
R.R. Asamoto¥¥x

C.N. Craig***
Abstract

Thermal conductivity measurements from both in- and out-of-pile experi-
ments are summarized and indicate that stoichiometric mixed oxide fuels
at near the 20 Wt/% Pu0, composition exhibit an integral to melting value
of 86 watts/cm. Hypostoichiometric compositions indicate a higher value
at 89 watts/cm. The results of these measurements also indicate that the
mixed oxide fuel has a slightly lower conductivity than UOE'

A new model, derived experimentally, has been developed for correcting
thermal conductivity for density. This model indicates that the standard
Loeb correction is not valid, and that the density correction is a
function of temperature. Experiments to measure the effect of burnup on
the conductivity of mixed oxide fuel indicate that there is no gross
change in the integrated conductivity to melting.

Worked Performed Under Contract

AT (04-3)-189, Project Agreement

10, Between the US Atomic Energy

Commission and the General Electric

Company, Advanced Products Operation,
Sunnyvale, California

*Manager. Fast Reactor Ceramic Fuels, General Electric Co, NED
Advanced Products Operation, 310 DeGuigne Dr, Sunnyvale,
California.
**Manager. Plutonium Research, General Electric Co., NED Vallecitos
Nuclear Center, P.0. Box 846, Pleasanton, California
*¥¥Engineer. General Electric Co. Advanced Products Operation, NED
310 DeGuigne Dr, Sunnyvale, California.

293



INTRODUCTION

At present, the preferred fuel for power producing, fast reactors
is the oxide of plutonium and uranium. Its demonstrated ability to
remain single phase throughout its operating lifetime and its relatively
high melting point and fissile density makes it an ideal choice for fast
reactor application. In addition, recent thermal and fast flux irradiation
results at high burnups indicate that no burnup limitation has been
observed in the mixed oxide fuel.™ The one obvious disadvantage of oxide
fuel is its low thermal conductivity. This disadvantage however is partial-
ly balanced by its high melting point and its ability to retain heat
during a transient. This results in an increased Doppler effect and
delayed heat transfer to cladding.

There are two primary processes by which heat is conducted in solids.
These include energy transferred by coupling between lattice vibrations
or by electronic movement and collision with atoms, or both. For most
metal-oxides with the fluorite structure, the electrons are not free to
move through the structure in appreciable concentrations, and heat is
transferred primarily by lattice vibrations. If the lattice vibrations
are completely harmonic there is little resistance to heat flow. In a
practical sense, however, the anharmonic nature of the vibrations leads
to attenuation of the thermoelastic waves and a lowered conductivity.
This anharmonicity is particularly affected by the relative atomic weights
of the ions present. For example, the higher the atomic weight of the
cations, such as plutonium in UQ,, the lower the thermal conductivity.
Conduction processes in solids indicate that conductivity is directly
proportional to the mean free path between collisions. At temperatures
above the Debye temperature, the mean free path for thermal scattering
is inversely proportional to temperature. This mean free path is also
decreased by the addition of a second cation to the structure, such as
the replacement of a uranium site w1th a plutonium cation. Consequently
the thermal conductivity of (Pu U can theoretically be expected
to be slightly lower than that ofluﬁ

The application of thermal conductivity values for temperature
calculations of ceramic oxide fuels under irradiation is complicated by
structural changes 1insitu such as grain size and orientation, fuel
movement, radial fuel densification, burnup, gap conductance and composi-
tional changes. This paper will attempt to correlate the existing out-
of-pile and in-pile thermal conductivity data and associated structural
and chemistry changes that occur insitu in mixed oxide fuels, to develope
a means for predicting fuel temperature profiles.

OUT-OF-PILE THERMAL CONDUCTIVITY MEASUREMENTS

Detailed information is readily available on UQ, conductivity from
both in- and out-of-pile experiments.eﬂ »*59 Detail®d information on the
conductivity of Pu0O,, however, is %imited to one study which was performed
by thermal diffusivity techniques. * Available data on the conductivity

*Thermal conductivity is related to thermal diffusivity by the expression

K = kpCyp where k is the thermal diffusivity, p density and C is the
SpElelg heat of the material.
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solutions is limited to the work of Hetzler, et al and
Schmid%, e%.al. *¥ A comparison of the existing Pu0, and UO, data shown
in Figure 1, indicates that the thermal conductivity of Pu0, is, as
expected, lower than UQ,, based on a comparison of results %y two
different measuring techniques. Unfortunately, the results on Pu0, are
partially clouded by the possibility of (1) the reduction of the Pu0

to a hypostoichiometric composition, and (2) uncertainty in the spedific
heat of PuQ, which is required for the conversion of thermal diffusivity
measurement s to thermal conductivity data.

Mixed oxide conductivity measurements have in general been limited
to compositions of interest to fast ceramic reactors (i.e., 15 to 30 wt/%
PuO,.) The results of these studies comparing stoichiometric compositions
of 15 and 20 wt/% Pu0O, are shown in Figure 2. The studies by Schmidt,
et al were by the longitudinal heat flow method to a temperature of 900°C.
Remarkably good agreement at 900°C is observed between this data and that
of Hetzler, which was measured using the radial heat flow technique.
Because the majority of the conductivity data on U02, uo, -PuO2 and Pu0
have been corrected for density by the Loeb equation, it is difficult
to compare results from various sites because of uncertainties in this
correction factor.? (Specimens in the 92 to 95% density range, however,
are reasonably correct using the Loeb factor at temperatures between
room temperature and 1000°C.) Specimen fabrication technique is not
known to cause a major difference in conductivitv, but it should be noted
that specimens of Schmidt were fabricated by the physically mixed technique
while those of Hetzler were made by coprecipitation.

The effect of stoichiometry on the thermal conductivity of

of Pu0,-UO Sol'd8

(PuO.EUO.B)OEix specimens was determined by Hetzler using the radial heat
flow technique. Direct relative measurements were made in this study
which eliminated any error in heat flux and gave good relative but not
absolute values for the effect of stoichiometry on mixed oxide conduc-
tivity.7s9 These data are shown in Figure 3. The results of this study
indicate that the stoichiometric composition exhibits the highest effec-
tive conductivity with both the hyper- and hypo-stoichiometric composi-
tions being lower with the maximum difference occurring in the low tem-
perature region. The lower conductivity of the nonstoichiometric compo-
sitions may be accounted for in part by their defect structures. The
absence or presence of excess oxygen atoms might be expected to lead to
increased anharmonic disturbances and phonon scattering. Calculations

have been made for UO,, however, which suggest that enhancement in thermal
conduction of hypostoichiometric fuel may be realized from electronic
conduction In-pile results to date have indicated that hypostoichiometric
fuel does have a higher conductivity (see Figure 5 and discussion).

EFFECTS OF RESTRUCTURING

During reactor operation at fuel center line temperatures in excess
of 2000°C, the oxide fuel changes its appearance from & solid ceramic body
with a uniform density to a body with a very marked density and structure
distribution. The formation of the center void for example is the result
of the movement of fuel porosity and some of the gap from the cooler region
to the center void. The columnar grains are the product of lense shaped
pores sweeping up the thermal gradient. The large massive grains
occasionally observed in irradiated fuel however, are the product of
grain boundary migration rather than lenticular pore sweeping. For
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example, pore sweeping will occur under thermal gradients greater than
2000°C/cm. At lower thermal gradients, boundary migration can be expected.
Whichever mechanism occurs, there is a large shift in porosity. In a
typical fuel pin, regions greater than 1L00 to 1500°C will increase in
density to values between 96 to 100%. This change has a marked effect

on thermal conductivity, and in fuels where porosity in amounts up to 15%
are required to contain fuel swelling, a correction must be made for this
changing density condition.

As noted earlieri density has been routinely corrected by the use
of the Loeb Equation. 0

Lo (1)

e = L= P
X0 |

where

K conductivity of solid at 100% P, and

100
B

Recent investigators measuring the thermal conductivity of UQ, in-pile
have proposed the following modifications of the Loeb Equation.11

fractional pore volume.

1l

K
1-P
=1-qP, (2)

KlOO
where  is a proporticnality constant of 2.5 + 1.5.

Other modifications, Equations (3) and (4), such as the Maxwell-
Eucken expression or modifications thereof, have been suggested.l2:13

Kp 1-p | (3)

Koo L+ BP

where B is related to the pore shape.

K-p 1-P ()

Koo  1+P 1)’

where o is a shape factor.

Asamoto's recent studies on the effect of density on conductivity
with a radial heat flow apparatus have indicated that the above expres-
sions are not valid for predicting temperature profiles of irradiated
fuel.? His measurements, summarized in Figure 4, indicate that density
corrections must be applied as a function of temperature and that a
nonlinear density correction factor with temperature must be applied.
For example, Asamoto's recommended conductivity expression for Uo, as a
function of density and temperature is:
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1
T (0.L48L8 - 0.LL65D)

where 800°C < T < 2200°C and 0.80 <D < 0.95.

K

0.0130 + (watts/cm°C), (5)

The effect of grain size, grain orientation, amd stoichiometry has
been suggested by various investigators as a means whereby the electronic
and internal radiations contribution to thermal conductivity can greatly
be increased. No detailed information on mixed oxides has been developed
at this time to suggest a further improvement in conductivity at elevated
temperatures. Some out-of-pile studies on UQ, suggests that these addi-
tional contributions will increase the effective conductivity. Most in-
pile conductivity results on UO, as well as mixed oxide test results
suggest that the density correc%ion is a much larger factor than the
increased electronic phonon contribution.

IN-PILE THERMAL CONDUCTIVITY MEASUREMENTS

Effect of Stoichiometry

With one or two notable exceptions, in-pile measurements* on smeared
thermal conductivity of mixed oxide fuel agree reasonably well with lower
temperature out-of-pile studies. The effect of stoichiometry on the in-
pile performance of mixed oxide fuels is shown in Figure 5.1% The micro-
structures shown are from three fuel pins with stoichiometries of 2.03,
2.00, and 1.98 which received a burnup of approximately 2000 MWD/Te in
EBR-II. A further comparison of these pins is noted in Table I.

TABLE I

COMPARISON OF THREE STOICHIOMETRIES IRRADIATED IN EBR-IT

(Puy Uy 8)% & x
Radii of Structural

Change (mils) I¢cgngT ITcde
Number 0/M GG GG CV s¥ S
F1D 1.98 80 4o 0 34.0 39.2
F1B 2.00 82 50 G5 30.9 38.9
F1C 2.03 110 75 8.5 20.9 38.9

*Based on a TS of ~ 900 C

Heat transfer calculations with these values based on a fuel
surface temperature of 900°C indicate that the temperature for columnar

T x
¥In-pile measurements refer to meEltlng kde values where the effective
s

smeared thermal conductivity of a given fuel element is based on (1)
linear power (Q), (2) molten boundary, and (3) flux depression. While
these measurements are the most useful to fuel designers they do have

the largest uncertaintg because of difficulties in measuring Q and the
molten Boundary accurately.
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grain growth in the 1.98, 2.0 and 2.03 0/M fuel are 2400, 2200 and 1900°C
respectively. This inconsistency implies that a common conductivity curve
for the three stoichiometries is not valid, and suggests that the conduc-
tivity of (Pu. U 8)0 4+, fuel increases with stoichiometry from 1.98
through 2.03.O(§soﬂote “Barlier this is inconsistent with the out-of-pile
data,) Another possible reason for this apparent difference is that the
mass transport mechanism and grain growth kinetics are altered signifi-
cantly by stoichiometry. Similar observations on the effect of stoichi-
ometry on fuel movement in (PuO 05UO 95)02 have been reported by NUMEC 1>

Because most applications of thermal conductivity are used for calcu-
lating the linear power level to melting, it is necessary to know the
melting limits of the particular composition or stoichiometry, or both,
under concern. The phase diagram determined by Lyon and Baily should be
applicable for all studies associated with stoichiometric mixed oxide
compositions.l Information on the effect of stoichiometry on the melting
point of mixed oxides is limited to the 20 wt/% PuQ, composition range
with O/M varying between 1.93 and 2.00. These studies conducted under
the FCR (Fast Ceramic Reactor) program indicate a maximum in the melting
point at approximately 1.97 stoichiometry for the 20 wt/% Pu02 composi-
tions. This is shown in Figure 6. In addition, it was obserVed by X-
ray studies that this region is a single phase area.

In-pile smeared thermal conductivity measurements on the effect of
stoichiometry by Craig indicate an approximately 7% higherfTm kde value
S

(based on a fuel surface temperature of 900°C) for 1.98 O/M fuel compared
to 2.00 O/M compositions.l7 Structures of 1.98 and 2.00 O/M fuel irradi-
ated for 5 hours at 36 kw/ft are shown in FigureT7. Based on a porosity

limit as a molten boundary,* the corresponding Igggdg of these stoichi-

ometries are 45.8 and 43.2 watts/cm, respectively. Thus, these measure-
ments also tend to disagree with the out-of-pile measurements and suggest
that a higher effective conductivity can be obtained from the 1.98 0/M
fuel compared to the 2.00 at low burnups. Comparison of hypo- and
stoichiometric mixed oxide fuels at 50,000 MWD/Te, however, show little
difference in the structure, which suggests that the low burnup benefit
of stoichiometry may be lost at higher burnups. (See section on stoichi-
ometry change.)

The effect of fuel density on the in-pile thermal conductivity of
mixed oxide fuels is significant. For example, significantly more melting
can be expected in specimen at 85% density compared to specimens at 95%,
operating at comparable power levels. A slightly lower effective con-
ductivity of powder versus pellet fuel at near identical smeared densities
has beﬁn ogserved in thermal and fast flux irradiations of mixed oxide
fuel.1™s L Figure 8 shows a comparison of three stoichiometric mixed
oxide specimens irradiated in EBR-II, at near identical conditions, which
indicate the amount of fuel restructuring that has occurred insitu in
these specimens because of the reduced thermal conductivity in low
density fuel.

e molten boundary used in this study was the porosity limit. The
utilization of the substructure as the boundary would not significantly
change the difference between these two values,
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Comparison tests of (Pu0.2U0.8)01.98 to U0, , measured by both

smeared conductivity techniques as well as direct (in-fuel thermocouple
and gas bulb thermometry) indicate that the mixed oxide fuel has a
slightly lower conductivity than UQ L7519 1n-fuel thermocouple measure-
ments indicate that this lower conductivity is more pronounced at tem-
peratures below 1200°C which is reasonable because any defect in the
lattice would be more pronounced at lower temperatures.

Effect of Diametral Gap

A significant factor in fuel center temperature calculation is the
thermal resistance offered by the diametral gap. In-pile experiments to
establish the effect of diametral gap on fuel centerline temperature
indicate that cold diametral gap sizes of 2,4 and 10 mils result
in initial h égap conductance) values of 2000,1100 and 600 Btu/h-ftd
respectively. Measurements of diametral gap size change with burnup
indicate that the gap decreases in size with burnup and thermal cycling.
For example, the 2, 4 and 10 mil gap specimens, referred to above, de-
creased to 2, 2.5 and 5 mils respectively after approximately 500 MWD/Te
(42 hours at 20 kW/ft with 2 thermal cycles). Similar tests in EBR-II
indicated that after a burﬁup of 2000 MWD/Te the diametral gap had de-
creased by a factor of 2.1% "Fast flux irradiations to 50,000 MWD/Te
indicate that the diametral gap is essentially gone.21 Based on these
observations, the effect of diametral gap on fuel center line temperature
in fuels operating at power levels of > 15 kW/ft can be noted to be
extremely important in the early period of irradiation. After time periods
of 7 days or less, the diametral gap size is known to decrease by a factor
of 2 and the large At originally present across the gap will be signifi-
cantly lower than the initial size. Figure 9 shows measured and projected
h values that may be expected in mixed oxide fuel pins operating at power
levels greater than 15 kW/ft at the start of irradiation and approximately
7 days later. At some burnup below 50,000 MWD/Te for fuels operating at
comparable linear power levels, h values of 2000 or greater can be ex-

T
pected. One byproduct of this changing gap is that {Tc kd9 experiments
that are performed by rapid reactor insertion (i.e. y&raulic rabbit)
will result in integral to melting values that represent early-in-life
values and may present an overly pessimistic value for conductivity. A
more satisfactory experimental procedure is one where approximately 10
hours are taken to reach peak power and sintering insitu takes place
prior to melting.

Effect of Burnup on Conductivity

The preceding section outlined the general increase that can be
expected in gap conductance values with burnup. Other parameters which
have been reported to change with burnup are melting point and thermal
conductivity. Detailed data on the effect of burnup on the melting point
of mixed oxides are lacking, and the 150°C decrease in the UO, melting
point ﬁgaloo,ooo MWD/Te is presently accepted as an estimate FTor mixed
oxides.
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No data exist for the effect of burnup on mixed oxide conductivity.
Information developed at BAPD for UO2 suggests that at low temperatures
(below 1000°C) the conductivity is séverely depressed with burnup.l2:23
Most of the justification for these data is from in-fuel Pt - Pt 10 Rh
thermocouples. Based on thermocouple decalibration caused by tranﬁmutation

of the rhodium to palladium it is difficult to evaluate this data?

Observations on high burnup ( > 100,000 MWD/Te) thermal flux irradia-
tions of mixed oxide fuels iB%iggte there is, at most, a small depression
in conductivity with burnup.”-?

Effect of Stoichiometry Change

In an earlier section the effect of stoichiometry on the in-pile
performance of mixed oxide was discussed. It w%s indicated that at low

burnup the hypostoichiometric fuel had a high kadT value presumably
because of the higher melting point. Because of Sthe large thermal
gradient across the fuel radius (6000°C/cm) and compositional changes
from burnup, it is possible that the stoichiometry will not remain at a
fixed value. For example, stoichiometry changes have been observed in
mixed oxide fuel irradiated to 1500 MWD/Te. This study indicated that a
stoichiometric fuel became hypostoichiometric in the central region as
noted in Figure 10. In addition, out-of-pile studies indicate that a
stoichiometry gradient can be expected in initially hypostoichiometric
fuel if there is a significant temperature gradient. Experiments in
which a stack of mixed oxide pellets were sealed in a molybdenum capsule
and heated in a temperature gradient indicated that oxygen migrated
preferentially to the cold end.

In the absence of a clear cut understanding of the stoichiometry
gradient and the stoichiometry change during irradiation, the effect on
thermal conductivity is difficult to assess. If oxygen migrates to the
cold region which is maintained near the stoichiometric composition, the
difference in overall thermal conductivity as a function of initial
stoichiometry may be eliminated.

UTILIZATION OF INTEGRAL CONDUCTIVITY VALUES

The integral form is the most useful form of fuel thermal conduc-
tivity data for reactor design and irradiated fuel evaluation purposes.
At present Ide curves for fuel of a given density are generated by
utilizing both in- and out-of-pile data. Specifically, the integral
conductivity from room temperature to approximately 2000°C is calculated
from out-of-pile data. This method of determining Ide curves can and
has lead to erroneous interpretations of the true effective conductivity
that exists in-pile. This method for generating |kdT curves has often
led to a conductivity upswing in the high temperature regions. Differen-
tiation of these curves results in a corresponding increase in the thermal
conductivity curve to unusually high values in the high temperature
regions, By utilizing a density-conductivity relationship recently de-
veloped, it is possible to develop out-of-pile integral values corrected
for density which can more realistically be related to integral to melting
values measured in-pile. By correcting for fuel densification, all or
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most of the apparent upswing in the conductivity curve is eliminated.

After a given irradiation period, three distinct regions can be
assumed to exist across the radius of the fuel: (1) a region which main-
tains the original density of the fuel, (2) a sintered or grain growth
region, or both, and (3) a colummar grain growth region. The correspond-
ing temperature of these regions are: (1) fuel surface to 1Lo0°C, (2)
1400°C to 1900°C, and (3) 1900°C to the melting point. The density in
this first region is the initial fuel density; the second, between 96 and
98% T.D.; and in the third between 98 and 100% T.D.*¥ For example, for a
95% dense mixed oxide fuel, the integral to melting across the radius
can be defined as:

it T T T L
S Ilhook ar + [0 ar + [Pk am; (6)
: p 99 r P I ihoo 97 r. 99
o} o) s 1900
where
T, = room temperature,
TS = fuel surface temperature,
Tlhoo = temperature of equiaxed grain growth,
T1900 = temperature of columnar grain growth, and
T = temperature of fuel melting.

Although the above description is generally accepted, the lack of a
reliable density-thermal conductivity relationship has prevented the use
of corrections to account for the densification changes. Based on recent
results developed by Asamoto, a thermal conductivity-density relationship
has been established for stoichiometric mixed oxide fuel. This relation-
ship is expressed by the following equation :

dis o
K = 0.0110 + 161808 — 0.556) (watts/cm °C), (7

where

|
I

temperature (°C), and

fractional theoretical pellet density.

*Microstructural changes are dependent on the time, temperature gradient,
and initial density of the fuel. Temperature and density values selected
here are nominal values. Other values for these parameters may be used
in the analysis to obtain more precise results.
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This expression is plotted in Figure 11 which shows corresponding
integral and thermal conductivity values for 95% dense stoichiometric

(Puy 2U5.87% fuel under a thermal gradient typical of what might be
expected in a FCR. As noted in Figure 11 identical conductivity curves
are recommended for both hypo- and stoichiometric mixed oxides with a
3 watts/cm higher value for the 1.98 0/M fuel based on the observed
higher melting point.

CONCLUS ION

Thermal conductivity measurements from both in- and out-of-pile
experiments indicate that stoichiometric mixed oxide fuels at near the
20 wt/% Pu0, composition exhibit an integral to melting value of 86
watts/cm. ﬁypostoichiometric compositions indicate a higher value at
89 watts/cm. These values are slightly lower than those previously
published and are considered accurate to within * 15%. The results
of these measurements indicate that the mixed oxide fuel has a slightly
lower corductivity than UDE'

A new model, derived experimentally, has been developed for
correcting thermal conductivity for density. This model indicates that
the standard Loeb correction is not valid, and that the density correction
is a function of temperatures as expressed by the equation

1
K = 0.0110 + 7755858 - 0.5465 D)

(watts/em °C) (7)

Experiments to measure the effect of burnup on the conductivity of
mixed oxide fuel indicate that there is no gross change in the integrated
conductivity to melting. While these data are not conclusive, they do
imply that the depression in the integral conductivity, if any, is less
than 15 watts/cm 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 reviewed. 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

This work was sponsored by the United States Atomic Energy Commission.
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INTRODUCTION

Thermal conduction in a solid phase involves three processes, 1. ra-
diation or photon scattering, 2. electronic scattering by thermal vibrations
of the lattice, and 3, anharmonic lattice vibrations, or phonon scattering.

In opaque conductors the first process can be disregarded. Electronic scat-
tering becomes of increasing importance as temperature increases, while
phonon scattering generally decreases as temperature is increased above the
Debye temperature. Introduction of "impurity' constituents into the lattice
tends to reduce the thermal conductivity in the temperature ranges of interest,
as these provide additional scattering sites. In this regard, porosity, grain
boundary solid inclusions, and solid constituents can all be considered as
"impurities''.

The thermal conductivity 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 fuel operation. Moreover, very little is
known in regard to the thermal conduction in solid solution carbide fuels under
"ex-reactor' conditions., Although some experimental work has been reported
on the conductivity of these carbides, much of it is difficult to reconcile.

In order to anticipate what might be expected in fast reactor carbide
fuels, it is helpful to review what is known about the thermal conductivity of
uranium monocarbide. In view of the fact that fast reactor carbides are about
80 percent uranium monocarbide, some of the trends observed in UC should be
relatable,

URANIUM MONOCARBIDE

The variation of thermal conductivity with temperature for 100% dense,
stoichiometric uranium monocarbide is shown in Fig. 1. Low temperature
measurements were made under steady state conditions (1-4) whereas higher
temperature values were based on thermal diffusivity measurements (5, 6). It
is unlikely that the slope of curve 1 between 500°C and 1000°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
assemblies 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. /2.°K (8).

It was subsequently determined that the specific heat of UC was considerably
higher (9), hence curve 5A represents a recalculation of the original 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. cm, °C. The average is approximately equal to the 0,22 watts/cm.
g previously suggested (10). Large as this deviation may seem, it compares
favorably with the span of data on more common materials as BeO, Al,O3, and
TiO, (11). Undoubtedly the precision of individual thermal conductivity mea-
surements is much better than the absolute accuracy.

The thermal conductivity 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 commonly used expression is the simplified Loeb
equation (12):

where KT = thermal conductivity of 100 percent dense material
KP = thermal conductivity porous material
P = pore fraction

As shown in Fig. 2, this equation does not always provide a sufficient
correction for porosity. In this illustration, the conductivities of essentially
100 percent dense UC have been determined by the same investigators that de-
termined the conductivities of less dense carbide. If a similar correction is
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)
relationship gives excellent agreement between their corrected thermal con-
ductivities for 91 percent dense and 95 percent dense carbides. Therefore
this relationship might be more useful in referring the conductivities of porous
materials to a reference porosity, rather than to full density. The importance
of pore shape in correcting for porosity has been emphasized (13). Unfortunately,
pore shape is rarely characterized in thermal conductivity specimens.

The effects of variations in the stoichiometry of UC have been reported
by several investigators. Russell (3) has studied the thermal conductivity at
70° C over the carbon range of from 4.55 to 5.50 percent by weight. As shown
in Fig. 3, a maximum thermal conductivity of 0,0645 cal./sec. cm. °C was
observed at 4.9 percent carbon, which is in the hyperstoichiometric region.

A decrease in thermal conductivity in the 500-1000°C temperature range also
was reported by BMI as carbon was increased from 4.9 to 5.3 percent (2). In
the temperature range 1000-2000°C, Wheeler also reported decreasing conduc-
tivity 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
decreased in the hypostoichiometric range also has been observed by Carniglia
(14). On the other hand, Crane and Gordon (1) generally observed minimum
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thermal conductivities at near-stoichiometric compositions in the 500-1000°C
range for cast UC.

Tgle temperature dependence of the thermal conductivity of UC in the
500-1000 C temperature range is not well defined. However, most investi-
gators have reported either a slight positive increase or no increase with
temperature up to about 1400°C. Above this temperature, scattering is prin-
cipally by the electronic process, and estimations based on the Wiedemann-
Franz rule apply (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 levels (>0.2 percent by weight) of oxygen and nitrogen cause a signi-
ficant reduction in the thermal conductivity of UC (10).

URANIUM-PLUTONIUM CARBIDES

The thermal conductivity of uranium-plutonium monocarbide solid solu-
tions has not been investigated in detail. Some work has been reported by
workers at Harwell (3), at Los Alamos (4), and the Mounds Laboratory (15).
Intercomparison of these results is difficult, as the measurements were done
on various types of carbide and entirely different experimental metheds were
used,

The thermal conductivity of PuC,-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 about 20 percent PuC that is required for
fast neutron breeder reactor fuels. Moreover, a decrease in thermal conduc-
tivity is expected when uranium 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 UO, - ThO, (17) and the UC-ZrC (18) solid
solution systems.

Thermal conductivities at 70°C of U, g5 PUy. 1sC and PuC,_x have been
reported by Russell (3) using an apparatus of the type described by Schroder
(19). The conductivity of slightly hyperstoichiometric arc cast UC (5. 06 w/o C)
was decreased from 0. 0645 to 0, 0405 cal. /sec. em. - C for the slightly hyper-
stoichiometric (5.03 w/o C) solid solution carbide. The effect of carbon
concentration was similar to that reported for UC, as shown in Fig. 3, Max-
imum conductivity was found at 4. 95 percent by weight carbon. The decrease
in conductivity in going to higher carbon concentrations is expected. The
similar decrease in conductivity that resulted from free metal in the grain
boundaries might be attributable to the lower thermal conductivity of plutonium
metal. However, the same effect was noted for free uranium metal in hypo-
stoichiometric UC even though the conductivity of uranium metal is about the
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same as that for UC. Free actinide metal is intolerable in a fuel because of
clad incompatibility, but it is important to know the effect of free fission
product metal on the thermal conductivity of carbide fuels after significant
burnup.

Workers at Los Alamos, using a cut bar method in the 200-400°C
temperature range have reported on the thermal conductivities of arc cast
single phase UC, (U, Pu)C solid solutions, and PuC,. g. The electrical resis-
tivity also was determined in the temperature range 25-800°C.

The results, shown in (Fig. 4 and 5) indicate that:

1. The thermal conductivity of UC is decreased rather
markedly when uranium is replaced by plutonium in
the stoichiometric solid solution lattice. This
decrease amounts to 0.006 cal. /sec. cm,°C per
10 percent PuC in the 0-30 percent PuC range.

2. Thermal conductivity increases with increasing
temperature. Greater rates of increase are associated
with larger plutonium concentrations in the concentra-
tion range 10-30 percent PuC.

3. The electrical conductivity is decreased markedly when
uranium is replaced by plutonium, as has also been
observed by Pascard (20).

4. If the thermal conductivity of Uj. gPuy. 9 C is extrap-
olated to 70°C, good agreement is obtained with that
reported by Russell for Uj. gsPuy. 15C.

Hayes and DeCrescente (21) have reported that the electronic scat-
tering contribution of UC varies from 80 percent of the total thermal
conductivity at 1000°C to about 100 percent at 13 00° C; above this temperature
conduction is determined by the electronic scattering° process. The Los Alamos
work indicates that the electronic contribution at 400" C is about 70 percent of
the total conductivity for Uy. gyPuy.9C, and about 50 percent for PuC. g.

The thermal diffusivity of pressed and sintered carbides in the temper-
ature range 250-1000°C has been reported by Mounds Laboratory (15). These
carbides were prepared by carbothermic reduction of the corresponding oxides,
and had the general formula MC,. ¢;. The oxygen concentration was greater
than 2000 ppm. The results shown in Fig. 6 indicate that:

1. Substitution of plutonium for uranium in UC decreases
the diffusivity substantially, and hence, decreases the
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conductivity. A decrease of from 24 to 45 percent of
the diffusivity of UC was observed for 20 percent

PuC solid solution carbide in the temperature range
600-900°C. For the 95 percent dense carbides sin-
tered with 0.1 percent by weight nickel, this decrease
was approximately 50 percent.

2. The diffusivity of 91 percent dense Uj. gPu,. 39Cy. g5
without nickel was 0. 039 cm?/sec. in the range 250-1000°C,
while the diffusivity of 95 percent dense Uj. gPuy. 3,Cy. g5
with nickel was 0,028 cm? /sec. This corresponds to a
decrease of 28 percent. If the 91 percent dense material
is corrected to 95 percent density, the reduction amounts
to 32 percent.

3. The diffusivity and conductivity of UC with nickel decreases
rapidly from 250 to 600°C, then increases slowly. However,
the solid solution carbide diffusivities were independent of
temperature. Thermal conductivities of the solid solution
carbides would therefore increase with increasing temper-
ature.

CONCLUSIONS

. The thermal conductivity data for UC generally fall within + 20% in the

temperature range 200-2000°C. Over tahjs range the conductivity is approx-
imately constant at 0. 05 cal. /sec. cm. C.

Replacement of uranium by plutonium in UC causes a significant decrease
in thermal conductivity and diffusivity in the temperature range 250-1000°C.

. Maximum thermal conductivity is observed in the near-stoichiometric com-

position range for UC and Uj. g;Pu,. 45C.

Nickel sintering aid, even in the 0.1 percent by weight concentration range,
lowers the thermal conductivity and diffusivity of UC and Uj. gyPuy. 29Cq. g5.

Apparently excessive amounts of oxygen and nitrogen lower the thermal
conductivity of carbides.

There does not appear to be a satisfactory quantitative method for adjusting
for effects of porosity on thermal conductivity of carbides.

As fission products are generated in carbide fuels, it is unlikely that they
will improve thermal conductivity. It seems more 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,
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Thermal Conductivity of PuC,_, at Low Temperature

Table I

Fabrication Density Temperature, k .

Method % Theo. °C Cal. /sec. cm. C 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
sintered 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. Latimer and W. R. Jacoby

ABSTRACT

Observations were made of the extent and type of reaction of several
iron-, nickel-, and vanadium-base alloys in contact with uranium-
plutonium carbide compositions in the temperature range 700-1100°C.
Reaction zones were analyzed by means of metallography and an electron
microprobe. Bands in which fine precipitates were found to a depth of
approximately 25 microns were observed in some iron-base alloys after
contact with (U,Pu)C for 1000 hours at 800°C. Reaction of (U,Pu)C with
nickel-base alloys was characterized by the formation of (U,Pu)Nis in
the fuel, and the formation of a layer, having a relatively high chromium
and carbon content, in the jacketing alloy.

Addition of iron was shown to eliminate free uranium and plutonium from
hypostoichiometric (U,Pu)C. (U,Pu)Fe; was found to have excellent com-
patibility with stainless steel at 800°C.

*
Assistant ceramist, Argonne National Laboratory, Argonne, Illinois,
and Manager, Ceramic Materials Development, Westinghouse Advanced
Reactor Division, Cheswick, Pennsylvania, respectively.
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Introduction

The selection of jacketing materials for uranium-plutonium carbide
nuclear fuels must be based on many criteria. One critical property of
the materials must be their ability to be essentially unaffected by
prolonged contact with the carbide fuel. The formation of new phases
at the fuel-jacketing interface or other changes in the alloy chemistry
of the jacketing material can significantly affect the load-bearing
capacity of the jacketing. An analysis of these changes occurring at
the fuel-jacketing interface can be used as a guide in the development
of potential jacketing materials, as well as in the selection of avail-
able materials prior to irradiation testing.

From a fuels standpoint, stoichiometric (U,Pu)C appears to be a
very promising fuel material, but large-scale production of single-
phase material has not yet been developed. Very close control of the
carbon content is necessary to produce material containing only the
monocarbide phase. Furthermore, maintaining a single-phase structure
is complicated by: (1) contamination of finely-divided (U,Pu)C powder
by oxygen and nitrogen during fabrication procedures, and (2) the
relative ease by which oxygen and nitrogen can substitute for carbon
in the monocarbide lattice. Since single-phase monocarbide is produced
only when the nonmetal atom (C + O + N) content totals 50 at.Z%, mate-
rial containing free metal (hypostoichiometric monocarbide) or higher
carbides (hyperstoichiometric monocarbide) is frequently the end prod-
uct. Therefore, in order to investigate the potential usefulness of
these materials, the compatibility of (U,Pu),C3 was included, as well
as the possibility of eliminating the free metal phase by combination
with additives during fabrication. This paper summarizes compati-
bility work involving (U,Pu) carbides done at Argonne National Labora-

tory.
Materials

Jacketing Materials

All iron- and nickel-base alloys were purchased from vendors.
Nominal compositions of these alloys are given in Table 1. The vana-
dium alloys were prepared by the ANL Fabrication Technology Group.

Preparation of (U,Pu) Carbide Specimens

Three carbide compositions, each having an overall uranium-to-
plutonium ratio of 4 to 1, were tested: 4.83 wt.Z equivalent carbon
(single=-phase (U,Pu)C), 5.25 wt.%Z equivalent carbon (approximately 20%
(U,Pu)»C3), and 6.75 wt.% equivalent carbon (approximately 90%
(U,Pu)2C3). It should be noted that, although both compositions con-
taining the sesquicarbide phase had the same uranium-to-plutonium ratio,
the plutonium content of this phase in the two compositions was not
equal. The plutonium content of the sesquicarbide phase in the 5.25
wt.% C composition was found to be over 1-1/2 times that of the mono-
carbide matrix.
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Arc-melted buttons of the desired composition were crushed to -44
micron powder in glove boxes that contained an inert atmosphere of
nitrogen with impurities of oxygen and water vapor of about 0.005 and
0.01 wt.%, respectively. The powder was coated with 0.5 wt.Z Carbowax
binder and pressed into pellets at a pressure of about 4200 kg/cm?
(60,000 psi). The as-pressed pellets were 6.94 mm in diameter by
approximately 5.1 mm long. The pellets were sintered in a tantalum-
element resistance furnace under a flowing argon atmosphere (approxi-
mately one liter/minute) and were held at the sintering temperatures
for three hours. The sintering temperatures and densities of each of
the three compositions are listed in Table 2.

Experimental Procedure

Preparation of Compatibility Specimens

Each compatibility assembly consisted of a pellet of the carbide
fuel between two disks of jacketing material held in contact by means
of a molybdenum frame. In addition, a third metal disk was added to
the assembly to make the total length of pellets in the assembly 1.7 cm.

Approximately 0.5 mm was ground off each end of the carbide pellets
to minimize the chance of surface impurity phases. The fuel-jacketing
contact surfaces were then polished flat by use of 4/0 emery paper on a
glass plate and a special specimen holder. Immediately after polishing,
the specimens were assembled and pressure applied by a screw in one end
of the molybdenum holder. The assembly was then placed in a capsule,
evacuated, backfilled with 1/3 atmosphere of helium, and sealed. Quartz
capsules were used for the majority of the tests although stainless
steel capsules were used for the 4000 hour tests.

Evaluation of Compatibility Specimens

The couples were mounted in a polyester resin after removal from
their capsules. Longitudinal sections were then prepared by grinding
through series 120- to 600-grit grinding paper. Polishing was done with
6-micron diamond paste on AB Texmet paper, and l-micron diamond paste on
AB microcloth. HYPREZ lubricant was used throughout the grinding and
polishing procedure.

The iron- and nickel-base alloys were etched electrolytically using
either: (1) 10 wt.% oxalic acid in water, or (2) 32 vol.% H3PO; (con-
centrated, commercial), 59 vol.% diethoxyethanol, and 9 vol.7” water.

The vanadium-base alloys were chemically etched with a solution of 5
wt.% AgNO3 plus 2 vol.7 HF in water.

Results and Discussion

Compatibility of Stoichiometric and Hyperstoichiometric (U,Pu)C with
Various Jacketing Materials

Type 304 Stainless Steel. In 1000 hour tests at 800°C a band
brought out by etching was observed in the specimen that was in contact
with the hyperstoichiometric carbide (see Figure 1). A similar, but
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smaller, band was also observed after 1000 hours at 700°C. The size of
these bands are given in Table 3. However, compatibility couples con-
taining both the stoichiometric and hyperstoichiometric compositions
and heat-treated at 800°C for 4000 hours indicated no correlation be-
tween this band and the presence of (U,Pu)2C3. The band was present in
both samples to a depth of 15 to 30 microns, comparable to the depth
after 1000 hours. The boundary between the band and the unaffected
steel was less distinct in the case of the 4000-hour specimens. An
electron microprobe analysis of this band revealed a decrease in
chromium content of about 3 wt.%Z and an increase in iron content of
about 3 wt.7% compared to the unaffected steel; the nickel content was
unchanged. In addition, a number of small carbide precipitates con-
sisting primarily of chromium (estimated to be at least 60 wt.Z%) and
iron were found in the band (see Figure 1). There was no evidence of
uranium or plutonium in the band.

At 1100°C, melting of the Type 304 stainless steel occurred between
400 and 1000 hours when in contact with (U,Pu)C. Particles of relatively
high uranium and plutonium contents were found by microprobe analysis to
a depth of 125 microns in a specimen heat-treated for 168 hours at this
temperature.

16-25-6 and 16-15-6 Alloys. The compatibilities of the 16-25-6 and
16-15-6 alloys appear to be quite similar. A typical photomicrograph of
the effect on these alloys after heat-treatment at 800°C in contact with
(U,Pu) carbides is shown in Figure 2. Although the affected zone was
somewhat larger in the case of the hyperstoichiometric composition
(containing approximately 20%Z (U,Pu)2C3) than for the stoichiometric one
(see Table 3), no increase was found in the case of the composition
containing approximately 90% (U,Pu)2C3. It is not known whether this
result is related to the difference in plutonium content of the
(U,Pu)2C3 or to some other variable in the fuel compositions.

The affected zones of these alloys, when etched, appear to contain
a large number of very small precipitates. An electron microprobe study
of a specimen containing 16-25-6 and heat-treated for 1000 hours at
800°C indicated that among the major elements in the alloy, the dis-
tribution of molybdenum had been most significantly affected. The
matrix of the unaffected material was found to contain about 3.5 wt.%Z
molybdenum while the grain boundaries and spots within grains, although
small in size, registered peaks indicating 14-19 wt.% molybdenum. The
very fine particles in the affected zone, believed to be molybdenum-rich,
were too small for even semi-quantitative results. A transverse across
the affected zone with a beam size of 1-2 microns showed relatively
small differences in molybdenum content from 5-7 wt.Z.

Haynes 56. No compatibility effects have been observed after
testing this alloy at 800°C with the 4.83 and 5.25 wt.% C compositions
for 1000 and 4000 hours. Likewise, no effect was observed in tests of
this material with the 6.75 wt.Z C compositinn after 1000 hours at 800°C
or with the 4.83 and 5.25 wt.%Z C compositions after 1000 hours at 900°C.
This material is significantly stronger than Types 304 or 316 stainless
steels but is not presently commercially available.
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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)Nig. This compound could be expected in high-nickel alloys
since UNig 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)Nis5 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)Nigs network were formed
by reduction of the (U,Pu)C3 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.7Z 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.Z
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 12-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
increased.

Although the reaction with the hyperstoichiometric carbide composi-
tion containing 20% (U,Pu)C3 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 compatible at
800°C than the monocarbide phase. Only the precipitates were observed
on the jacketing side of the interface, while the dark, mottled, band
was absent, and less (U,Pu)Ni5 was formed. However, two other bands were
observed on the fuel side of the interface. Beyond the (U,Pu)Nig 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 UpC3.(3)
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Hastelloy X. The same general type of reaction, but to a lesser
extent, occurred with Hastelloy X at 700 and 800°C as occurred with
Inconel 625. However, Hastelloy X was found to be less compatible with
(U,Pu)5C3 than (U,Pu)C (see Table 4).

No reaction was observed between Hastelloy X and (U,Pu)C after
heat-treatment at 700°C for times up to 4000 hours. Intermittant reac-
tion along the interface was observed in the case of the hyperstoichio-
metric (5.25 wt.%Z C) composition at this temperature, but no increase
in the size of the reaction zone after 1000 hours. A test with the 6.75
wt.% C composition at 700°C for 1000 hours revealed a 4-micron reaction
zone (equivalent to that found with the 5.25 wt.%Z C composition) and
also an adjacent 8-micron zone in the fuel that had been reduced from
(U,Pu)2C3 to (U,Pu)C. This 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 microns in dia-
meter.

At 800°C, both (U,Pu)C and (U,Pu)2C3 reacted with Hastelloy X to
form (U,Pu)Nis5 and a chromium-rich zone in the jacketing. Figure 4
illustrates, in the case of the 5.25 wt.% C composition, the compara-
tively greater extent of reaction at those points in contact with
(U,Pu)9C3. 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 addi-
tion, extensive precipitation was observed in the Hastelloy X after heat-
treatment at 800°C with this composition (see Figure 5).

After 1000 hours at 950°C, (U,Pu)C had reacted with Hastelloy X
to form a zone of (U,Pu)Ni5 averaging 64 microns in depth.

Vanadium Alloys. Vanadium-base alloys appear promising as jacket-
ing materials for (U,Pu) carbide fuels because of their superior creep
strength at 650°C compared to stainless steels and their satisfactory
compatibility with liquid sodium. These alloys were developed original-
ly because of their good compatibility with uranium-plutonium-bearing
metallic fuels.

Compatibility tests with two vanadium alloys, V-20 wt.Z Ti and
V-15 wt.Z Ti - 7.5 wt.% Cr, have indicated incompatibility with (U,Pu)
carbides in the 700-800°C range. In addition to the main reaction zone,
there appeared to be some grain-boundary penetration into the jacketing
materials. The extent of these reactions are shown in Table 6; a
characteristic photomicrograph of this effect is shown in Figure 6. 1In
contrast, there was no evidence of reaction with a more-recently devel-
oped alloy, V-15 wt.% Cr - 5 wt.% Ti,with either the stoichiometric or
hyperstoichiometric carbide compositions when tested at 800°C for 1000
hours.

Compatibility of Modified Hypostoichiometric (U,Pu)C with Type 304 SS

Hypostoichiometric (U,Pu)C fuel compositions contain free uranium
and plutonium which will react with iron- and nickel-base jacketing
materials at relatively low temperatures. The use of iron to react with
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the free metal phase to form (U,Pu)Fey or of chromium carbide (Cry3Cq)
to form Cr and (U,Pu)C has been proposed.(4,5) These additions react
to form more refractory and less reactive secondary phase products and
can be justified provided neutron economy and irradiation stability are
not unduly sacrified. The results obtained by Jordan, et al,(5) of
compatibility tests with Fe- and Cr23Cg-stabilized UC versus Type 316
stainless steel showed essentially no reactions. Concurrently, their
results with similar tests of unstabilized hypostoichiometric UC showed
localized reactions up to 175 microns in depth.

Hypostoichiometric (U,Pu)C pellets were made as described previous-
ly; the Fe or Cr23Cq powders were added just prior to the binder addi-
tion. Sintering temperatures and sintered densities are given in Table
7. Typical microstructures of the pellets containing the Fe and Crg3Cg
additions are shown in Figures 7 and 8, respectively.

Microprobe studies of the Fe-modified pellets indicated the com-
position of the minor phase areas to be 20-42 wt.Z U, 8-22 wt.7Z Pu,
and 32-70 wt.% Fe. This compositional range lies between (U,Pu)Fe?
and Fe. Microprobe studies of the Crp3Cg modified pellets showed no
free uranium or plutonium, nor the existence of free Cr. The only minor
phases found were identified qualitatively as chromium carbides.

Compatibility capsules containing both ummodified and Fe-modified
pellets in contact with Type 304 stainless steel were tested for 1000
hours at 650 and 800°C. No observable reactions were found in any of
the specimens. The discrepancy between these findings and those of
Jordan, et al, in the case of the unmodified pellets can be explained
by the differences in microstructure in the fuel specimens. The micro-
structures of Jordon, et al, show areas of considerable concentration
of free metal which correlates with their findings of one or two spots
at which the stainless steel was attacked. The finely-dispersed metal
phase found in the authors' specimens would not be expected to lead to
such a result.

The compatibility of (U,Pu)Fe, with Type 304 stainless steel was
also determined. Essentially single—phase(Uo.SPu )Fes (containing
0.4 wt.7 excess Fe over that required for stoichiometry) pellets were
produced by powder metallurgy technigues. A test of this material with
Type 304 stainless steel at 800°C for 1000 hours produced a 2-micron
layer at the interface.

In addition to the contact compatibility tests, the unmodified and
the Fe- and Crp3Cg-modified compositions were tested with Type 304 stain-
less steel in liquid sodium at 800°C. The container for the test was an
Inconel capsule into which a stainless steel sleeve (closed at one end),
containing the fuel pellets, was placed. The capsule was evacuated,
loaded with liquid Reagent-grade sodium, back-filled with helium, and
sealed. After a 60-day test period, there was no metallographic
evidence of carburization of the stainless steel sleeves for any of the
three fuel compositions.
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TABLE 1
COMPOSITION AND CREEP-RUPTURE DATA OF POTENTIAL JACKETING ALLOYS

Creep-Rupture Stress',‘ psi x IF Composition (wt.Z)

Alloy for Failure in 104 hrs at 700°C Fe Ni Cr Mo Mn Co Other |
304 SS 9 67 10 19 -- 2 -- 2
16-15-6 15 55 15 16 6 7.5 -- 0.5
16-25-6 14 50 25 16 6 1.3 -- 1.7
Haynes 56 22 45 13 21 4.5 1.5 11.5 5.5
Hastelloy X 15 18 48 2z 9 1 1.5 0.5
Inconel 625 30 3 61 22 9 0.15 -- 4.8

*
Extrapolated and estimated where adequate data do not exist.

TABLE 2
COMPOSITIONS AND SINTERED DENSITIES OF (U,Pu) CARBIDE PELLETS USED FOR COMPATIBILITY TESTS

0 N Percent
Equivalent c 2 2 Sinteroing Density Theoretical
Carbon (wt.$) | (wt.$) | (ppm) | (ppm) | Temp.(°C) | (g/m) Density
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

EXTENT OF ZONES OBSERVED METALLOGRAPHICALLY IN IRON-BASE ALLOYS AFTER CONTACT WITH
(U,Pu) CARBIDES FOR 1000 HOURS

Stoichiometric (U,Pu)C Hyperstoichiometric (U,Pu)C

B (4.83 wt.% Equivalent C) (5.25 wt.$% ivalent C)
Alloy (?(13 Average Maximm (y) Average (y) | Maximum (u)

700 Nil -- 4 6
30455 800 Nil - 24 29
16-25-6 800 26 30 32 36
16-15-6 800 28 34 35 38

800 Nil -- Nil --
Heynes 56 |  gg9 Nil . Nil -
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TABLE 4

EXTENT OF ZONES OBSERVED METALLOGRAPHICALLY IN NICKEL-BASE ALLOYS AFTER CONTACT WITH (U,Pu)

CARBIDES FOR 1000 HOURS

Carbide (U,Pu)Ni. Zone Cr-Rich Zone(y, Precipitates
Composition ( intg Fuel) || into Jacketing) | (u, from Interface)
Temp. | (wt.% Equivalent) Uy g K2
Alloy (°0) ( Carbon ) || Average| Maximum| Average [Maximum jAverage | Maximum
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
Inconel 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
Hastelloy X 700 4.83 Nil == Nil - Nil .-
5.25 -- 4 == 2 Nil --
6.72 2 4 2 2 Nil o
Hastelloy X 800 4.83 8 5 Nil --
5.25 -- 8 -- 7 Nil ==
6.75 8 10 6 12 125 175
TABLE 5
COMPOSITION OF REACTION ZONES HY'PERSI'OIG*IIO#E‘I‘RIC.(U,N)C Vs
INCONEL 625-800°C FOR 1000 HOURS
Zones Identified Metallographically
(U.Pu)Nis Zone Mottled Reaction Inconel 625 .
in Direction of Zone in Direction Containing Precipitates
Euel (36 ) of Cladding (26 u) (120 u)
Average Size of Zones Identified with Microprobe Unaffected
(U,Pu)C 1 1 625
Element | (wt.$%) 36 u 8 u 18 u 12 p Precipitates 108 u (wt.2)
U 76 34 - - - - S =
Pu 19 12 1 5 - - = s
Ni - 54 10 21 61 24 70 + 61 61
Cr - - 52 43 20 61 15 + 22 22
Mo - - 13 16 7 14 7% /9 9
Fe - - 1 0.5 8 1 4+ 3 3

®
5.25 wt.$ Equivalent Carbon
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TABLE 6

EXTENT OF ZONES OBSERVED METALLOGRAPHICALLY IN VANADIUM-BASE ALLOYS
AFTER CONTACT WITH (U,Pu) CARBIDES FOR 1000 HOURS

Carbon Equivalent Alloy Temp. Reaction Zone Grain Boundary Penetration
of (U,Pu) Carbide (wt.%) °Cy (Ave., 1) (Average Distance from Interface, u)
4.83 V-20Ti 700 10 50
5.25 V-20Ti 700 18 65
4.83 V-15Ti-7.5Cr 800 65 95
5.25 V-15Ti-7.5Cr 800 65 95
4.83 V-5Ti-15Cr 800 Nil Nil
525 V-5Ti-15Cr 800 Nil Nil
TABLE 7

COMPOSITIONS AND SINTERED DENSITIES OF MODIFIED
HYPOSTOICHIOMETRIC (U,Pu)C PELLETS

Modifier Carbon Oxygen N, Sintering Densify
(e.$) | Ge.3) | (ppm) | (ppm) | Temp. OC | (g/cm)
None 4.36 1100 540 1600 11.47
3.89 Fe 4,36 1100 540 1500 11.29
7.32 4.40 300 580 1500 10.13
C"zscs
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500X 500X

Steel vs. Hyper- Figure 2. 16-25-6 vs. (U,Pu)C, 800°C for
Pu)C, 800°C for 1000 Hours.

Figure 1.

500X 500X
Figure 3. Inconel 625 vs. Hyperstoichiometric Figure 4. Hastelloy X vs. Hyperstoichiometric
(U,Pu)C, 800°C for 1000 Hours. (U,Pu)C, 800°C for 1000 Hours.

. ® : B i s A :
e . i o il : ;
5 \s Polished 500X Fuel Etched 500X Jacketing Etched

Figure 5. Hastelloy X vs. Hypostoichiometric (U,I"u),('.S 5 800°¢ for 1000 Hours.



500X

Figure 6. Vanadium -20wt.% Titanium vs. Hyperstoichiometric
(U,Pu)C, 700°C for 1000 Hours.

500X 500X

Figure 7. Fe-Modified Hypostoichiometric Figure 8. Cr23C6-Modified Hypostoichiometric
(U,Pu)C. U, Pu)C.
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COMPATIBILITY BETWEEN METALLIC U-Pu-BASE FUELS
AND POTENTIAL CLADDING MATERIALS

S. T. Zegler and C. M. Walter

fbstract

The compatibility of U-Pu-base fuel alloys with a variety of
Jjacket materials has been investigated in connection with a
program aimed at developing improved metallic fuels.

The most recent work has resulted in the development of U-Pu-Zr
alloys that have much improved compatibility with 304 stainless
steel and other iron-base cladding materials. Specifically,
U-15%Pu-10%Zr and U-18%Pu-14.1%Zr have good compatibility with
304 stainless steel at temperatures up to 800°C.

S. T. Zegler 1is an associate metallurgist and C. M. Walter is an
assistant metallurgical engineer with the Metallurgy Division,
Argonne National Laboratory, Argonne, Illinois. Work performed
under the auspices of the U. S. Atomic Energy Commission.
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Introduction

The extent to which fuel and cladding materials interact in a
nuclear reactor is a primary consideration in their selection.
Clearly, cambinations that interact to affect either melting of the
fuel or marked degradation of the mechanical properties of the clad-
ding material should be avoided. In a previous paper (1) we discussed
the out-of-reactor compatibility of a variety of Fe-, Ni-, and V-base
alloys with certain U-Pu-Fz* alloys. The present paper describes a
similar compatibility survey of U-Pu-Zr and U-Pu-Ti alloys with a
number of cladding alloys including some of those investigated in the
previous study.

Experimental Procedure

Materials. The U=-Pu=-Zr and U-Pu-Ti alloys contained from 15 to
22%%*% Pu, from 6 to 14% of Zr or Ti, and were prepared from 99.8% pure
U and Pu and crystal bar Zr or Ti. The alloys were melted in vacuum
at 1 x 102 torr in induction-heated yttria-coated zirconia crucibles
and were injection cast in an inert gas atmosphere in yttria-coated
quartz molds. The data obtained from chemical analyses at the top and
bottom ends of the ingots are given in Table 1,

Alloys of U-10%Zr and U-10%4Ti, prepasred from 99.9% pure U and
crystal bar Zr and Ti, also were included in the survey. These alloys
were prepared by arc-melting on a water-cooled hearth in an inert gas
atmosphere. The major impurities in the alloys were 132 to 190 ppm
oxygen, 104 to 122 ppm nitrogen, and 9 to 53 ppm carbon.

The nominal compositions of the cladding materials are given in
Table 1 together with the chemical analyses for oxygen. All of the
alloys were procured from commercial sources except the V-base alloys,
which were prepared by electron beam melting at Argonne National Lab-
oratory.

Diffusion-Couple Assembly. For the construction of diffusion
couple assemblies, discs (approximately 10 mm in diameter by 10 mm in
length) were machined from the described materials and the faces of
the discs were polished, flat and parallel, with 4/0 emery paper.
Immediately after polishing the discs were assembled in molybdenum
holders and inserted in evacuated stainless steel capsules as des-
cribed previously (1). The assemblies were annealed for times up to
5,000 hours in furnaces (controlled to within + 3°C) at temperatures
from 600 to 850°C.

*Fizzium (Fz) is an aggregate of fission-product elements that are
not removed in the pyrometallurgical reprocessing cycle designed for
Argonne Experimental Breeder Reactor II. The major components of
the aggregate are zirconium, molybdenum, palladium, ruthenium, and
rhodium.

*¥A1]l material compositions are reported in weight percent.
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Metallography and Microprobe Analyses. The widths of the diffu=-
sion layers were determined by scaler measurements on etched micro-
structures. Electron microprobe analyses were made on some of the
couples to corroborate the penetration depths. Diffusion layers in the
fuel alloys generally were most clearly defined by electrolytic etch-
ing in H,;PQO) solutions containing ethylene glycol and ethyl alcohol.
Several etchants were used to reveal diffusion zones in the cladding
materials (1).

Results and Discussion

The fuel-cladding combinations that were studied are given in
Table 2 together with measured penetrations into the claddings after
specific annealing treatments at 700, 750, and 800°C. Also listed in
Teble 2 are values of Ty, the temperature at which a liquid phase is
formed in the diffusion layer. The compatibility of the U-Pu-Zr al-
loys with the Fe-base alloys (Type 304 SS, 16-15-6, 16-25-6, and
Haynes 56) depends upon the zirconium concentration in the ternary
alloys. With 6.3% or less zirconium, the formation of liquid phases
precludes the use of Type 304 stainless steel at temperatures above
T700°C. 1In contrast, with 10% end 14.1% Zr, T, values for the Fe-base
alloys are above 800°C. With all the U-Pu-Zr alloys, T, values for
the Ni-base alloys (N-155, Incoloy 800, and Hastelloy-xs are signi-
ficantly lower than for the Fe-base alloys and cladding penetrations
are higher at all temperatures. Thus, increasing the nickel content
in the cladding materials results in a degradation of compatibility.
With the U-Pu-Zr alloys containing 10% and 14.1% Zr, T, was deter-
mined, in the present work, to be below 800°C for pure nickel but
above 800°C for pure iron. Both T, and cladding penetration for the
U-10%Zr slloy with Type 304 stainless steel are nearly the same as
for the U-Pu-Zr alloys containing 10% and 14% Zr.

The U-Pu-Ti alloys have markedly poorer compatibility with Type
304 stainless steel than the U-Pu-Zr alloys. This is clearly evi-
denced by their significantly lower T, values.

The log of penetration distance into the cladding vs log anneal=-
ing time for some of the fuel-cladding combinations are plotted in
Figs. 1 to 4. Maximum cladding penetrations are plotted as points
and estimated possible errors are indicated by vertical bars. In
drawing the curves, greater weight has been placed on long time data
and, because of the relatively large possible errors, it has been
necessary to assume the parabolic rate law normally found in volume
diffusion X2 = Kt*. With the U-10%Zr, U-15%Pu-10%Zr, and U-18%Pu-
1k4,1%7r alloys, penetration of Type 304 stainless steel is very
limited, less than 10-3 cm in 1000 hours, at all temperatures up to
750°C. 1In Fig. 5, these results are compared with those obtained for
the V-base alloys and with results previously reported for U-10%Pu-
10%Fz (1) and U-5%Fs (2) alloys. The penetration coefficients K for

*
X is the cladding penetration as seen metallographically in centi-
meters; t is the annealing time in seconds; and K is the penetration

coefficient in em?/sec.
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the U-Pu-Zr alloys vs Type 304 stainless steel and the V-base alloys
are given in Table 3 together with the coefficients previously de-
termined (1) for the U-Pu-Fz alloys.

Uranium forms eutectics with Fe and Ni at 725 and 7h0°c, respec-
tively. Therefore, the use of Fe- and Ni-base alloys as claddings for
uranium-bearing fuels generally has been restricted to temperatures
well below TOO°C. The compatibility of U-Zr and U-Pu-Zr alloys with
Type 304 stainless steel at temperatures to 800°C requires explana=-
tion. Electron microprobe analyses made on certain of the annealed
diffusion couples indicate that the enhanced compatibility results
from the formation in the fuels of diffusion layers that consist of
one or more zirconium-rich phases stabilized by oxygen. The phases
include 1. alpha zirconium, 2. a body-centered cubic gammes uranium
solid solution based on the y, phase in the U-Zr system (3), and 3.

a phase based on the ternary y phase in the Zr-Ni-O system (4). These
phases restrict the 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 alloys in concentrations greater than 100 ppm is a
beneficial, if not necessary, factor for affecting enhanced compati-
bility.

The use of the V-Ti and V-Ti-Cr alloys as claddings for the U-Pu-
base alloys at temperatures to 800°C is limited solely by the extent
to which U and Pu penetrate the claddings and form brittle phases.

The V-20%Ti alloy is highly compatible with the U-Pu-Zr and U-Pu-Fz
alloys up to approximately 650°C. Above 650°C its use is limited be-
cause of pronounced cladding penetration. Substitution of chromium
for some of the titanium in the alloy has little, if any, effect on
the compatibility.

REFERENCES
1. C. M. Walter and J. A. Lahti, Nucl. Appl., 1966, Vol. 2, pp. 308-
319.
2. C. M. Walter, Rept. No. ANL-6816, Argonne National Laboratory,
1964,

3. S. T. Zegler, Rept. No. ANL-6055, Argonne National Laboratory,
1962.

4, M. V. Nevitt, Trans. A.I.M.E., 1961, Vol. 221, pp. 1014-1017.
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Table 1. Compositions of Survey Materials
(wt% except where noted otherwise

Injection Cast Fuel Alloys

Nominal Composition (wt%) Oxygen (ppm) Nitrogen (ppm) Hydrogen (ppm) Carbon (ppm)
U-16.6Pu-6. 37r 430 to 500 125 to 147 <1 360
U-15Pu-10Zr 206 to 40O 17 to 82 <a k10
U-18.5Pu-14.12r 920 to 1300 A7 to 21 3 toh 236
U-15Pu-10Ti 22k to 510 18 to 360 5 to 7 8710
U-22Pu-11.8Ti 189 to 400 21 to 37 <1 196
Cladding Alloys Oxygen (ppm) Fe Ni cr Mo co | w Ma | C
Type 304 Stainless Steel 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 T+5
Timken 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
Hastelloy-X 18 48 22 9 1.5 | 0.6 1.0
V-20Ti

V-15Ti-7.5Cr




0ve

Table 2,

Fuel Penetration into Fe-, Ni-, and V-Base Alloys

Penetration (cm x th)

Fuel Alloy Cladding 5000 hr at 700°C | 1000 hr at 750°C | 168 hr at 8oo°c | Tm('C)
U-16.6Pu-6.37r Type 304 SS 12 (400 hours) Melted Melted 725 + 25
Hastelloy-X 50 (400 hours) Melted Melted 725 + 25
U-15Pu-10Zr 16-15-6 2 < 5 < 5 825 + 25
16-25-6 I - - < 80
304 S8 10 12 30 825 + 25
Haynes 56 - 15 8 825 + 25
Incoloy 800 - 27 Melted 75 + 25
N-155 30 > 4o - < 850
Hastelloy-X 70 Melted Melted 725 + 25
U-18.5Pu-1L.12r 16-15-6 & 3 < 6 < 6 835 + 15
Haynes 56 - 5 L 825 + 25
304 88 n 9 12 825 + 25
16-25-6 B i5 - < 850
V-15Ti-7.5Cr iy - 17
V-20Ti 23 - -
N-155 80 20 20 825 + 25
Incoloy 800 - > Lo 70 825 + 25
Hastelloy-X 30 (1000 hours) Melted Melted 725 + 25
U-15Pu-10Ti 304 $s Melted - - < 700
U-22Pu-11.8Ti 304 SS Melted at 650°C - - < 650
U-10zr 30k 88 3 (1000 hours) 9 28 835 + 15
U-10Ti 30k 88 - 12 (168 hr) Melted 775 + 25




Table 3. Cladding Penetration Coefficients (K) in cmz/sec
(except where noted)

Temperature (°C)

Combination (wt%) 550 600 650
V/U-10Pu-10Fz 87,5 x 10-1%] 81,5 x 10-13| 84.0 x 1013
V-20Ti/U-10Pu-10Fz b2 3 x 10-15| 1.3 x 10-1% 6.4 x 1071k
V-20T1/U-15Pu~-10Fz b1.3 x 10-14| 8.1 x 10-14
V-10Ti/U-10Pu-10Fz 4.7 x 10-15| 2.3 x 10-1%| 1,1 x 10-13
Mo/U-10Pu-10Fz 4.5 x 10-1%| 1.2 x 10-13
Mo/U-15Pu-10Fz b7.5 x 10-14| b2,0 x 10-13
3045S/U-10Pu-10Fz 6.9 x 10-14| 2.2 x 10-13| 1.1 x 10-12
30458/U-15Pu-10Fz b3 4 x 10-12
Hast-X/U-10Pu-10Fz 1.8 x 10-13| 8.0 x 10-13 3.6 x 10712
Hast-X/U-15Pu-10Fz b1.1 x 1071
Nb/U-10Pu-10Fz 1.3 x 10-13]| 6.3 x 10-13|%2.2 x 10-9cm/sec
Nb/U-20Pu~-10Fz 2.3 x 10-13| 1.8 x 10-12|ck.2 x 10~Jcm/sec
Nb-1Zr/U-10Pu-10Fz 1.6 x 10-13] 4.0 x 10-13[¢1,9 x lO'9cmésec
3048S/V 3.4 x 1071
30488/V-20Ti d2,3 x 10™13
V-20Ti/U-18Pu-1L7r 1.5 x 10-14
V-15Ti-7.5Cr/U~-18Pu-14zr 8.0 x 10-15

Temperature (°C
Combination (wt%) 700 750 800
V-20Ti/U-10Pu-10Fz 3.1 x 10713 b1,7 x 10712
V-20T1/U-15Pu~-10Fz b8,0 x 10-13| 3,0 x 10-12
Cr/U-10Pu-10Fz b3,5 x 10-13
Mo/U-10Pu-10Fz 1.9 x 10713
Mo/U-15Pu-10Fz by.0 x 10-13
V-20Ti/U-18Pu-14Zr 3.5 x 10™13
V-15Ti-7.5Cr/U-18Pu-14zr | 1.8 x 10-13
304Ss/U-10Zr 1.5 x 10-14| 2.0 x 1013| 6.0 x 10712
30488/U-15Pu-10Zr 8 x10t*| 3.8 x 10713
30488/U-18Pu-14zr 3.6 x 10-1%| 1.6 x 10-13| 9.8 x 10-13

No cladding penetration.
lieved to be (U,Pu)0s.

K's represent band on the fuel side be-

Vanadium contained 1300 ppm O,.

b. Calculated from only one datum point assuming an X° = Kt law.
c. Obeyed the X = Kt rather than X° = Kt rate law.
d. Total band width. Also calculated from only one datum point as-

suming an X@

= Kt law.
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PENETRATION INTO CLAD (cm)

PENETRATION INTO CLAD (cm).
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PENETRATION INTO CLAD (cm)
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PROPERTIES of CARBIDES and
CARBONITRIDES

R. PASCARD

Abstract

We have studied the system (U,Pu) (CNO) in order to
have a basis to select the best composition for a
fast reactor fuel.

The studies are the following

a) Diagram 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 Nucléaires de Fontenay-aux-Roses
France.
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Introduction

In previous papers (1) (2), we have suggested to enlarge
the concept of pure carbide fuels to carbide-~type fuels, by deli-
berate total or partial substitution of carbon by nitrogen and. /
or oxygen. Such fuels are represented by points in the termary
diagramm MC-}MN-FO (fig. I) (Where M stands for U and Pu). The
most obvious advantage of the k (CNO) or more precisely M (C, N)
fuels is that they can be prepared routinely as strictly single
phased compounds is contrast with pure monocarbides. The impu-
rity MGy, thougt to be dangerous 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 general ideas expressed
in a previous paper (2) in order to check the most important pro-
perties of the ¥ (CN) fuels. In this paper, after a brief survey
of preparation methods, prelimary results of compatibility expe-
riments and thermal conductivity measurements will be given. Ir-
radiation properties are dealt with in an other paper (3). The
work done on arc-casted carbides, where additions of Ti and Mo
have been made in order to improve the properties of pure car-
bides has been described in other publications (14, 15).

II - FABRICATIONS STUDIES

II. 1/ The general process developped at Fontenay-aux-Roses uses
the metals or their hydrides as the starting materials,

according to the reactions :

HH_ - c —> MC +% H, (a)
M + XN¥N, — M M=U,x2x1,75
ee *  M=Pux =1,00 (v)
X
MH, + MO, —>2 MO + X Hp (e)
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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 1.400°C. The resulting ingots, consisting in
well-diffused solid solutions, are crushed and finally
ballmilled to give the appropriate powder for final sin-
tering. Cold-pressed pellets are sintered at temperatu-
res ranging from 1.400 to 1.650°C, depending on the com-
position and the presence of a sintering aid (0,2 w % Ni
powder for carbides). The general trend towards low den-
sity fuels has prompted us recently to abandon Ni as a
sintering aid for carbides. A "smoothed" sintering pro-
cess has resulted, at temperature near 1.600°C, indepen-
dent of the nature of the fuel. Maximum densities achie-
ved vary from roughly 95 % theoretical density for pure
carbides to 92 % for pure nitrides. Lower densities are

easily obtained by reducing the sintering temperature.

II. 2/In contrast with carbides containing nickel, nickel free
carbides generally do not exhibit any trace of higher
carbides M203 and MC2. Starting with the same powder,
nickel addition can result in the presence of more than
10 % K203 even at 1.600°C : this demonstrates that Ni
containing carbides are not in thermodymamic equilibrium,
the high density associated with Ni preventing CO out-
gassing. Due to this last result, it is fair to say that
the strongest a priori motivation for discarding carbides

to the benefit of nitrides seems to disappear.

II, 3/ In connection with carbonitrides work, some diagramm stu-
dies in the system U-C-N and Pu~C-N have been completed.
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Illixtures of UN or PulN and varying quantities of graphite
powder were heated at 1.400°C and 1.600°C under vacuum
and theresulting phases determined at room temperature
by X ray and metallography.

The corresponding ternary diagrams are represented on
fige. II a, b,

From these diagrams, it can be seen that uranium carbo-

nitrides prepared under vacuum are necessarily single-

phased, provided that _EEITE_-:>O’20 : any slight excess
of C + N with respect to M escarping under the form of
free nitrogen (point B in II a). With Pu, the limit for
single phased carbonitride is drastically shifted to the
nitride side, 75 % nitrogen being required in the carbo-
nitride phase to suppress the possibility of existence

of Pu203 (point A in II b).

The corresponding diagram for U-15 % Pu mixed carboni-
trides is very siiilar to that of pure uranium. The com-
position of the limit carbonitride is still very close

to U, Pu (CO,B NO,E)’ but the MC, phase is now suppressed
with a corrusponding simp.ification of the diagram near

the carbide side.

CONPATIBILITY STUDIES

III. 1/ A simple compatibility test in the ternary system carbide-

type fuel, sodium, stainless steel has been devised : fuel
samples, massive or in powder, are sealed in a stainless
steel pot with a weighted 316 L S.5. plaquette in prescnce
of a large excess of sodium. The plaquette, 1 mm thick,

is cut to fit exactly in the sample holder of a Phillips
X ray goniometer. After heating at T00°C during about
1.000 h,, the containers are opened and the excess sodium
reroved by filtration. The fuel sample and the plaguette
are thoroughly washed with butyl alcohol. The plaguette
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is weigthed again and immediately submitted to X ray ana-
lysis. Control analysis is also performed by metallography
for the plaguette and by X ray and metallography for the
fuel sample. No mechanical measurement being available for
the plagquette, a very trivial bending test has been used
in order to display any gross change in mechanical proper—
ties of the stainless steel. Finally, after these non des-
tructive tests, the carbon content of the plaquette has

been determined, in most of the cases by chemical analysis.

III. 2/ Before going to carbonitrides, preliminary tests were per-
formed in order to check current ideas concerning the com-
patibility of UC fuels. These were blank tests (no fuel
sample) and runs with graphite powder, pure massive UCQ,
pure massive U203 and UC containing a small quantity of
Uzc3 or Ucz. In the last case, the carbide was of the same
overall composition, one of the samples being quenched
from 1.900°C (practically all excess carbon being present
as UC2) and the second thoroughly annealed at 1.300°C
(all excess phase U,Cy with no UC,). The excess carbon

was about 5 %.

Fortunately, the blank tests gave repeatedely no detectable
change in the plaguette for all kinds of controls, except
may be metallography. At the other end of the scale, gra-
phite produce a strong carburisation visible to naked-eye.
The plaquette has become tamished and increased in weight
2,8 mg/cm2 5 the X ray pattern displayed, aside the aus-
tenite lines, all the lines characteristic of the Cr2 C

376
phase. Furthermore, the plaquette has become brittle.

002 and U203 exhibit a drastically different behaviour.
The U02 pellet is destroyed whereas Uzc pellet is still
integer (see X ray radiography fig. III). X ray analysis
shows that U02 has completely reversed to monocarbide.

The accompanying plaquette displays all the features of
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the one heated with graphite powder. From the intensity
of the Cr2306 lines a carburization equal to 70 % of that
given by free carbon can be inferred. In comtrast, no
change can be evidenced in the U203 pelled and the corres-—
ponding plaquette is identical to the blank one. In par-
ticular, no Cr2306 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 U02 and U2c pellets gave
apparently classical results. Metallography reveals that
U02 is progressively leached out from the UC matrix,
while UC containing Uzc3 pellet remains unchanged. This
could be be due to the fact that U02 is easily semi-
quantitatively estimated 3 nevertheless no diminution
of the U203 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 Cr23c6
is roughly the same.

IIT. 3/ After these first experiments giving rather expected
results, (except may be the complete inertness of ura-
nium sesquicarbides) a complete set of carbonitrides
with ¥ content varying from O to 100 %, with and without
Pu and sesquicarbide phase, were subjected to compatibi-
lity tests. All the fuel samples were in powder form, in
order to accelerate the carburization process. The condi=-
tions were T00°C, 1.000 h. Results are given in table I.
Some plagquette 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

CT2306 and 200 of austenite in taken as a measure of the
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!

! ! ! !
: : MZC% : Weight !oorpurization! Increase in !
! !contnt! change ! oxient lcarbon content !
! ' ¢ 'in mg/cn?! (ppm) ‘
! ! ! ! !
! 1 ! 1 ! 1
! graphite ! ! 2,8 ! 1,000 111.450 ¥ 1,500 !
! ! ! ! ! !
! UC ! no ! 0,8 ! 168 ! 1.140 * 250 !
! ! ! ! ! ™ !
! (UPu)C ! 10 ! 0,05 ! 176 ! !
! ! ! ! ! !
! (UPu)C ! no ! 0,7 ! 174 ! !
! ! ! ! ! !
! (UPu)C, N 1 ! ! ! !
! (UP)Ca ¥, L & L% poae 180 1 :

+

: (UPu)CSSNIS : no : 0,14 : 230 : 770 _ 150 :
1T0C - N ! no ! 0,05 ! 136 ! 840 Y150 !
o T2 ! ! ! ! !
! (Upu)C 0¥ 30 ! no ! 0,62 ! 170 ! 1.620 X 300 !
! ! ! ! ! !
! (UPu)C g5 N 35 ! no ! - 0,04 120 ! !
! ! ! ! ! !
PUC 5o N 50 ' no ! 0,22 ! 124 ! 1,080 X 250 !
! ! ! ! ! !
1 UC 20 ¥ gg ! no ! 0,10 ! 152 ! 270 *100 !
! ! ! ! ! !
! UN ! ! ! 0 ! !
! ! ! ! ! !
! (UPu)W ! ! 0,28 1 0 ! 170 * 100 !
! ! ! ! ! - !

TABLE I = Carburization of stainless steel 316 L after 1.000 h at

T700°C, in sodium, by different fuel samples.
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carburization extent. This ratio has been normalised to 1.000
for graphite carburization, and is given in the last column
of table I.

The weight changes are probably not significant, due to a

possible small erosion during washingj; carburization extent,
as given by X ray, is in general qualitative agreement with
analytical results. Quantitatively, the agreement is rather
poor, X rays results being obviously more sensitive to sur-
face carburization and for this reason analytical results

are considered to be more reopresentative of true carburiza-

tion and they are reported on fig. V.

These results are rather puzzling. They show that, except for
pure nitrides, a slight definite carburization is observed,
roughly the same for all compounds. lost surprisingly, this
carburization does not depend on the sesquicarbide content.
Correspondingly, the presence of nitrogen changes nothing

to the compatibility problem, except of course for pure
nitrides. In this last case, the plaguette X ray pattern is
that of pure austenite (no trace of lines of any knownchro-

mium nitride compound).

In all cases, the bending properties of all the plaquettes,
except in the graphite case, being the same as those of pla-

quettes of the blank run.

The lattice parameters of all the samples remain unchanged,

but sometimes small traces of oxide appear. A straithtforward
explanation of the observed results would be that carbon trans-—
fer takes place from the monocarbide-type phase itself., If

this was true, it would be likely to observe a decrease in
carburization with increasing nitrogen content, as carbon

activity decreases. This is not found.
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A more probable explanation involves a possible role of oxy-
gen contamination of the sodium. Traces of oxygen would oxide
the fuel, giving free carbon as actual source of carburization.
In this hypothesis, slight oxydation of highly nitrogen charged
carbonitrides would give free carbon instead of free nitrogen.

Experiments are currently carried on to check this hypothesis.

As a provisory conclusion, we may state that strictly spea-
king, only pure nitrides are compatible with stainless steel,

sodium being present. For other compounds, the presence of

U203 as an impurity does not play any role in compatibility.

IV - THERMAL DIFFUSIVITY MEASUREMENTS

IV. 1/ Although not as decisive as compatibility or swelling pro-
perties for fuel selection, thermal conductibility must be
known for proper fuel designing. A programm has been set up
for measurement of thermal conductibilities in the binary
system MC - MN.

Two different apparatus, both using transient methods, have
been set up :

a) a "low" temperature apparatus, from room temperature to
about 1.000°C using samples in the form of pellets as they
are routinely fabricated (about 12 mm long, 6 mm in diameter).
Through two thermocouples about 6 mm apart, fitted in small
holes radially drilled along a sample generatrice, the at-
tenuation a and the phase shift b of a heat sine wawe are
recorded. It can be shown that a b = 2-0%5, where W is the
pulsation of the sine wave and D the diffusivity, provided
that the sine wave is completely attenuated at the free and
of the sample and that a and b are not too much different.
(See for ex. ABELES =nd CODY (6)).

The apparatus has been found to werk satisfactorily with pure
iron and nickel standards, despite the unusually short length
of the samples.
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b) a high temperature apparatus, from about 1.000°C to melting
or decomposition temperature. Thin slices, cut in normal pel=-
lets by spark-erosion, are heated by a sinusoidally modulated
electron beam. The diffusivity D can be deduced from the tem—
perature phase shift between both faces of the slice. Tho-
rough mathematical treatment has been given by COWAN (7).

The rather complicated relation between the phase shift and
the diffusivity can be dealt with easily by working in such
condition that 3 A'f )% so that it reduces to a fairly linear
relationship between the phase shift A‘f and the square root

of the frequency f A_‘f - P__ (‘E.‘E )}5_
r T D

with actual samples, the condition ér_:f > 1 is fulfilled for
sample thickness of the order of 1 mm. The measurements were
performed at varying frequencies between one and five herz and
D deduced from the slope p of the curve é_‘f_ versus f 1/2.
From the relation (a) we get : L
2
p- 4~ . A4
RS P
This plot provides a uscful chek for internal consistency as

the curve should be a straight line passing through the origin
when the heat losses are negligible,

In both cases, the accuracy is estimated at * 10 %. This is
probably lower than the steady-state measurements accuracy
but the transient methods have invaluable advantages : use of

small samples and rapidity of measurement.

2/ First measurements were made with pure uranium carboni-
trides in order to determine the general shape of the conduc-
tibility curve with increasing nitrogen content. An immediate
difficulty is encountered in transforming diffusivity data in
conductibility data, using the formula : k = DpPC , where P
and C are the density and the specific heat of the sample
respectively. Specific heat is reasonably known for carbides
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but a wide discrepancy exists for UN data, as they are found
in ONRL (8) and BMI (9) reports. Data given in the BMI report
have been preferred, because the corresponding specific heat=
temperature curve has a classical shape (the ONRL curve is

very unusual).

Finally, the relevant molar specific heat data are quoted in
the table II.

TABLE II
oo ! ! ! ! ! . A
; Toc 1 50 ) 200 1 500 1 1.000 1 1.5 1 » 1
] ! !
Dun ) 11,5 12,8, 13,9 , 4,7  (15,4) | (16,1) |
! ! ! ! ! ! ! !

corresponding identical values have been assigned to Pull and
PuC and the specific heat of any M (CN) compound deduced from
linear combination. Such procedure is certainly justified in
connection with the UN data uncertainty. Mean results found
for pure% UN and UC are compared on figure VII. In accordance
with previous results (10), the UN conductibility is found to
be lower than that of UC at lower temperature. The situation
is reversed beyond about 900 °C, instead of T00°C after BMI
results. The conductivity gain for UN at high temperature re-—
mains small, a definite positive slope being found for mono-

carbide also.

Results in the UC-UN binary system are reported on fig. VIII
for four temperatures. Despite some experimental scattering,
the general shape of the conductivity curves against composi-
tion is clearly outlined. All these curves pass through a mi-
nimum near 30 ¢ nitrogen, whatever is the temperature. This

minimum is deeper, the lower is the temperature.

; = o
/ gﬁ 888 ppm oxggeg, 1,300 ppm nitrogen — d =95 % dth

ppm - 92 % diy

355



IV. 3/ The same kind of measurements have been repeated in the
HC-MN binary, the Pu content being fixed at 15 %. Since gene-
rally any kind of lattice defect diminished the thermal con-
ductivity, k is expectcd to decrease with plutonium introduc-
tion. This is found to be the case. In figure IX are compared
the conductibility curves against temperature, for UC, (UPu)C
and UN, (UPu)N. Do:ted cuives correspond to available result
in the litterature. In contrast with pure uranium compounds,
the (UPu)N conductivity remains slightly lower than that of
(UPu)C even at higher temperature. The conductivity loss,
with respect to uranium compound is about 15 % for (UPu)C
and 20 % for (UPu)N, at 1.400°C.

Fig. X represents the conductibility variation against nitro-
gen content in the pseudo-binary C-IN at fixed Pu concentra-
tion equal to 15 %. These preliminary results indicate a
smooth variation of k beetween NC and N with a flat minimum.
At 1.500°C, the conductivity appears to be practically cons-
tant from ¥MC to MN,.

V - SUIIARY AND CONCLUSIONS

Compatibility and thermal conductivity measurements have
been made in the binary system KHC-IN. Although far to be complete
they are nevertheless sufficient to get a general idea about the
fuel behaviour with respect to these main properties : From
compativility results superiority of nitride fuels emerges.
Nevertheless, it would be prematurate tc ba:e a choice on this
apparently clear advantagec, as long as the compatibility beha~
viour of monocarbide fuels is not better understood. In particu-
lar, bad results experienced in the early days of uranium car-
bides, could be not extrapolated to plutonium fuels, as far as

U02 alone may be taken as responible of compatibility lack.
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On the other hand, thermal conductivity data are
slightly in favor of pure monocarbides fuels, It then appears
that not one of the properties studied does off'er a decisive cri-
teria for selecting a given carbide-type fuel. The same balance
would be met if secondary properties like corrosion resistance
or thermal stability were taken into consideration. It would be
difficult to weight a priori the relative importance of all
these properties and there is now a strong feeling that decision,
if any, must come from extensive irradiation experiments. Such
experiments are now currently in :rogress, where representative
fuels, pure carbides, pure nitrides and carbonitrides with 30 %

nitrogen are irradiated in conditions as severe as possible.
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URANTUM-PLUTONIUM NITRIDES: FABRICATION AND PROPERTIES

W. M. Pardue, F. A. Rough, and R. A. Smith

Abstract

Synthesis of nitride powders has been accomplished by a
successive hydride-nitride-vacuum outgas treatment of the metallic
elements. Densification of these powders into useful pellet or
rod form can be accomplished by hot pressing or sintering. Properties
of importance for reactor design have been measured and include
volatilization ftendencies relating to vapor-phase transport under
thermal influences, thermal conductivity, and chemical stability
of the fuels in contact with potential IMFBR (liquid metal fast
breeder reactor) cladding and coolant materials. Grain-growth
behavior of high-density specimens also has been determined.

William M. Pardue, Frank A. Rough, Roy A. Smith, Division Chief,
Research Fellow, Project Leader; respectively, with Battelle Memorial
Institute, Columbus Laboratories, 505 King Avenue, Columbus, Ohio.
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Introduction

Those known or conjectured physical and chemical properties
of (U,Pu)N indicate a strong potential for IMFBR-fuel applications.
The fuel composition of primary interest is a solid-solution alloy
of UN-20 w/o PuN. Those data reported herein were obtained on a
Battelle-Columbus program that has the objective of establishing the
potential of (U,Pu)N IMTBR fuels.* While other sites are engaged
in similar research, the brevity of this paper precludes detailed
discussion of data from those efforts.

Powder Synthesis

The majority of UN-PuN powders have been prepared either
by the mechanical mixing of separately prepared PulN and UN powders
or by direct gas-solid reactions on arc-cast uranium-plutonium
buttons. To date, the mechanical mixing approach has received
major attention at Battelle-Northwest (1) and Los Alamos (2), while
arc-cast uranium-platonium buttons have been used as feed material
in most of the powder synthesis at Battelle-Columbus. Since the
synthesis of both UN and Pull using a metal-hydride-nitride approach
(a final U.N, vacuum-decomposition heat treatment is required in
UN synthes%s has received rather widespread reporting, the de-
scription of powder synthesis will be restricted herein to the
use of uranium-20 w/o plutonium feed material.

In the as-cast condition, uranium-20 w/o plutonium buttons
appear metallographically as a severely microcracked metastable
solid solation. In this condition the alloy is quite susceptible
to oxidation and requires either protective storage or immediate
processing after casting. The buttons are not amenable to direct
nitriding and require an interm=diate hydride step before subsequent
reaction with nitrogen. Hydriding temperatures range from 200 to
400 ¢, while reaction of the hydride preparation with nitrogen
proceeds quite rapidly at 650 C.

The rate of reaction is critical during the initial
hydriding and nitriding stages. Both of these reactions are exothermic
and, if they proceed too rapidly, will result in overheating and
localized melting, an occurrence which usually results in a final
powder product containing some particles that are deficient in
nitrogen. The use of reduced (below 1 atm) hydrogen or nitrogen
pressures combined with low furnace heating rates effectively
circumvents this problem of ovarhsating during initial hydriding
and nitriding.

In the as-nitrided condition, the powders contain appreciable
amounts of uranium sesquinitride (U2N ). Nitrogen contents of 6.0 w/o

3 3 PAR 3
or above are typical (as opposed to a”stoichiometric value of 5.55 w/o).
While the formation of higher nitrides somewhat reduces powder homo-
geneity, lattice parameters indicate considerable alloying of UN and
PuN., A 5-hr vacuum treatment at 1400 C has been effective in
2limination of sesquinitride.

¥ Work performed under AEC Contract W-T405-eng-92.
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Powdsr Densification

In general, UN, PuN, and UN-PulN alloys show similar
densification characteristics during sintering and hot pressing.
There is some indication that PuN may be slightly more amenable
to sintering and hot-pressing densification than either UN or the
mixed nitride alloys.

Hot Pressing

Both uniaxial and isostatic hot-pressing techniques are
suitable for preparing bodies of good purity with densitiss approx-
imately theoretical. The more efficient application of pressure
in the isostatic hot pressing enables the densification of complex
shaped specimens or specimens having high length-to-diameter ratics.
Table 1 includes characterization data for material from a 3-in.-long
by 0.5-in.-diameter (U, qPu. )N specimen that was isostatically
hot pressed for 4 hr al'1609°8 and 10,000 psi.

Table 2 includes densities and uniaxial hot=-pressing
parameters for several (U, ,Pu. ,.)N specimens. The use of a barrier
layer of tantalum foil for'prevénition of carbon diffusion from the
graphite dies into the specimens is required when the hot-pressing
temperature exceeds approximately 1600 C. Figure 1 shows a typical
uniaxially hot pressed (U 8PuO 2)N microstructure containing some
fine, secondary oxide in:gﬁsioné.

There is one potential problem when nominal UN-20 w/o PaN
powdaers prepared using a hydride-nitride-vacuum degas cycle on
arc-cast buttons are then used as feed material for specimen fab-
rication by hot pressing. As prepared, these powders have a wide
range in particle sizes with the different-size particles varying
in both grain size and purity. If segregation of the different
particla sizes occurs during handling, specimens hot pressed from
the same powder batch may have markedly different microstructures.

Sintering

Sintering is of interest as a potentially economical
approach for the densification of fuel pellets on a production scales.
The difficulty posed here, however, is that UN, Pul, or mixtures
of these two compounds are gensrally quite resistant to sintering.
In the absence of any developed sintering aid for these materials,
the approach of using an extremely fine powder has been required
to obtain sufficient surface activity for sintering.

Table 3 includes results for ball-milled UN powders
sintered for 3 hr under various conditions of time and temperature.
The powders were wet ball milled for 16, 32, or 64 hr in a stainless
steel mill containing tungsten carbide-cobalt balls and nanograde
hexane. The results show that densities in the range of 95 percent
of theoretical can be cbtained by nitrogen or argon sintering at
1900 €. At 1500 C, vacuum sintering is more effective than argon
or nitrogen sintering. Also, ball milling in excess of 32 hr
apparently provides negligible improvement in densification.
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Figure 2 shows a microstructure of Specimen 9 which was
sintered to 93.5 percent of theoretical density at 1900 C in argon.
The dark spherical pores have been slightly enlarged during metallo-
graphic etching.

Properties of Nitride Fuel Materials

A wide range of properties is of interest in the development
of nitride fuel materials., DPowder handleability, or oxidation resis-
tance, and grain-growth characteristics are of importance in the
fabrication of specimens of controlled purity and microstructure. 1In
addition, fuel volatility, thermal conductivity, and compatibility
with cladding and coolant materials are factors which are of prime
importance in determining in-pile fuel performance.

Thermal Conductivity

The thermal conductivitiess of UN, PulN, and solid=-solution
(Ub 8Pu )N have been dztermined over the range of 300 to 1000 C.
Therial ¢onductivities of these materials were determined by
measuring the thermal diffusivity across disk-shaped specimens using
a flash-laser hsat-pulse technique and then calculating thermal

conductivity values from the relationship
k=i € p 1
p ] ( )

whare @ is the thermal diffusivity in cm2 s2c, C_ is the specific heat
in cal/(gm)(C), p is the density in gm/cm®, and R is the thermal con-
ductivity. In ths absence of experimentally measured specific heats
for PuN or (U,Pu)N solutions, the specific heat of UN was usad in
calculating the respective thermal conductivities. Specimen densities
were corrected for volumetric thearmal expansion usigg linear thermal
expansion coefficienss of 9.7, 11.2, and 2.8 (x 107~ in./in./C) for
UN, PuN, and (U gPa, )N, respectively. The thermal expansion value
for (U gPu )N*was tRat actually obtained for a (Ub sPay 5 )N specimen.
0.8" PPt hermal conductivities calculated from’tolrmiliaiffusivity

data and corrected to 100 percent of theorstical d=nsity are presented
graphically as a function of temperature in Figure 3. As can be ssen,
the thermal conductivity of PulN is lowsr than that of UN with both
materials showing a general increase in thermal conductivity with in-
creased temperature. The reason for ths discontinuity in the Pull
curve at approximately 560 C is unzertain and may be indicative of a
hypostoichiometric material (a2 similar discontinuity was noted for
a specimen containing a slight trace of free plutonium metal) or of
some more fundamental behavior of PuNl.

Thermal-conductivity curves for two different (U 8Puo 2)N
specimens are included in Figure 3. The lower curve was agﬁained
for hyperstoichiomstric material containing a slight amount of UEN
and shows a leveling oftf in conductivity at 700 C. The upper curvi
was obtained for material containing only slight oxide inclusions
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as a metallographically distinguishable secondary phase. The curve
shows a discontinuity at approximately the same temperature as that
noted for PulN and shows a leveling off in conductivity at 1000 C.
Additional work is required before the difference in shape and
magnitude of the two (Ub gPu, 2)N thermal-conductivity curves can
be explained. : '

Grain Growth

Grain growth in high-density solid-solution (U, gPu 2)N
specimens becomes rapid as the temperature exceeds approximately
1700 C. This is shown in Figure U4, which also includes, for com-
parison, grain-growth data for high-purity (300 ppm by waight oxygen)
powder-metallurgy UN. While the tempsrature at which grain growth
becomzs appreciable is the same for both curves, the (UO gPu 2)N
appears nore resistant to grain growth. It is not known'whe%ﬁer
this greater resistance is related to the secondary oxide inclusions
present in the mixed nitride material or to some other factor.

Figure 5 shows a photomicrograph of a (UO Pu )N specimen
which received a 50-hr treatment at 1500 C. The agifabRifated
microstructure of this material was previously shown in Figure 1.

Tt is eviden’ in comparing Figures 1 and 5 that the 1800 C heat
treatment resulted not only in appreciable grain growth but also
in apparently complete solution of secondary oxide inclusions.

Initial grain sizes for the UN and (U gPu 2)N specimens
were 30 and Uk K, respectively, while specimen géhsigies were 99 percent
of theoretical,

Volatility of Pull and (U,Pu)N

Effusion determinations have been made for Pull in a tungsten
effusion cell with an orifice 1,1 mm in diamster. In addition, free
evaporation experiments have been conducted on PulN and (U,Pu)N in
the temperature range of 1523 to 1823 K. Effusion axperiments
have been performed at 1385, 2090, 2195, and 2300 X. No indication
of a time-d=pendent transport was observad, and examination of the
charge material after the experiments indicated that the overall
composition had not markedly changed from the original single-phase
PulN material. Using the assumption that the PulN vaporizes as
elemental plutonium and nitrogen, an assumption which is somewhat
supported by the observation that thzs condensate collected was metallic,
the presspres of pluEgnium deterg%ned at the aboyﬁ temperatures are
6.1x 10, 2.3 x 107, 8.0 x 107, and 2.2 x 10 atm, respectively.
Should the assumption of congruent vaporization be made, these values
are high by approximately 3 percent. The above data were fitted to
the following expression:

Log PPu(atm) -
Vacuun-fusion analysis of the Pull used in the vaporization studies
indicated that the material contained nearly 2.8 mol=s percent PuO;
howsver, this oxygen appeared to be in so0lid solution with the Pull
based upon metallographic evaluation.

-22,900/T°K + 6.30. (2)
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The solid=-solution alloys of UN and Pull show lower volatiliities
than unalloyed Pull. This is evident in Table 4 which includes results
of free-evaporation weight-loss experiments on cylindrical PulN, UN,
(UO Pu, )N and (U, qPu. ,)N specimens. Ia comparing the data
at°1830 8319t is noted-Pral-feignt losses for the (U gPiy 150
and (U 80Pu0 o ) alloys approximate one-fifth and o é-éourﬁ%,
respecgively,'og that for unalloyed Pul.

Again, assuming that PuN vaporizes as elemental plutonium
and nitrogen, the vapor pressure of PulN calculated from these data
at 1985 K i§63 x 107" atm and is in good agreement with the value
of 6.1 x 107" atm determined by effusion techniques.

Compatibility

The objsctive of the compatibility effort has been to es-
tablish the reactivity of solid-solution (U Puo 2)N toward potential
LMFBR cladding materials and sodium. Compagigillﬁy heat treatments
batween 700 and 1000 C have been performed using specimens with
the fuel and cladding either separated by a 30-mil layer of sodium
or in direct contact. Claddings investigated include Type 304
stainless steel, Type 316 stainless steel, (RNL modified stainless
steel (essentially an 18-8 stainless steel with 0,155 w/o Ti),

Incoloy Alloy 800, Inconel 625, and Nb-1 w/o Zr. Compatibility heat
treatments utilizing UN and Pull with some of these same cladding
materials were conducted, as were thermodynamic calculations to
ascertain those claddings which might show the greatest tendency

to react with UN or (U, gqPu. .)N.

Included in BééleOSEare some results of various compatibility
heat treatments. The oxide layer noted on several of the fuel pellets
in the sodium~-bonjed specimens is believed to reflect a gettering
of oxygen from the sodium. Where Types 304 and 316 stainless steel
have been investigated with UN, PuN, or (U Pu, 2)N in the pressure-
contacted or sodium-bonded capsules, compagiéillﬁy has been excellent
at 1000 C. Those claddings which show some tendency to react or
form nonoxide layers on the fuel are the nickel-base Inconel 625 alloy,
Incoloy Alloy 800, and the CORNL modified stainless steel.

Those reaction products noted between the nitride specimens
and the above cited cladding materials have not been identified and,
therefore, reaction mechanisms cannot be conclusively put forth. It
is considered likely that the slight reaction between UN and CRNL
modified stainless is related to reaction between excess nitrogen
(UéNj) in the UN and titanium in the cladding alloy.

Summary

The synthesis of mixed nitride powders using a hydride=-
nitride-vacuum outgas approach on arc-cast uranium-20 w/o plutonium
is readily accomplished. 1In the as-synthesized condition, these
powders are partially alloyed and thus can be fabricated into
chemically homogeneous bodies using relatively short times and
moderate temperature for densification. Both uniaxial and isostatic
hot presssing have been demonstrated as excellent approaches for
fabricating high-dsnsity nitride bodies of good purity.
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Of major significance toward improved economy in mixed-
nitride fuel fabrication are the indications that high-density
bodies can be attained by sintering of fine powders. With the
application of this approach, the intimate mixing attainable during
powder comminution enables the use of separately prepared PulN and
UN powdsars.

The combination of high thermal conductivity and good
compatibility with sodium and potential LMFBR cladding materials
are particularly advantageous features of (U,Pu)N fuels. Grain-
growth and volatility measurements indicate that thermally induced
compositional or microstructural changes will be negligible at
typical IMFBR operating temperatures of 800 to 1000 C.
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Table 1. Results from X-Ray Diffraction, Chemical, and
Metallographic Studi g)on Isostatically Hot

Pressed (Ub.BPuO.2)N
Density, percent of theoretical 99.4
Microhardness, DPH (1000-g load) 622
Nitrogen Content, w/o 5.29
Oxygen Content, ppm 2261+184
Hydrogen Content, ppm 29123
Lattice Parameter, 4 .8920+0.0002
Oxide Inclusion, v/o 1.4
Oxygen Present as (xide Inclusions, ppm 1200
Oxygen Present in Solid Solution, ppm 1060

(a) Hot pressed for 4 hr at 1600 C and 10,000 psi.

Table 2. Uniaxial Hot-Pressing Data for (UO gPu, 5N

Length:Diameter Hot=-Pressed

Time, Pressure, Ratio of Hot- Density, perce g)
min Temperature, C psi Pressed Specimen of theoretical

5 1850 18,000 2.54 98.6

5 1850 12,000 1.52 93.5

5 1850 18,000 3.05 e B

5 1850 18,000 2.80 .4

5 1900 23,000 3.05 99.8

5 1850 21,000 3.05 97.1

5 1850 18,000 I 99.5

(a) Measured and weighed densities after hot-pressed specimens were
machined to shape.
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Table 3. Sintering Results for Ball-Milled UN Powders

Sintered
Sintering Parameters _ Density,
Ball M)lllna Temperature, Time, percent of
Specimen Tlme Atmosphere C hr theoretical
i 16 Vacuum 1500 3 77.8
2 32 Vacuum 1500 3 88.3
3 Al Vacuum 1500 3 88.1
L 16 Argon 1500 3 73.1
5 Argon 1500 3 67.6
6 64 Argon 1500 3 68.9
74 16 Argon 1900 3 92.0
8 32 Argon 1900 3 oL .L4
9 64 Argon 1900 3 93.5
10 16 Nitrogen 1500 3 750
1l 32 Nitrogen 1500 3 76 .0
12 6L Nitrogen 1500 3 76 .2
13 16 Nitrogen 1900 3 93.4
14 32 Nitrogen 1900 3 94.8
15 64 Nitrogen 1900 3 9.5
(a) Particle size less than 4.5-u diameter.
Table L. Data for PuN, UN, and UN-PuN Volatility
Temperature
of 5-Hr
Vacuum Nitrogen Content, w/o Weight
Treatment, Before After Los
Material C Heat Treatment Heat Treatment g/cm
PulN 1550 5.24 5.20 0.0924
PulN 1450 5.33 5.31 0.0207
PulN 1350 5.33 5.30 0.0031
PuN 1250 5.33 5.34 0.0005
(U 1550 5.34 5.42 0.0148
E 3& 1550 m o 0.0213
Uo o 2 1450 b -- 0.0013
( ity 2)v 1400 - -- 0.0008
ﬁm 1600 - -- 0.0045
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Table 5. Compatibility of Nitride Fuels With Claddings

Time, Temperature,

Fuel Cladding hr C Results
(U, gPug 2)N(a’b) Type 304 stainless 1000 1000 No reaction
’ ’ Nb-1 w/o Zr 1000 1000 No reaction

Sodium-bonded Type 304 stainless 3000 1000 Less than 5 p of oxide on fuel
Sodium-bonded Nb-1 w/o Zr 1000 1000 Less than 5 p of oxide on fuel
Sodium-bonded molybdenam 100 1200 Less than 5 u of oxide on fuel

pun(®) Type 316 stainless 1000 1000 No reaction
Incoloy Alloy 800 1000 1000 No reaction
Inconel 625 1000 1000 Less than 5 p of nonoxide on fuel
Sodium-»onded molybdanum 100 1200 Less than 5 b of oxide on fuel

UN(b’c) ORNL modified stainless 1000 1000 Less than 5 uw of nonoxide on fuel
Incoloy Alloy 800 1000 1000 Spotty 5 W of nonoxide on fuel
Inconel 625 1000 1000 Spotty 5 i of nonoxide on fuel
Sodium-bonded molybdenum 5 1400 No reaction
Sodium-bonded 304 stainless 1000 1000 No reaction
Sodium-bonded 316 stainless 1000 1000 No reaction
Sodium-bonded ORNL stainless 1000 1000 Less than 5 u of nonoxide on fuel
Sodium-bonded Incoloy Alloy 800 1000 1000 10 p of nonoxide on fuel
Sodium-bonded Inconel 625 1000 1000 5 K of nonoxide on fuel

(a) Contained approximately 2000 ppm oxygen.
(b) Slightly hyperstoichiometric, second-phase nitride.
(c) Contained less than 200 ppm oxygen.



125X Etched PL2758

FIGURE 1. MICROSTRUCTURE OF (Uj gPug 2)N DENSIFIED BY UNIAXIAL HOT
PRESSING FOR 8 MIN AT 1800 C AND 18,000 PSIIN 1 ATM OF

NITROGEN

Average grain diameter is 44.0 4. Fine oxide inclusions are noted in
the microstructure. Oxygen, hydrogen, and nitrogen analyzed at
1142 ppm by weight, 27 ppm by weight, and 5. 20 w/o, respectively.

750X Etched 7B804

FIGURE 2. MICROSTRUCTURE OF UN SINTERED FOR 3 HR AT 1900 C IN
ARGON TO 93.5 PERCENT OF THEORETICAL DENSITY
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250X Etched PL2830

FIGURE 5. MICROSTRUCTURE OF (U, gPug_ 2)N AFTER A 50-HR HEAT
TREATMENT AT 1800 C IN A SEALED TUNGSTEN CAN

See Figure 1 for the as~-fabricated microstructure. The heat
treatment has effected essentially complete solution of the
secondary oxide particles and increased the average grain
diameter from 44.0 to 72. 2 W.
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FRENCH IRRADIATION EXPERIENCE WITH
MIXED OXIDE FUELS FOR FAST-REACTOR APPLICATION

J. P. Mustelier

Abstract

An irradiation program of UOg9 Pu O2 mixed oxides has been
performed from 1962 to 1966 in the thermal reactor EL 3 in
order to design the Rapsodie fuel element. Post-irradiation
examinations have shown that the design of the fuel element
was realistic.

The reactor Rapsodie was raised to nominal power in April
1967 and an examination program on complete subassemblies
was initiated in May 19687. 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 beginning

of 1966.

J. P. Mustelier Chef de la Section du Plutonium Irradié
Association EURATOM-CEA Neutrons Rapides, Centre
d'Etudes Nucléaires de Fontenay-aux-Roses, B.P. n° 8
Fontenay-aux-Roses - 92 - France,
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Introduction

At the Commissariat 4 1'Energie Atomique, the behaviour
under irradiation of UOg PuOg2 mixed oxides, is studied from the
angle of their utilization as fast reactor fuel. The main purpose
of the first series of experiments was to develop and check the
performance of the fuel of the first core of Rapsodie (1). The
experiments have now ended, the reactor was raised to full
power in April 19687 and an initial irradiated fuel assembly is
currently being examined.

To develop the fuel for Phenix, which is a 2560 MW electric
fast reactor project, a much more extensive program of irra-
diation tests than the last one has been prepared and is now
being executed.

Behaviour under irradiation of Rapsodie's fuel elements

Originally two fuels were envisaged for Rapsodie ; a metallic
fuel (U-Pu-Mo alloy) and an oxide fuel UO2-PuO9. As a result of
the fabrication trials, the study of the metallurgical and physical
properties, and of the irradiation trials, the U-Pu-Mo alloy, was
finally abandoned because of incompatibility with stainless steel
(forming of a liquid phase when 800° C was reached) and excessive
fuel swelling. In 1963 a fuel element was chosen for Rapsodie
composed of sintered UO9-Pu O mixed oxide pellets in stainless
cladding. The design and dimensions of the assembly and of the
fuel pin were fixed. In order to analyse the behaviour of full scale
pins under conditions similar to those foreseen in Rapsodie, a
thermal neutron irradiation program was carried out in the EL3
reactor.Fig. 1 shows the design of the Rapscdie pin which has the
following characteristics :

Fuel : Sintered UO2-Pu02 with a 25.91 % PuO2 content
- Diameter of pellets : 5.57mm

- Density : 98 % of theoretical density
- Oxide-Clad diametral gap : 230 + 80
- Stoichiometry :1.96<0Q < 71.99

Cladding : Type 316 L stainless steel with integral helicoidal fin
- Filler gas : Helium
- Column of pellets : spring retained

Nominal operating conditions at 20 MW are the following :

- maximal specific power : 1310 w/cm3
- maximal conductivity integral : 28 w/cm
- sodium inlet temperature : 410°C

- sodium outlet temperature -+ 500° C

hot spot temperature of cladding : 850° C
The preceding data served as a reference to fix the thermal
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neutrons irradiation parameters. Eighteen prototype pins were
irradiated in the EL 3 reactor from 1963 to 1967. These pins were
composed of sintered mixed oxide UO9-Pu 02 pellets with various
PuOg contents : 11 %, 20 % and 25.91 % by weight. The cladding
was either 304 L or 318 L stainless steel. Design characteristics
were varied from one pin to an other.

- oxide density : 84 to 97 % of theoretical density

clad thickness: 0.2 to 0.45 mm

diametral gap between oxide and clad : 30 u to 290 p

clad filler gas : Helium or Argon

capsule column retaining system : blocking by rigid tube or
flexibly by spring

The stoichiometry of the oxide varied from 1.97 to 2.01
according to the case.

During irradiation each pin is enclosed in a leak proof capsule
filled with sodium. The temperature of the sodium is measured by
one or more thermocouples. The stainless steel capsule is in turn
placed in a Zircalloy tube forming a sufficiently adequate heat
barrier to obtain a temperature of 500° C to 850° C on the clad at
the linear powers foreseen. Burn up rates are computed from the
activity of 1 % Co. Co- Al alloy flux monitors fitted round the pins
and the average conductivity integrals are deducted from preceding
irradiations.

The results of the post irradiation examination of these pins
are given below together with the results obtained on a first Rapso-
die irradiated subassembly.

Stability of The Pellet Column
Axial Stability

The pins were examined radiographically after irradiation. In
every case the overall pin length is unchanged wether the column of
pellets is rigidly or spring secured.

If spring secured, the oxide columns elongate slightly by irra-
diation and this varies haphazardly, pin to pin from 0.5 mm to about
b mm. It seems possible to distinguish the two following cases.

Low Conductivity Integral (central oxide temperature under 1700°Q),
Short Irradiation Time, Little Heat Cycling.

This is particulary so in the case of the 37 pins from the first
Rapsodie subassembly which was examined after irradiation to
150 MWD/t at a central temperature of 1700° C max. Elongation of
the oxide columns ranged from 0.2 to 0.8 mm and was to be found
mainly in the gaps between the flat sides of the pellets. This effect
is shown in the radiograph of Fig. 2a.

Higher Conductivity Integral, Appreciable Irradiation Time, Much
Heat Cycling.
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The elongation varies by 1 to 5 mm from one pin to the next,
but fuel column do not grow any more when the burn up is raised
from 3, 000 to 22, 000 MWD/t.

With increased irradiation, the gaps between the pellets tend
to disappear and no longer provides a guide as to the elongation of
the column and the pellets are welded to each other through the
central zone. Fig. 2b is a radiograph of the upper part of pinn® 7.
The central temperature is 1750° C, the burn up 4000 MWD/t and
an increase in length of the fuel column of 4 mm has been measured
Al9 O3 markers placed in some columns made it possible to see
that the elongation rate of the column increases the closer one gets
to the positioning spring.

The elongation of the pellet columns is therefore a phenomenon
that appears as soon as irradiation begins and then saturates out. It
is closely related to the phenomenona of thermal expansion of the
column, fragmentation of the pellets and the inter-welding of
pellets. In none of the cases was very great inter-pellet gap obser-
ved. It would seem, on the contrary, that such gaps tend to disap-
pear at high burn up.

Evolution Of Initial Oxide-Clad Gap - Distribution of voidage in the
Oxide.

The nominal diametral gap of Rapsodie's fuel pin is230u +80pu
and contains helium. The initial gap of the pins irradiated by
thermal neutrons was between 30 and 290 p according to the case.
After irradiation micrograph cross-sectional measurements of the
gaps between the oxide and the cladding were made after vacuum
loading with araldite, a polymerisable resin.

In every case it was observed that the initial gap diminishes
down to 30 to 40 p 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 Central Temperature Under 1700° C.

From the start of irradiation the pellets crack, thus reducing
the gap. In the Rapsodie subassembly, after an irradiation of six
hours at core temperatures of 1650 to 1700° C, the diametral gap
drops from 190 u to 140 u. Fig. 3 shows a micrographic section
of an irradiated Rapsodie pin (central temperature 1650° C -

T=150 MWD/t - I = 26 w/cm). The radial gap between oxide and
cladding is of the order of 70 p., With increasing irradiation as
well as thermal heat cycling, the gap continues to decrease to a
minimum value of about 40 p.

When irradiation continues for a sufficient length of time, the
cracks were found to disappear in the grain growth area. Fig. 4a
shows the micrographic structure of the central zone of pin n° 8
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(central temperature 1650° C -T = 21, 500 MWD/t - I = 20, 8 w/cm).
A very great grain boundary porosity is noticeable. Fig. 4b shows
the formation of this porosity by sintering of a crack, leaving holes
at grain boundaries. The disappearance of the gap, through the
crack and crack disappearance mechanics, gradually provokesvery
great grain boundary porosity in the equiaxed grain growth zone
and the zone of columnar small grains. Therefore considerable

de densification of the oxide is noticed in the central region with
porosity increasing as the center is approached. In the case of
Fig. 4 for example, the average density of the oxide of this pin
dropped from 98 % to 92.5 % of the theoretical, and in the central
zone the density of the oxide is only 75 % to 80 % of the theoretical

Pins With a Central Temperature Exceeding 1750° C

Here also the gap disappears by oxide cracking. However,
these cracks are very unstable except in the peripheral zone. The
porosities migrate to the center of the oxide by an evaporation
condensation process ; columnar grains form and a central void
that appears to increase with the increase in linear power. This
effect can be seen in the macrographic sections of Fig. 5. The
average density of the oxide increases instead of dimishing.

It should be noted, however, that even when the linear power
is very high, the gap between oxide and cladding does not disappear
very quickly. This is what may be observed on pin n° 27, which
was irradiated for 4 1/2 hours with an initial Argon filling of 190 p
at a maximum linear power of 870 W/cm (maximum conductivity
integral = 45.8). The oxide melted, slumping to the lower part of
the pin. Fig. 6 shows two macrographic sections of this pin, one
of the upper part of the pin with a central hole, and the other one
of the lower part of the pin, entirely filled with melted oxide. Fig. 7
shows the corresponding micrographic aspect of the two sections.
In both cases the diametral gap is still 150 u at the end of irradia-
tion.

Heat Performance Of The Fuel - Evolution Of the Oxide's

Structure

The main novelty of Rapsodie's fuel lies in the use of dense

non rectified sintered pellets with a large gap of up to 310 p
between oxide and cladding. The question was posed as to the value
of the heat exchange coefficients between oxide and cladding as
well as the conductivity of the oxide during de densification. None
of the experiments were carried out with thermo couples in the
oxide. The temperatures were evaluated by the following hypothe-
ses :
a) Tt is assumed ; in the manner of Bates (2) that the outside limit

of the small columnar grains in irradiation extending over more

than a few days, corresponds to 1650° C in temperature.
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b) This value is checked against a temperature reference mark
obtained by comparing the equiaxed grain growth with the
published kinetics (3), (4), (5). This temperature reference
mark is used mostly for short time irradiation extending from
a few hours to a few days.

c) The temperatures are calculated by using the conductivity
integral = { (@) curve plotted for UOg - 20 % PuO2 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
conductivity (7).

e) The conductivity integral is 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 coefficient obtained by this process may possibly
represent the minimum value reached during irradiation.

Several cases were considered.
High Density Oxide - Large Gap Between Oxide and Cladding.

Fig. b shows a number of pins of increasing central tempe-
ratures. Table I indicates the characteristics of some of them as
an example.

As will be noticed from Fig. 3 and especially from the
micrograph studies, the oxide of the Rapsodie pins irradiated for
about six hours did not undergo any change in structure, nor was
there any grain growth, and pins 7 and 8 underwent significant
dedensification. Pin 7 shows a small central void surrounded by a
crown of small 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) surrounded by a large crown of columnar grains. The
central void contributes to lowering the conductivity integral.

On the basis of the hypotheses explained above, the infuel
temperatures were evaluated as well as the exchange coefficients
between the oxide and the can. The results are given in Table II.

Relatively good concordance is observed, particularly between
pins 7, 8 and the Rapsodie pin, the oxide clad gap of which has not
yet disappeared. It would seem that the temperature drop provoked
by the decrease of the oxide clad gap is offset by the rise due to the
helium becoming polluted by the Xe and the Kr and to oxide deden-
sification.

Low Density Oxide - Large Gap Between Oxide and Clad

Two pins (n° 5 and 8) containing sintered pellets, density 86 %
of the theoretical and an initial gap of 270 u were irradiated at
linear powers of 385 and 460 W/em. Fig. 5 shows that in pin 6
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there was considerable densification in the fuel, gap disappearance,
large central void formation. Using the hypotheses put forward
earlier, the exchange coefficients were calculated equal to 0. 25

and 0.4 W/° C. em#“. From the detailed analysis of the relative
offsetting of the crown of columnar grains and of the central void, it
may be assumed that the heat exchange coefficient thus calculated
improves rapidly when irradiation continues and the gap disappears.

The poor heat exchange coefficient at the beginning of irradia-
tion has been attributed to degassing of the porous pellets when the
reactor was raised to full power. These pellets had been stored
for a fairly long time in glove box atmosphere before canning.

High Density Oxide - Argon Filler Gas

Three pins (n° 2 - 27 and 28) were irradiated at different.
powers (Table III).

The examination of the three pins produced the above coefficient.
The oxide of pin 27 melted and slumped, thereby completely filling
the lower part of the pin, leaving a central void in the upper part
Fig. 6). Fig. 7 shows a micrograph view of the top of this pin
where the liquid oxide has disappeared and one of the lower half
where the oxide has solidified in the shape of a porous central zone.
It has been observed that the oxide-clad gap diminished but little
during the fusion experiment which lasted several hours.

High Density Oxide, Small Gap, Helium Gas Filler

The oxides temperatures obtained by micrographic examina-
tion of pins irradiated for more than a month differ very little
from those of large gap pins of which the initial filler gas is
helium. This clearly shows that from a heat exchange stand point
the gap disappearance, which increases heat transfer, is offset by
fission gas pollution of the helium, which lowers conductivity.

Release Of Fission Gases

The gases contained in the gas plenum of some pins were
recovered. Data are contained in table IV.

These data indicate that :

a) The higher the conductivity integral and the burn up, the greater
are the amounts of gas released.

b) In point of fact, the study of sections through these pins enables
the conductivity integral to be corrected of the central void and
it observed (assuming that cladding temperatures are identical,
which is an approximation) that the central temperatures of the
various pins vary little from one to the next. However, the
greater the central void, the greater the amount of high tempe-
rature fuel (above 1850° C) where gas release is total.

¢) The cladding temperature of pin 30 is 100° C higher than the
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other pins. This temperature increases appreciably the volume
of the oxide above 1650° C. There is a correspondingly great
fission gas release.

d) The cladding of pin 29 and pin 31 ruptured (hot spot in the
capsule). The sodium in the capsule entered the pin. The fission
gas release was measured by puncturing the capsule. The effect
of the sodium in the pin is complex and not entirely clear, but
the micrograph studies seem to show that the following damage
is caused (1) :

1 - Inter-granular attack of the oxide of the periphery of the
pellets (which probably provokes the release of gases
trapped on the grain boundaries).

2 - During heat recycling (from ambiant temperature), ejection
outside the pin of fuel from the periphery of the pellets.

3 - Deterioration of heat exchanges and general temperature
increase of the oxide.

All these effects bring about an almost total release of fission
gases as well as the shifting of some fission products (RulOG).

Conclusions

The Rapsodie Fuel Element

The purpose of the preceding experiments was limited to tes-
ting the fuel element of Rapsodie up to 30,000 MWD/t. To a certain
extent they were upset by cooling fanlts in the capsule. The succes-
sful tests however enabled a fairly detailed analysis of the behaviour
of the fuel. It was observed that the column of pellets elongates
slightly leaving gaps between them. At the same time one observes
a gradual disappearance of the gap between the oxide and the clad-
ding and the pellets becoming wedged against the cladding. When
the central temperature does not exceed 1850° C to 1700° C, the
disappearance of the gap can be associated with dedensification in
the oxide particularly in the grain growth zone. The release of
fission gases is very sensitive to linear power and particularly to
the volume of the zone exceeding 1650° C. In the Rapsodie pins, the
volume of this zone is not very great if the reactor operate at
20 MW. Therefore, from the results obtained one may consequently
foresee moderate gas release up to 25,000 MWD/t, if irradiation
continues of the present power level.

All these facts go to show that the fuel of Rapsodie is assured
of operating correctly up to 25, 000 MW D/t.

Limitations Of The Rapsodie Fuel
On studying the published results (8), (9) a first limitation of
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the Rapsodie fuel element may come from the release of fission
gases. If the fact that the fission gases release rate increases with
burn up is taken into account, a calculation of clad creep at a 60 %
fission gas release and a cladding hot spot of 650° C can be made.

If can then be observed that the maximum burn up causing creep
distortion of 0.1 to 0.2 % is equal to 45, 000 MWD/t. Consequently
one may expect a limitation to be on the hotest of these fuel elements.

The second problem concerns swelling at high burn up about
which we have no experience. The Rapsodie fuel element has a high
smeared density (89 %) a factor which at first sight seems unfavou-
rable to accommodate the swelling. From the results presently
published on this problem, (8), (10) one may assume that the power
level of Rapsodie's fuel elements are unfavourable for swelling, ie,
core temperature not enough to release much gas and large oxide
zone volume between 1400 and 1700° 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 many Rapsodie irradiated
fuel pins should make it possible to provide clear answers to these
questions of primary interest.

Study Of The Phenix Fuel Element

The C.E. A. is presently studying Phenix, a fast demonstra-
tion reactor of 250 MWE (11). The reference fuel element has
points in common with that of Rapsodie, particularly :

a) a sintered UO2-Pu02
b) a 318 stainless steel clad

Some characteristics have been foreseen with higher values :
a) maximal linear power : 430 W/em
b) sodium outlet temperature: 560° C
c)
d)

clad hot spot temperature :  700° C
burn up : 50,000 MWD/t
To reach these objectives, three essential modifications are
proposed :
a) lowering of the "smeared density" to 80 % of the theoretical
density
b) increase in the volume of "gas plenum"
c) improvement in the high temperature mechanical properties of
the steel.
An irradiation program of fuel elements and of samples is
being prepared. To conclude we give below some indications on the
experiments that have been planned.

High Burn-up Irradiation Experiments With Thermal Neutrons

Twenty samples are currently being irradiated in EL 3 and
Siloe. Smeared densities of 89 %, 80 % and 70 % are studied at
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two linear powers (240 and 440 W/cm). Burn up reached in
June 1967 amounted to 40, 000 MWD/t and irradiation is to continue
up to 100, 000 MWD/t.

A second batch of 24 samples is to be placed in pile during the
first half of 1968.
Short Time Irradiation Experiments

A thermal performance study program of the low density oxide
fuel elements in a power zone bracketing the reference value, is
currently being undertaken. It comprises irradiation extending
from a few hours to several months of 48 sintered oxide samples
of various densities, with and without central voids, and of vibra-
tion compacted oxides. Various gaps between oxide and cladding
and various stoichiometry (1.92 to 2.02) are being tested. Some
samples are sodium filled ; and 8 samples have a thermocouple in
the center of the oxide.

Irradiation Experiments in Rapsodie

Four special assemblies comprising 27 fuel pins each, have
been placed in Rapsodie in July 1967.

The main characteristics of these fuel elements are :
a) pellets : two densities - 80 and 85 % of theoretical density,

obtained either by spread lowering of the density of the pellets
or by central void.

b) diameter of the pellets : 6.05 mm

c) diametral gap between oxide and clad :0.2 mm

d) filler gas : Helium

e) stoichiometry :O/M=1.98

f) cladding : stainless steel and

Hastelloy X,
thickness : 0.45 mm
g) maximal linear power : 400 W/em
h) maximal nominal outlet temperature of Na : 600° C
j) burn up : 30,000 50,000 and 70, 000 MWD/t

Other experimental subassemblies are being designed and will
be inserted in Rapsodie in the coming year. The results of this
irradiation 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 19609.
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Table 1. Characteristics of some Irradiated Pins

Pin Pin Pin Pin - 1 st
Rapsodie
¥ 8 ; Assembly
Oxide density 98 % 98 % 96 % 95%
(th. dens. %)
Oxide density after 92.5% 92.5% 97% 94 %
irradiation
Initial diametral 240 &40 220 +40 200 +40 190 + 60
gap (W
Final diametral 45 35 35 150
gap (1)
Filler gas He He He He
Linear power (W/cm) 350 300 554 335
Conductivity 24 20, 6 40 28, 1
integral (W/cm)
Internal °C temperature 500 530t0oB10 480 440
of clad
Burn up (MWD/t) 4000 21, 500 5,400 150

Table 2. Heat Exchange Coefficient Evaluations

Pin Pin Pin Pin - 1 st
Rapsodie
¥ 8 9 Assembly
Central temperature 1760 1650 2100 1720
(° C)
Oxide surfacetemperature 800 835 940 710
(° C)
Heat transfer coefficient  0.85 0.55/0.756 0. 74 0.66

(W/°C. em?)
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Table 3. Heat Exchange Coefficient Evaluation

Pin 2 Pin 27 Pin 28
Initial diametral gap (u) variable 190 + 50 160 + 50
Burn up (MWD/t 2750 51 8900
Linear power (W/cm) 345 870 (max) 550
Conductivity integral 24 45. 8 (max) 35.8
(W/cm)
Internal clad temperature 470 877 830
(° C)
Oxide clad exchange 0.28 to 0.4 0.4 0.5

coefficient (W/°C.cm?)

Table 4. Fission Gas Release of some Pins

b vwpi K997 cffg:ed Bot@s . ve  Not
in ND; - otes
(W/cm) (W/cm) released
Rapsodie 150 28 28 4 10-20
7 4,000 24 24 12.8 -
35 5,700 25.1 24.5 17.3 8
8 21,500 20.8 20.6 23.3 5.82
: oxide 85 %
19,000 32 23 26.5 o fiis,
33 8,600 28.8 26.1 31.4 5.9
high clad
30 13,800 29.86 Bl T 80 6. 37 PR
31 16, 800 32.8 2. 100 6.3 broken pin
29 26, 400 82 27 100 8.3 broken pin

Conductivity integral corrected by flux depression

XK Conductivity integral corrected by flux depression and central void-
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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. Geithoff, G. Karsten and K. Kummerer

Abstract

The requirements for uranium-plutonium dioxide fuels are the

basis for a program of irradiation tests. Some hypothetical con-
siderations supply a rational background for the design of speci-
mens and the chosen operation conditions. The experimental facili-
ties and irradiation devices are shortly described and discussed
with respect to the irradiation characteristics.

One group of experiments refers to the short term behaviour of the
oxide type fuel. In another group the long time behaviour of oxide
fuel pins is studied. The present results indicate, that the basic
assumptions for the pin design are principally confirmed. Finally
the status of knowledge and experimental experience is composed

in a set of conclusive remarks.

Institut flir Angewandte Reaktorphysik
Kernforschungszentrum Karlsruhe
Federal Republic of Germany

*J

Work performed within the association in the field of fast
reactors between the Zuropean Atomic Energy Community and Ge-
sellschaft fiir Kernforschung m.b.H., Karlsruhe
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INTRODUCTION

The operational requirements for oxide type fuel, which are
described in full details in the related paper (1) in the first
session of this symposium, are the principal guidelines for all
irradiation test work in the Karlsruhe fast breeder project. The
most important technical features are the proper irradiation con-
ditions with respect to linear rod power, to cladding temperature
and to the expected total burnup performance. The typical exter-
nal and internal geometry is characterized by a small fuel dia-
meter (compared to thermal reactor fuel) and a length distribu-
tion which includes an active fuel zone, at least one axial
blanket region and a fission gas plenum. The typical ranges of
requirements both for sodium and steam cooled pins are compiled
in Table I.

The whole irradiation program is oriented towards these tar-
get data. As in the first period only a thermal reactor with a
limited neutron flux, the Karlsruhe research reactor FR2, was
available, significantly larger fuel diameters were necessary in
order to reach the linear rod power wanted. Above the intention
of a mere performance test up to high burnups - a goal which
will be achieved by tests currently underway - the here des-
cribed work refers partly to parameter studies. The short term
tests try to evaluate a systematic scheme of parameter varia-
tions. The quoted long term tests are only a first step, which
has to demonstrate the feasibility of the irradiation equipment
and furthermore to experience the post irradiation examination
routine. The next step with much higher target burnups and para-
meter constellations more similar to fast reactor conditions are
already in operation, on the one side with improved irradiation
devices in the FR2 again, on the other side with fast flux irra-
diations in the Dounreay Fast Reactor.

The present paper describes the status of our experimental
potential and experience and also some introductory theoretical
considerations. We feel it necessary, to establish simple model
assumptions concerning the expected irradiation behaviour as a
rough guide.

IRRADIATION HYPOTHESES

The target burnup for a fast breeder fuel pin is 100 000
MWd/t. In order to make predictions about the pin behaviour with-
in an equivalent irradiation time, the pin design is based on a
theoretical fuel pin behaviour analysis. In this context two
limitating assumptions are made, namely

- the fuel operation time will come to an end, after the

available void volume of the most critical fuel cross
section has been filled by fission-induced fuel swelling
to the highest possible extent,
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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
V., the (hot) gap volume between fuel and cladding VG’ and
the dishing volume (if applicable) V..

- The fuel volume itself can be divideg into a plastic zone
Vv with temperatures above 1700°C, a creep zone V with
tgmperatures between 1300 and 1700°C, where creep 8hd
diffusion are of remarkable velocity, and a low tempera-
ture zone V., below 1300°C with visco-elastic behaviour

15
mainly (2,3,4).

- Furthermore there are defined availability factors £, 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 v/o above
1700°C, with 50 v/o at 1300-1700°C and - according to a
numerical evaluation - with not more than 30 v/o below
1300°C. 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 = 0.8,

m = 0.5, % =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
so0lid fission products and a contribution of fission gases,
working in all three zones. According to a literature eva-
luation (5) this basic swelling rate h_ seems to be 1.6 %
volume change in 100 % dense oxide per°10 MWd/kg heavy
metal burnup. That means a figure h_ = 1.6 x 10-3 kg/MWd.
An additional swelling effect caused by fission gases
mainly is added for the creepzone. Its rate is assumed to
be h = 0.4 x 10-3 kg/Mwd.

With these explanations the maximum possible burnup B (in MW4d per
kg heavy metal content), after which all available volume is used
up by the swelling fuel, is:

8 - (1—5?) (£Vpl + m vcr +n vlt) + VG + Y, -

\PF hs vF * hg VcI‘
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where p_, means the fuel density in the pellet fuel. A graphic
evaluation of this burnup formula is given in Fig.1 for a linear
rod power of 500 W/cm.

The second question for the most critical cross section is
handled by applying the burnup formula, which represents the fuel
swelling capacity. Hence locally the maximum allowable burnup can
be evaluated for the axial power distribution of a pin. These lo-
cal maximum burnup figures have to be compared with the really
arising burnup at each axial part of a pin in equal times. For
certain parts of a pin, which are not necessarily the absolute
maximum burnup ranges, the capacity for burnup is implemented
firstly. These constitute the critical fuel cross sections. Such
an analysis can be expanded of course on a total reactor core by
application of specific thermal design data. Generally the criti-
cal zones are in the half of the core with the coolant inlet.

To deal with the third question for the existence of non-
plastic fuel, the expansion rate of the fuel, which is given by
the swelling rate, is compared to a compression rate, which is
produced by an evaluation of fuel-cladding interaction, Fig.Z2.
Here irradiation damages and thermal stresses with the cladding
are taken into account by a pessimistic assumption for the 0.2
%-creep stress for 10 000 hours of the considered stainless
steel. Furthermore, by application of mechanical oxide data
(2,3,4) the force of the cladding on the swelling fuel ring with
the volume V 2 is calculated. The result is, that, under the
assumption o} 950°C average ring temperature, only those parts
of the fuel with linear rod powers lower than 250 W/cm behave
non-plastic. They are situated beyond the critical zones men-
tioned above and hence do not represent limitations for operation
time in such designs.

EXPERIMENTAL FACILITIES

The irradiation program in the Karlsruhe research reactor FR2
- a heavy water-moderated reactor with 44 MW thermal power =~
is performed with two types of irradiation equipment. There is a
helium loop operating in the central channel and furthermore,
there can be introduced irradiation capsules into normal fuel
subassembly positions. The helium loop can be loaded with two
different irradiation inserts. For long term irradiation an in-
sert is used containing 4 fuel pin specimens in a cluster. The
maximum achievable linear rod power is about 800 W/cm cladding
temperatures up to 6000C. The second loop insert is movable in
axial direction, also during reactor operation. Only one speci-
men can be irradiated at the same time. Here the maximum linear
rod power can be up to 1000 W/ecm, and both central temperatures
and specimen inside pressure can be measured. This ''short term
loop insert'" is primarily provided for irradiations in the time
scale between a few minutes and a few days.

The irradiation capsules for fuel specimens use liquid metal
layers consisting of lead-bismuth and sodium as heat transfer
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media. There 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. The 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 four specimens
some thermocouples being welded to the can or - in the third
design - fixed in the sodium gap.

The post-irradiation examination of fuel test specimen is
carried out in a group of hot cells. This group consists of five
cells with heavy concrete shielding and an attached ceramographic
line with 15 cm lead protection. With the shielding installed, it
is possible to handle up to 107 MeV Curie of #“~rays in the cells
and some 50 MeV Curie in the ceramographic line. All the facili-
ties are completely £-tight and are operated by master slave
manipulators.

POST IRRADIATION EXAMINATION 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 subjected to a
more detailed examination. The most important examination steps
are shortly described in the following paragraphs.

Isolation of specimens. Post irradiation examination starts
with the isolation of a specimen. This means a simple disassemb-
ling procedure for the helium 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 methods. Care must
be taken not to do any sort of damage to the cladding, as this
would impair precise dimensional measurements.

Visual examination. All fuel specimens are visually examined
through the lead-glass windows in front of the cells, since no
appropriate periscope is available at the present time. Slight
magnification of the inspection zone is achieved by using a
monocular. In the same way photographs are taken, which never-
theless show a remarkably good quality.

The leak testing method accepted for the fuel specimens is
considered to be severe and has the virtue of simplicity. The
procedure is to dip a specimen into liquid nitrogen until the
thermal equilibrium is reached. When the specimen thereafter is
quickly transferred to a transparent container filled with alco-
hol, any nitrogen trapped inside the can expands and produces a
stream of bubbles thus showing location and size of a defect.

In a few cases helium leak testing has been tried to check the
reliability of the nitrogen method. Both results are in good
agreement.

Metrology. Profile readings are made with the help of an
automatic profilometer. From each specimen three circumferential
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profiles and four profiles along the axis are recorded. The same
readings are made before the irradiation. To avoid the difficul-
ties of contamination of the unirradiated specimens, duplicate

equipment has been installed for getting the preirradiation data.

#=Scanning. 2*-scans of the test specimens are taken with a
collimator slit having the dimensions 0.5 mm x 20 mm x 700 mm.
The specimen is rotating during the scan. Two energy regions are
investigated, one being characteristic for Zr 95 - Nb 95 (700-
800 keV), the other comprising Ce 144 and Xe 133 (100-150 keV).
For short term irradiations the low-energy scan gives a good in-
dication of the release of fission gas into the gas plenum,
Fig.3.

X-Raying the specimens is considered to be one of the most
important points in the post irradiation examination. The X-ray
source is a betatron, emitting X-rays with a maximum energy of
18 MeV and having a focus of less than 1 mm?. Details like dish-
ing dimensions, cracks and central holes can easily be seen on
the pictures. A quantitative evaluation of the X-ray photos con-
cerning dimensional measurements shall be developed.

Fission Gas Release. After puncturing the can, the released
gas is collected and analysed for krypton and xenon by means of
gas chromatography. Gas volumes down to 0.5 mm3 can be measured
in this way. For double control, the activity of each fission
gas fraction is determined in an ionisation chamber and the spe=-
cific activity thus obtained is checked against the calculated
value.

Sectioning of the Specimen. After the evaluation of p*~-scans
and X-ray-photos an individual sectioning plan is set up for
each test specimen. Irregular zones of the fuel are picked out
for ceramographic preparation, while samples for fission gas
analysis and burnup analysis are taken from unaffected normal
zones.,

Burnup Analysis. The radiochemical method using Cs 137,

Sr 90 and Ce 14% as burnup indicator has been applied 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 Preparation. Cut sections of fuel pins are im=-
pregnated with epoxy resin under vacuum for ceramographic prepa-
ration. The solidified samples are mounted into bakelite holders
and polished in the conventional manner. Grain structure is made
visible by etching with HNO, and H.O.,.

Autoradiography. Contac%.ﬂ- ang ﬁﬁf-autoradiographs will be
taken from samples which have been mounted for ceramographic exa-
mination. This point of examination isstill in development.

Fission Gas Trapped in Pores. For determining fission gas,
that is trapped in larger pores, fuel samples are ground to small
size grains and the released fission gases are quantitatively de-
termined by gas chromatography. The grinding process is controlled
by intermittent determinations of the free surface of the powder
using the BET-method.
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Fission Gas Trapped in Fuel and Small Pores. Ultimatively
the ground fuel samples are dissolved in nitric acid and the re-
leased fission gas is determined in the manner mentioned before.
With all the fission gas data a balance is made, which shows how
much of the gas is released at each step.

SHORT TERM IRRADIATION PERFORMANCE

Short term irradiations are being performed with the movable
insert in the helium loop of the FR2. Different fuel variants are
tested in order to study the parameter dependent behaviour of the
fuel on operation after short duration, that is shortly after a
reactor startup or on short power excursions. The parameters
which are varied are the linear rod power, the density, the fuel
form and the gap width at pellet type fuel. Furthermore central
temperature measurements are carried out. Vibrocompacted fuel is
irradiated as sintered and molten oxide, including pressure-
buildup measurements in both cases. The Table II gives a survey
of a detailed program.

Meanwhile most of the specimens were irradiated with the
given parameter constellation. After some cooling time an exami-
nation routine comprising X-raying by a betatron device, 7“~cann-
ing and ceramography was performed. The details of the results
are presently compiled.

LONG TERM IRRADIATION PERFORMANCE

The long term irradiation program was started with the aim
of making selection of the fuel type and form. It is being con-
tinued in order to study the long time behaviour of fuel pins,
which are produced with respect to some hypothetical delibera-
tions. Thus in the first group, which is described in Table III,
U0, and UO,-Mo were irradiated for fuel selection. As to the
pe%let form a choice of ground and unground condition and also
dished and undished shape was investigated. The vibrational com=-
pacted powder was included in a sintered and a molten form.
Furthermore, by application of advanced capsule types the fuel
diameter could be reduced to 6.4 mm. Though very high burnups
were the target, the start of the program was accompanied by pin
failures mainly due to capsule failures. Thus the maximum burnup,
which was achieved in the first run of experiments did not exceed
20 000 MWd/t. Meanwhile the irradiation performance has been im-
proved very much by improvements in the capsule design. The intro-
duction of sodium as a heat transfer medium restricted the corro-
sion and void formation at reactor shut down.

Up to now all capsules of the first part (up to KVE 7) are
post irradiation examined. As all the different specimens of this
part were operated with 360 W/cm, the results can reasonably be
compared. The specimens had a fuel diameter of 10 mm, an active
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fuel length between 225 and 228 mm and were canned in stainless
steel. In the following some remarkable features are illustrated
and discussed for vibrated powder as well as for pellet fuel.

Vibratory Compacted Powder Fuel. All specimens with vibro-
fuel have a uniform fuel density of 85 % of theoretical density.
They were irradiated up to burnups of about 8 000 MWd/t. Although
some of the pins achieved a considerably lower burnup, their be-
haviour concerning gas release and their appearance were very
similar to the higher burnup specimens.

Fig.4 and Fig.5 show two length sections of the same pin
(KVE 3 / Specimen 3). The central hole is formed as expected with
enlarged ends on both sides. The lower end of the central hole
is filled with fuel debris up to a height of 1 cm. As close-up
views show, the debris is mainly originating from the fuel zone
adjoining the can with only a few particles coming from the sur-
face of the central hole. Radial cracks might be the pathway by
which the transport is made. The hole was filled at a rather
early date after the end of irradiation as X-ray photos already
show the filling. The cross sectional area of the central void
covers 2.5 % of the internal pin cross section or 5 % of the
densified central zone.

The fission gas data for the vibrated specimens are as
follows:

52 - 56 % released on puncturing the can
14 - 20 % released on grinding fuel sample
30 - 34 % released on dissolving fuel sample

The combined fission gas data were precise enough as to be the
basis for burnup calculations, which within * 20 % agreed well
with the radiochemical values.

Fig.6 (KVE 7 / Specimen 8, UO_,-Powder Fuel) shows a cross
sectional view with a central hole apparently located excentric.
Higher porosity on one side (smaller powder particles) causing
lower thermal conductivity of the fuel in this region has drawn
the central void closer to the can.

Powder fuel with molybdenum as additive, a fuel type con-
sidered promising at an earlier date, was tested in a few speci-
mens in KVE 7. The idea that the addition of 10 % molybdenum
will increase the thermal conductivity considerably, thus lower-
ing the central temperature, is visibly confirmed by Fig.7 (KVE
7 / Specimen M7). The compacted particles have been molybdenum
coated. No grain growth is observed throughout the whole fuel
area which means that central temperatures remained below 150000
in the center. Fission gas release was reduced to less than 5 %
with only an additional 10 % release found on grinding the fuel.
More than 80 % of the gas was strongly trapped in the fuel it-
self.

Pellet Fuel. The fuel specimens referred to in this chapter
contained pellets with fuel density of 91 % th.d. They were
dished on one side with a dishing volume of 2.7 - 2.8 %. Cladding
and fuel were separated by a gap of 60 ,um diametral. With this
type of fuel specimen burnups up to 8 600 MwWd/t were achieved.

The influence of the gap width on the formation of the cen-
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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 filling the
pellets in such a way into the canning that one side touches the
canning while the other leaves a gap of the whole 60 ,um.

A dislocated central hole and an additional cavity having
the shape of a half moon is shown in Fig.9 (KVE 4 / Specimen B).
The cavity lies on the borderline between uneffected UO, and
visible grain growth. From the shape of the cavity it can be con-
cluded that this is what has been left over from a pellet dishing.

To study the function of the dishing in pellets was one of
the objects of the irradiation test. Fig.10 (KVE 4 / Specimen D)
shows how the dishing was consumed by the expanding fuel. (The
oblong inclusion in the middle pellet is an impurity introduced
in the manufacturing process.) The pellets have protruded, appa-
rently from both sides, and nothing is left of the dishing volume
in the central zone. Only a doughnutlike ring in the cooler fuel
zone marks the position of the former cavity. The consumption
seems to be irreversible but there is not indication where the
void volume has vanished.

In a stage where the central hole has been formed, the
dishing volume becomes visible again, Fig.11 (KVE 4 / Specimen D).
At pellet interfaces the central channel is widening to form the
diamond shaped void. This form of the central void may be
smoothed to constant diameter at longer irradiation times but
with the burnups we achieved so far it was always discernable.

What can happen to a dishing void at low rod power is demon-
strated in Fig.12 (KVE 4 / Specimen A). Due to thermal cracking
in a test specimen with a linear rod power of only 250 W/cm
(marginal position in KVE 4) the dishing void is filled with a
large piece of the upper pellet, thus transferring the void to
another position. This phenomenon has only been observed once.

So it will not be the cause for smearing the dishing void volume

uniformly along the whole fuel length. That this is only a single
case can be documented by Fig.713. The shifted void can be easily

detected in the X-ray photo.

IRRADIATION PROGRAM CONTINUED

The irradiation performance tests are being continued in
thermal and fast reactor environments. Presently a new series
of UO,=-PuO,-specimens for irradiation both in capsules and in the
helium loop of the FR2 is prepared. Fast neutron irradiations
are carried out in the Dounreay Fast Reactor for our program,
where at present a trefoil rig with UO_,-PuO, pins is in opera-
tion and a bundle irradiation is being prepared. Also irradia-
tion space in the hard spectrum of the BR2 reactor in Belgium is
now available and will shortly be used for testing fast reactor
fuel pins.
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CONCLUSIONS

In view of the still rather limited experimental experience
concerning the irradiation performance of fast reactor fuels
the following conclusions are established:

1, With mixed oxide fuel a linear rod power of up to 500
w/cm maximum - as required for present fast reactor prototype
designs =~ can be achieved without central melting. Also the
burnup range of up to 100 000 MWd/t is a reasonable target; it
needs, however, a careful adjustment of the internal fuel geome-
try.

2. An additive to the fuel like molybdenum improves the
thermal conductivity to some extent. This improvement - being
lower than originally expected - 1is,according to the recently
established hypotheses,not only not necessary, but also harmful
to the radial swelling problem, as a reduced average fuel tempe-
rature lowers the availability of porous volume to fission pro-
ducts.

3. According to the present state of fabrication technology
the pellet type oxide fuel has some preference compared to vibro-
compacted powder fuel. But the irradiation results do not demon-
strate any advantageous features for one of both '"competitors".

4. The short term behaviour of the fuel (at startup or at
power level changes of the reactor) seems to be quite smooth
and normal, without any indication of undesired internal fuel
movement.

5. The applied internal geometry parameters (low smeared
density, gap width and dishing or non-dishing at pellets) are
experimentally confirmed within the now evaluated limited burnup
range.
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Tab. I

Long Term lIrradiation

Fuel Fuel Irradiat. Linear Max
Capsule  Number of Fuel Fuel Form Density Diameter Time Rod Power Burnup
No. Specimens (fath.d)  (mm) (days) (Wiem) (Mwd/t)
KVE 3 4 uo, Sintered Particles, Vibrated 85 10 13 360 690
KVE 4 4 U0,  Ground Pellets with Dishing 91 10 22 360 730
KES ) W01 Gtered Partikies Vibrated s 0 W1 30 7m0
1 (Ve Sintered Particles, Vibrated 85
wET [l Shuel bl 5000 s % s
1 U0, Ground Pellets with Dishing 91
KVE 10 4 uo, Molten Particles,Vibrated 86 10 36 450 1300
KVE 11 4 U0, Unground Pellets without Dishing 90 10 58 450 2600
KVE 12 4 uo, Sintered Particles,Vibrated 86 8.6 * 500 16000
KVE 13 3 uo, Ground Pellets with Dishing 90 10 145 450 5000
orw . G Dol I
KVEZ 5 U0 G pellets without Dishing = 64 30 es0 5000
KVE 21 2 uo, Unground Pellets without Dishing 93 6.4 . 650

+ =in operation
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g 3 38 B
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BELGIAN EXPERIENCE IN FABRICATION AND IRRADIATION
PERFORMANCE OF FAST REACTOR FUEL (EQQ—EEQZ)

W

J.M., Leblanc e

R, Horne

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
1'Energie Nucléaire) - BelgoNucléaire Association for
Plutonium Fuel Development

Chemical Engineer at "BelgoNucléaire" (Société Belge pour
1'Industrie Nucléaire)

Engineer at A.P.D.A. (Atomic Power Development Associates, Inc.)
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INTRODUCTION

In the frame of the Association contract between the European
Community and the Belgian Government concerning the development of fast
reactors, the Joint C.E.N,-BelgoNucléaire Plutonium Group investigates
the fabrication possibilities of mixed uranium and plutonium oxide fuel
pins.

The C.E.N.-BelgoNucléaire Fast Reactor Fuel Program enters into the
plan of the Atomic Power Development Associates, Inc.(APDA) for demon-
strating a plutonium fuel in a large fast reactor,.

This latter program involves the design and development of an UOj-
Pu0) core and subsequent manufacture and operation of this core in the
Enrico Fermi Fast Breeder Reactor.

The work which is carried out is mainly related to the first phase
of the program whose objective is to evaluate various oxide fuel pre-
paration techniques and to fabricate wvarious representative prototype
fuel pins for irradiation in the Enrico Fermi Reactor.

FUEL PIN TYPE FOR FAST REACTOR

Three types of fuel rods have been developed to be used for
irradiation tests

a, low density dished pellets in conventional cladding (nominal
diametral gap : 120 mm)

b. low density dished pellets in collapsed cladding
¢, vibratory compacted fuel pins.

Figure 1| illustrates the design concept of each fuel pin type whose
preliminary specifications are reported on Table I. 1In all cases the
clad outside diameter (316 and 347 AISI strainless steel) is 6.35 mm
and its thickness 0.40 mm, the fuel length is 775 mm (to correspond to
the height of the Enrico Fermi core A) without the depleted UOjp
insulator pellets and the hold down device at both ends, A split
fission gas plenum is used, the lower one and the upper one being
respectively 190 and 251 mm. In all cases the smeared fuel density is
8 + 2 % TD., In both cladding designs, the tight and the conventional
one: dished pellets are utilized to minimize fuel movement relative to
the cladding. The dished ends of such pellets provide built-in space
to accomodate most of the fuel thermal expansion. The pellets are
5.415 mm in diameter for the conventional clad and 5.540 mm for the
tight clad. The pellet density for the tight clad is 86,5 TD while
that for the conventional clad is 89.5 TD.

The tight clad design is aimed at the solution of two fuel
compaction problems :

a. axial cracks developed in the fuel during power operation,
which may subsequently compact under mechanical or thermal
shocks,

419



b. the center hole which is formed under irradiation and into
which molten fuel may slump under accidental conditions,

One approach to solve these potential safety problems is to use
collapsed cladding in which the diametral clearance between fuel and
cladding is reduced almost to zero., This could limit the amount of
fuel ratcheting when cracks are present and therefore the amount of
compaction, It would also promote heat transfer between the fuel and
cladding and consequently tends to reduce the diameter of the center
hole. Reduced slumping potential of molten fuel would thereby be
achieved.

COLLAPSED CLAD FUEL PIN FABRICATION

The aim of the experiments which were made to fit the cladding
against the fuel pellets was to reduce to a minimum the gap between
pellets and cladding, while holding the increase in length of the fuel
column to a minimum, Experiments have been conducted utilizing
different techniques, Two of these gave good results : flexible
swaging and isostatic creep.

For the flexible swaging, the pelleted fuel pins are first
surrounded by discontinuous plastic tubes which are themselves
surrounded by a thin metallic tube and then run through a conventional
rotary swaging machine. An inner spring exerts a force on the fuel
column during swaging and therefore reduces to a minimum the
lengthening of the pellet stack (less than 0.2 %). With initial
diametral gap of 100 to 150 microns, the maximum remaining diametral
gap is less than 40 microns.

According to the isostatic creep technique, the pelleted fuel
pins are collapsed by autoclaving during eight hours at 850°C using
pressures of 150 - 200 atmospheres, No fuel column elongation occurs
and the maximum remaining diametral gap is less than 25 microns.
Figure 2 shows a fuel pin fabricated utilizing the isostatic creep
technique,

LOW DENSITY UO9-PuO, PELLETS PREPARATION

Different routes can be followed to prepare low density pellets l.
The technique which is now applied and developed is illustrated in
Figure 3, The reasons why this process is used to prepare low density
pellets and comments concerning the different steps are given hereunder.

Mechanical Mixing or Coprecipitation

From the examination of both preparation routes, it appears that
the coprecipitation process presents several disadvantages, which would
impair the fuel fabrication cost., The most important disadvantages
are

a. the starting material : The plutonium as sinterable or even

stoichiometric (high fired) PuOj is more easily and accurately sampled
and analyzed for Pu content than any other plutonium salt,Furthermore,
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criteria for controlled transportation of large quantities of Pu0,
are less severe than for the plutonium solid compounds or solutions,
such as hydroxide, oxalate, nitrate, etc.

b, the quantity of material to be_handled safely in_glove boxes
When processing PuOs powder, the use of mechanical mixing allows a
larger amount of plutonium material to be safely handled than when

using the coprecipitation method.

c. the liquid wastes : The coprecipitation route leads to the

handling of large quantities of plutonium liquid wastes, affecting the
fuel fabrication cost,

Plutonium Oxide ex-Hydroxide or ex-Oxalate,

It is obvious that the characteristics of the PuOj powder from
hydroxide or oxalate are affected by the precipitation and calcination
conditions and therefore it should be possible to prepare sinterable
or disactivated Pu0O2 powder from hydroxide or oxalate calcination,
However, it has to be pointed out that

a, the hydroxide precipitation gives less plutonium losses than
the oxalate precipitation,

b, to avoid the expensive separation of plutonium from uranium,
the recycling of the rejected pellets has to be achieved
according to the hydroxide coprecipitation,

¢, utilizing disactivated or sinterable U0, powder, the highest
densities for Uoz'PUOZ pellets are obtained with PuO, ex-
oxalate. Lower densities with PuO; ex-hydroxide may be due to
the NH, NO; which can only be removed after repeated washing or
to the powder morphology. For the above reasons both Pu0,
starting materials are now utilized to allow economical and
technical comparison for well specified UO,-Pu0, low density
pellets fabrication.

Sinterable or Disactivated Uranium Oxide and Plutonium Oxide Powders

The route followed to prepare pellets has to lead to

a. UOp-Pu0, pellets with reproducible low densities and diameters
without centerless grinding,

b. UOp-Pu0, pellets thermally stable and having the required
homogeneity,

c. pellets with good porosity distribution,

In order to promote the thermal stability and the interdiffusion
of mechanically mixed, high sintering temperatures have to be used
(1 550°C - 1 650°C). When using sinterable powders, low green density
pellets obtained by means of binders must be prepared to achieve low
density sintered pellets, However the lower the green densities, the
lower the reproducibility of the sintered densities is (fig. 4 shows
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the reproducibility of the sintered density for 2 different kinds of
U02 powders)., Disactivated powders are now used to get high green
densities which allow reproducible low sintered densities and which
reduce the shrinkage during sintering and therefore reduce the varia-
tion of the diameter of the sintered pellets. Furthermore these
disactivated powders give a better porosity distribution and pellet
shape.

Granulation and Pelletizing

No binder is used. The lubricant has been added according to the
wet process, however development work is being done to allow the use of
dry lubricants in order to promote the criticality safety, The
granulation is done by the pelletizing-crushing process, This techni-
que limits the stress gradients during subsequent small pellet pressing
and therefore leads to sintered pellets having more a cylindrical shape,

Either mechanical or pneumatic presses may be utilized, Even
though the pneumatic press produces pellets with reproducible green
densities, its production capacity is less than that of the mechanical
press which requires reproducible powder weights in the die to give
green pellets with reproducible densities, Such reproducible weights
are obtained using granules within well defined sizes. An apparatus is
now under development to produce these granules with 100 % efficiency.
Both pelletizing processes are being developed to allow technical and
economical comparisons.

Sintering Atmospheres

When using the reported pellet preparation process, the pellet
characteristics will depend on the U0, and Pu0, powder characteristics,
the Pu0p content, the pellet green density and the sintering conditionms.
The fabrication of pellets with well defined specifications will there-
fore depend on the adjustment of one or several of those parameters,

Concerning the fast reactor safety related to the Doppler reacti-
vity coefficient, the mechanically mixed UO,-Pu0O, fuel has to be
homogeneous and the PuOj particle size has to be limited in order to
promote heat transfer from the fissile fuel (Pu0O,) to the fertile
material (UOZ)' Applying the mixing-milling sequence the average size
of the Pu0, particles inside the U0, matrix can be limited to the ac-
ceptable size of 25 microns. Another step which could enhance the fuel
homogeneity is the sintering operation,

U0~Pu0y pellets (18, 20, 30 and 40 w/o PuO,) have been sintered
during 2 heat 1600°C with different sintering atmospheres : Argon +
5 % Hy, Argon + 5 % Hy + 2500 ppm Hp0, Argon + 2500 ppm Hy0, Argon +
3 % air. From these sintering experiments it appears that the
percentage of (U - Pu)Oj solid solution increases when increasing the
oxygen partial pressure in the sintering atmosphere (10 % solid solu=~
tion for Argon + 5 % Hj, 100 % solid solution for Argon + 3 % air <
Figures 5 and 6 show the results of electron microprobe scans and
ceramographies of U0, - 18 w/o Pu0, pellets respectively sintered under
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reducing atmosphere (Argon + 5 % H,) and oxidizing atmosphere (Argon +
3 % air). The sintering atmosphere will be chosen on the basis of UOj-
PuO; pellets specifications and the reproducibilities of the pellet
characteristics on a statistical basis,

HQQ—PuOQ DENSE PARTICLES PREPARATION AND VIPAC FUEL FABRICATION

The choice between vibratory compacted fuel pins and pelleted fuel
pins as fuel for fast reactors will be based on :

a, fuel pin fabrication cost,
b. irradiation behaviour,

First of all the cheapest process for Vipac fuel pin fabrication
has to be compared with the cheapest way to fabricate pelleted fuel pins.

Three main routes can be followed for the fabrication of dense
UO,-Pu0, particles for the vibratory compacted fuel pins

a, sintering of small pellets (nodules) and granules coming from
green pellets crushing,

b. sieving after crushing of fused UO,-Pu0, ingots,
c. sintering of UO,-Pu0Oy spheres prepared by a Sol - Gel process,
The two first techniques are now developed for comparison.

Sintering Process (Nodules)

Figure 7 gives the flow sheet for UO; - Pu02 dense particle
preparation according to the sintering process 3, 4, Conformably to
this technique, homogeneous U02-Pu02 green pellets prepared by
mechanical mixing are crushed to get granules of different sizes which
can be used, after sintering and subsequent milling, as the fine and
medium fraction or to prepare small pellets (nodules) for the coarse
fraction of the powder to be vibratory compacted. The main advantage
of this process is that it avoids any recycling. The Pqu particle
size in the U0, matrix depends on the technique applied to prepare the
sinterable mixed UOy-Pu0, powder and the sintering process. Taking
advantage of the particle shape factor of the small pellets used on the
coarse fraction of the dense powder (Fig. 8) fuel pins with a smeared
density of the order of 84 - 85 % TD can be easily obtained with 97 %
TD particles using the electromagnetic vibration.

Fusion Process

Figure 9 gives the flow sheet for uo, - PuO2 dense particle
preparation according to the fusion processs. The high density U0,-
Pu0p powders are obtained by crushing U0,~Pu0, ingots coming from the
melting of mechanically mixed U02-Pu02 powders in an induction furnace,
Near theoritical density and homogeneous (solid solution) U02-Pu02
particles can be produced using this self containing ingot fusion
process (Fig. 10 shows a U0, - 18 w/o Pu0O, fused ingot). The main dis-
advantages of this technique is the necessity of recycling a large
fraction of the crushed powder (2 60 %) and the angular shape of the
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dense particles (on Fig. 11 we can see U0, - 18 w/o PuO, fused
particles coming from crushed fused ingot). With this dense powder,
fuel pins with a smeared density of the order of 86 % TD can be easily
fabricated using electromagnetic vibrations.

IRRADIATION PROGRAMME

Fast reactor fuel irradiation tests are planned in the Enrico Fermi
Fast Breeder Reactor and in the Dounreay Fast Reactor.

Irradiation Experiments in Enrico Fermi

The irradiation programme is devided into two overlapping series
a preliminary fuel evaluation series and a fuel performance evaluation
series,

The purpose of the preliminary fuel evaluation series is twofold :
first, to provide low burnup fuel pins on which post-irradiation tests
will be conducted to demonstrate freedom from axial fuel movement and
second, to determine the power level that can be achieved without the
formation of a significant central hole, This series are thus part of
the experimental effort on safety problems. Assuming that the results
show that oxide fuel movement is not a problem, the objective of the
fuel performance evaluation series will be to evaluate the behaviour
of the fuel pins at high burnup and high specific power,

The three fuel pin designs previously reported will be tested :
a. low density dished pellets in conventional cladding,

b, low density dished in collapsed cladding,

c. vibratory compacted fuel pins.

If preliminary fuel evaluation series indicates that the axial
compaction of fuel is not a realistic safety problem the tight clad
design may be dropped in favor of the other two,

The fuel for the pelletized or vibratory compacted designs will be
Pu0y - enriched U0, or enriched uo, alone., The plutonium concentration
of the former will be 32 w/o to correspond to the initial UO,-PuO,
Enrico Fermi core design, while the uranium enrichment will be either
60 or 93 % depending on the desired heat generation., Both UO,-Pu0,
pins and UO, pins will be tested for all three designs (Fig.l) at
maximum values of linear power generation ranging from about 320 W/cm
to about 560 W/cm. A total of about 150 pins will be irradiated at
burnups ranging from 20000 to 90000 MWd/t.

The test subassembly which will be used for irradiation experiments
has four independent coolant channels or thimbles in which bundles of
fuel specimens will be tested. Each thimble willbe individually
orified and thus the coolant flow to produce any desired coolant
temperature up to a design limit of 650°C,
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Irradiation Experiments in D F R

The irradiation experiments which are planned in the Dounreay Fast
Reactor are burnup tests. These irradiation tests will begin in 1967
and will continue during the next years. The three first fuel pins
which will be irradiated (1967) will be low density dished pellets in
conventional cladding (Fig, 12) with the following specifications

Inner diameter : 5.555 + 0.010 mm
Wall thickness : 0,420 + 0,030 mm
Outer diameter : 6,395 + 0,015 mm

Fuel Pellets (mixed oxide)

—_— e e e e e e e m— —

Diameter : 5.430 + 0,050 mm
Height : 6.0 + 1.0 mm
Plutonium content : 20 w/o

Uranium enrichment : 93 w/o
2 % ID
1.5 % ID

Density : smeared : 83

bulk s 89.5

1+ 1+

Total pin length : 710 * 1 mm
Fuel length : 340 + 3 mm
U0, bottom blanket : 50 + 3 mm
U0, upper blanket : 105 + 3 mm

The irradiation experiment will be done at a maximum specific power
of 220 W/g (488 W/cm) and is expected to reach a maximum burnup of
60.000 - 65.000 MWd/t. The maximum nominal mid wall clad temperature
will be 650°C at the beginning of the irradiation.
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TABLE

I

PRELIMINARY SPECIFICATIONS OF FAST REACTOR FUEL PINS

TO BE IRRADIATED IN ENRICO FERMI

Collapsed clad Conventional Vibratory
pelleted fuel pin | pelleted fuel pin | compacted fuel pin
Cladding tube
(316 and 347 AISI SS)
Wall thickness 0.40 mm 0.40 mm 0.40 mm
Outer diameter 6.35 mm 6.35 mm 6.35 mm

2
Fuel type

Height
Diameter
Bulk density
0/M ratio

Pu content

Smeared density
Total length
Fuel length
Bottom FG plenum
Top FG plenum

Dished pellets

83 + 2 % TD

1.286
775
190
251

mm
mm

mm
mm

83+ 2 7% TD
17286 mm
775 mm

190 mm

251 mm

Fused or sintered
powder

>98 % TD
1.98
32 w/o

83+ 2% TD
17286 mm
775 mm

190 mm

251 mm
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Electron microprobe scan

Figure 5
Electron microprobe scan and ceramography of
uo, -18 w/o PuO, pellets sintered
under reducing atmosphere (Argon+5 % HZ)
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Figure 6

Electron microprobe scan and ceramography of

UO2 -18 w/o PuO2 pellets sintered
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Figure 8

High density small pellets (nodules) coarse fraction

for Vipac fuels
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Figure 10
vo, -18 w/o PuO, fused ingot
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UOZ— 18 w/o Pqu fused particles coming from

crushed fused ingot
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U.S. EXPERIENCE ON IRRADIATION PERFORMANCE
OF UO2-PuOg FAST REACTOR FUEL

R. E. Skavdahl
C. N. Spalaris
E. L. Zebroski

Abstract

The data thus far add further confidence that UO2-Pu0; 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

(v6 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.
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SUMMARY

The data thus far add further confidence that UOp-Pu0, 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 7%) and fast flux specimens at medium burnup (v6 atom 7). These
results are expected to provide the bases for development of more quanti-
tative models for fuel rod design.

Capsules incorporating strongly radially restrained fuel pins yielded
data on the effect of temperature and burnup on fuel swelling. The rate
of swelling (“0.3% AV/V per 1020 figsions/cc) was found to be substant-
ially lower than that found in prior measurements (“0.7% AV/V per 1020
fissions/cc) at lower temperatures with UOp. The maximum swelling rate
was exhibited by fuel in the intermediate temperature range (v1800°C).

Fuel pins with more prototypic fuel densities and degree of radial
restraint (irradiated in thermal neutron fluxes) displayed similar swell-
ing rates to burnups of 120,000 MWd/Te. The swelling was largely accommo-—
dated by the axial expansion of the short fuel columns, rather than being
manifested in diametral cladding strain.

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 swelling was manifested in part by larger diametral
cladding strains, which is believed to be caused by the partial axial
restraint afforded by longer fuel columns. For burnups of 50,000 MWd/Te,
diametral strain was seen to be a strong function of fuel pin smeared
density for densities above V937 T.D. A reduced dependence was observed
for denmsities less than “93% T.D. Apparently a large part of the initial
swelling is accommodated by in-fuel voidage, but in the later stage the
remaining voidage is not utilized. Reducing radial restraint (by reduc-
ing cladding thickness) results in only moderate increase in diametral
strain. The largest diametral strain was associated with strong axial
restraint. Few fuel-pin failures have been observed, and those observed
thus far in EBR-II have been encapsulated specimens in which the encapsu-
lation itself may have contributed to the failure mechanism.

Thermal reactor irradiations of vented-to-coolant fuel pins demon-
strated 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 by reducing the fission gas
pressure within the pin, resulting in less stress on the cladding. Init-
ial failed-fuel behavior tests show differences in fuel distortion and
loss from over-power and over-temperature operation.

Transient irradiations show no fuel damage occurs with or without
pre-irradiation until energy inputs sufficient to melt about half of the
fuel are reached. Axial restraint and increased fuel density lower the
threshold energy level which results in fuel damage.

Burnups in the fast flux in EBR-II are expected to reach 75,000 MwWd/
Te by the end of 1967 and 100,000 MWd/Te by mid-1968. Fast flux irradia-
tions to date have emphasized parametric testing of encapsulated fuel pins.
Experiments now planned feature: (1) statistical testing of unencapsulated
fuel pins, (2) high risk tests which include fuel pins with purposely
defected cladding, and (3) tests designed to achieve higher cladding
temperatures.
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THERMAL FLUX IRRADIATTONS

Introduction

High burnup experiments in thermal neutron spectra have been under-
way for the last three years to permit parametric and scoping experiments
on the behavior of mixed oxide fuels, which could not be accommodated in
fast-flux tests. In addition to various structural and properties
investigations, information being obtained includes data on the amount
of fuel swelling and cladding strain that can occur at very high burnups.
The thermal neutron irradiations are atypical only in that radiation
damage to the cladding is too small relative to fast flux tests. However,
fuel swelling data are believed to be valid, after making adjustments for
self-shielding effects.

Fuel Swelling

Until recently, information on the swelling behavior of oxide fuels
has been based on the early BAPD plate fuel and LSBR data which suggest
bulk swelling rates in excess of 0.77% AV/V per 10 20 fissions/cc; the
available data has too large a range of scatter to permit correlations
with temperature or configuration. The early favorable results from
mixed oxide irradiations, however, suggested that in cylindrical geome-
tries operating with fuel surface temperatures greater than 900°C, there
may be lower net swelling rates because of better restraint conditioms,
higher average fuel temperature, greater plasticity of fuel, and more
effective utilization of available void space (1).

Basic fuel swelling studies have been performed using strong radial
restraint to force all swelling to occur in the axial direction. The
experiments employed fuel pins with 0.100-inch fuel pellet diameter and
0.460-inch wall thickness, and provided information on the rate of "inex-
orable" swelling and the effect of peak fuel temperatures ranging from
1400°C to 2200°C. 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 U0y, and sharply dependent upon temperature.

At burnups to 15 atom %, the swelling rate is found to be maximum
at 1800°C central temperature and lower at lower temperatures. The hypo-
thesis is that at lower temperatures (1400°C peak temperature), fission
gases are largely retained; but the growth of fission gas bubbles is
restricted by the strength of the mixed oxide lattice and the accommoda-
tion of fission gas atoms in interstitial lattice positions similar to
those occupied by oxygen in slightly hyperstoichiometric oxide. As the
temperature is increased, the interstitial atoms combine to form bubbles,
and as the creep strength of the lattice becomes lower, the fission gas
bubbles grow more rapidly, which leads to a threefold increase in swelling
rate at 1800°C versus the 1400°C central temperature. At temperatures
above 1800°C, fission gas is released by diffusion so only a small inven-
tory of gas is retained at steady state. The major portion of further
swelling arises from solid fission products.

Included in Fig. 1, and summarized in Table I, are swelling data
from thermal flux irradiations of fuel pins with limited radial restraint
typical of 0.015-inch-thick cladding. The swelling rates are in surpris-
ingly close agreement with those from the basic swelling studies. The
results indicate that (a) no diametral swelling (<0.0002 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% AV/V per 1020 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 irradiations 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° 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 yielded derived contact conductance values of 2000,
1100, and 600 Btu/h-ft2-°F 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). 1In November, 1966, two fuel rods containing vibrationally compacted
U0y-20%Pu0, were removed from EBR-II after a burnup of ~2.7% (9). In
February, i967, 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 AD) to 1.72% (0.0043 inch AD);
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 90922. The
corresponding fuel pin gross volumetric swelling rates (AV/10°" 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.
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Fig. 3 shows the maximum diametral strains plotted as a function of
initial fuel pin average smear density, and indicates that the degree of
fuel pin swelling is not a strong function of the degree of initial void
volume in the fuel. A detailed pellet-by-pellet analysis of the data was
performed. The AD 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 AD was actually a range
of values, because the profilometer trace is continuous and rod diameter
variation over even one pellet length was detected. Using as-fabricated
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 representing the range of the
local AD 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 apparent:

1. The scatter in the data is quite large, indicating the value of more
closely controlling fabrication 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 rather than micrometer).

2. The gradual trend of increased diametral strain with increased density,
exhibited by Fig. 3, appears in Fig. 4 to be replaced by a two-stage
dependence (at 50,000 MWd/Te burnup). At the low densities (from
867 T.D. to 93%Z T.D.), reducing smear density does not result in
%reatly reduced diametral swelling, the dependence being only about

0.02% AD/D,  ap higher densities, the relationship is about 0.20% AD/D
1% T,D. L% T.D.

The large difference is probably caused by the occurrence of an
"induction" period of burnup, during which the larger amount of in-
fuel voidage in the lower density pins partially accommodates the
swelling and delays its manifestation as diametral cladding strain.
Differential thermal expansion between the fuel pellets and cladding
accounts for a portion of the strain at the 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 each 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 v92.67%
T.D., average).

Fission Gas Release

Fig. 5 shows the fission gas release values plotted against fuel pin
smear density. Two trends are apparent: (1) decreasing gas release with
increasing smear density (decreasing fuel temperature), and (2) increasing
gas release with increasing burnup. Comparison with British data (11)
shows general agreement for vibrationally compacted fuel, but the F2 release
values for solid pellet fuel are somewhat higher than the British 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 radiographic examinations of the 12 encapsulated pins
irradiated to >5% burnup, it was observed that one pin had failed. At
least one additional encapsulated-pin failure has been detected in a sub-
sequent group of pins, but examinations other than neutron radiography
have not yet been done.

Structural Changes in Mixed Oxide

In all cases, structural changes (central void formation, columnar
grain growth, etc.) occurred which were consistent with those observed in
thermal flux irradiations having similar design and operating parameters.

Metallic inclusions were observed throughout a cross-section of pin
SOV-6 (12) (vipac, 83.3% theoretical density, 18.4kW/ft, 2.9% peak burnup),
as well as in the bottom of the central void. The latter corresponded to
a peak in a gamma-scan for ruthenium-103 activity, while the former were
identified (13) to consist mainly of ruthenium and molybdenum, with smaller
amounts of technetium, rhodium, and palladium. Similar inclusions were
observed in the cross-sections of the F2 group of pins, but not in the
bottom of the central void. The concentration of inclusions found in the
bottom of SOV-6 probably resulted from the fuel having been molten at some
time during its irradiation, which was not the case for the F2 pins.

A gray phase located in the grain boundaries of the fuel in SOV-6
was identified (13) to contain significant amounts of barium, strontium,
and cerium. A similar gray phase has been observed in the F2 pins, but
not nearly so extensive.

Fig. 6 shows the transverse cross-sections of pelleted fuel pins F2Q
and F2U. The pins had smeared densities of 96.7% and 87.0%, and operated
at 16.7 kW/ft and 16.3 kW/ft, to peak burnups of 6.0% and 5.9%, respec-
tively. The structures are consistent with expectation, the larger central
void in F2U reflecting its higher fuel temperatures (lower smear density)
and higher fission gas release (637 versus 47% for F2Q).

BEHAVIOR OF OXIDE FUELS DURING POWER TRANSIENTS

The availability of a large, prompt, negative Doppler coefficient in
fast reactor cores fueled with mixed oxide, makes it important to estab-
lish the magnitude of the power pulse which oxide fuel can withstand with-
out suffering gross mechanical distortion. This data is important in the
hazards analysis of a reactor because it determines the amount of reactiv-
ity insertion which can be safely offset by the Doppler coefficient with-
out having to take into account further reactivity effects caused by fuel
motion. It is of further importance to determine the nature of the pheno-
mena in the vicinity of the damage threshold of the fuel, and how the
threshold of damage varies with the details of the fuel design and its
prior exposure history. A program of such tests, primarily utilizing the
TREAT facility to provide power transients, has been underway for six
years in connection with the Fast Ceramic Reactor Development Program.¥*

The effort to date has reasonably well established the threshold
damage limits for unirradiated fuel and preliminary data on fuel pre-
*Sponsored by the United States Atomic Energy Commission under Contract
AT (04-3)-189, Project Agreement 10, with the Gen. Elect. Co., Sunnyvale,
Calif.
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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 1022 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. 1In 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:

xe-133% > €s-133™Y -+ cs-134° > Ba-134
5.7d (stable) 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 indicateg that, with several vent
chambers in series, effective holdup times of 10% to 103 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 conditioms.

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 V1 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 at 1300°F (at the
outer surface of the cladding). The volume increase on melting in B3B

was greater than could be accommodated by the design, resulting in local
necking and rupture of the cladding. For the specimen which continued
prolonged operation after failure (24 weeks) further increase in fuel dia-
meter took place because of the penetration of sodium into the fuel. For
stoichiometric fuel, density changes up to 12% have been observed in out-
of-pile tests (21), depending on the initial density and 0/M ratio.

While the conditions of these tests only roughly approximate actual
power reactor operation, it is provisionally concluded that:

1. Limited operation after over-power failure may be feasible with
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 loops are
planned to determine behavior of defected fuel under the following
conditions:

a. steady-state over-power,
b. steady-state over-temperature (low flow),
c. loss of flow and meltdown, and

d. transient over-power from full power.
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5%

Pin No.

E1E-1
E1F-1
E2C-1
E2C-2
E2D-1
E2D-2
E5B-1
E5B-2

*AD <0.0002 inch

Cladding

347 sS
347 sS
316 SS
316 ss
347 sS
347 S8

oM

HNFENNONNNDN

.00
.00
.00
.00
.00
.96
.00
.999

on all pins.

TABLE I

FUEL PINS IRRADIATED TO HIGH BURNUPS IN THERMAL FLUX

Inital Final
Cladding AL* Diametral Diametral Fission Gas

Smear Density, Temperature Burnup L Gap Gap Release
% Theoretical kW/ft (&) (MWd/Te) (%) _(mils) (mils) (%)

94.7 20 v650 87,000 4.4

94.6 ~v20 650 80,000 4.2

85 20 1060 120,000 6.1 3.2 0 83

95 20 1060 120,000 8.0 3.7 0 83

90 17 1050 117,000 8.3 2.0-2.9 Q-1 86

92 : 1050 117,000 4.5 2.2-3.5 0:= 1 91

86 20 1100-1150 115,000 4.7 3.2-3.7

84 20 1100-1150 115,000 3.0



t4+i4

Pin No. O/M
F1A 2.00
F1B 2.00
F1C 2.03
F1D 1.98
F1E 1.98
F1F 1.99
SovV-5 >2.00
Sov-6 >2.00
F2A 2.00
F2B 2.00
F2E 1.98
F2F 1.98
F2N 2.00
F2P 2.00
F2Q  2.00
F2S 2.00
F2U 1.98
F2W 1.99
F2Y 1.99

F2Z

1.99

Fuel
Form

Pellet
Pellet
Pellet
Pellet
Pellet
Vipac

Vipac

Vipac

Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Vipac

Vipac

Pellet

TABLE II

RESULTS OF POST-IRRADIATION EXAMINATION OF UO,-20% Pu0,

FUEL PINS IRRADIATED IN EBR-II

Design Parameters Operating Parameters
Average Maximum Maximum

Cladding Gaps Smear Linear Cladding Peak

0:D5 Thick (in.) Density  Power Temp. Burnup

Type (in.) (in.) Diameter Axial (%) (kw/ft) (°F) (atom %) (5)

347 SS 0.250 0.015 0.0039 0.49 93 16.1 1086 0.2
347 S8 0.250 0.015 0.0025 0.48 95 16.4 1091 0.2
Incoloy-800 0.250 0.015 0.0022 0.002 94 16.8 1097 0.2
Incoloy-800 0.250 0.015 0.0030 0.48 93 16.2 1088 0.2
316 SS 0.250 0.015 0.0030 0.50 87 14.8 1066 0.2
Incoloy-800 0.250 0.015 N.A. 0.31 85 16.4 1091 0.2
304 ss 0.296 0.021 N.A. 83.4 172 1049 20517,
304 SS 0.296 0.021 N.A 83.3 18.4 1076 2.9
347 sS 0.250 0.015 0.0025 94.0 16.1 1140 5.8
316 SS 0.250 0.015 0.0026 94.6 16.4 1154 6.0
316 SS 0.250 0.015 0.0032 94.4 16.7 1161 6.0
Incoloy-800 0.250 0.015 0.0030 94.8 16.8 1165 6.1
347 SS 0.250 0.010 0.0034 92.6 16.6 1160 6.0
347 sS 0.250 0.015 0.0030 94.5 9.9 975 3.6
347 SS 0.250 0.015 0.0012 967 16.7 1161 6.0
347 SS 0.250 0.030 0.0012 96.7 17:5 1184 6.3
347 SS 0.250 0.015 0.0034 87.0 16.3 1150 549
347 SS 0.250 0.015 N.A. 83.8 14.1 1092 5.1
316 sS 0.250 0.015 N.A. ©83.9 13.8 1084 5.0
316 SS 0.250 0.015 0.0029 87.2 16.1 1140 5.8
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TABLE II (Continued)

Post-Irradiation Results

Maximum % Fission

A Diameter A Density A Length Gas General
Pin No. (inches) (%) (inches) Release Condition References Remarks
F1A <o.0018; -0.0138 1 Good 4,8
F1B <0.001(l) —0.008(2) S5 Good
F1C <0.001(1) +O.002(2) 7 Good
F1D <0.001(1) —0.007(2) 8 Good
F1E <0.001 —0.017(2) %g Good
F1F <0.001 -0.013 Good
SOV-5 not significant <o.o37;8; +o.sz.z§b; Good 12,15,16 {:ﬁ:m‘izzgf“zzi‘;zly
SOV-6 not significant <0.03% +0.54Z(2) 65 Good re—irrad: in TREAT.
F2A 0.0014 +0.033(2) 49 Good 10,17,18,19
F2B 0.0017 +0.026(2) 48 Good
F2E 0. 021 +0.022 50 Good
F2F @) Failed
F2N 0.0022 +0.028(2) 50 Good
F2P 0.0013 +0.029(2) 32 Good
F2Q 0.0023 +0.032(2) 47 Good
F2S 0.0043 +0.014 55 Good Axially restrained

2) {fuel column.

F2U 0.001 +0.017(2) 63 Good
F2W 0.0011 +0.013(2) 58 Good
F2Y 0.0010 +0.006(2) 56 Good L
F2z 0.0016 +0.011 58 Good N

(3) Of jacketed fuel column.
(1) Exhibited ridging (<0.0002 inch) at some pellet interfaces. (4) Of ~11.5 in. long fuel column .
(2) O0f ~35.5 inches long fuel pin. (5) Peak/Average = 1.14.



TABLE III

TRANSTENT OVER-POWER TESTS OF MIXED OXIDE FUELS PINS

Specimen C2B C4A C4cC

Design:

Smeared density 90% 90% 80%

Length 6 inches 14 inches 14 inches
Axial Restraint None (space provided for expansion

only up to melting)

Operation:

Pre-irradiation None None None

Peak transient 200 kw/ft 160 kW/ft 150 kW/ft

specimen power

Total specimen energy 150 kW-sec/ 130 kW-sec/ft 120 kW-sec/ft

release £t

Maximum fuel temperature 3000°C 3500°C 3500°C

(calculated)

Results:

Fuel volume melted ~75% 70-75% 75-80%
Cladding failure No Yes* No

Cladding deformation No No** No

*Approximately 10%Z of the fuel was expelled from the pin.

**Two additional pins failed at still higher energy inputs. Failure
was also cladding melting, but no cladding deformation could be
measured in unmelted regions.

TABLE IV
TRANSIENT TESTS OF PRE-IRRADIATED MIXED OXIDE
FUEL PINS
Pre- Transient Power
(1) Irradiated Peak Total % Fuel
Sample (MWd/Te) (kW/ft) (kW-sec/ft) Melted Observations
C3B 8,100 112 143 30 (2)
C36 64,000 166 147 67 (3)
C4E 63,000 76 97 22 (4)

(1) All samples fuel length 6 inches, 0.250 inch nominal 0.D., 0.015
inch wall, thickness SS Type-347, 28% Pu0, in U0,.

(2) Prior calibration transient to 55 kW-sec/ft; final cladding
diameter increase 2 to 3 mils.

(3) 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 the pin.)

(4) Minor axial displacement of part of molten fuel, no diametral
changes.
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TABLE

\Y

RADIOACTIVITY LEVELS IN VENTED FUEL TEST B3F

(Natural Convection NaK)

Species dps/gm NakK Rare Gas Parent
Observed x 10 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 107> -
Na-22 0.016 - -
Ba-140%*%  <10-3 Xe-140 16s
Ce-l44** <1074 Xe-144 \1s
Zr-95%%  <10~%4 Kr-95 short

* This is "0.17% of total inventory formed.
**Most of these activities in the cold trap;
release fractions about 1079,

TABLE

VI

CURRENT VENTED FUEL TESTS

Active Peak
Fuel Core Cladding
(5) Length kW/ft  Region Surf.Temp.

Sample (inches) Density (peak) Simulated (°F) Status
B3D 20 85 18 center 1200 (1)
B3E 23 83 18 edge 1200 (2)
B3F 23 84 15 edge 1100 (3)
B4D 20 84 15 center 1100 4)
(1) Present burnup 7,000 MWd/Te.

Target burnup 50,000 MWd/Te.

()

Present burnup 7,000 MWd/Te.

Target burnup 50,000 MWd/Te.

(3)
(4)

(5)

at V45,000 MWd/Te.

Type-316 SS.

convection) capsules.

single-stage vents.
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F.P. release data obtained at 23,500 MWd/Te.
Neutron radiograph at 38,000 MWd/Te; F.P. release to be measured

All samples nominal 0.250-inch 0.D. clad with 0.015-inch wall,
Fuel is 25% PuO9-75% uo,, flowing NaK (natural
Inverted '"U" tube or '"diving bell" type



9%

TABLE VII

DEFECT TESTING - STEADY STATE OVER-TEMPERATURE OPERATION

Dia-

Peak
Burnup Steady Peak Local Final
16D) at Failure State  Power Temperature Burnup Fuel in

Sample (Mwd/Te) (kw/ft)  (kw/ft) (°F) (MWd/Te) Cold Trap Observations

B3B 15,000 21 >25(2) 1250 18,000 trace Multiple fissures 1/4 in.
to 1-1/2 inches.
meter changes 1 to 2%
next to fissures; 147%
at fissure.

B3C "16,000 19 19 1350 47,000 " 15g 5-inch long fissure in

(8%) cladding; 4 to 9% dia-

meter changes adjacent to
fissure; 38% at fissure.

(1) Both samples nominal 0.250-inch 0.D., 0.015-inch cladding thickness,

2)

20-inch active fuel length, 25% PuOy-75% Uo,, 85% smeared density,
0/M ratio 2.00.

Location of molten zone indicates local peak power may have been v 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-UO; FUEL
IRRADIATED IN THERMAL FLUX

E2C-2 PELLET DENSITY 94.3% 120,000 MWd/Te

FIGURE 2. TRANSVERSE CROSS SECTIONS OF FUEL PINS FROM CAPSULE
E2C IRRADIATED IN THERMAL FLUX
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FIGURE 5. FISSION GAS RELEASE IN FUEL PINS
IRRADIATED IN EBR-II

F2Q SMEARED DENSITY 96.7% 16.7 KW/ft 6.0% BURNUP

F2u SMEARED DENSITY 87.0% 16.3 KW/t 5.9% BURNUP

FIGURE 6. TRANSVERSE CROSS SECTIONS OF FUEL PINS F2Q 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 36x10% fiss/cc
(114,000 Mwd/T), and 470 w/g.

The fuel performed without significant microstructural changes, such as
melting or grain growth. Plutonium redistribution or significant fission
product segregation did not occur. Voids due to fission gas agglomera-
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 10%° fiss/cc, and 40% above
32 x 10* fiss/cc.

The thermodynamic compatibility of the carbides with stainless steel, 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 ratio. 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 are 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.

Goal (Avg) Achievement (Avg)

Specific Power, w/g 150-400 150-280
Linear Power, w/cm 500-1300 300-800
Burnup, fiss/cm? 17-34 x 1020 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-IRRADIATION 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 + M,C3, and MC + MC,. 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 M,C3 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' showed that hypostoichiometric structures
of U + UC were prone to greater swelling and fission gas release rates
than stoichiometric UC or hyperstoichiometric UC + UC, or UC + U,C,
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 include: 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 O) + (12/14 N).
iM = (U,Pu).
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HIGH-DENSITY PELLETS

Early thermal flux irradiations (2,3) compared the performance of
MC +15 v/o M,Cy sintered at 96% of theoretical density with the aid of
0.1 w/o nickel and MC +<5 v/0 MC, 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 MC, disappeared at burnups of
less than 7x10% fiss/cc and the M,Cy was stable up to 38 x10% fiss/cc,
the irradiations also compared the behavior of the MC + M,C3 vs single-
phase MC structure. Current fast reactor irradiations of high-density
pellets are concentrating on the MC + M,C; structure made with nickel
sintering aid, since the thermal irradiations and out-of-pile property
measurements 4% 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. (s)

LOW-DENSITY PELLETS

Arc-melted buttons of (U g-Puy,,)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.(") 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.

HIGH-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
10% 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 10% 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.(a)

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 ASTM-6. The finer grain size is reported to help
retain ductility. (¢)

The three rods were irradiated in EBR-II to peak burnups of 10.1 X
10? 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-209% 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-20Ti 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/cm (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.(!)) Results from
these experiments were highly encouraging in that they showed that fuel
burnups up to at least 18 x 10% 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 IIL

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 showed no indication of fuel movement from
the originally assembled configuration. The effective density of the fuel
prior to irradiation was 80.0%.

The element containing solid-solution (U,Pu)C+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 85.9%.

FUEL STRUCT URE

HIGH-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 +M,C;
structure in thermal flux irradiations up to an average 38 x 10 fiss/cc
(113,000 Mwd/T) and 570 w/cm. The porosity in the fuel increased with
increasing burnup. Through burnups of 13 x 10% fiss/cc, the porosity
was slight. After 38 x 10% 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
10% fiss/cc and 670 w/cm. In the range of 700 to 850 w/cm, the M,Cj
phase disappeared at the pellet center and porosity appeared both in
the grains and at grain boundaries (Fig. 4). The amount or shape of the
M,C; 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, o 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 results 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.(“) In the higher burnup
specimens the PuC phase formed almost a continuous network around
the coarser unenriched UC particles.

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 formed in the UC particles near the center of
the rod, although not to the extent that porosity developed in the PuC
phase.

The most rigorous fast reactor irradiation conditions to which vi-
bratorily compacted particles have been subjected have been on solid-
solution particles of (U,Pu)Cy,x. As a result, gross structural altera-
tions were more extensive than those described above for the mixed
particles. This is illustrated (Fig. 7). Af the point of maximum burnup
and temperature, 40% 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 trace of the original particles from which it
was formed. The M,C; 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 10% fiss/cc is
very low even to powers as high as 500 w/cm. The limited data at 30
to 38 x 10% fiss/cc indicate a sharp increase to about 30% of theoretical.
The data are summarized (Fig. 9).

Fission gas release from the recent irradiations in EBR-II to 10.1 X
10% 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 10 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. Fig. 9 shows that the one element examined
to date after irradiation in EBR-II had released 4.19% of its theoretical
yield of fission gas at 5.1 X 10? 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,_x released more gas and had larger bubble
sizes than compacts containing PuC . "") The fission density in the
PuC fraction was 110 x 10% fiss/cc.

The recently completed EBR-II irradiation 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 10? fiss/cc, at a
maximum linear heat rating of 690 w/cm. 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)Cy,x that was irradiated in EBR-II. This
element showed 8.6% gas release at 8.7 x 10? fiss/cc with a maximum
linear heat rating of 850 w/cm.

FUEL-CLAD COMPATIBILITY

The in-pile compatibility of MC and MC + M,C;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 ITII. The in-pile results are similar to previously reported out-
of-pile results. (412)

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 + M,C; pellets. However, this was expected based on reactions
found in out-of-pile compatibility tests.(13) The interactions indicate
that V-20Ti 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
10% nvt thermal or 1.7 x 10% nvt fast neutrons, type 316 retains its
good ductility. At 2.0 x 10%! nvt thermal and above, type 316 suffers a
drastic ductility decrease to less than 3%, 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.®

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
10%! nvt thermal and vanadium to 1.7 x 10% 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 2.0%.

Swelling data on high-density pellets indicate that 33 X 10% fiss/cc
(2 x 102! nvt) at 600 to 1000 w/cm can be achieved with maximum clad
strains on the order of 2%. Clad irradiations in turn indicate that strains
of 209 are feasible for 5 x 102 nvt. (1)

A similar analysis of low density pellets shows(!5) that the same per-
formance goals can be achieved with maximum clad strains of 0.2%, 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 w/g, 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;(”’”) 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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Fuel Type

High-density pellets
(>90% T.D.)

Low-density pellets
(<90% T.D.)

Vibratorily com-
pacted particles

*M= (U,Pu).

TABLE I. CHARACTERIZATION OF MIXED CARBIDES USED IN IRRADIATION TESTS

Effective
Fuel Equivalent

Structure* Density, % C, w/o C, w/of
MC 91 4.5-4.6 4.8
MC + M,C; 96 4.6-4.8 4.9-5.1
MC 81 4.7 4.8
UCyyx + PuC + Pu 80 3.4-4.21  3.6-4.4§
UC + PuC 80 4.8 4.9
UCy4x + PuC + Pu,Cy 80 6.2-6.41  6.4-6.68
MC + M,Cy 86 5.1 5.1

tEquivalent C = C +(12/16 O) + (12/14 N).
{PuC fraction only. The uranium carbide was UCy .
§Estimated from microstructure.

Py,
w/o
19
19

19

19
19
19
19

o,

w/o

0.2-0.3
0.3-0.5

0.1

0.1

0.06

N,
w/o

0.02
0.01-0.1

0.01

0.01

0.01

Ni, Irradiations
w/o to Date
— Thermal

0.1 Thermal and fas

—_ Fast

— Thermal
—_ Fast
—_ Thermal
—_ Fast
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TABLE II.

SUMMARY OF MIXED CARBIDE IRRADIATION TESTS

Average Clad

Average Power

Average Diameter Increase, Clad Material
Fuel Type Structure Burnup, Mwd/T  %/10,000 Mwd/T and Thickness, in. w/cm
High-density pellets MC or MC + M,Cy 23,000 0 0.036 Type 316 390
22,000-35,000 0 0.036 Nb 340
38,000-49,000 0.7-0.9 0.036 Type 316 470-540
100,000 0.6-0.5 0.036 Type 316 560
114,000 0.17-0.28 0.036 Nb 500
MC + M,C,y 18,000 0.07 0.022 Type 316 540
25,000 0.15 0.022 V and 800
V-20 Ti
Low-density pellets MC 14,000 0 0.024 Type 316 460
Vibratorily compacted UCy,x + PuC + Pu 12,000-58,000 0.4-0.8 0.009 Type 304 195
pellets 19,000-58,000 0.07-0.16 0.009 Nb-12Zr 210
UC + PuC 19,000 0 0.024 Type 316 610
UCy4x + PUC + Pu,Cy  11,000-49,000 0.3-0.6 0.009  Type 304 180
10,000-58,000 0.03-0.05 0.009 Nb-1 Zr 180
MC + M,Cy 23,000 0.32 0.024 Vanadium 750

w/g

170
150
210-250
240
260

135
200

140

155
170

175

140
140

200

Irradiation
Type

Thermal

Fast
Fast
Thermal

Fast

Thermal

Fast
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TABLE III. MIXED CARBIDE -CLAD COMPATIBILITY IN THE MAXIMUM LENGTH IN-PILE TESTS

Clad

Type 316

Type 316

Type 304

Vanadium

V-20 Ti

Niobium

Nb-1 Zr

Flux

Thermal

Fast

Thermal

Fast

Fast

Thermal

Thermal

Average
Length Clad ID
of Test, Temperature, Test
Fuel Type hr °C Results Identification

MC + M,Cj pellet 8,730 715 No reaction UNC 66T
MC pellet 8,730 570 No reaction UNC 66B
MC + M,Cj pellet 2,850 650 No reaction UNC 79
MC pellet 2,850 575 No reaction SMP-1
UC + PuC Vipac 2,850 630 No reaction SMV-1
UCyx +PuCy_y Vipac 10,600 675 No reaction F-20
UC4x +PuCy,x Vipac 10,600 600 No reaction F-19
MC + M,C; pellet 2,850 660 No reaction UNC 80
MC + M,C; Vipac 2,850 645 No reaction VMV-1
MC + M,Cj pellet 2,850 700 Reaction UNC 178
MC + M,Cj pellet 9,200 605 No reaction UNC 63T
MC pellet 9,200 520 No reaction UNC 63B
UCy4x + PuCy—x Vipac 10,600 660 No reaction C-72
UC,,x +PuCy,x Vipac 10,600 680 No reaction C-70
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Metallographic Section Alpha Autoradiograph Beta-Gamma Autoradiograph

Fig. 3 — Typical Transverse Section of High Density Pellet Fuel Element
(Uy,gPuy ,)C after Irradiation in EBR-II to a Burnup of 20,000 Mwd/T at
620 w/cm (19 kw/ft). The effective density of the fuel before irradiation
was 96% of theoretical (UNC-78).



Pellet Center (structure is gray MC and dark voids)

Fig. 4 — Microstructure of a High Density Pellet
(Uy.gPuy. 5)C at 500x after Irradiation in EBR-II to
25,000 Mwd/T at 760 w/cm (23 kw/ft) and 220 w/g
(UNC-80)

483



8%

Metallographic Section Alpha Autoradiograph Beta-Gamma Autoradiograph

Fig. 5 — Transverse Section of Low Density Pellet Fuel Element (U gPuy »)Cy
after Irradiation in EBR-II to a Burnup of 16,000 Mwd/T at 525 w/cm (16 kw/ft).
The effective density of the fuel before irradiation was 81.4% of theoretical.



Metallographic Section Alpha Autoradiography Beta-Gamma Autoradiograph

Fig. 6 — Transverse Section of Vibratorily Compacted UC; 4-20 w/0 PuC, ,
Fuel Element after Irradiation in EBR-II to a Burnup of 22,000 Mwd/T at
690 w/cm (21 kw/ft). The effective density of the mixed UC and PuC par-
ticles before irradiation was 80.0% of theoretical.
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Metallographic Section Alpha Autoradiography Beta-Gamma Autoradiograph

Fig. 7 — Transverse Section of Vibratorily Compacted Fuel Element of (U, gPuy,;)Cy, ¢
after Irradiation in EBR-II to a Peak Burnup of 26,000 Mwd/T at 850 w/cm (26 kw/ft).
The effective density of the solid-solution particles before irradiation was 85.9% of
theoretical.
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Alpha Autoradiograph Beta-Gamma Autoradiograph

Fig. 8 — Typical Transverse Section of High Density Pellet Fuel (U, gPuy, ,)C
after Thermal Irradiation to 114,000 Mwd/T at 500 w/cm and 270 w/g (UNC -63B)
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IRRADIATICN BEHAVICUR OF URANIUM-PLUTCHNIULM CARBIDE FUELS

B. R. T, Frost, J. . Horspool and R. G. Bellamy

Abstract

Preliminary studies of the irradiation behaviour of (U,Fu)C under
conditions typical of those in a sodium-cooled fast breeder reactor have
been made at Harwell and Dounreay. 7ith the fuel element geometry
typicel of oxide fuels carbide displays a high retention of fissicn
gases and a high swelling rate, leading to early clad failure. The
experiments suggest that operation below 1000°C, as in a sodium bonded
design, operation at very high fuel temperatures, or the use of a single
size fraction powder may lead to improved performance from carbide fuel
in a sodium cooled fast reactor.

B. R. T, Frost and R. G. Bellamy are members of the lietallurgy Division,
A,E.R,E., Harwell, and J. ll. Horspool is a member of the Chemistry
Division, D.E.R.E., Dounreay.

490



Introduction

The fuel chosen for the first charge of the U.X.A.E.A.'s prototype
fast reactor (P.¥.R.) is (U,Pu)0p. It is also very probable that it
will be used in the early charges of the first commercial fast reactors.
The technology of this fuel has evolved naturally and rapidly from the
large background of experience on UOp in thermal reactors and its
performance has proved to be satisfactory in a fast reactor environment.
However, mixed oxide has the disadvantages of a low fissile atom density
and a low thermal conductivity which limits the maximum diameter of the
fuel. (U,Pu)C has a high thermal conductivity, which cen be used to
advantage in appropriate pin designs, and a high fissile atom demsity.
Accordingly, the U.K.,A.E.A. laboratories at Dounreay and Harwell have
been making a study of the fabrication technology, properties and
irradiation behaviour of (U,Pu)C over the past few years. The fabrica-
tion technology is now well established and has been reported elsewhere
(1). In this paper the results of the early studies of irradiation
performance are reported.

The main problem in the development of carbide as a fast reactor
fuel is one of design philosophy; must one adopt a different design
from the oxide case to take advantage of its different properties? To
help to answer this question three types of experiment have been
performed:

1, Short pin irradiations in a thermal neutron flux (in a materials
testing reactor).
2. Short pin experiments in the Dounreasy Fast Reactor (D.F.R.) core.
3. Long pin (up to 28 in.) irradiations in the D.F.R. core.
The objectives of these experiments were, in the first two cases, to
establish the optimum fuel form (composition, density and fabrication

route) and in the third to establish performance limits, including an
assessment of fission gas release and swelling behaviour.

Short Pin Irradiations

A total of 23 short pins were irradiated to study the effect of fuel
form on its irradiation behaviour and to determine the form on which to
concentrate future efforts. LEleven pins were irradiated in D.F.R. and
twelve in DIDO at Harwell., Details of these experiments were given in
an earlier paper (2) and only a brief outline will be given here,
including some results which were obtained subsequent to that meeting.

The fuels irradiated were arc-cast and sintered, stoichiometric,
carbon-rich and metal-rich. lLach of the two series included two low
density (60-65v T.D.) powders made from a single size range (~100u) of
crushed arc-cast meterial, The standard plutonium content was 15%/0,
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In the D.F.R. experiment the pins were between 0.26 in, and 0.33 in.
diameter to achieve a constant linear rating along the varying flux
profile in the reactor core. The fuel was clad in a nickel base alloy
(Nimonic 90) lined with 0.002 in. tantalum to prevent fuel-clad
reactions. Mild steel cylinders acted as heat transfler media to the
outer stainless steel cans and imposed heavy radial restraint on the
fuel. The arrangement of the capsules is shown in Figure 1a and the
irradiation data are listed in Table I. Nine of the eleven cans
failed by longitudinal cracks - as shown in Figure 2 - the cause being
high strain produced by thermel stresses combined with fuel swelling
stresses induced in a cladding material which was considerably
embrittled by neutron irradiation. It is significant that the two low
density powder specimens did not fail,

The pins irradiated in DIDO were of small (0.1 in.) fuel diameter
and were clad in 0.020 in. wall type 316 stainless steel. Four pins
were housed in an aluminium block which contained an electric heater as
shown in Figure 3. The small fuel diameter was chosen to minimize flux
depression in the fuel. The irradiation data are given in Table II.
In this case none of the pins failed and the measured gas releases were
all low, except for the metal-rich powder specimen. Surprisingly good
agreement was obtained between the measured gas release levels and the
value predicted on the basis of a diffusion medel, using D' values
determined by the short irradiation and anneal technigue (3). The
predicted results are listed in the final column of Table II, The main
conclusions drawn from these experiments were:

1. The use of low density fuel of a single size range appears to
accommodate fuel swelling without excessive clad strain.

2, An irradiation temperature of less than 1000°C gives low
swelling and gas release rates up to a radiochemical burn-up of
7.6% heavy atoms.

3. Sintered stoichiometric or slightly carbon-rich fuel gives the
best performance in terms of swelling, sas release and
compatibility.

A further comparison of arc-cast and sintered carbide is being made in
an experiment in the D.F.R. core in which four 4 in. long pins are being
irradiated. The rig design is shown in Figure 1b. 0.25 in., diameter
carbide is clad in 0.015 in. wall niobium cladding which is contained in
a sodium filled capsule. Two of the specimens are sintered ~'95% T.D.
(Uo_ Pu, 15)0 and two are arc-cast -~98% T.D., the compcsitions being
sllg321y hyberstoichiometric. The rig was unloaded from the reactor
for non-destructive examination at a peak burn-up of 6.25%. Radiographs
of which Figure 4 is a representative example, showed axial swelling of ’
the fuel with little radial movement. The extent of axial swelling
can, therefore, be used as a measure of the swelling rate; this is seen
as the dimension AL in the figure. The results are plotted in Figure 5.
It will be noted that the two capsules furthest from the core centre are
in a lower flux and achieved only 4.2% burn-up. The results show very
approximately that all four specimens have a similar swelling rate with
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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 will continue to higher burn-up levels.

An important parameter in these irradiation experiments is the
fuel centre temperature since it determines the rate of thermally
activated processes such as gas release, swelling and fission product
movement. It is not possible, nor desirable, to attach centre thermo-
couples to many experiments in the D.F.R. and in general centre
temperatures are calculated from a knowledge of the fuel thermal
conductivity and the fuel-clad gap conductance. To check such calcula-
tions two experiments in which fuel centre line temperatures have been
measured have been performed in the D,F,R, core. In each case four
capsules of the type shown in Figure 1c were mounted in a stainless
steel element identical in shape and size to a driver element. A
tungsten-tungsten 26% rhenium thermocouple was inserted in the central
molybdenum pocket and chromel-alumel thermocouples were attached to the
can wall. In the first experiment two mixed carbide and two mixed
oxide pins were irradiated for one reactor cycle (40 days). The central
thermocouples were insulated with MgO which contained impurities.
Consequently the readings showed a steady downward drift for about 28
days after which open circuit conditions were obtained. In the second
test pure Alp03 insulator was used on four carbide specimens. The
thermocouples showed a gradual rise in temperature for about 14 days
followed by a downward drift for the remainder of the 4O day cycle. A
tentative explanation is that the helium filling gas is initially diluted
with fission gases, lowering its conductivity, while subsequently fuel
swells or moves outwardsto decrease the fuel-can gap width. In this
experiment the calculated fuel temperatures agrees well with the
measured values if a fuel-clad gap conductance of 2w/cm2/0C is used.

Long Pin Irradiations

The first long pin irradiations were designed to test the behaviour
of carbide as a direct substitute for oxide in the same 'reference' fuel
pin design. Five pins were irradiated in the D.F.R. core. All were
28 in. long and were clad in 20% cold worked type M316L steel. Approxi-
mately 20 in. of the pin contained fuel, the rest being a plenum. Two
of the pins were loaded with vibrocompacted fuel and three with hollow
(anmlar) pellets, designed in both cases to give a fuel stack density
of ~80% theoretical.

The vibrocompacted fuel contained 15% plutonium and was made by
crushing and sieving arc melted buttons to give three size ranges of
particle which were added simultaneously during the filling 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 material of 94-95%
theoretical density prepared by sintering in hydrogen using a nickel
sintering aid. In one pin the pellets were 0.1985 in. 0.D. and 0.067 in.
I.D., the initial cold fuel-clad gap being 0.0008 in. radially. In the
two others the pellet dimensions were 0,270 in. 0.D, and ~ 0,080 in. I.D;
the initial cold fuel-clad radial gaps were 0.0015 in.

The pins were irradiated in direct contact with the reactor NaK
coolant which entered at 230°C and, due to flow restrictors, attained an
outlet temperature of ~600°C. Details of the irradiation conditions
are given in Table III. The ratings of ~200 w/gm were attained by
using fully enriched uranium in the fuel. The temperatures listed were
calculated on the same basis as discussed above. It will be seen that
three of the five specimens failed by longitudinal splits in the cladding
due to excessive strain induced by fuel swelling. The typical appear-
ance of the failures is shown in Figure 6. In Figure 7 the cross
section of a vibrocompacted pin is shown at the point of failure. The
absence of any change in wall thickness at the point of fracture
indicates low non-uniform elongation at flailure.

Gamma scans of all the pins showed few abnormal features. No
evidence suggesting gross fuel movement or fission product migration was
discerned, Diameter changes were measured on all pins. These are
summarized in Figure 8 and in Table IV together with other data. A
characteristic value of cladding strain for the 0.2 in. and 0.27 in,
pins was estimated to be 0.3% to 0.45. per 1¢° burn-up, with an induction
period of about 1% burn-up. However, the absolute values of the strain
rates are still open to cguestion and a longer induction period and a
higher strain rate than 0.4% is indicated by some of the data (Figure 9).

Metallographic examination of the fuel in CVO02 and CVOO3 showed no
signs of sintering and, apart from a few fragments in CVOO3, no apparent
increase in porosity. The great variety of fuel structures revealed on
etching all matched the pre-irradiation structures, most of the fuel
showed the dedritic structure of arc cast carbide as seen in Figure 10.
There was no correlation between structure and position of a fragment
radially within the fuel section. The conclusion is drawn that the
fuel temperature in these pins was certainly below 1600°C and probably
below 1400°C. No conclusions could be drawn on changes in fuel
stoichiometry during irradiation.

In the annular pelleted fuel CAOO2 little change in the fuel-can
clearance from the pre-irradiation value could be detected at the ends
of the fuel column, despite perceptible clad diameter increases at these
positions. In CAOO3 and the fractured regions of CA002, the gap width
had been reduced to less than half its original value. There was
essentially no change in the central hole diameter at the bottom end of
either pin but at the top ends, small decreases were detected. The
smallest central holes in both pins were found in the fractured regions.
All sections of both pins showed fine porosity near the surface and
larger, more abundant porosity near the centre, where both intergranular
and intragrannular pores were found. The fuel structures were generally
very similar to those of unirradiated samples as shown in Figure 11.
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A1l the pins examined were reputedly clad in 20fo cold-worked M316L
steel. Metallographic data, however, suggest that the cladding in CVOO2
had & much lower cold-worked fraction than 20%. The grain size was
about 30 microns in CAQO3 and about 15-20 microns in CVOO2 and CVOO3.
Several very fine cracks were detected in the clad from CAOO3 and CVOOZ;
though treversing the clad well, they were too small to be detected
other than by metallographic polishing, All cracks were clearly inter-
granular., Associated with a transverse crack in CVOO2 was a gross
increase in grain size, severe pitting at the inner surface and a
curious etching effect at the outer surface, These effects are
attributed to a 'hot spot' produced by the anchoring of a bubble of gas
ascending from an earlier failure lower down the pin.

Summary and Conclusions

From the series of experiments described above it has been possible
to draw a number of conclusions which form the basis of a further series
of experiments on more specific design concepts:

1. The primary cause of failure in small diameter, sealed carbide-
stainless steel fuel pins is fuel swelling. The swelling rate
appears to be somewhat higher than in oxide fuel, due to the
greater retention of gaseous fission products and to the higher
fissile atom density.

2, The swelling and gas release is markedly temperature and burn-up
dependent; below 1000°C the rates are low, suggesting that
sodium bonding may be an attractive design concept. Increasing
the fuel diameter from 0.2 in. to 0.27 in. in pelletted carbide
to give centre temperatures around 1600° gives no apparent
reduction in swelling rate. It is probeble that the fuel
surface temperature must be rzised to at least 1200°C to show
an appreciable effect.

3. A stoichiometric, or slightly hyperstoichiometric, composition
gives the minimum structural change on irradiation and negligible
fuel-clad interaction below 7000C.  7ith strong cladding fuel
containing sinter pores absorbs some of the swelling, in contrast
to denser arc cest material. A low density powder (60-65¢. T.D.)
of a single particle size accommodates swelling much better than
a vibro-compacted powder (80-855: T.D.) made up from two particle
sizes.

L. In summary, a design of fuel pin for carbide must be sought in
which the effects or extent of the temperature region1000-1600°C
are minimized or eliminated.

Acknowledgements: The authors wish to stress that the work described
in this paper was the result of the efforts of their colleagues in the
U.K,A LA, who are toc numerous to name.
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TABLE 1. FAST REACTOR EXPERIMENT = SPECIMEN IRRADIATION DETAILS

Density (gm/cu)

Can No Spec.| Specimen Composition |Equiva- Est. | Est. | Est. [Fission
a5 * |spec|Length (wt %) lent Micro- Spec.|surtace|Centre | Bumup | Gas
Fuel type| N+ Diam Carbon | structure |Sintered| Theo- |RAUING| pepp | Temp. {(% heavy|Release

(n.){c |0 |N [Pu| U |content Bulk [reticall (Wem)| (oc) | (%) | atoms)| (%)
1 1.024 =
sittared 8139 0.32 4476|0424 [0.04(13.0{82.0 | 4,97 T+ MCy 12.9 13.4 Wy 1040 1610 3.95
2 1.018 ‘
Sintered 8140 0.29 5.32/0.070.02(12.6(81.99| 5.38 y nzc} 12.8 13.3 162 940 1440 L5
3 1.015 i
Sintered 8141 0.27 4473|0409 (0.07(13.2|81.90| 4.86 o+ MC3 13.0 13.4 180 950 1460 4.95
1.01
Sintered 8142 0.263 5.32|0,07[0.02{12.6(81.99| 5.38 T+ 112(:3 12.8 133 190 930 1430 5.20 >
5 1.068 « |= <1 = It I + trace of]| Py - 1 0 _
srccest |51 0,05 [7° free metal il Bl Lol inc
6 1.024 -
Stitered 8144 0.25 4.76(0.24(0.04/13.0(|82.0 | 4.97 T o+ }taCJ 12.9 134 201 950 1430 5.50
7 1.023 = 3 0 0.2-0.,
Ponder 8145 0.25 5432|0.07|0.02|12.6/82.0 | 5.39 60% T.D.| 13.3 199 800 127 5.40 5
8 1.016 =
Powder 8146] 0.26 5.32|0.07(0.02(12.6/82.0 | 5.39 60% T.D.| 13.3 190 800 1250 | 5.20 |1.25-2.5
9 1.017 = - . - M + trace of] : -
ATG-Gagt 8147 0.27 L.75 14.2 free meteal. 13.36 | 13.6 180 930 1410 4.95
10 1.2 IT in metal _
Sintered 8148 0.29 4.00]/0.07 [0.10(14.3|81.53| L.14 metrTix 13.5 14.2 162 990 1530 4.5
1 1.016 - - » = = M + trace of X -
arommast |19 0o5a. |4+80 C o brace off 4354 | 13.6 | 144 | 1020 | 1610 | 3.95
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TABLE I1.

BURN-UP AND GAS RELEASE VALUES

Estimated

Burn= . Gas Releas
Sheath |Spect bt - i ::"HJ ) Based an & | Predicted
Number [Number | 'everial - Kr Release
[W/gn. W/ ca. {l‘;"‘" Can | Fuel | Monitors end|paqsochem. |Monttors [Redt ochen. e
cm. [Surface|Centre| Reactor Opn. % %
ba | G030 s-é:i:c‘:? 283 | 187 | 15 | 630 | &0 mo?,'ﬂm,v - 0.96 - 18.0[ 1.4
| sy | Fder | oo | teu | 13 | 630 [1100 sl.ooz':a/cev sg:?oo 6.2 7.6 |17.6] -
38 | 8083 ""é’“‘" wo | 176 | 1 | 630 [1170 7ooog.::a/uv u;.;soo 18.8 26.4 17.8] -
sa [ som (Sooeerel s | o3 [ 19 | 630 | 80 |seoon marer] oo | 212 | 248 176 1a
2 |som [ i35 | 297 650 | 940 76002'&(““ 526:;0 2.2 | 2.88 |172] 1.6
2c [ 080 ATl iz | 297 |2 | 650 | 0 |rgnon mmascer| semeo | O | 0% [165] 1.8
sor | AT | ws | 297 650 | 9o 75003';':(,,“‘, 5§‘.'52° 070 | 1.00 [174] 1.2
2 |8o78  [Saeceredi izs | o 650 | S0 |26000 megseer| siaco | 956 | o [16a] 1a
1 | o |SiMtered] g | sug |28 | 675 | 980 9002)3.:d/uv 6;:3700 2.5 3.5 |16 2.5
10 |sos (S 53g | sug 28 | 75 | 980 |goiod L TMe | oz | ook 173 1
18 | 607 |Si0ered 53 | 348 |28 | 675 | 980 goo})‘;ﬁdmv 6;::;0 032 | od7s [17.8] 14
1 |ooss |SInCered s3p | 3u8 |28 | 675 | 980 wzg'gmev 63-'320 049 | o029 [17.1] 14
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TABLE I111. IRRADIATION CONDITIONS = 28 IN. CARBIDE PINS IN D.F.R.

Initial Estimated Irradiation [Burn-up at
Fuel Max., [Conditions at point End of
Pin Fuel Density Rating Can of Maximum Flux Irradiation | conqition
Desig- |Diameter m1°;r_ - PV e e et L) on
natfon| (in.) W W temp. Discharge
% of th Al lsr s Mid-wall| Surface |Certre
( eory? | “gm| “em| O Temp | Temp | Temp | Mean| Max.
o oc oc
cvo| 0.200 83.1 165 | 376 | 580 480 615 1300| 7.1 | 8.0 | FAILED
CV003| 0.200 81.1 182 | Loy | 560 470 615 1390 | 46 | 5.2 INTACT
ca001 } 8:2785 83.6 226 | 517 | €30 500 | 720 890| 5.4 [ 6.1 | INTACT
CAOQ2 | 0.270 8.4 226 | 970 | 655 540 1290 1635| 3.6 | 4.0 | FAILED
CAOO3 [ 0.082 83.5 222 | 955 | 650 540 [1275 1625| 5.3 | 5.8 | FAILED
TABLE IV. POST-IRRADIATION DATA = 28 IN. CARBIDE PINS IN D.F.R.
Characteristic Diameter Max lEsumled
Pin |Max. * i IDiam, Change| Pin Fission
Desig-|B.U. Increase, (%) over Length guﬂ.e h;;!:}:d at Plenum |Extention| Cas
nation| % | o5 gn.[510 1n. 1015 tn.[1520 1) (@) | (@) | (%) |Release
cA0G2 |4.0 | o. 0. o. 0.32 [1-95(a% 4.0 | 0,09 0.2l -
4 & 67 58 crack)
8.0 (ay » -
CAO03 (5.8 | 1.1 split 1.3 ols | ¢ rask) 1.4 N1l
CAOO1 |6.41 0.73 1.30 1.1 0.67 1.40 1.4 0.26 0.8 0.1
8.0 (atf , , _. _ -
CVoo2 |8.0 1.9 Split Split 1.5 o ) 1.4-1.9 0.2
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IRRADIATION PERFORMANCE OF FAST REACTOR URANIUM-PIUTONIUM METAL FUELS

W. N. Beck, F. L. Brown, B. J. Koprowski, and J. H. Kittel

Irradiation studies are being performed on uranium-plutonium
alloys as fuels for fast breeder reactors. The irradiation performance
of the alloys is being evaluated as prototype elements in thermal re-
actors, and as full-size elements, in the fast reactor EBR-II. of the
alloys 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 alloy has been successfully irradiated to
125 a/o burnup at maximum clad temperatures of 655°C and at linear
heat ratings of 11 kw/ft. Experiments are in the planning stage that
will evaluate the performance of this alloy at linear heat ratings of
15 to 20 kw/ft.

The authors are members of the Metallurgy Division, Argonne
National Laboratory, Argonne, Illinois.
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Introduction

Uranium-plutonium metal fuels are attractive for large fast re-
actors because of their high fertile-fissile atom densities, high
breeding ratio, good thermal conductivity, and large thermal expansion
coefficients. In addition, the alloys are easily fabricated to close
tolerances and are amenable to pyrorefining.

Previous irradiation studies that were reported on the uranium-
plutonium systems were principally on unclad fuel and not at the tem-
peratures and burnup values that are of interest for future fast
breeder reactors. The principal alloys that were evaluated in the
previous studies may be summarized as follows:

1. Uranium-plutonium, with plutonium concentrations as high as
20 wt.%, were tested to 1.9 at.% burnup (1). A comparison
of cast with extruded alloys showed that the extruded 20 wt.%
plutonium alloy yielded the best results.

2. Zirconium-plutonium with plutonium concentrations of 5 wt.% to
i wt.% were irradiated at maximum temperatures of 500°C to
burnups of 1.8 at.% (2). The pins were fabricated by forging
and rolling arc-melted buttons. These pins showed preferred
axial elongation with length changes as high as 400%.

3. Aluminum=-plutonium and aluminum-plutonium=-nickel alloys have
been irradiated in Zircaloy tubing (3-6). The alloys were
found to be stable under conditions appropriate for water-
cooled reactors.

4. Uranium-plutonium-molybdenum with plutonium concentrations up
to 18% and molybdenum additions to 13% were found to have a
high swelling rate at low temperatures (7,8). The alloy was
successfully contained in 0.016 in. thick jacket material to
burnups up to 1 at.% (9,10).

5. Uranium-plutonium-fissium alloys have been investigated by ANL
for use in the EBR-II reactor. Irradiation experiments on un=-
clad pins with plutonium concentrations of 20 wt.% and fissium
contents near 10 wt.% showed that the alloy swelled rapidly at
a temperature of about 370°C (11).

In addition, a compatibility problem exists between U-Pu-Fs fuel
alloy and nickel-base or iron-base cladding materials at the desired
operating temperatures. It was apparent that considerable reliance
would have to be placed on the jacket and that the jackets would have
to be made of refractory alloys which dc not form low melting eutectic
alloys with the fuel (12).

Irradiations performed on prototype elements of U-Pu-Fs alloy
Jjacketed in various refractory alloy tubing having a wall thickness of
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0.009 in. and an effective fuel density ~81% indicated that burnups on
the order of 4 at.% could be achieved (13).

The most significant results, with regard to improving the per-
formance of metallic fuel elements, were obtained from irradiation
studies in which the fuel was permitted various degrees of unrestrained
swelling (14). The results supported the theoretical prediction (15)
that metal fuels would release substantial amounts of fission gas after
their volume has increased approximately 30%. Metallographic exami-
nation of irradiated fuel having this volume increase indicated that
fission gas bubbles became interconnected so that the fission gas could
escape to the surface of the fuel.

A fuel volume increase of 33% can be obtained by using an element
design having an effective fuel density of T5%. The necessary voidage
is provided by the sodium-filled annulus between the fuel pin and the
Jacket. Sufficient plenum volume is provided into which the fission
gas can be released and into which the bond sodium can be displaced.

Utilizing this design criterion, successful irradiations were per-
formed on prototype elements to burnups up to 12.5 at.%.

Figure 1 is a graph showing fission gas release vs. fuel volume
expansion for U-Fs, U-Pu-Fs, and U-Pu-Zr. Analyses of the results in-
dicate that the fission gas release is largely independent of burnup
and temperature and depends principally on the amount of fuel swelling.
The points 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.

With the development of fuel reprocessing schemes where all the
fission products could be remotely removed from uranium and plutonium,
other uranium-plutonium alloys were considered for use in fast breeder
reactors. The emphasis was on compositions with relatively high
melting points. Alloying elements that were investigated included Se,
Ti, Y, Zn, Nb, Mo, Pd, and Th. Of these, the ones which were most
effective in raising the solidus temperature of the U+Pu system were
zirconium and titanium. These two alloy additions were most desirable
from physics considerations.

The last two mentioned alloys, i.e., U-Pu-Zr and U-Pu-Ti, will be
discussed in greater detail.

Irradiations of U-Pu-Zr and U-Pu-Ti Alloys

Alloy Properties

Studies of the properties of these alloys disclosed that the U-Pu-
Zr system was compatible with Type 304 stainless steel up to 800°C (16).
The use of Type 304 stainless steel as jacket material is attractive in
sodium cooled fast reactors for its nuclear properties, compatibility
with flowing sodium, and commercial availability as small-size tubing.
A comparison of the melting temperatures of reaction products between
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Type 304 stainless steel and U-Pu-Zr allcys with data on other alloys
is shown in Fig. 2 (17).

Repeated thermal cycling of U-Pu-Zr and U-Pu-Ti alloys through
their phase changes showed no significant effect. Length change in-
creases varied from O to 5% but the errors in measuring slightly dis-
torted rods were believed to be the cause of the length increase.
Density changes varied from -0.6 to +0.8% but probably were due to
homogenization of the cast structure rather 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 room tem-
perature, show extensive solubility for the alloy addition, and both
will first form a body-centered-cubic 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 these two alloy
systems were studied extensively, emphasis was placed on the U-Pu-Zr
alloy because of its excellent compatibility with stainless steel.

The phase transformation studies on the U-Pu-Zr system having
nominal concentrations of 15 wt.% Pu and 10 to 14 wt.% Zr showed that
the alloy contains alpha-uranium and zeta-uranium-plutonium + delta-
UZrp up to a temperature of about 595°C, which is the first significant
transformation (20). At this temperature the principal reaction is
alpha + gamma - delta + zeta. Between 595°C and 655°C, the fuel con-
tains three phases, alpha-uranium + zeta-uranium-plutonium + gamma.

The reaction at this temperature is gamma + beta — alpha + zeta. Above
the temperature of 655°C, the fuel is in a gamma phase. Dilatometry
tests on the alloy showed these transformations to be pronounced and
well-defined. As will be shown later, the phase transformation char-
acteristics of the alloy are important in interpreting the structural
changes that develop under irradiation.

Capsule Irradiations

Preliminary irradiations were performed on six U-15 wt.% Pu-12 wt.%
Zr fuel alloy specimens jacketed in either Type 304 stainless steel,
Type 316 stainless steel, or Hastelloy-X tubing. The effective density
of the fuel was T5%. These specimens were irradiated to 2.4 at.% burn-
up in an instrumented, temperature-controlled capsule that was inserted
in a vertical thimble of the CP-5 reactor. The maximum jacket temper-
ature was 610°C.

The postirradiation metallographic examination of the specimens
showed excellent compatibility between the fuel and the cladding.
Photomicrographs of interfaces are shown in Fig. 3. The transverse
macrosections of the fuel revealed three distinct bands that can be
correlated with phase transformation temperatures. A typical trans-
verse section is shown in Fig. 4. The outer zone is believed to cor-
respond to the (alpha-uranium + delta + zeta) phase, the second band
(alpha-uranium + zeta + gamma) phase and the central area principally
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the gamma phase. As anticipated, the fuel had swelled to the internal
diameter of the cladding and the bond sodium was entirely displaced into
the gas plenum. TFigure 4 also shows that the volume of the sodium-
filled annulus around the solid metal fuel pin at the start of irradi=-
ation became redistributed throughout the fuel volume in the form of
finely-divided porosity.

Before the excellent compatibility between U-Pu-Zr alloy and
austenitic stainless steels had been established, an irradiation was
performed on a U-18.5 wt.% Pu-1Lk.1l wt.% Zr alloy pin jacketed in V-

20 wt.% Ti tubing. The effective density of fuel was 63% and the plenum
was T3% of the fuel volunme.

The specimen achieved 12.5 at.% burnup (28 x 10%° fiss/cm3) with-
out jacket failure at a maximum clad temperature of 655°C. During the
irradiation, periodic interim nondestructive examinations of the speci-
men were made by neutron radiography. These examinations showed that
the fuel pin attained a maximum elongation of 3% within the jacket at
4.2 at.% burnup. This dimension did not change throughout the remainder
of the irradiation.

Diameter changes of the jacketed specimen were calculated from
volume changes measured by immersion. An average 0.0002 in. diameter
increase was observed. INo measurable length increase of the jacketed
specimen was noted. The Jjacket was punctured and the recovered fission
gas was analyzed for fission product isotopes. It was determined that
4% of the fission gas had been released to the plenum.

Metallographic examination showed that there was no significant
penetration of the fuel into the jacket.

The condition of the fuel as well as the calculated final operating
gas plenum pressures (~2200 psi) indicates that the specimen could have
attained still higher burnups without jacket failure. Table II lists
the design parameters and operating conditions for the U-Pu-Zr proto-
type elements irradiated in capsules in the CP-5 reactor.

U-Pu-Ti was regarded as secondary in importance and as such only
one irradiation was performed on a U-15 wt.% Pu-10 wt.% Ti pin jacketed
in V-20 wt.% Ti tubing.

The specimen reached 10.7 at.% burnup (25 x 100 fiss/cms) without
jacket failure at a maximum clad temperature of 630°C. Periodic non-
destructive examination of the capsule by neutron radiography showed a
maximum fuel pin elongation within the cladding of 14% which occurred
at 4.6 at.% burnup. This dimension remained the same throughout the
remainder of the irradiation.

The cessation of lengthwise growth in the U-Pu-Zr and U-Pu-Ti speci-
mens is not unusual, as similar behavior has been observed in other
metal irradiation specimens where release of the fission gases in the
fuel had occurred (21).
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An average clad diameter increase of 0.0016 in. was calculated
from volume changes by immersion. No measurable length change was
noted. The jacket was punctured for fission gas recovery but the gas
sample was lost in the hot cell because of equipment failure.

The metallographic examination of the specimen shows that there
was no significant penetration of the fuel into the Jjacket. In iso-
lated areas there was occasional evidence of surface reaction in the
fuel occurring to a depth of ~0.005 in. A transverse section of the
specimen can be seen in Fig. 5. The central area which is character-
istically different from the rest of the fuel is believed to be in-
dicative of a (U,Pu)gTi + v phase which is stable above the temperature
of T10°C.

Completed Fast Reactor Irradiations

Successful irradiations have been completed on 16 full-length ele-
ments of U-Pu-Zr alloy in the EBR-II reactor (Group XAOT) (22). These
elements measured 33 in. in length and 0.196 in. OD. The fuel alloys
were U-15 wt.% Pu-9 wt.% Zr or U-15 wt.% Pu-12 wt.% Zr pins sodium-
bonded in either Type 304 stainless steel, Type 316 stainless steel,
Hastelloy-X, or Hastelloy-X-280 tubing. The effective fuel densities
in most of the elements were from 73 to 75%. They were operated at a
maximum clad temperature of 630°C and a maximum heat rating of 10.9
kw/ft. The elements attained burnups of up to 4.6 at.%.

External dimensional measurements of the elements showed no signif-
icant changes as a result of irradiation. No jacket failures occurred.
Fuel pin length dimensions within the cladding were determined by
neutron radiography and disclosed an average fuel length increase of
1.9%. The fuel pins were not seated on the bottom closures of the
Jackets, but were elevated an average of 0.20 in. These elements had
been intentionally assembled without fuel restrainers to observe possi-
ble axial fuel movement. The neutron radiographs of the elements also
revealed one or two partial separations in most of the fuel pins within
the cladding that varied from ~0.020 in. to 0.050 in. in width.

Fission gas recovery data established that ~ST% of the fission gas
had been released from the fuel pins to the plenum above the bond
sodium. These results are in agreement with the previously reported
data on fission gas release rates on small prototype elements (Fig. 1).
A calculation of the plenum pressures in the specimens revealed that,
at reactor operating temperatures, the average gas pressure was 485 psi.

Transverse as well as longitudinal metallographic sections of the
fuel elements showed no penetration of the fuel into the cladding mate-
rials. A detailed metallographic and microprobe examination of the
fuel/clad interfaces did show what appeared to be a carbide precipita-
tion zone that had a depth of 140u in the Type 304 stainless steel,
and a diffusion zone of 20u in the Type 316 stainless steel. The fuel
adjacent to the Type 304 stainless steel was U-15 wt.% Pu-9 wt.% Zr
while the fuel adjacent to the Type 316 stainless steel was
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U-15 wt.% Pu-12 wt.% Zr. Alpha autoradiographs as well as microprobe
analyses showed no plutonium in the jacket materials. Detailed in-
formation on the design of these elements is listed in Table III, along
with a summary of irradiation conditions.

Fast Reactor Irradiations in Progress

Two full-length U-Pu alloy fuel elements are presently being
irradiated in the EBR-II reactor. One element is fueled with U-15 wt.%
Pu-10 wt.% Zr and the other with U-15 wt.% Pu-10 wt.% Ti. Both pins
are jacketed in V-20 wt.% Ti, 0.206 in. OD and having a wall thickness
of 0.016 in. The average effective fuel density is 65%. The elements
have been irradiated at a maximum clad temperature of 540°C and to a
calculated 5.5 at.% burnup. The target burnup for the fuel is 10 at.%.

Two additional elements, which are duplicates of those described
above, have been irradiated at jacket temperatures near 540°C and to
5 at.% burnup. An interim examination of the two encapsulated elements
by neutron radiography showed the elements to be in excellent condition.
Irradiation will be continued to the target 10 at.% burnup.

A group of fifteen U-15 wt.% Pu-10 wt.% Zr elements (Group M-3)
has been prepared for insertion in EBR-II. These elements are similar
in design to the XAOT group irradiated to 4.6 at.% burnup. Group M-3
will be irradiated with higher initial plenum pressures and to 10 at.%
burnup.

A group of forty U-15 wt.% Pu-12 wt.% Zr elements (Group M-U4) is
in preparation. These elements will have larger diameters than used
heretofore so that the performance of U-Pu alloy fuels can be evaluated
at linear heat ratings up to approximately 15 kw/ft.

Other experiments are in the planning stage that will evaluate the
performance of U-Pu-Zr alloy elements at linear heat ratings in the
range of 15 to 20 kw/ft.
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Table 1. Properties of U-Pu-Zr and U-Pu-Ti Alloys

U 1Y) U U U U
Pu Zr Pu Zr Pu Zr Pu Zr Pu Ti Pu T1

Nominal Composition:

wt.% 1.1 6.3 15 10 18.% 1k.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
Approx. Liquidus Temp. (°C) 1200 1250 1290 1200 1300 1340
Approx. Solidus Temp. (°C) 1120 1155 1170 1075 1160 1200
Solid Transformation

Temp. Range (°C) 595-680 595-665 595-660 570-780 570-850 680-850
Density at 25°C As-Cast (g/cm3) 17.0 16.0 15.2: 17.0 15.6 1.y

Thermal Expansion
Avg. Coef. x 106 (°c-1)

25°C to 1lst trans. 18.3 17.6 17.5 2l1.2 18.9 19.2
End of trans. to 950°C 18.1 20.1 20.0 16. 4% 20.0 19.2
In Trans. Range Ag/2 x 103 (°c™1) 5.1 5.2 5.0 9.3 k¢ 13.7
Thermal Cycling
Density Change (%) 0 -0.1 0 +0.1 - -
Hardness at 25°C As-Cast (DPH) 470 540 410 430 - 400
Thermal Conductifity (w/cm-°C)
200°C - 0.12 0.11 0.13 0.13 0423
Loo°c - 0.18 0.17 0.20 0.17 0.16
600°C - 0.22 0.21 0325 0.21 0.20
800°C 5 - 0.25 0.2k4 0.30 0.2k4 0.23
Tensile Strength (kg/mm)
25°¢ 18.1 6.7 TT - 4.5 6.5
675°C 5 1.2 2.1 2.9 3.6 2.6 T
Compressive Strength (kg/mm”)
25°C 164 129 116 96 130 90
675°C L4 5.6 5.6 3.8 6.3 10

*To 860°C.
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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 Eff. Clad. Clad. Plenum Clad. Fuel fiss/cc x
Spec. Composition, Density, Comp., Clad. Thick., Vol. Temp., Temp., 20(&)
No. w/o % w/o 0D, in.  in. % °C °c a/o,U+Pu_ 10~
48-2  U-15Pu-12Zr 75 304 sS 0.196 0.015 96 610 T00 2.4 6.2
48-5 U-15Pu-127Zr 75 304 ss 0.196 0.015 92 660 810 2.4 6.2
48-3  U-15Pu-127Zr 5 316 ss 0.196 0.015 97 610 T00 2.4 6.2
48-6  U-15Pu-12Zr 5 316 SS 0.196 0.015 97 660 810 2.4 6.2
48-1  U-15Pu-12Zr T5 Hast.-X 0.196 0.015 95 610 T00 2.4 6.2
48-4  U-15Pu-12Zr 5 Hast.-X 0.196 0.015 98 660 810 2.4 6.2
45-1  U-18.5Pu-14.17r 63 V-20Ti 0.208 0.016 T3 655 840 12.5 28.0

(a)

Based on effective density.
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Table 3. Irradiation Conditions for U-Pu-Zr Alloy Fuel Elements Irradiated in EBR-II in Subassembly XAOT

8TS

Fuel Effective Clad. Estimated

Spec. Composition, Density Clad. Thick., Max. Max. Fuel Max. Clad. Burnup,
No. w/o Cladding Alloy % OD, in.  in. kw/ft Temp.,°C  Temp.,°C at.%
ND-28 U-15Pu-9Zr 304 SS 3.1 0.205 0.019 10.9 45 630 4.6
ND-41 U-15Pu-9Zr 304 SS 3.8 0.205 0.019 10.4 735 625 L.y
ND-32 U-15Pu-9Zr 316 SS 73.8 0.196 0.015 9.9 TS5 605 k.2
ND-43 U-15Pu-9Zr Hast.-X Th. 0.196 0.015 10.4 125 615 bk
ND-25 U-15Pu-12Zr 304 sS T3.5 0.205 0.019 9.5 710 600 4.0
ND-27 U-15Pu-12Zr 304 ss T3l 0.205 0.019 9.7 715 605 b
ND-26 U-15Pu-12Zr 316 ss 73.9 0.196 0.015 9.5 695 590 4.0
ND-29 U-15Pu-12Zr 316 sS T2.2 0.196 0.015 9.5 T00 595 4.0
ND-30 U-15Pu-12Zr 316 sS T2.3 0.196 0.015 10.4 T00 615 L.y
ND-31 U-15Pu-12Zr 316 ss Th.1 0.196 0.015 9.9 720 610 4.2
ND-33 U-15Pu-12Zr Hast.-X 2.8 0.196 0.015 9.9 715 605 4.2
ND-34 U-15Pu-12Zr Hast.-X 2.6 0.196 0.015 9.9 T20 610 4.2
ND-35 U-15Pu-12Zr Hast.-X .9 0.197 0.015 10.4 25 615 L.y
ND-37 U-15Pu-12Zr Hast.-X-280 63.8 0.207 0.015 10.4 T20 610 L.y
ND-39 U-15Pu-12Zr Hast.-X-280 65.4 0.207 0.015 10.2 T20 610 4.3
ND-4l U-15Pu-12Zr Hast.-X-280 66.4 0.208 0.015 9.9 710 600 4.2
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MELTING TEMPERATURE OF REACTION PRODUCTS (°C)
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Figure 2. Melting Temperature of Reaction Products of Type 304 Stainless Steel
with Several 1s.
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Figure 3. Clad-Fuel Interface of U-15 wt.% Pu-12 wt.f
Type 304 Ste teel, and Type 316 Sta

at Maximum . Temperatures of 610°C for 2.4 at.f
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Figure 4., Transverse Section of U-15 wt.,% Pu-12 wt.? Zr Alloy Jacketed in
Hastelloy-X. The concentric bands in the fvel were correlated to
phase transformation temperatures.
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Figure 5. Transverse Section of U-15 wt.% Pu-10 wt.% Ti Clad in
V-20 wt.% Ti Tubing and Irradiated to 10.7 at.% Burnup
at Maximum Clad Temperatures of 630°C,
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