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Abstract

As part of the national Reduced Enrichment Res-!arch and Test Reactor (RERTR)

Program, Argonne National Laboratory (ANL) is engaged in a fuel-alloy develop-

ment project. The fuel alloys are dispersed i an aluminum matrix and

metallurgically roll-bonded within 6061 Al allGy. To date, "miniplates"

with up to 40 vol. fuel alloy have been successfully fabricated. Thirty-one

of these plates have been or are being irradiated in the Oak Ridge Reactor (ORR).

Three different fuels have been used in the ANL miniplates: U 3Si (U + 4 wt.% Si),

U3 Si2 (U + 74 wt.% Si), or "U 3SiAl" (U + 35 wt.% Si 1.5 wt.% Al). All

three are candidates for permitting higher fuel loadings and thus lower

enrichments of 235 U than would be possible with either UA1 or U 0 the current
x 3 89

fuels for plate-type elements. The enrichment level employed at ANL is '�,19-8%.

Continuing effort involves the production of miniplates with up to "U60 vol. %

fuel, the development of a technology for full-size plate fabrication, and post-

irradiation examination of miniplates already removed from the ORR.

*Work supported by the U.S. Department of Energy
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I. Introduction

During the course of the design, development, and construction of early

research and test reactors, dispersion-type fuel elements evolved that utilized

a uranium compound containing uranium at, typically, 93% enrichment. The

rationale supporting the use of such highly enriched U seemed valid in the

1950s and 1960s, although serious questions about the diversion of such fuel

materials to non-peaceful applications were raised.

By the 1970s, the earlier concerns about the possible diversion and the

proliferation-resistance of such fuels escalated in importance. Consequently,

the U.S. and other major users of nuclear technology have initiated develop-

ment programs for fuels with higher uranium content and concurrent lower

enrichment as replacement fuels for those in existing and future research

and test reactors. In the U.S., this fuel development activity is part of

the Reduced Enrichment Research and Test Reactor (RERTR) Program, managed

by Argonne National Laboratory (ANL) and supported by the Department of Energy.

The U.S. fuel development work has been divided into two parts:

(a) Increases in the U content of currently used fuels, including

rod-type U-ZrHX (by General Atomic Co.), plate-type UAlX Al

dispersion fuels (by EG&C-Idaho, Inc.), and plate-type U308 Al

dispersion fuels (by ORNL).
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(b) The development of new high-uranium-density plate-type

fuels such as U 3Si (by ANL).

The present report addresses efforts in the latter area only.

In defining the level of enrichment to be pursued in the RERTR Program,

current regulations for the safeguarding of significant nuclear materials must

be considered. Less stringent protection levels apply to enrichments of

<20 wt. %. Hence, in the current work an enrichment level of 'U19.8 wt. 

was adopted, implying a compromise in avoiding high 235 U content at the outset

and high Pu content after irradiation.

The goals of the work at ANL are to develop new dispersant alloys that

can extend the uranium-loading capabilities in fuel plates beyond those

possible with the highest UA1 x or U 308 loadings developed to date; and to

demonstrate, in ad out of an irradiation environment, that low-enrichment

fuels so developed function satisfactorily in plate-type elements.

The potential advantage of a dispersant based on a phase such as U 3Si is

illustrated in Fig. 1, which relates the weight fraction of uranium to the

volume fraction of dispersant for three different dispersed phases, U 3Si,

UAI , and U3O.. These curves have been constructed for a void content of

11,7-10 %; the matrix in each instance is commercially pure aluminum powder.

U3Si has the highest uranium content of the three, i.e., �,96.1 wt. 

(,,L,3.9 wt. Si). The density of U 3Si is also high, with a calculated value

3 3
of 15.6 g/cm ;measured values have averaged 15.24 g/cm , as shown in

Table I, which summarizes the density and uranium loading concentrations for

all the fuels being used or developed in the current program.
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TABLE .

DENSITY AND URANIUM LOADING OF FISSILE DISPERSANTS

Density Uranium Loading

Compound (g/cm3) (g/cM3)

UAl2 8.1 6.6

UA13 6.7 5.0

UA14 6.0 4.1

U308 8.40 7.1

U3Si 15.24** 14.6

(U 4 wt.% Si)*

UlSiAl 14.24** 13.5

(U + 35 wt.% Si + 1.5 wt.% Al)*

U3Si2 11.9** 11.0

(U 74 wt.% Si)*

*Actual compositions of alloys prepared at ANL.

**Values measured at ANL on alloy material treated for 72 hours at
800"C.
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II. Effort at ANL

A. Mini2late Production

The development of the technology for producing plate-type fuel

elements with U 3Si (or other U-base silicide alloys) as the dispersant

followed the standard picture-frame method currently used. The choice of

a silicide dispersant was based on its high density and good corrosion

resistance and irradiation performance. Although work with uranium-silicon

materials as fuel alloys had been conducted by researchers at Atomic Energy

Of Canada, Ltd. (AECL), their efforts were exclusivply with solid fuel

alloys for power reactors, as opposed to dispersant fuels. (More recently,

the Canadian studies have included uranium silicon-aluminum alloy particulate

as a dispersant.) The most expedient way to develop the ANL capability was

to build upon existing procedures and, to the extent possible, to adapt these

to plates made with the "new" dispersants.

The U-Si system, in spite of the many studies focused on it, is still

incompletely understood in several (not critical) areas. Figure 2 summarizes

our present knowledge of the system. Our work is primarily concerned with

the U-rich portion of the system up to and slightly beyond U 3Si 2' The most

important feature of the system in this region is the peritectoid formation

of U3Si. It had been demonstrated by others, and confirmed in our work, that

a 72-h anneal at 800% is sufficient to complete the reaction in an as-arc-cast

alloy. In order to be sure that no excess uranium solid solution exists in

alloys so heat treated, the composition chosen for the U 3Si alloy was

U + 4 wt. Si - slightly to the Si-rich side of the stoichiometric, compound.

Other alloy compositions selected as candidate fuel alloys include U 3Si2
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(with alloys made at 74 wt. Si, again slightly to the Si-rich side of

stoichiometry) and U + 35 wt. Si 1.5 wt. Al. The ternary alloy was

developed by AECL researchers during the course of their work with sicides

and is referred to as "U3SiAl" in this paper. This alloy exhibited improved

corrosion resistance and irradiation performance over the binary U 3Si.

Microstructures of U 3Si, 3Si 23' and U3SiAl are shown in Figs. 3 4 and

5, respectively, both before and after heat treatment. Briefly, the as-cast

structure of U3Si (Fig. 4a) contains primary U 3Si2 with a matrix of uranium

solid solution and U3 Si2eutectic. After heat treatment (Fig. 4b), the micro-

Structure consists of U3Si2 particles dispersed in UP . The structure of

U3 Si2in either the as-cast (Fig. 5a) or heat treated (Fig. 5b) condition

consists of U3Si2plus a small amount of M. In the as-cast condition
J i a eutectic matrix

(Fig. 6a), U 3SiA' consists of U3Si2plus UA12 of U3S'2

plus uranium solid solution. After heat treatment (Fig. 6b), the dominant

phase is U3Si with small amounts of uniformly dispersed U 3Si2 and UAl 2'

Figure 6 illustrates the geometry of the "miniplate" designed for insertion

into the Oak Ridge Reactor (ORR) for the irradiation experiments. The thick-

ness of the miniplates approximates that of full-size research reactor plates.

However, a full-size plate is approximately one inch wider and five times

longer than the miniplate.

The fabrication procedure that finally evolved at ANL for the three candi-

date fuel alloys is summarized in Fig. 7 Of the steps identified, two were

anticipated to be difficult and are still of concern:

(1) Problems were expected with the generation of uranium alloy

powder in the quantities necessary for fuel plates. Whereas
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Fig. 4 Microstructures of U 3Si2 (U + 74 wt.% SI).

(a) As-cast; (b) heat treated 72 h at 800'C).
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(a) As-cast; (b) heat treated 72 h at 8000C).
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U3Si2 is brittle and comminutes easily, the other two

alloys are tough and the generation of particulates is diffi-

cult. Further, all three alloys tend to be pyrophoric. While

all three powders have been successfully produced in an air

environment, ignition of fine powder has occasionally occurred

during comminution procedures. For the U 3Si and the U3 SiAl,

a Spex "Shatterbox" has worked effectively. U 3Si2 has been

crushed with a steel mortar and pestle.

(2) The production of homogeneous mixtures of fuel alloy particles

with commercially available Al powder was expected to be a

problem. However, compacts and miniplates comprising up to

40 vol. % (and probably up to 50 vol. %) fuel alloy, and falling

within the allowable limits of heterogeneity, have been produced

by more or less conventional mixing techniques.

The powder of Fig. 8a is typical of the fuel alloy powders employed in

this study. The MD-101 Al powder (Fig. 8b), produced by Alcan, is a much

finer aterial, with 100% at 100 mesh and '�,85% at 325 mesh.

Other important details relating to the procedures in Fig. 7 include the

following:

(1) The fuel alloy employed in compacts was always 85% in the

-100 325 mesh range and 15% at 325 mesh.

(2) Individual charges for each compact were weighed and mixed

separately. Small glass vials with screw-top lids lined with

Al sheet were employed. The vials were supported and separated

from each other in a Vblender; mixing time was n2-1/2 h.
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Fig. 8. (a) U3 Si (U + 4 wt.% Si) Powder, 00 325 Mesh;

(b) Alcan MD-101 Al Powder, 100 Mesh.



(3) Powders were pressed at Q5 tsi (n,35 kg/mm2) to generate a

compact with the required dimensions and green strength and

approximately 10% porosity. No binder or lubricant was mixed

with the powders, but an invisibly thin layer of stearic acid

dissolved in methylene chloride was swabbed on the die cavity

and punches.

(4) Cleaning, assembling, and peripheral welding of each unit was

done with meticulous attention to such details as cleanliness

of surfaces, fit of the compact, and avoidance of mechanical

shock.

(5) Hot rolling was conducted at 500% with a well-defined program

of eight passes, the first two at 25% reduction. The total

reduction by hot rolling was ,-80%.

(6) A minimum of 10% cold rolling was reqaired for all plates.

Two anneals, serving multiple purposes, were conducted; one

before and one after the cold-working operation.

Aardware before assembly and after rolling is shown in Fig. 9 along with

a completed miniplate. An enlarged view of the same miniplate is shown in

Fig. 10. Cross sections of miniplates produced with the various depleted

uranium alloys are shown in Figs. 11 through 14.

Of the plates produced to date, all with ,,19.8 % U-enriched fuel alloy,

a total of 31 have been or are being irradiated in the ORR. Table II summa-

rizes the ANL test matrix for these plates.

B. CopTatibility Studies

Concurrently with the production of plates for irradiation in the ORR,

studies of limited scope and objective have been conducted to determine the
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Fig. 9 Miniplate Hardware Before Assembly (Bottom Left) and After Rolling (Top),

and Finished Miniplate (Bottom Right).
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Fig. 10. Closeup of Finished Miniplate. (Scale in Inches.)
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TABLE II.

ANL MINIPIATE TEST MATRIX

FUEL

U3Si U3SiAl U3Si2

Volume %, Nominal 30 30 40 30

(Actual) (30.8) (33.2) (44.2) (30.8)

Weight %, Nominal 75.1 73.8 82.1 70.2

(Actual) (75.6) (75.7) (83.5) (70.8)

Grams U/cm 3 4.4 4.4 5.9 3.4
In Fuel Zone

Meat Thickness, mm* 0.51 0.51. 0.51 0.51

Clad Thickness, mm* 0.38, 0.51 0.38, 0.51 0.38, 0.51 0.38, 0.51

Number of Plates 6, 5 6 7 2 1 2 2
irradiated in ORR

*0.38 mm = 0.015 in.
0.51 mm = 0020 in.



compatibility of the silicide fuel alloys with the Al as well as the 6061 Al

alloy cover plates. The purpose of these studies was to simulate diffusion

processes in a neutron environment and to determine the end-products of the

reaction. Also, studies of the U-Si-Al system beyond the regions defined

by other investigators were conducted and are still in progress.

Compatibility specimens approximately in. x 2 in. x 0.050 in. (1X'25 mm x

50 mm x 127 mm) containing 30 vol. depleted fuel alloy, were annealed for

1000 h at 300% plus 1000 h at 450'C. X-ray data for fuel meat removed from

these thermally reat--I (unirradiated) plates �:re consistent with the ongoing

phase-equilibria studies. In all cases, UAl 3 with dissolved Si is present as

dictated by the diag.-am studies. However, whereas all three alloys at 30 vol. %

fuel should have shown diffraction lines for Al, only two samples displayed

such evidence. Compatibility studies are still in progress.

C. Corrosion Tests

Two 0.050-in. (1.27-mm)-thick miniplates in the 0-temper condition

were tested for corrosion resistance. The plates contained 30 vol. % depleted

uranium fuel (one U 3Si and one U 3SiAl). A 0.128-in. (3.25-mm)-dia. hole was

drilled through the fuel zone of each plate, and the plates were submerged in

separate baths of boiling (100'C) distilled water. The test continued for

one week 168 h), with periodic withdrawals for weighing and examination.

Results are summarized below.

Original Weight Final Weight
Plate (&)- (g)

30 vol. % U 3Si 32.487 32.487

30 vol. % U 3SiAl 32.232 32.220
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No radioactivity was detectable in samples of the water used in any of

the tests. The plates darkened during the exposure, but no other changes

were noted.

III. Status of Irradiation Testing

At present, 19 miniplates are being irradiated in the ORR. Twelve

plates from one module located close to the peak flux (,%,2 x 10 14 n/cm 2_sec)

were removed in early October after an exposure of over 2100 MWd 70 full-

power days). Burnup is estimated to be about 25% of the 235 U. Interim

channel spacing probe have indicated that these plates have

not swelled or blistered. These plates are cooling in the pool of the ORR;

at the time this report is presented, the plates may be in the ANL Alpha-

Gamma 11ot Cell Facility (AGHCF) for the start of the post-irradiation

examination (PIE).

Photography, physical measurements, and metallography are currently

underway at the AHCF on unirradiated uranium silicide miniplate controls

to provide experience and a baseline for the studies on irradiated plates.

IV. Current and Future Fabrication Work at ANL

The major experiments currently in progress, and planned for the future,

are summarized below.

(a) Produce miniplates with 50, 55, and 60 vol. fuel. At this

writing, four 50 vol. plates have been produced; none has

been destructively examined. Appropriate plates at the higher

loadings must be selected for irradiation testing in the ORR.

(b) Scale up operations to produce full-size plates. This entails,

among other things, the development of procedures for producing

powder more efficiently. Problems may also arise in the
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generation of homogeneous fuel zones from the larger cmpacts

required for full-size Plates.

(c) Complete the study of U-Si-Al phase relationships,

(d) Determine the thermal conductivity of silicide fuel alloys

in an aluminum matrix at volume percentages and over a

temperature range to be defined.

Although not part of the fabrication effort per se, discussions are under

way with Savannah River Laboratory personnel to initiate reprocessing studies

on silicide fuels. A preliminary ANL study has indicated that standard

aqueous reprocessing methods should work.

V. Summary

Successful processing of three uranium-silicon alloys (U 3Si, 3SiAl, and

U3Si 2) as dispersant powders to produce miniplates has been demonstrated,

The technology developed has yielded acceptable plates containing at least

40 vol. % fuel alloy. Thirty-one such plates have been or are currently being

irradiated in the ORR.

Experiments are in progress to determine the maximum possible fuel load-

ings. Several plates at 50 vol. fuel have been made; plates at 50, 55, and

60 vol. % fuel are scheduled.

Interim examinations with an ultrasonic channel spacer probe indicate

that no swelling or blistering has occurred up to Q5% burnup. PIE and test-

ing of plates removed from the ORR will, in the near future, be invaluable

in defining the suitability of fuel plates based on uranium silicide dispersant

fuels to satisfy the nonproliferation goals of the REM Program.
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