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The Use of 03812 Dispersed in Aluminum in Plate-Type

Fuel Elements for Research and Test Reactors

l. INTRODUCTION

The U,S. Reduced Enrichment Research and Teet Reactor (RERTR) Program was
established by the U.S. Department of Energy in 1978 to provide the technical
means to convert research and test reactors from the use of highly enriched
uranium (HEU) fuel to the use of low-enriched uranium (LEU) fuel. In order to
maintain the required excess reactivity of the reactor core, the amount of
2350 must be increased by 10 to 15X to overcome the additional neutron absorp-
tion of the greatly increased 2380 content in LEU fuel and the effects of a
harder neutron spectrum. This additional 235U and 238U can be accommodated by
increasing the uranium density of the fuel and/or by redesigning the fuel
element to increase the volume fraction of fuel in the reactor core. The
RERTR Program has vigorously pursued both paths with major efforts in fuel
development and demonstration and in reactor analysis and dulgn.l

Research and test reactor fuel elements consist of assemblies of fuel-
containing plates or rods. The RERTR Program has concentrated its efforts on
plate~type fuels since plate-type research and test reactors consume much more
HEU than do rod-type reactors. High-density LEU rod-type fuels have been
developed by GA Technologies for TRIGA reactoroz and by Atomic Energy of
Canada, Ltd.3 Rod-type fuels will not be discussed further in this report,

The fuel plates used in the fuel elements for most research and test
reactors consist of a fuel core, or "meat," in an aluminum alloy cladding.
Originally, cast and wrought alloys of uranium and aluminum, consisting of
UA13 and UAJA precipitates in an aluminum matrix, were used for the fuel meat.
Fabrication of alloy cores with uranium densities above ~1.1 Mg U/n3 is diffi-
cult, however, and powder metallurgical cores, with UAlx (a combination of
UAlz, UAI,, UAI‘. and Al phases) or U3°8 dispersed in aluminum, are now used
in most cases. In 1978 the densest UAJx fuel in use contained ~1.7 Mg U/u3
in the fuel meat (~37 vol? UAlx). and the densest U 0g fuel in use contained
~1.3 Mg U/a® in the fuel meat (~18 volZ U30g). The RERTR Program has devel-
oped and tested UAl  and U,0g dispersion fuels for LEU applications up to
their practical fabrication limits--2.4 and 3.2 Mg U/l3, respectively,

In order to'wn..iaize the need to redesign fuel elements to increase the
fuel volume fraction and to make significant enrishment redictions in high-
performance reactors even feasible, higher densities yet were needed. One
approach, followed by the French Commissariat & 1'Energie Atomique (CEA),
utilized small wafers of sintered U0, contained in compartments of a iuel



plate produced by diffusion bonding Zircaloy frames, spacer wires, and
clldding plltel.6 The 7%-enriched "caramel" iuel has performed well in
OSINIS;” however, fadbricators of conventional plate-type fuels would have to
impiement a completely new fabrication process to produce caramel fuel,

The RERTR Program chose to pursue the use of high-density uranium=-silicon
alloys in place of UAlx and 0308 in conventional aluminum-matrix dispersion
fuel in order to take advantage of the large commercial base of equipment for
and experience in fabrication of such fuels, One uranium silicide compound,
03812, has been found to perform extremely well under irradiation and can
provide a uranium density of at least 4.8 Hg/l .

The development and testing of uranium silicide fuels has been an inter-
national effort, involving other national reduced enrichment programs, several
commercial fuel fabricators, and several test reactor operators. In particu-
lar, the testing of full-sized fuel elements has been performed cooperatively,
with the U.S. Government providing the enriched uranium, the fuel fabricators
providing the fabrication, and the U.S. Government or other governments
providiag the irradiations and postirradiation examinations.

Numerous results of the development and testing of ursnium silicide~
aluminum dispersion fuels have been published previously. The results for -
U3512 dispersions are summarized in this report to facilitate the preparation
and review of requests to use this fuel in research and test reactors.

2. PROPERTIES OF U4Si, AND OTHER URANIUM SILICIDES

2.1 Uranium Silicide Phases

As is the case for uranium aluminide, uranium si{licide normally consists
of a mixture of intermetallic compounds, or phases. The quantity of each
phase present depends upon the cuvwposition and homogeneity of the alloy and on
{ts heat treatment. Since, as will be discussed later, the different uranium
silicide pheses behave differently under irradiation, knowledge of the phases
to be expected in the fuel i{s necessary to correctly interpret the test
results and to prepare specifications. A brief discussion of this topic
follows; more detail can be found in Ref., 6.

The U=~Si phase diagram is shown in Fig. 1. In the region of the phase
diagram between 7.3 and 10.6 wtX Si, the two phases U;Si, and USi exist, at
equilibrium, in the proportions shown in Fig, 2. These two phases form di~
rectly upon cooling from the 1iquid state. The situation is more complicated
for S1 contents of less than 7.3 wtX because U351 {s formed by a peritectoid
(s0l1id state) reaction., The as-cast alloy consists of primary U3512 with a
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eutectic matrix of uranium solid solution (U.') and u,szz. The proportions of
03812 and U.. are shown in Fig, 3, Following prolonged heat treatment below
the 925°C peritectoid temperature, U.. reacts with U3512 to form U381. Heat
treatment of arc-cast ingots for 72 h at 800°C has been found to be sufficient
to carry the reaction to completion. At equilibrium i{n the heat-treated
alloy, the proportions of U381 and 03812 for Si contents between 3.9 and

7.3 wtX are shown in Fig. 4., Below 3.9 wt% Si the heat-treated alloy contsins
both 0381 and U

In practice it is essentially impossible to produce a perfectly homoge~
neous alloy at the exact stoichiometric composition of U3812 or to obtain
equilibrium conditions. Therefore, the alloy can always be expected to con-
tain two or more phacen., If the average composition is close to 7.3 wtX,
local inhomogeneities may result in some regions of the as-cast alloy contain-
ing U4Si, and USi and other regions containing UySi, and U... If the alloy is
then heat treated, the U" will be converted to U351.

The practice at ANL has been to produce alloys slightly to the Si-rich
side of UySi,, typically 7.5 wt? Si, in order to minimize the possibility of
the alloy containing measurable quantities of either U.. or 0381. The 03512
irradiation tests discussed in this report have been obtained for fuels with
S{ contents ranging from ~7,2 to ~7.7 wtX, Some of the fuel was heat treated
and some was used in the as-cest condition. The maximum amounts of sacondary
phases estimated to he present were ? to 3 vol? of Uggr 10 voll of UsSi, or
15 vol% of USH.

In this report and in other literature discussing uranium silicide~
aluminum dispersion fuels, the convention is to use the name of the dominant
phase for those alloys with average composition near that of the dominant
phaee. It must be remembered, however, that other minor phases will also be
present and may contribute to the macroscopic behavior of the fuel.

2.2 Selected Physical end Mechanical Properties

Both U3812 and US{ are brittle while UsS1 1s tough and relatively ooft.
The measured hardness of J3812 was 742 DPH, compared to 265 DPH . r UJSi.

'At its experimentally Jdetermined composition, 3.9 wtl Si, U381 actually
contains 1,03 atoms of Si for every three atoms of U,

,Thc presence of fmpur{.ies, which are not being considered here, complicates
the situation further, since they may lead to the existence of still other

phases.
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The average thermal expansion coefficients of U3812 and 0351 over the range 2(
to 600°C are 15.2 x 107% and 15.8 x lO'6 per °C, rupcctivcly.8

A least squares quadratic fit of measured density ve. Si content for
a series of depleted U-S{ alloys with composition ranging from 4.0 to 7.5 wt}
817 and for USi’ yields 12,2 and 15.4 N‘/I3 for the densities of stoichiomet-
ric UySi, and U484, respectively., For the fit the density of (depleted) USH{
was taken to be 10,86 Hl/lj.’ Tnese densities are reduced by a negligible
0.2% for 20%-enriched uranium and by 1.1% for 93%-enriched uranium.

Both U3812 and U381 have a thermal conductivity of ~15 H/lol.8 Plots of
specific heat data for stoichiometric U;Si and for a U-S{ alloy at 6,1 wtl Si
are found in Ref. 10, From these data the specific heats of U3$12 and 0381 as
a function of temperature (T, °C) have been derived:

Cp(UySiy) = 199 + 0,104T J/kgeK (1)

Co(UgS1) = 171 + 0,019T J/kgeK, (2)

3, FUEL PLATE FABRICATION
3.1 Procedures

The procedures which have been used in fabricating U,Siz fuel plates for
{rradiation tests are very similar to those already in use for UAIx fuel. The
procedures used at ANL to fabricate miniature fuel plates (miniplatas) for
{rradia“ion testing are discuseed in Ref., 11, Each of the commercial fabrica-
tors participating with the RERTR Program in the development and testing of
U,Siz fuel was encouraged to use its standard fabrication techniques and mate-
rials as much as was possible. A very brief general discussion of fabrication
techniques followl..

3.1.1 !E_.. Powder

The uranium silicide alloys used in all of the irradiation tests were
produced by melting uranium metal and elemental silicon in proper proportions
in an arc furnace. The ingots were flipped and remelted from three to six
times to produce a homogeneous material. Induction melting can also be used.

As discussed in Section 2.1, heat tveatment (72 h at B00°C) is necessary
only in those cases in which U,Si is to be one of the end phases. In the

.A full set of procedures followed a* ANL to produce miniplates is available
on request from the authors.



early development work at ANL and, consequently, for the first U,Siz ORR test
elements produced by NUKEM" and CERCA, ' the U UsSi, ingots were heat treated,
The primary concern was that there be no U.' present in the fuel plates. 1In
later work, it was C2cided that heat treatment of U3812 ingots served no prac-
tical purpose, and, since it would add cost to commercial fabrication, the
heat treatment step was eliminated. Hence, the fuel for all but the first
frur miniplates fabricated at ANL and for the ORR test elements produced by
l&v" was not heat treated.

Both UsSi, and US{ are brittle and easily reduced to powder. In fact,
the biggest concern is not to reduce the particle size too much. For the
small volumes of powder needed at ANL, the U3812 was comminuted by hand using
a steel mortar and pestle. Jaw crushers and/or hammer mills or ball mills
were used by the commercial fabricators. Particle sizes ranged from
<40 or <44 ym (fines), depending on whether metric or U.S., standard sieves
were used, to 150 ym. The amount of fines in the irradiation test specimens
ranged from 15 to 40 wtX, It should be noted that because of the brittle
nature of U3812 and because of the high volume lrading of fuel in high-density
fuels, many of the larger fuel particles are broken during rolling, effective-
ly increasing the number of fines. Uranium silicide 1s pyrophoric, and czare
must be taken when working with the powder in air. All fabricators conducted
comminution in a glovebox with a neutral (Nz or Ar) atmosphere. Average
compositions and impu ‘“les of U,Siz powders used to fabricate miniature
plates and full-sized plates for irradiation testing are listed in Table 1I.

3.1.2 Fuel Plates

Fabrication of fuel plates followed the same procedures which had been
established for UAIx and U3°8 dispersion fuels. Fuel puowder and aluminum
powder were mixed in the desired proportions and formed under pressure into a
powder-metallurgical compact. The compact was placed in the cavity of a
"picture" frame, and cover plates to form the top and botiom cladding were
velded in place to form a rolling billet., The billets were first hot rolled
and then cold rolled to produce a plate of proper thickness. After hot
rolling, a one~hour anneal at approximately the rolling temperature was
conducted to test for the generation of blisters, indicating faulty bonding

.NUKEH GmbH, Hanau, Fed. Rep. of Germany.

'C01pngnio pour'l'!tude et la Réalisation de Combustibles
Atomiques, Romans-sur-lsere, France.

..labcock and Wilcox Company, Lynchburg, Virginia, U,S.A.



Table 1. Reported Average 03812 Powder Compositions and lmpurities |

Fabricator

Major Comstituent, wtl ANL B&W CERCA NUKEM
v 92.3 91.8 (91.2-92.3) 92.1 -
Si 7.5 7.4 ( 7.2- 7.7) -— 7.3

Impurity, ppm

Al 26 “ e 400
B - 5 <10 0.9
c 270 607 3 400
Cd e <0.5 <10 <5
Co i oo ——- <5
Cu -—- ? -—- 96
Fe 96 6 - 550
H 6 .= 13 —
Li oo — <5 <5
N 90 -—- 1672 -
N{ - 5 wee o=
0 429 806 1290 ———
Zn = Q — <10



between cover and frame or between cover and fuel meat., Following shearing or
sachining to final size, the homogeneity of the uranium in the fuel meat was
checked, either by real-time x-ray attenuation scanning or by deunsitometry of
an x-radiograph. Full-sized plates for fuel elements were also inspected
ultrasonically for areas of nonbond.

3.2 Special Considerations for High-Density U,Siz Dispersion Fuel

Most of the fuel plates fabricated for irradiation testing contained
between 40 and 50 volX of fuel in the fuel meat, considerably in excess of the
loadings of HEU dispersion fuels. Accordingly, special consideration must be
given to certain fabrication procedures and/or specifications in order to
achieve cost-effective yieclds of acceptable plates. The most important of
these are briefly discussed below.

3.2.1 Dogbone

As the volume of fuel in the core increases, the core gets stronger.
When the core is stronger than the frame and covers, the rolling process
leaves the ends of the core thicker than the middle. A longitudinal cross
section of the long, narrow fuel core with thickened ends resembles a bone,
hence the name. A dogbone has two undesirable consequences: reduced cladding
thickness and increased areal uranium density (the amount of uranium beneath a
unit area of plate surface). The latter may result in excessively high sur-
face heat fluxes during irradiation and be cause for rejection of the plate.

Two methods have been employed to reduce or eliminate "dogboning." 1If
allowed by the specifications, a otronger aluminum alloy can be used for the
frame and, possibly, the covers to more nearly match the strength of the fuel
core. Of course, it {s the strength at the rolling temperature (425 to 500°C)
which is important. If the strength of the fuel core still exceeds the
strength of available aluminum alloys, the ends of the compact can be tapered
to compensate for the thickening at the ends of the rolled fuel core. Both
methods have been successfully employed in producing high~density U,Si2 fuel
plates for irradiation testing.

3.2.2 Minimum Cladding Thickness

As the volume loading of fuel particles increases so does the probability
that fuel particles will come in contact with one another during rolling and
that some will be projected into the cladding. Since the particle distribu-
tion in a dispersion fue! core is random, one cannot predict the location and
depth of the penetrating particles.



Requirements for minimum cladding thickness in most specifications for
HEU fuel plates date from the time of alloy cores. Once a proper set of
rolling parameters had been determined for a fuel plate with an alloy core,
the process was very repeatable. Core and cladding thickness could be reli-
ably determined by examining a few metallographic sections of a few fuel
plates. Unless a sophisticated and expensive device which can nondestruc~
tively measure the cladding thickness over single fuel particles is available,
it is i{mpossible to determine the actual minimum cladding thickness of a
dispersion fuel plate. A statistical basis can be established for estimating
aininum cladding thickness from the distribution of measured minima observed
in metallographic sections of typical fuel platol.lz Such a basis can be used
to set acceptance criteria for the number of particles observed to penetrate
to within a given distance of the cladding surface. One must always accept,
however, the possibility that the cladding over some particles may be thinner
than the stated minimum,

If a doghone exists, there is a high probability that the point of mini-
mum cladding exists in the dogbone region. Therefore, reducing the dogbone
should increase the minimum cladding thickness. A reduction in the maximum
allowed fuel particle size should decrease the penetration distance into the
cladding, thereby increasing the minimum cladding thickness.

The minimum allowable cladding thickness for miniplates irradiated in the
ORR was 0,20 mm. The minimum cladding thickness for full-sized fuel plates
for use in test fuel elements was specified to be 0.25 mm; however, in some
insta.ces fuel plates were accepted from a batch exhibiting slightly smaller
minima. No detrimental effects attributable to thin cladding were observed
during testing.

3.2.3 Stray Fuel Particles

Another consequence of increased fuel loading is an increased number of
fuel particles at the surface of the compact. Some of these exposed particles
can be dislodged during assembly of the rolling billet or during rolling and
deposited between the frame and covers--regions of the fuel plate which are
supposed to be fuel free. The occurrence of stray fuel particles can be
detected by examination of properly exposed x~radiographs, where the stray
particles are seen as "white spote." Stray fuel particles are sources of both
heat and fission products during irradiation. Unless the concentration of
fuel particles 18 large, however, heat generation i{s small and of no practical
consequence. Hence, the main concern is that the fuel particles not be in
locations where they might become exposed to the coolant,

10
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Tablie II. Thermal Conductivities of U;Slz-Alu-lnu- Dispersions

Fraction Fue!l Thermal

of Fuel Volume! Conductivity of Temperature
Sample ~325M Mesh, Fraction, Porosity,? Dispersion at Coefficlient,

ldentification wtZ z volX 60°C, W/m-K W/ m-k?

CS148 15 13.7 W 181 0.148
CS106 15 32.3 6.0 8 0.029
CS140 0 39.4 9.2 40 0.014
CSl41 15 37.0 9.3 48 S x 107
CSl142 25 39.1 9.5 40 0.017
CERCA 71 41.5 46 .4 4.0 59 0.161
CERCA #2 41.5 46.4 4.0 59 0.076
CcSl143 15 46.4 15.4 13.9 0.010

IDetermined on the thermal conductivity specimens using a radiographic technique.
ZAverage value for the roll-bonded fuel plate.
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Table VI,

Average Thickness Increase and Burnup of ORR 03312 Test Elements

Low-Burnup End

Peak~Burnup Region

Thickness Thickness Element-Average
Element Burnup, Increase, Burnup, Increase, Burnup,

No. b4 mils um % mils ym 2
BS1-201 28 0 69 1.5 38 54
BS1-202 53 0 7 1.8 46 77
Cs1-201 32 0.1 66 1.7 43 52
CSs1-202 55 0.9 23 98 .4 112 82
NSI-201 19 0.7 18 46 1.0 25 35
N§1-202 53 1.2 30 97 4.1 104 82

3



In conclusion, the metallographic observations are consistent with the
relatively small plate thickness increases experienced during {rradiation,
The swelling is primarily caused by fovmation of two distinct fission gas
bubble morphologies. The by-far-major phase, U3812. developed a very uniform
and dense distribution of submicron-sized bubbles, characteristic of this
fuel. The second silicide phase, u,sx. which occurred in different amounts in
the three fuels, developed its characteristic coarse, nonuniform bubble
morphology. The amount of U,Si and its larger swelling account, with the as-
fabricated porosity, for the variability i{n overall plate svelling between
plates of the different fabricators. The similarity of the average thickness
changes in the high-burnup regions of elements CSI-202 and NSI-202 suggest
that differences in bubble morphology may not be as great as comparison of
Figs. 23 and 26 seems to indicate. Since only one section from the high-

burnup region of CSI-202 was examined, there is a possibility that the section
was atypical,

The non-U3812 phases present in the fuels are a result of fabrication
practices. It is not possible, on a commercial scale, to produce a perfectly
homogeneous alloy with the exact composition of a line compound such as 03312.
Heat treatment of the ingots employed by CERCA and NUKEM but not by B&W would
explain the absence of U‘. in the CERCA and NUKEM fuel. However, the U..
phase found in B&W plates evidently reacted with aluminum during irradiation
and had no deleterious offccg on the swelling behavior of the fuel.

The minor differences in postirradiation microstructure of the fuel meat
of the six ORR test elements reflect differences in fabrication practices of
the manufacturers at the various times of fabrication., For example, when
NUKEM fabricated the first two U,Siz elements, it was not known that U;Si be~
haved differently under irradiation than 03312 and that it might be desirable
to control the amount of U;Si in the fuel powder. Procedures developed during
the course of UySi, development should result in a more uniform product now
and in the future.

The discussion of this section has concentrated on differences in irradi-
ation behavior in order to foster an understanding of the processes at work.
However, the completely satisfactory behavior of the six 03512 test elements
in the ORR, three of which were operated to ~80% burnup, must be emphasized.

5.2.3 Blister Threshold Temperature

The postirradiation blister threshold temperature has been used tradi-
tionally as an indicator of the relative failure resistance of plate-type
dispersion fuels. The UySi, (and UyS{) miniplates blistered at temperatures
in the range of 515 to 530°C, except for very highly loaded U3St miniplates




which, at the threshold of breakaway swelling, blistered at 450 to 475°C.
Thirteen plates from the full-sized elements were blister tested. Blister
temperatures were in the range of 550 to 575°C. The blister threshold temper-
ature appears to be insensitive both to burnup and to fuel volume loading.
Thise temperatures are at least as high as those measured for highly enriched
UAI, and 0303 dispersion fuels in use today.”'35

$.2.,4 Fission Product Release

Over the years several studies of fission product release from plate-type
reactor fuels have been done, first for plates with U-Al alloy meat and later
for plates with UAlx and U;Oe dispersion meats. Resulte of these experiments
have been summarized in Refs. 36 and 37. As part of the development of high-
density fuels under the RERTR Program, some fission product release
measurements of limited scope have been performed.

Measurements using UAIx miniplates were performed at ORNL in collabora-
tion with the Kyoto University Research Reactor Institute primarily to deter-
mine the threshold temperature for fission product release and to measure
release rates above that tcnporaturc.3° These tests showed that the first
significant release of gaseous fission products occurred when the fuel plate
blistered. Another significant release occurred at about the solidus temper-
ature of the cladding, and a third significant release occurred at about the
UAl,~Al eutectic temperature. Only very small releases of l311 and u"Co vere
detected; however, since the system was designed primarily for the measurement
of gaseous fission products, it is likely that only a small fraction of the
total quantity released was detected.

Similar measurements, using the same equipment, were made using U3Oe and
U484 miniplates, with similar rclult|.39 The first release of gaseous fission
products was detected when the plates blistered, at 500°C for the U,Si plate
and at 550°C for the Uy0g plates. Essentially all of the gaseous fission
products had been released by the end of the test at 650°C. From the amounts
of Cs detected in the traps and from visual observations of deposits on the
sample holder following the 650°C test, it was determined that much more Cs
was released from the U,Si plate than from the u,o, plate.

It is expected that the fiseion product release characteristics of 03512
dispersed in aluminue are similar to those of UySi. The major release of fis~
sion gas occurred at about the aluminum melting temperature, where it is known
from the DTA studies discussed in Section 4,5 that bdoth U,Siz and U,St fully
react with the aluminum. The disruption of the fuel structure during the
reaction undouttedly enhances the release of the volatile and solid fission
products., Release fractions in U3512 fuel might be less than those in U351

4é



4.

6,

9.

10,

11,

12,

13,

14,

15.

F. Cherruau, "The Caramel Fuel in OSIRIS: The Complete Conversion of a
High Flux Research Reactor to a Low Enriched Fuel," Proc. Int. Mtg. on
Development, Fabrication and Application of Reduced Enrichment Fuels for
Research and Test Reactors, Argonne, Illinois, November 12-14, 1980,
Argonne National Laboratory Report ANL/RERTR/TM=3 (CONF-801144), pp. 310~
318 (August 1983).

M. Barnier and J. P, Beylot, "OSIRIS, A MTR Adapted and Well Pitted to
LEU Utilization Qualification and Development," Proc. Int. Mtg. on
Reduced Enrichment for Research and Test Reactors, Tokai, Japan, October
24-27, 1983, Japan Atomic Energy Research Institute Report

JAERI-M 84-073, pp. 256-267 (May 1984),

R. F. Domagala, "Phases in U-S{ Alloys," Proc. 1986 Int. Mtg. on Reduced
Enrichment for Research and Test Reactors, Gatlinburg, Tennessee,
November 3-6, 1986, Argonne National Laboratory Report ANL/RERTR/TM-9,
in press.

R. F. Domagala, T. C. Wiencek, and K. R. Thresh, "Some Properties of U-Si
Alloys in the Composition Range 0331 to U 312." Proc. 1984 Int. Mtg. on
Reduced Enrichment for Research and Test Reactors, Argonne, Illinois,
October 15-18, 1984, Argonne National Laboratory Report ANL/RERTR/TM-6
(CONF-8410173), pp. 47-60 (July 1985),

A. G, Samoilov, A. 1, Kashtanov, and V. S, Volkov, Diepereion-Puel
Nuclear Reactor Flements, (1965), translated from the Russian by

A. Aladjem, Israel Program for Scientific Translations Ltd., Jerusales,
pp. 54-57 (1968).

A. E, Dwight, "A Study of the Uranfum-Aluminum=Silicon System," Argonne
National Laboratory Report ANL-82-14, p. 29 (September 1982),

H. Shim‘zu, "The Properties and Irradiation Behavior of u,stz." Atomics
International Report NAA-SR-10621, p. 14 (July 25, 1965),

R. F., Domagala, T. C. Wiencek, and H. R. Thresh, "U-S{ and U-Si-Al

Dispersion Fuel Alloy Development for Research and Test Reactors," Nucl,
Tech. 62, 353-360 (Septembder 1983),

T. Gorgenyl and U, Ruth, "Determination of Cladding Thickness in Fuel
Plates for Material Test and Research Reactors (MTR)," presented at
Seminar on Research Reactor Operation and Use, Jilich, Fed. Rep. of
Germany, September 14-18, 1981,

H. W. Hassel and E. Wehner, NUKEM, personal communication (April 1986),

G. Thamm, "The German AF-Program Status and Final Activities," Proc.
1986 Int, Mtg. on Reduced Enrichment for Research and Test Reactors,
Gatlinburg, TN, November 3-6, 1986, Argonne National Ladoratory Report
ANL/RERTR/TM=9, in press.

K. Bogacik, "Status of LEU Programs at Babcock & Wilcox," Reduced
Fnrichment for Researsh and Teet Reactoms--Proseedinge of an
Intermational Meeting, Petten, The Retherlande, Octogar 14-16, 1985,
P. von der Hardt and A, Travelli, Eds,, D. Reidel Publishing Company,
Dordrecht, pp. 165-173 (1986),

51



16, 8., Nazaré, "Low Enrichment Dispersion Fuels for Research and Test
Reactors,”" J. of Nucl. Materials 124, 14-24 (1984),

17, P. Toft and A, Jensen, "Differential Thermal Analysis and Metallographic
Examinations of U,Si, Powder and UyS1,/A1 (138 w/o) Miniplates," Reduced
Farichment for Research and Test Reactore--Proceedinge of an
Intermational Meeting, Petten, ™ae Netherlands, Natoher 14-18, 1985,

P. von der Hardt and A, Travelli, Eds., D. Reidel Publishing Company,
Dordrecht, pp. 373-381 (1986).

18, T, C, Wiancek, "A Study of the Effect of Fabrication Variables on t e
Quality of Fuel Plates," Proc. 1986 Int. Mtg. on Reduced Fnrichment for
Research and Test Reactors, Catlinburg, Tennessee, Novemher 3-6, 1986,
Argonne National Laboratory Report ANL/RERTR/TM-9, in press.

19. CRC Ranthook of (hemietwy an’ Phyeice, 64th Edition, R, C. Weast, Ed.,
CRC Press, Boca Raton, pp. D=43 and D-44 (1983),

20, R, K, Williams, R, S. Graves, R. F, Domagala, and T. C., Wiencek, "Thermal
Conductivities of U,S{ and Uy8i,-Al Dispersion Fuels," Proc. 19th Int.
Conf. on Thermal Conductivity, éookevillc. Tennessee, October 21-23,
1985, in press,

21. R. R, Hobbins, EG&G ldaho, unpublished iniormation (1973).

22. G, L. Copeland and M. M, Martin, "Development of High-Uranium-Loaded
USOO-AI Fuel ’l‘t...” Nuel. Tech. 2_. S47 (1982).

23, T. C, Wiencek, R. F. Domagala, and H. R, Thresh, "Thermal Compatibility
Studies of Unirradiated Uranium Silicide Dispersed in Aluminum," Nucl.
Tech. 71, 608-616 (1985).

24, C., E, Weber, "Progress on Dispersion Elements," Progwese in Nuclear
Frengy, Ser. V, 2, Pergamon Press, N.Y. (1959),

25. R, F. Domagala, T. C. Wiencek, J. L. Snelgrove, M. I, Homa, and R. R,
Heinrich, "Differential Thermal Anelysis of U,Si-Al and U,8i{,-Al
Reactions,"” Argonne National Laboratory Icporg ANL/I!I?I/*N-; (October
1984) and Am. Cer. Soc. Bull. 65(8), 1164-70 (1986).

26, S, Nazaré, "Reaction Behavior of U‘Si = and UgFe-Al Dispersions," Proc.
1984 Int., Mtg. on Reduced Enrichment ‘or Research and Test Reactors,
Argonne, Illinois, October 15-18, 1984, Argonne National Laboratory
Report ANL/RERTR/TM=6 (Conf-8410173), pp. 39-46 (July 1985),

27. A. E. Pasto, G. L. Copeland, and M. M. Martin, "Quantitative Differential
Thermal Analysis Study of the Uy0g-Al Thermite Reaction," Am., Cer. Soc.

28, J. D, Fleming and J. W. Johnson, "Aluminue-U;0g Exothermic Reactions,"
Nucleonics, 21(5), 84-87 (May 1963).

29. R. L, Senn and M. M, Martin, "Irradiation Testing of Minifature Fuel
Plates for the RERTR Program," Oak Ridge National Laboratory Report
ORNL/TM-7761 (July 1981).

52

l ;



3l.

32,

33.

34,

5.

36,

37,

38.

39,

40,

4l.

42,

G. L. Copeland, R, W, Hodbs, G, L, Hofman, and J. L. Snelgrove,
"Performance of Low-Enriched U,Si,~Aluminum Dispersicn Fuel Elements in
the Oak Ridge Research Reactor," Argonne National Laboratory Report
ANL/RERTR/T™™=10 (October 1987),

C. Baas, M, Barnier, J. P, Beylot, P, Martel, and F. Merchie, "Progress
Report on LEU Fuel Testing in CEA Reactors,” Proc. 1986 Int. Mtg. on
Reduced Enrichment for Research and Test Reactors, Gatlinburg, Tennessee,
November 3~6, 1986, Argonne National Laboratory Report ANL/RERTR/TM-9, {n
press.

F. Merchie, CEN-G, personal communication (July 1987).

J. M, Beeston, R, R, Hobbins, G. W, Gibson, and W, C. Francis,
"Development and Irradiation Performance of Uranium Aluminide Fuels in
Test Reactors," Nucl., Tech. 49, 136-149 (June 1980).

G. L. Hofman, G, L. Copeland, and J. E., Sanecki, "Microscopic
Investigation into the Irradiation Behavior of U,OQ-AJ Dispersion Fuel,"
Nucl. Tech. 72, 338-344 (1986).

A. E, Richt, R, W, Knight, and G. M, Adamson, Jr., "Postirradiation
Examination and Evaluation of the Performance of HFIR Fuel Elements," Oak
Ridge National Laboratory Report ORNL-4714 (December 1968),

D. Stahl, "Fuels for Research and Test Reactors, Status Review: July
1982," Argonne National Laboratory Report ANL-83-5, pp. 37-39 (December
1982).

R. E. Woodley, "The Release of Fission Producte from Irradiated SRP Fuels
at Elevated Temperature," Hanford Engineering Development Laboratory
Report HEDL-7598 (June 1986).

T. Shibata, T. Tamai, M. Hayashi, J. C. Posey, and J. L. Snelgrove,

"Release of Fission Products from Irradiated Aluminide Fuel at High
Temperatures," Nucl. Sci. and Eng., 87, 405-417 (1984).

J. C. Posey, "Release of Fission Products from Miniature Fuel Plates at
Elevated Temperatures,”" Proc. Int. Mtg. on Research and Test Reactor Core
Conversions from HEU to LEU Fuels, Argonne, Illinois, November 8-10,
1982, Argonne National Laboratory Report ANL/RERTR/TM-4 (CONF-821155),
pp. 117-133 (September 1983),

G, W. Parker, G, E, Creek, C. J. Barton, W. J., Martin, and R, A, lorenz,
"Out-of~P{le Studies of Fission-Product Release from Overheated Reactor
Fuels at ORNL, 1955-1965," Oak Ridge National Laboratory Report ORNL-3981
(July 1967).

G. C. Rodrigues and A. P, Gouge, "Reprocessing RERTR Silicide Fuels,"
Savannah River Laboratory Report DP-1657 (May 1983).

U.S. Department of Energy, "Receipt and Financial Settlement Provisions
for Nuclear Research Reactor Fuels," Federal Register 51(32), 5754-5756
(February 18, 1986) &nd Federal Register 51(42), 7487 (March 4, 1986).

53




DISTRIBUTION FOR ANL/RERTR/TM-11

Internal:

A, Schrieshein R. J. Teunis L. A, Neimark

C. E. T{1! D. C. Wade D. R, Schamict

P. 1. Amsundson R. W. Weeks H. R, Thresh

L. Burris A. Travelli (150) T. C. Wiencek (2)

D. W, Cissel J. L. Snelgrove (2) ANL Contract File

L. G. LeSage R. F. Domagala (2) ANL Patent Department
R. A, Lewis G. L. Hofman (2) ANL Libraries (3)

J. F. Marchaterre F. J. Karasek TIS Piles (6)
External:

DOE-TIC, for distribution per UC-83 (41)
Manager, Chicago Operations Office, DOE
Director, Technology Management Div,, DOE~CH
J. P. Colton, ACDA

D, E. Bailey, DOE-NE

L. S. Rubenstein, NRC (2)
D. Stahl, SAl

ORNL:
E. D. Clemmer D. L. Selby
G. L. Copeland (2) R. L. Senn (2)
R. W. Hobbe (2) L. G. Shrader
§, S, Rurt J. H. Swanks
%« W, Enight C. D. West
INEL:
K. R, Brown R. R. Hobbins
R, E. Carter J. A. Lake
C. R. Cooper L. K. Seymour

C. Benjamin Alcock, The University of Toronto
Paul C., Shewmon, Ohio State University

Applied Physics Division Review Committee:

Paul W. Dickson, Jr., EG4C ldaho, Inc.

E. Linn Draper, Gulf State Utilities

Michael J. Driscoll, Messachusetts Institute of Technology
Robert L. Hellens, West Simsbury, Connecticut

William E, Kastenberg, University of California-L.A,

Daniel A. Meneley, University of New Brunswick
Warren F, Miller, Los Alamos National Laboratory

54




Changed Pages of ANL/RERTR/TM-11



l.
2.

3.

4,

5.

Table of Contents

Page

INTRODUCTION . susvosnssnsnsssssosvsssovssnessssnesssnsnsnissssssssanss
PROPERTIES OF UySi, AND OTHER URANTUM SILICIDES.:sevssvvsnsvnsasnsans
2.1 VUranium Silicide Phases.covscessvsrvssvssvsnsvsnnsnssssrsonssnnssns
2.2 Selected Physical and Mechanical Properties.ceveccsvsssressenses
FUEL PLATE FABRICATION, cosveovovcavssnsvssnssnsavsossssassnsssssnssne
3ol Procedured.icecescesssvsssssvssssssssssssssssssssssseessonssssense
Jolel Puel Powderecscssscossesossssssesrsssssssssssessnsasnssne
30102 Fuel Platesocecscesssssvosossssosnsssssssosssssnnssenssns

3.2 Special Considerations for High-Density U4Si, Dispersion Fuel...
LA T EenneennnnnnononmnmnmnoOoooOoOOgOgOgOgOgOgOgnnnhhnTt
3,22 Minioum Cladding ThicknesS.ceecesvsvscsvssssnorsnssnsssnes
3.2.3 Stray FPuel Particledescccscssscoossnsosssnososossssssenss
3:2.4 Surface Oxidation of Compectissseosssssssnsnnssssonssonne
PROPERTIEE OF UNIRRADIATED 03812 DISPERSION FPUELicsvovovocossnsscnnns
§.1 Tuel Meat Porosityccesssssssscosasssescsstssssassssssscssososnsse
4.2 Heat Capacityssssscssossesssssensoesssvnsnssesssnsssssnsssnsssnse
6.3 Thermal Conductivityesssosossevsssscssesonsosononnnssssssssssnse
4.4 Compatidility of UsSi, and Aluminumissssssrirssnnnnnniinininnans
4.5 Exothermic Energy Releases.cccvesnssessnssvsossnsssnsrsnssnnsnnns
4.6 Corrosion Behaviorsscsssvssssossssvssssnessvsssnnrssssnsnnsvsnons
IRRADIATION BEHAVIOR OF U,Si, DISPERSION FUEL.cussvrvnnnnnsnnnnnninns
5S¢l Irradiation Testingeessscossvesvssvsossnsssssossnsssnsonsssnsns
Selel Test SampleSicscecsscsssssssosssssssanssosssssssssnssnses
Selalel MiniplatesSeccccsscsscevsnrssnsssssssssnsnnsssnne

Selels2 Pull-Sized ElementBoicccevsvcvsssnssossronssnsnns

S:142 Reactors and Test ConditionB.cevssvesesssssnssossnsssnnns

S5¢2 Test ReBUILBicvcvrosvsnsssssvosorsssnssssssossnssossssssssssssssns
Se2¢] Genmeralicescsscsssonsssssstsrannnsnensnnssssasnsssnssnane
5.2.2 Fuel Meat Swelling and Microstructur®sscssssessessesnsnns
5.2.2.1 Minfplates.cssvevrsnnrsnrsrrsriinsnninnsnnannnns

$5.2.2.2 Full-Sized Plates and ElementS.icesscssvsoccccnnes

5.2.3 Blister Threshold Temperature@ssscecsessssssssssssvssnsnses

$.2.4 Fission Product Releas@isocosessssnscnsvsnsnnsssnssnnsnns

W O W N OO N N -

10
11
11
1
13
14
17
19
22
23
23
23
23
24
25
25
26
26
26
32
43
44



5.3

5.4

Table of Contents (Cont.)

Page

Demonstration of Commercially Fabricated 03812 Fuel
Elements in the ORRivesvesvssssossssssssssssnssssasasssnsssssnns 45

Reprocessing of Uranium Silicide Dispersion FuelS.sicesesrvvenss 45

6. 'u‘chTION SPECI'ICATlONs.lOOOIOOII0.0..Ol.....‘l.......!.....ll.‘.. ‘,

6.1

6.2
6.3

U,Siz POWARL cocsnsesesssnsssssssssssssssnssssassessssssessssssce 47
6.101 CompositioNsessesesssssessssscsssssnsnsssnscnssvsssencese 47
6.1.2 Impuriti@Bececessnsssssssssssoscsvsvsssssnsnnsnsassssaese 48
6.1.3 Particle Size Distributionissssssvessssssssnosnsvsssanses 43
Stray Fuel ParticleS.iscsscscosescsesssssnosnssssnsssssssnsnsnsee 48

Fuel Meat 'OYOCity.ooOlcno-ooooooouococo.oouooooooooo-oonoouoooo 48

7. sm!ymconcLUsIoNs.Q..Oi..l.........I..Ol............'..'.l..... ‘9
A“"m!mn"rs....l‘.'..IOl.Qlt..0Cl..l‘ll.ll....OOOOOOOOOOOOCOOOOOO 50

REF

1.
11.
111,

1v.

V.
V1.
V1il,

:u"c‘s....................ll.l...ll.ll‘.’l..!..l.'.....l..ll.'.‘. 50

List of Tables

Page
Reported Average U;Stz Powder Compositions and Impurities...csvees 8
Thermal Conductivities of 03812-A1u-1n0l DispersionBecesccecsssses 15

Energy Released from the Exothermic Reaction of Uranium
Silicide or 0308 with Aluminums in Puel PlateSicossesesssssnssnnnes 20

Summary of Swelling Data for Uranium Silicide Dispersion
Fuels (From PIZ of Miniature Fuel ’1.‘..)00oocoloonoooooooocooonoo 27

U’s‘z "‘ﬂ"l.t. swflliﬂ‘ Data SUBMATYeccsscsssnovsnsnsssssnnensnss 28
Average Thickness Increase and Burnup of ORR U,8{, Test Elements.. 34
235U Burnup of ORR U,Si, Demonstration Fuel ElementS..cscesvsinaes 46

vi



The Use of 03812 Dispersed {n Aluminum in Plate-Type

Fuel Elements for Research and Test Reactors

1. INTRODUCTION

The U.S. Reduced Enrichment Research and Test Reactor (RERTR) Program was
established by the U.S. Department of Energy in 1978 to provide the technical
means to convert research and test reactors from the use of highly enriched
uranium (HEU) fuel to the use of low-enriched uranium (LEU) fuel. In order to
maintain the required excess reactivity of the reactor core, the amount of
2350 must be increased by 10 to 15% to overcome the additional neutron absorp-
tion of the greatly increased 2380 content in LEU fuel and the effects of a
harder neutron spectrum. This additional 2350 and 2380 can be accommodated by
increasing the uranium density of the fuel and/or by redesigning the fuel
element to increase the volume fraction of fuel in the reactor core. The
RERTR Program has vigorously pursued both paths with major efforts in fuel
development and demonetration &nd in reactor analysis and dnni(n.l

Research and test reactor fuel elements consist of assemblies of fuel-
containing plates or rods. The RERTR Program has concentrated its efforts on
plate~type fuels since plate-type research and test reactors consume much more
HEU than do rod-~type reactors. High-density LEU rod-type fuels have been
developed by GA Technologies for TRIGA roactor.z and by Atomic Energy of
Canada, Ltd.3 Rod-type fuels will not be discussed further in this report.

The fuel plates used in the fuel elements for most research and test
reactors consist of a fuel core, or "meat," in an aluminum alloy cladding.
Originally, cast and wrought alloys of uranium and aluminum, consisting of
UAl4 and UAl, precipitates in an aluminum matrix, were used for the fuel meat.
Fabrication of alloy cores with uranium densities above ~1.1 Mg U/- is diffi~
cult, however, and powder metallurgical cores, with UAJ (a combination of
UAlz. UAI,, UAl,, and Al phases) or 0303 dispersed in cluntnu-. are now unod
in most cases. In 1978 the densest UAI fuel in use contained ~1.7 Mg U/l
in the fuel ncnt (~37 volX UAL ). and :hc densest UJOG fuel in use contained
~1.3 Mg U/’ tn the fuel meat (-lB volX U30g). The RERTR Program has devel-
oped and tested UAl  and Uy0g dispersion fuels for LEU uppllcntlonl up to
their practical !obrlcation limits==2.4 and 3.2 Mg U/I , respectively,

In order to minimize the need to redesign fuel elements to increase the
fuel volume fraction and to make significant enrichment reductions in high-
performance reactors even feasible, higher densities yet were needed. One
approach, followed by the French Commissariat & 1'Energie Atomique (CEA),
utilized small wafers of sintered UO, contained in compartments of a fuel




plate produced by diffusion bonding Zircaloy frames, spacer wires, and
claddtng plates.’ The 7%-enriched "caramel” fuel has performed well in
OSIRIS;” however, fabricators of conventional plate~type fuels would have to
fmplement a completely new fabrication process to produce caramel fuel,

The RERTR Program chose to pursue the use of high-density uranium-silicon
alloys in place of UAI‘ and U,Oa in conventional aluminum-matrix dispersion
fuel in order to take advantage of the large commercial base of equipment for
and experience in fabrication of such fuels. One uranium silicide compound,
03312, has been found to perform extremely well under irradiation and can
provide a uranium density of at least 4.8 H;/-’.

The development and testing of uranium silicide fuels has been an inter-
national effort, involving other national reduced enrichment programs, several
commercial fuel fabricators, and several test reactor operators. In particu-
lar, the testing of full-sized fuel elements has been performed cooperatively,
with the U,S. Government providing the enriched uranium, the fuel fabri~ators
providing the fabrication, and the U,S. Government or other governments
providing the irradiations and postirradiation examinations.

Numerous results of the development and testing of uranium silicide~
aluminum dispersion fuels have been published previously. The results for -
03812 dispersions are summarized in this report to facilitate the preparation
and review of requests to use this fuel in research and test reactors.

2. PROPERTIES OF