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ABSTRACT

The irradiation stability of the interaction phases at the interface of fuel and Al alloy
matrix as well as the stability of the fission gas bubble superlattice is believed to be
very important to the U-Mo fuel performance. In this paper the recent result from TEM
characterization of Kr ion irradiated U-10Mo-5Zr alloy will be discussed. The focus will
be on the phase stability of Mo,Zr, a dominant second phase developed at the
interface of U-10Mo and the Zr barrier in a monolithic fuel plate from fuel fabrication.
The Kr ion irradiations were conducted at a temperature of 200 °C to an ion fluence of
2.0E+16 ions/cm®. To investigate the thermal stability of the fission gas bubble
superlattice, a key microstructural feature in both irradiated dispersion U-7Mo fuel and
monolithic U-10Mo fuel, a FIB-TEM sample of the irradiated U-10Mo fuel (3.53E+21
fission/cms) was used for a TEM in-situ heating experiment. The preliminary result
showed extraordinary thermal stability of the fission gas bubble superlattice. The
implication of the TEM observation from these two experiments on the fuel
microstructural evolution under irradiation will be discussed.

1. Introduction

The most popular fuel design for the research and test reactors is the plate type of fuels either in
dispersion or monolithic configuration sandwiched with aluminum alloy Al 6061 cladding on both
sides. The advantage for a monolithic fuel plate is its higher uranium loading capacity compared
to a dispersion fuel. To mitigate the undesired strong interaction between the U-Mo fuel and the
Al 6061 cladding, a Zr thin foil of ~ 25 um is added as a diffusion barrier between the U-Mo and
Al 6061. It was found that the Zr foil also develops reaction product at both interfaces of U-
Mo/Zr and Zr/Al 6061 from the fuel plate fabrication process [']. A comprehensive
microstructural characterization is required to investigate the radiation stabilities of the relevant
interaction product phases at the fuel/cladding interface.

While neutron irradiation and the PIE is an essential part of a fuel development program, ion
irradiation, with focus on certain aspect of a fuel material property, is very useful and
complementary due to its cost effectiveness, quick turn-around cycle, well controlled irradiation
conditions and negligible radioactivity of the sample. The previous ion irradiation study on the
stability of interaction product phases at the U-Mo/Al-Si interface provided useful information
[2,%]. The Mo,Zr phase has been identified as a major interaction product developed at the U-
Mo/Zr interface [*] or in the U-10Mo-yZr ternary alloy (y = 1 to 6) []. In the open literature, the
common crystalline structure for Mo,Zr is MgCu, type (cF24, a,= 0.75875 nm) as listed in U-
Mo-Zr ternary or Mo-Zr binary system phase diagrams [°]. There is also a less common
structure for Mo,Zr phase that is bcc type (cl2, with a; = 0.3185 nm) found in a two-phase Mo,Zr
compound where both bcc and MgCus, type structure co-exist [',%]. The work by Osten shows
that single phase Mo.Zr in bcc structure cannot be obtained without an extremely fast
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quenching of 10° K/sec following the arc melt [’]. The objective of this work is to investigate
radiation stability of the Mo,Zr phase as an interaction product. This work focuses on
microstructure of the Mo,Zr phase under Kr ion irradiation recorded in-situ along with more
detailed post-irradiation TEM characterization.

Equally important to the radiation stability of interaction phase is the stability of fission gas
bubble superlattice (GBS) in the U-Mo fuel. GBS is one of the most important microstructural
features in the irradiated U-Mo fuel and its radiation and thermal stability may have a strong
impact on the fuel performance. Although U-Mo fuel plate operation temperature is limited to
below 250 °C due to corrosion of Al alloy cladding, the microstructural stability of U-Mo fuel itself
is more or less controlled by the y-phase stability. There is a great interest of investigating the
thermal stability of the GBS in reference to its y-phase stability. The thermal annealing study on
the GBS in the irradiated fuel may be helpful to a better understanding of the U-Mo fuel
performance as well as its potential to be used as an alternative fuel for other types of reactors.

2. Experiment

To investigate the radiation stability of the Mo,Zr interaction phase, a U-10Mo-5Zr alloy was cast
via arc melting followed by heat treatments relevant to the fuel fabrication process to produce
Mo,Zr phase for ion irradiation experiment. The cast material was first homogenized at 900 °C
for 168 hours and water quenched. The following heat treatment was performed at 650 °C for 3
hours plus water quench which is relevant to the hot rolling process in fuel fabrication. The final
step of heat treatment was carried out at 560 °C for 90 min followed by air cool which is
representative to the process of hot isostatic press (HIP) as a last step of fuel fabrication.
Scanning electron microscopy analysis and X-ray diffraction analysis were performed to confirm
the presence of Mo,Zr phase in the U-10Mo-5Zr alloy. Standard 3.0 mm samples for
transmission electron microscopy (TEM) analysis were prepared through slicing, mechanical
polishing, disc punching and fine polishing followed by electrical jet polishing to produce thin
areas transparent to 200 keV electron beam.

The TEM samples were irradiated with 500 or 250 keV Kr ions at 200 °C to ion doses up to
2x10'° ions/cm? using the Intermediate Voltage Electron Microscope (IVEM) equipped with a
tandem accelerator at Argonne National Laboratory. For 500 keV Kr ions, this corresponds to a
peak displacement damage of ~ 145 displacements per atom (dpa) in Mo.Zr (~ 100 nm thick)
estimated from the SRIM calculation ['°]. The specimen chamber vacuum is approximately
1.1x107° Pa (8.0x10°® torr) during ion irradiation. The estimated local temperature uncertainty is
approximately £10 °C. With the selected ion energy of 500 keV or 250 keV, the retention of the
injected Kr ions in the electron transparent area (~ 100 nm thickness) of the TEM foil were
estimated to be 33% and 95%, respectively. The in-situ TEM analysis was performed using a
Hitachi H-9000NAR transmission electron microscope operating at 300 keV during the Kr ion
irradiation. Detailed post-irradiation examination (PIE) was performed using a 200 keV JEOL
2010 TEM/STEM system equipped with a LaBg filament, a Gatan UltraSacn-1000 digital camera
for imaging and a Brukers Si drift detector for composition analysis with Energy Dispersive
Spectroscopy (EDS). The TEM selected area diffraction (SAD) patterns from the major zones
were used for structural analysis. A Java-version Electron Microscopy Simulation (JEMS)
software developed by Stadelmann was used to assist in identifying the phase and indexing the
diffraction patterns ['"].

Thermal stability study of the GBS was conducted using a Gatan double-tilt TEM heating holder
for an irradiated U-10Mo FIB-TEM sample (T, ~ 140°C, 3.5x10?' fissions/cm®). The GBS
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microstructure is monitored in-situ during the heating experiment. The temperature ramp rate
was approximately 10°C/min where the temperature readout was based on the thermocouple
spot-welded at the miniature furnace of the heating holder. The heating holder temperature was
raised from room temperature to 700 °C in about 90 min, then kept at ~700 °C for about 30 min,
continued to ~850 °C with a reduced rate of ~ 5 °C/min. GBS images at zone [110] were
recorded at various points of the heating experiment for evaluation on its thermal stability.

3. Results and Discussion
3.1 Krion irradiation stability of Mo,Zr phase

The alloy matrix remains the bcc structure of U-Mo in y phase. A low magnification scanning-
TEM (STEM) image of the U-10M-5Zr alloy general microstructure is shown in Figure 1 where
all precipitates shown in the picture were identified to be Mo.Zr phase. TEM diffraction analysis
of the Mo,Zr phase in the unirradiated sample confirmed the MgCu, type structure for Mo.Zr
phase in U-10Mo-5Zr alloy.

Figure 1. STEM overview image of U-10Mo-5Zr alloy showing Mo.Zr phase (light contrast).

The microstructural evolution as a function of dose in Mo,Zr phase under 500 keV Kr ion
irradiation is shown in Figure 2. Low-magnification TEM overview images on the top reveal the
microstructural change before and after Kr ion irradiation in the MoyZr phase. Six high-
magnification TEM images from the same area show the details of the microstructural
development as a function of dose. The initial unirradiated microstructure contains a twin and its
visibility dropped significantly at a low dose of 1x10™ ions/cm? and disappeared before the ion
fluence of 5x10™ ions/cm? Significant dislocation development can be seen even at dose as
low as 4x10" ions/cm?. At an ion does of 5x10™ ions/cm?, the development of dislocation as a
result of irradiation appears saturated with no significant change up to the final fluence of 2x10™
ions/cm?. A high-resolution image in Figure 3 shows the details of the dislocation tangles and
network at the final dose within the same Mo,Zr precipitate shown in Figure 2. TEM imaging
with under- and over-focus conditions at high magnification during both in-situ irradiation and
PIE work could not reveal any bubbles in the 500 keV Kr ion irradiated Mo.Zr phase. It appears
Mo,Zr is quite resistant to Kr ion radiation damage in terms of bubble formation.
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Figure 3. High resolution TEM image showing dislocation tangles and network imaged under
g=0-11 from the same area in Figure 2 in bcc Mo,Zr irradiated to 2x10® ions/cm?.
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The most important finding from the PIE with detailed TEM microstructural characterization is
the structural change of Mo,Zr phase as a result of Kr ion irradiation. The TEM SAD patterns
from three major zones ( [001], [111] and [101] ) for the Mo,Zr phase in the unirradiated
condition in comparison to that of the irradiated condition (2x10'° ions/cm?) are shown in Figure
4. Although the SAD patterns of zone [001] and [111] between the two structures look similar,
the corresponding indices are quite different between the two structures. For the irradiated
Mo.Zr, the missing of the original [101] zone pattern shown in the MgCu, type structure for the
unirradiated Mo,Zr plus the presence of zone patterns from a much smaller cubic structure such
as zone [101] confirms the radiation induced structural change.

Figure 4. Comparison of SAD zone patterns in Mo,Zr for unirradiated (MgCu, type, left) and
irradiated to 2x10'° ions/cm? (bcc, right) at zone [001] (top), [111] (middle) and [101] (bottom).

The MgCus, type large cubic (ag = 0.7588 nm, containing 24 atoms) in the unirradiated Mo.Zr
has changed to the bcc type small cubic (a; = 0.3185 nm, containing 2 atoms) in the irradiated
condition (2x10" ions/cm?). The associated volume contraction is estimated to be 11.3%.
Unfortunately the exact irradiation doses where the structural transformation was occurring
could not be identified in this work without additional Kr ion irradiation experiment using the
IVEM due to limited availability for the facility. The transformed Mo,Zr structure in bcc has a
lattice constant similar to that for bcc molybdenum (ap = 0.315 nm). Recall that the single phase
Mo,Zr in bee structure could not be obtained without an extremely fast quenching of 10° K/sec
following the arc melt [9], the radiation-induced structural transformation for Mo,Zr phase
demonstrated that ion irradiation can lead to a microstructural change far from its
thermodynamically stable state. Comparing to the previous work on Kr ion irradiation of U-
Mo/Al-Si interaction products [2,3] and disregarding the structural change, the Mo.Zr phase
displayed exceptional radiation tolerance with clear SAD pattern and Kikuchi line pattern at even
higher dose. Although the threshold ion dose for the structural transformation was not identified,
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it is speculated that the threshold dose may be rather low therefore most part of the Kr
irradiation was on Mo,Zr phase with bcc structure which is known for its relative high resistance
to swelling and bubble formation comparing to the initial more complex crystalline structure.

One of the objectives for this work is to investigate the bubble development and swelling
behavior of the Mo,Zr phase under Kr ion irradiation relevant to the U-10Mo/Zr/Al-6061
monolithic fuel plate. Since 500 keV Kr ion irradiation to 2x10' ions/cm? was ineffective to
introduce bubbles in Mo,Zr phase, it demonstrated the high resistance to bubble formation. In
order to develop bubbles under more aggressive condition, the ion energy was reduced to 250
keV to trap more Kr ions in the sample. The amount of Kr ions retained in Mo,Zr was almost
tripled with the reduced ion energy to the same ion fluence. Figure 5 shows the high
concentration of small Kr ion bubbles in Mo,Zr imaged with under- and over-focus conditions for
the 250 keV Kr ion irradiation to 2x10" ions/cm?. The estimated bubble size is approximately ~
2 nm.

|
50 nm

Figure 5. TEM images of under-focus (left) and over-focus (right) showing small Kr bubbles in
Mo,Zr phase irradiated with reduced energy of 250 keV Kr ions at 200 °C to 2x10"® ions/cm?.

During post-irradiation TEM, it was found that there are small cracks present around the
interface between the large Mo,Zr precipitate (> 5 um) and U-Mo-Zr alloy matrix. This is likely
attributed to the volume contraction (11.3%) from radiation-induced structural change in MoyZr
phase that may create a tensile stress exceeding the bond strength at the interface. Interface
cracks were not found for the small precipitates despite of the similar volume contraction,
indicating less tensile stress built up at the precipitate and matrix interface. Perez et al found
that the Mo,Zr precipitates at the interface of U-Mo and Zr barrier layer in a fresh fuel tend to be
quite small [1]. Therefore the cracks identified for the large Mo,Zr as a result of radiation-
induced structural change may not be a concern for the U-10Mo/Zr/Al-6061 monolithic fuel plate
as long as the fuel fabrication process does not introduce large Mo,Zr precipitates.

3.2 Thermal stability of gas bubble superlattice
The temperature vs. time curve for the TEM in-situ heating experiment for an irradiated U-10Mo
FIB-TEM sample is shown in Figure 6. During the heating experiment, it requires frequent Z-

height adjustment and correction for tilt and thermal drift to maintain the right imaging condition
for GBS. Figure 7 shows the TEM bright field images of GBS at various temperatures from the
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same sample area. It shows no significant degradation on the superlattice structure for GBS.
The GBS images accquired at room temperature before and after the in-situ heating experiment
are shown in Figure 8. They demonstrate the high thermal stability of the GBS. This is not a
total surprise since GBS was developed in the U-Mo fuel under very aggressive fission fragment
bombardement to very high atomic displacement damage while in the reactor. The temperature-
transformation-time (TTT) diagram for U-Mo indicates that for U-10Mo it may take more than 5
hours to decompose its y-phase at 500°C [5]. Once passing 580°C, U-10Mo will be stable in its
high temperature y-phase (bcc). It is believed that GBS will collapse if y-phase is decomposed.
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Figure 6. TC reading vs. time for TEM ins-itu heating test for an irradiated U-10Mo sample.
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Figure 8. GBS images at room temperature before and after TEM in-situ heating experiment.
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As a general concern for the in-situ TEM experiments, the small sample dimension plus the
technical difficulty in calibrating the FIB-TEM spcimen temperature for the TEM heating holder,
the observation from this work needs to be verified by the furnace annealing experiment of a
bulk irradiated fuel sample followed by TEM characterization. This work has been planned and
the results will be provided in the future publication or conference. To better understand the
correlation between the y-pahse stability on GBS stability in U-Mo fuel, it is desired to conduct
heating experiment for the irradiated U-7Mo fuel instead of the U-10Mo fuel since the former
may start the phase transformation in about 1 hour at 525°C which is much sooner than that of
U-10Mo fuel.

4. Conclusions

The Mo,Zr phase developed at U-10Mo/Zr interface from fuel fabrication has an MgCu, type
large and complex cubic structure. Under Kr ion irradiation at 200 °C temperature to fluence of
2x10'® jons/cm?, this phase changes its structure to a much smaller bcc cubic associated with a
volume contraction of 11.3%. The irradiated defect structure mainly consists of dislocation
tangles and network. Ignoring the radiation-induced structural change, the Mo,Zr phase shows
exceptional radiation tolerance on suppressing bubble formation and maintaining crystalline
structure up to high dose of ~ 145 dpa. The preliminary result from TEM in-situ hjeating of an
irradiated U-10Mo demosntrated the high thermal stability of gas bubble superlattice.
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