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INTRODUCTION

In the 1950s and 1960s, low-power research reactors were built around the
world utilized MTR-type fuel elements containing 20% enriched uranium. However,
the demand for higher specific power created a need for greater uranium-235
concentrations. Early difficulties in increasing uranium content led to the
substitution of highly anriched uranium in place of the 20% enriched fuel pre-
viously utilized. The highly enriched material also yielded other benefits
including longer core residence time, higher specific reactivity, and somewhat
lower cost. Highly enriched material then became readily available and was
used for high-power reactors as well as in low-power reactors where 20% enrich-
ed material would have sufficed. The trend toward higher and higher specific
power also led tc the development of the dispersion-type fuels which utilized
highly enriched uranium at a concentration of about 40 wt.%.

In the 1970's, however, concerns were raised about the proliferation
resistance of fuels and fuel cycles. As a consequence, the U.S. Department of
State has recently prohibited the foreign shipment of highly enriched material,
except where prior contractual obligation or special merit exists. This will
impact on the availability and utilization of highly enriched uranium for
research and test reactor fuel. It has also stimulated development programs
on fuels with higher uranium content which would allow the use of uranium of
lower enrichment.

The purpose of this report is to briefly describe the overall fuel-
development program which is coordinated by Argonne National Laboratory for the
Department of Energy, and to indicate the current and potential uranium loadings.
Other reports will address the individual fuel-development activities in great-
er detail.

FUEL-DEVELOPMENT ACTIVITIES

The fuel-development activity is divided into two major elements: the
development of currently utilized fuels beyond their qualified uranium contents
to the maximum possible content; and the development of alternate high-density
plate-type fuels, such as U3Si and U-Mo. The current fuels include UA1 -Al and
U308-Al dispersions for plate-type elements, being developed by EG&G Idaho, Inc.,
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and Oak Ridge National Laboratory, respectively; and U-ZrH fuel for rod-type
elements, being developed by General Atomic. Argonne National Laboratory is
developing the high-density fuels.

These activities were broadly outlined in the "National Plan for Develop-
ment of High-Uranium-Density Research and Test Reactor Fuel to Accommodate Use
of Low Uranium Enrichment," RSS-TM-7 (October 1977) by Drs. Lanning, Lewis and
Stahl. This plan called for the completion of the development effort in about
thr«ie years at a total expenditure of about four million dollars, and was based
on estimates of what was required to achieve the goals of the program. The
overall schedule for plate-fuel development is shown in Fig. 1. The schedule
for the rod-type U-ZrH TRIGA fuel development is of about the same duration,
but since it began one year earlier, it will conclude in FY 1980.

The fuel-development activities are broken down into two major tasks,
fuel fabrication and technical support. A third task, program coordination
provides the management function for the other two tasks. These tasks are
described below.

1. Fuel Fabrication

This task is concerned with the fabrication and analysis of powder and
plates of UA1 and U3O8-AI dispersion fuels and high-density (U3Si and U-Mo)
fuels for plate-type elements. Initial fabrication experiments are designed
to determine the limits of fabricability of U3O8 and UA1_ dispersed in an
aluminum matrix, and the fabricability of U3S3 fuels with and without a dis-
persant. Fuel-plate samples containing depleted and low-enrichment uranium
will be fabricated. Miniature plates that contain depleted uranium will also
be fabricated to provide samples for mechanical-properties and thermal-
conductivity tests, metallography studies, determination of void volume and
temperature stability, blister tests, and possibly corrosion tests. Fabrica-
tion of miniature plates will also give fabrication parameters for development
of the irradiation-experiment plan and quality assurance plan. It is anti-
cipated that about 100 miniature fuel plates of each kind will be required. A
preliminary study will be conducted with full-size plates to determine fabri-
cability problems, including forming problems.

Samples of UsOg-Al dispersion fuel, both as-pressed compacts and fabri-
cated plates, will be heat treated to determine the kinetics of the thermite
reaction. Studies of the thermite reaction will be correlated with work done
previously at ANL, Savannah River, and Oak Ridge National Laboratroy.

Miniature plates will be fabricated for the irradiation studies. The
ests will include up to three uranium loadings and three fuel-meat thicknesses
along with a control sample of standard fuel for each thickness. It is
estimated that about 40 samples of eacu kind will be required. Samples will
also be provided to ANL, if required, for the transient tests in a pulsed
reactor.

2. Technical Support

This task is concerned with the design, performance, and analysis of
irradiations of U3O8-A1, UA1 -Al, and U3Si (and/or U-Mo) miniature fuel plates
and U-ZrH rods. x

x
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Fig. 1. Overview Schedule for Plate-Fuel Development.



Planning has already been initiated for the in-reactor exposure of minia-
ture plates and U-ZrH rods. Conceptual design of an apparatus for steady-
state testing of miniature plates in the ORB. has been initiated. Removable
modules will be incorporated into the design so that the miniature test plates
can be rearranged within their modules or new ones substituted while the
reactor is shut down, thus allowing maximum use of the ORR irradiation posi-
tion by all the plate-fuel fabricators in the program. The irradiations will
be done in steps to span expected fuel-burnup conditions and/or establish burn-
up limits in terms of fission/cm^ of fuel meat.

Simple plate-type codes will be developed to estimate thermal-stress con-
ditions and swelling behavior of the fuel and to act as a guide for experi-
menters to expected in-reactor conditions. These predictions will be compared
with data obtained from the postirradiation examination of the samples. All
irradiated samples will be examined to determine weight and volume changes and
general condition of ertternal surfaces. Selected samples will be subjected to
destructive postirradiation examinations to fully characterize and evaluate
their performance with respect to microstructural changes and burnup deter-
minations.

If required, a transient test containing each kind of plate fuel will be
designed and performed to evaluate the response of the fuel to off-normal con-
ditions.

3. Program Coordination

This task involves the integration of the fuel fabrication and technical
support activities of the four contractors. This effort also involves the
establishment and monitoring of contracts for compliance utilizing work pack-
ages, and program, management, and quality-assurance plans. In addition, this
task involves the scheduling of review meetings and the collection of data for
dissemination in monthly technical reports.

DEVELOPMENT POTENTIAL

1. Plate-type Fuel

Alloys of up to about 30 wt% uranium in aluminum can be easily fabricated
by melting and casting techniques to yield uniform uranium distribution, in
the form of UAI3 and UAlit precipitates in an essentially uranium-free aluminum
matrix. By proper casting and heat treating, the amount of the more brittle
UAli, phase can be reduced. However, with increasing uranium content, uranium
uniformity becomes increasingly more difficult to achieve and the ductility of
the alloy decreases as well. Alloy fuel is under development at NUKEM and at
SRL to increase the uranium concentration to 40 and even 45 wt%, However,
these levels are not high enough to permit low-enrichment fuel usage in high-
power reactors. Therefore, alloy fuels were not included in the present pro-
gram.

Aluminum dispersion fuels, however, are already qualified at the 42 wt%
uranium level. The uranium content can be significantly increased for both the
UAl^-Al and U3O8-AI fuels. Since the uranium content and density are higher
for U3Og than for UAlx, the potential of U308-Al dispersion fuel is greater.
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This is shown graphically in Fig. 2, where the weight fraction of uranium is
plotted against the volume fraction of the dispersed phase. If one assumes
that the maximum volume fraction of the dispersed phase occurs at values of
50 to 60%, the resultant maximum uranium contents of the UA1 and U^Opj fuels
fall in the range of ^55-60 and 65-70 wt% uranium, respectively. To date,
the maximum uranium contents achieved for these fuels have been 45 wt% for
UA1 -Al and 55 wt% for U 30 8- Al. The latter fuel, developed by ORNL, was
fabricated for and irradiated in the Puerto Rico Nuclear Center 1-MW MTR-type
reactor.

Figure 2 also shows the potential of a higher-density uranium compound,
U3Si, in an aluminum matrix. At the same expected maximum volume loading of
50 to 60%, a range of 80 to 85 wt% uranium would result. However, l^Si is
known to react with aluminum to yield a slight volume expansion. This can be
avoided by ternary additions or by elimination of aluminum as a disparsant.
These areas are under development in the ANL program.

Thus it appears that plate-type fuels with uranium contents greater than
60 wt% can be developed, which would permit the conversion of high-power
reactors to utilize low-enrichment fuel. If very high density plate-type fuels
with greater than 80 wt% uranium can be developed, even the very high-power
reactors can be converted to low-enrichment fuel.

2. Rod-type Fuel

Rod-type U-ZrH fuel with 12 wt% uranium has been extensively utilized in
G.A. TRIGA reactors. Performance of similar fuel containing up to 20 wt% U
has been successfully demonstrated by A.I. as part of the SNAP reactor program.
Current development has extended the uranium content to 45 wt% uranium. Metal-
lurgical characteristics, thermal properties, and fission-produce release are
similar to those obtained for fuel containing 12 wt% uranium. The 45 wt% fuel
is currently being power cycled in the TRIGA Mark F reactor and a high-power
irradiation is being planned for the ORR. A fuel-development effort is being
initiated to produce U-ZrH containing up to 60 wt% uranium, which is likely
the maximum possible content.

SUMMARY

The national program of the Department of Energy at Argonne National Lab-
oratory for the development of highly loaded uranium fuels, which provide the
Means for enrichment reduction, has been briefly described. The objectives of
>60 wt% uranium in plate-type fuels and j>45 wt% uranium in U-ZrH rod-type
fuels are expected to be met. The most promising fuels will be further evalu-
ated in full-size element irradiations and whole-core demonstrations on the
route toward commercialization.
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Fig. 2. Volume-Weight Relationships for Uranium
Dispersion Fuels.
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DISCUSSION

MADELL (ANL): Is there any reactor experience with uranium silicon
compounds?

STAHL: The question was whether there was any irradiation experience
with uranium silicon compounds? And the answer is yes, quite emphatically.
The Canadians have been investigating uranium silicide compounds in the
1960's. They had a program which evolved over a period of about 10 years
and their objective was to look at a replacement fuel for UO2 for power
reactors. They found some very interesting things about U3S1 which we have
confirmed and have an extensive amount of irradiation experience but at
higher temperatures and for shorter burnups than would be required for
plate-type irradiations. They found, for example, that at higher tempera-
tures in the 500 to 900°C range that they do have some swelling problems
with the silicide, However, in the plate-type reactors because they operate
at 100 to 200°C we don't feel that is a problem, but we are presently
looking at that, of course, analytically to try to understand what is
happening to fission gas and fission pv-oducts within the matrix, and of
course, we will have our mini-plate irradiation program to confirm that.

SCHLAPPER (University of Missouri): You made a statement on the higher
weight percent loadings that there was a concern as to void volume effects.
It is our impression and our feeling that some degree of void volume is
desirable as a decrease in swelling. Would you clarify the statement that
you made?

STAHL: You are absolutely correct. You do need some void volume to
accommodate swelling - we usually talk about 5 to 10%; however, the work at
Oak Ridge, for example, which will be reported on later, has shown that if
you go to large weight fractions of uranium and as U3O8 in aluminum you
have 15 to 20% of void fraction and this may be more than you would like to
have. You, perhaps, might want to have more aluminum and less void in that
particular case. One has to be careful; it is important to know the distri-
bution of the aluminum and the distribution of the voids as well.

LEONARD (IRM): What is the uranium shotting process that you mentioned?

STAHL: Basically that is an arc melting process where either the
electrode is spun or the mold into which the material drips is spun so that
liquid droplets are then flung off at high velocity and are rapidly cooled,
producing a small shot in about the 100 micron range. These materials have
been used for many purposes and experience exists for shotting of uranium,
for example, by this technique, and we feel that U3Si could be manufactured
by this technique as well.

CALDWELL (Babcock & Wilcox): Dave, when you started evaluating the
high-density compounds you eliminated quite a number of other materials.
Has that work been written up and the systematic elimination of the other
contenders been taken care of?
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STAHL: I would not say that it is completely systematic of extensive
work but in the national plan which I alluded to earlier (and which was written
by myself, Dr. Lanning, and Dr. Lewis), I did indicate the extent of literature
that I was aware of on high-density fuels and what I felt were the most likely
candidates for further development. Of course, some were eliminated on the
basis of neutronic effects but others were eliminated on the basis of corrosion
or poor irradiation stability.
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