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ABSTRACT

High-density dispersion fuel experiment, RERTR-4, was removed from the Advanced Test
Reactor (ATR) after reaching a peak U-235 burnup of ~80% and is presently undergoing
postirradiation examination at the ANL Alpha-Gamma Hot Cell Facility. This test consists of 32
mini fuel plates of which 27 were fabricated with nominally 6 and 8 g cm™ atomized and
machined uranium alloy powders containing 6.5 wt% to 10 wt% molybdenum. In addition, two
miniplates contained solid U-10wt%Mo foils. Recent results of the postirradiation examination
and analysis of RERTR-4 in conjunction with data from a companion test performed to 50%
burnup, RERTR-5, are presented.

1. Introduction

Presently five irradiation tests of U-Mo/Al dispersion fuel miniplates have been completed.
Tests RERTR-1 and 2 were low-temperature scoping tests that contained a wide range of
uranium alloy compositions. The main conclusion after postirradiation analysis of these first two
tests was that uranium alloys with a molybdenum content between 6% and 10% by weight
showed excellent irradiation behavior [1]. Test RERTR-3 was designed to explore the higher-
temperature behavior of these U-Mo/Al dispersion fuels [2].

Postirradiation examination allowed the characterization of U-Mo/Al interaction. The formation
of the aluminide interaction phase appeared to be the only aspect of fuel behavior that is
significantly affected by temperature. The irradiation behavior of the U-Mo fuel alloy itself was
deemed athermal over the temperature range tested. Extensive metallographic analysis of these
first three tests was used to develop a fuel behavior model [3]. Based on the positive results of
the first three tests, two further tests, RERTR-4 and 5, were designed with larger, so-called



miniplates that are more prototypic of full-size test reactor fuel plates and also allow for more
accurate postirradiation measurements.

The experimental-high density-dispersion fuel miniplates irradiated in RERTR-4 and 5 contained
either atomized fuel particles, supplied by KAERI, or machined fuel particles, supplied by
AECL, ranging in composition from, nominally, 6 wt.% Mo to 10 wt.% Mo. The fuel plates in
these tests measured 100 mm x 25 mm x 1.40 mm; the meat was in a rectangular zone nominally
0.64 mm thick and contained, nominally, 6 and 8 g U cm™ in the fuel meat. The RERTR -4 and
-5 experiments were irradiated in the Advanced Test Reactor (ATR) for 204 EFPD (effective full
power days) and 116 EFPD, respectively. In addition to 30 dispersion fuel miniplates, test
RERTR-4 also included two miniplates with solid U-Mo alloy cores that were 12mm diameter
and 0.3 mm thickness.

Test RERTR-5 was removed from the reactor at a peak burnup of ~50% U-235, whereas
RERTR-4 terminated at ~80% burnup. Postirradiation examinations of the RERTR-5 plates
have been largely completed, and a preliminary assessment was presented at the 2003 RRFM
meeting in Aix-en-Provence, France [6] and the previous RERTR meeting in Bariloche,
Argentina [3]. Examination of the miniplates from RERTR-4 has progressed through plate
thickness measurements. In this paper the data obtained on RERTR-4 and -5 to date will be
assessed.

Presently, the U-Mo dispersion fuel development in the RERTR program is focused on uranium
loading of 6 g cm™ as a replacement for the currently used UsSi, fuel. Work on the maximum
achievable loadings of 8 g cm™ with U-Mo fuel has been deemphasized in favor of non-
dispersion, “monolithic”, fuel plates that would allow conversion, to LEU, of the highest power
research reactors.

This paper, therefore, primarily deals with the irradiation behavior of U-Mo dispersion at
6 g cm™ uranium loading. Metallographic examination of several 6 g cm™ miniplates from the
high-burnup experiment has been completed. Most recent observations obtained on RERTR-4
and -5 will be presented.

2. Postirradiation Data

Postirradiation examinations of RERTR-5 have progressed through the destructive stage, and the
pertinent observations obtained from these examinations have been reported previously [4, 5, 6].
The examinations of the high-burnup test RERTR-4 are in the early stages, and only fuel plate
thickness measurements and metallography of selected 6 g cm™ samples are available at this
time. Plate thickness is measured at five axial locations on the fuel zone. The average thickness
compared to a thickness measured outside the fuel zone and to pre-irradiation measurements to
obtain an average change in the plate thickness. Although not as precise as immersion volume
measurements, as is evident from the scatter in the data, this does provide a preliminary measure
of the amount of irradiation-induced meat swelling of the various miniplates at high burnup. In
order to make comparison with the lower-burnup experiment RERTR-5, the plate volume
measurement from this test were converted to average thickness assuming that the ratio of meat
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volume to total plate volume was the same for all plates. The reverse procedure was applied to
the thickness measurements of RERTR-4 in order to estimate its meat volume changes.

The resulting data plotted against the beginning-of-life (BOL) peak meat temperatures are shown
in Fig. 1. A linear normalization to 50% burnup and 80% burnup, respectively for tests RERTR
-5 and -4 was applied to the swelling values to aid comparison. The BOL temperatures plotted
in Fig. 1 only serve to illustrate the trend in swelling with increasing temperature. The actual
fuel temperature during irradiation is a complex function of time and position in fuel meat. Not
only are there temperature gradients in the fuel meat, but the temperature changes during
irradiation as a result of the competing effects of the decreasing thermal conductivity and U-235
burnup. This issue was treated in detail by S.L. Hayes[3].
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Fig. 1 Miniplate thickness and meat volume increase versus BOL meat temperature for
various Mo compositions and 6 g cm™® loading of machined and atomized
powders in tests RERTR-4 and 5.

Metallographic sections from the center of three 6 g cm™, U-10Mo miniplates from RERTR-4
and -5 are shown in Fig. 2-5. These three plates were irradiated, respectively, in the top, center
and bottom sections of the irradiation capsule, and thus, cover the range of power and
temperature of the experiment. Selected Scanning Electron Microscopy (SEM) images, of meat
fracture surfaces, also from the center of the miniplates are shown in Fig. 6-7.
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Figure 2a) Transverse cross section of RERTR 4 miniplate, V6001M: U-10Mo (atom.), 72% average burn-up, centreline
temperature 95°C (BOL).

Figure 2b) Transverse cross section of RERTR 4 miniplate, A6002H: U-10Mo (mach.), 83% average burn-up, centreline
temperature 121°C (BOL).

Figure 2c) Transverse cross section of RERTR 4 miniplate, V6022M: U-10Mo (atom.), 82% average burn-up, centreline
temperature 134°C (BOL).

Figure 2. A series of optical micro%r%phs have been joined to form montages of three different RERTR 4 fuel miniplates.
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Figure 3a). RERTR 4, mini-plate V6001M, U-10Mo (atom.), average burn-up 72%, centreline
temperature 95°C (BOL).

Figure 3b). RERTR 4, mini-plate A6002H, U-10Mo (mach.), average burn-up 83%, centreline
temperature 121°C (BOL).

Figure 3c). RERTR 4, mini-plate V6022M, U-10Mo (atom.), average burn-up 82%, centreline
temperature 134°C (BOL).

Figure 3. High magnification optical micrographs of three different miniplates from RERTR 4.
The image on the left illustrates a low porosity region; the image on the right illustrates a high
porosity region.
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Figure 4a) Transverse cross section of RERTR 5 miniplate, V6018G: U-10Mo (atom.), 40% average burn-up,
centreline temperature 121°C (BOL).
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Figure 4b) Transverse cross section of RERTR 5 miniplate, V6019G: U-10Mo (atom.), 49% average burn-up,
centreline temperature 142°C (BOL).

Figure 4c) Transverse cross section of RERTR 5 miniplate, A6008H: U-10Mo (mach.), 52% average burn-up,
centreline temperature 177°C (BOL).

Figure 4. A series of optical micrographs have been joined to form montages of three different RERTR 5

fuel miniplates. , , , o
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Figure 5a). RERTR 5, mini-plate V6018G: U-10Mo (atom.) 40% average burn-up, centreline
temperature 121°C (BOL).

Figure 5b). RERTR 5, mini-plate V6019G: U-10Mo (atom.) 49% average burn-up, centreline
temperature 142°C (BOL).

Figure 5¢). RERTR 5, mini-plate A6008H: U-10Mo (mach.) 52% average burn-up, centreline
temperature 177°C (BOL).

Figure 5.High magnification optical micrographs of three different mini-plates from
RERTR 5. Porosity was only observed in mini-plate A6008H.
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Fig. 6 Scanning electron micrographs of meat fracture surfaces from the center of three miniplates
irradiated in high burnup experiment RERTR-4.
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Fig. 7 Scanning electron from microscopy of meat fracture surfaces form the center of a low and high
temperature miniplate irradiated in medium burnup experiment RERTR-5.

3. Discussion

The overall behavior displayed in the samples from RERTR-4 follows the trend established at lower
burnup. Plate swelling has, as expected, increased essentially proportional to U-235 burnup. The extent
of U-Mo/Al interdiffusion is clearly temperature dependent and increased with burnup. The
microstructure of the unreacted U-Mo fuel alloy has also developed as expected. Whereas fission gas
bubbles, and the beginning of recrystallization, was only evident at the grain boundaries in the samples
from RERTR-5 (see Fig. 7), the fuel in the higher burnup samples from RERTR-4 has fully
recrystallized. Recrystallization of the unreacted fuel in lower burnup, top, sample has progressed to
approximately 50% of the volume. Gas bubble morphology remains, however, very uniform implying
stable swelling behavior of the fuel alloy under all conditions tested thus far.

Formation of porosity that leads to break-away swelling has previously been found to occur in high
uranium density compounds — not in the fuel/Al interaction phase-in dispersion fuels. The interaction
phase in dispersion fuels compounds U3Si, UsSi, UgFe and UAly, for example, consists of the familiar
uranium aluminide compound, UAIls;. This compound has without exception, shown very stable
irradiation behavior under a wide spectrum of operating conditions. Recent indications show that in the
case of U-Mo dispersion fuels, the interaction phase is different.

As shown in the partial ternary phase diagram (see Fig. 8) the interaction phase is of Mo-Al system
rather than U-Al, and most probably (U,Mo)Al;. The behavior of this particular interaction phase is
evidently quite different from that of UAI; type compounds. The most significant observation on the
metallographic samples from RERTR-4 shown in Fig. 2, is the presence of porous regions in the higher
temperature miniplates. Higher magnification shows that this porosity occurs in the U-Mo/Al
interdiffusion phase and that individual pores are in the process of linking up, see Fig. 3.

Such a phenomenon has serious implications and should be considered a fuel performance limitation as
it indicates the beginning of break-away swelling and eventual pillowing of the fuel plate. Minor
porosity was also found in the lower burnup test RERTR-5 as shown in Fig 4-5. It was not clear
whether this was an irradiation effect or a residue of the as-fabricated porosity. However, the growth
and morphology of the pores in RERTR-4 indicated that this is indeed an irradiation effect.
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Characterization of the U-Mo/Al interdiffusion phase, as well as ex-reactor diffusion experimentation is
in progress in an attempt to reduce or eliminate the formation of (U, Mo)Al;. Meanwhile, the present
postirradiation data show that a careful evaluation of operating conditions is necessary before any full
size irradiation of U-M/AI dispersion fuel elements is attempted.

Fig. 8 Aluminum rich corner of the Al-Mo-U phase diagram showing identified binary phases
Phases: L1, L, and L3 observed in ex-reactor diffusion study [7], L3 observed in postirradiation
examination [8].

4. Conclusions

Initial results from postirradiation examinations of high burnup (80% U235) LEU, U-Mo/Al dispersion
fuel miniplates indicate the following:

¢ Swelling and fission gas bubble morphology of U-Mo alloy remains stable and predictable.

¢ U-Mo alloy-aluminum matrix interdiffusion remains the dominant, temperature dependent,
irradiation effect

¢ The interdiffusion phase has tentatively been identified as an Al rich Al-Mo phase, (U-Mo)Al-.

¢ Coarse porosity forms in the interdiffusion phase at beginning-of-life fuel temperatures of ~120°C
when the fuel-Al interaction phase has consumed a major part of the Al matrix.
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