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Abstract

The microstructure investigations on a high-energy Xe-implanted U;Si, pellet were performed.
The promising accident tolerant fuel (ATF) candidate, U3Si,, was irradiated by 84 MeV Xe
ions at 600°C at Argonne Tandem Linac Accelerator System (ATLAS). The characterizations
of the Xe implanted sample were conducted using advanced transmission electron microscopy
(TEM) techniques. An oxidation layer was observed on the sample surface after irradiation
under the ~10~> Pa vacuum. The study on the oxidation layer not only unveils the readily
oxidation behavior of U3Si, under high-temperature irradiation conditions, but also develops an
understanding of its oxidation mechanism. Intragranular Xe bubbles with bimodal size distribution
were observed within the Xe deposition region of the sample induced by 84 MeV Xe ion implantation.
At the irradiation temperature of 600 °C, the gaseous swelling strain contributed by intragranular
bubbles was found to be insignificant, indicating an acceptable fission gas behavior of U3Si, as
a light water reactor (LWR) fuel operating at such a temperature.

Keywords: Us3Si,, fission gas behavior, ion irradiation, light water reactor (LWR),

microstructure characterization, accident tolerant fuel

1. Introduction

The East Japan Great Earthquake and Tsunami and the subsequent nuclear accident in Fukushima

Daiichi Nuclear Power Plant motivated global efforts in searching for novel fuel-cladding solutions
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with enhanced accident tolerance that can take the place of the current UO,-zirconium alloy
combination in light water reactors (LWRs) [1, 2]. The target accident tolerant fuel (ATF)
materials must transcend the current UO, fuel in at least two aspects: thermophysical properties
and uranium density. Improved thermophysical properties are expected to reduce the thermal
energy stored in fuels under normal operation conditions and facilitate fuel performance for
some accidents [3]. The neutronic benefits provided by a higher uranium density allow selection
of cladding materials with higher neutron capture cross sections such as FeCrAl alloys [4]. Also,
a high uranium density may help increase utilities’ profits by extending the lifetime of fuel
elements so as to promote the transition from conventional fuels to ATFs. As an intermetallic,
UsSi; has a higher thermal conductivity that increases with temperature [5] as well as a higher
uranium density compared to UO,. Therefore, being regarded as a promising ATF candidate,
UsSi, has been intensely studied in the past few years [5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16].
Considering its successful applications in replacing high-enrichment low-density nuclear
fuels in research reactors, which has been supported by the Reduced Enrichment for Research
and Test Reactors (RERTR) program, U3Si; is not an unfamiliar uranium compound to the
nuclear material community [17, 18, 19, 20, 21, 22]. However, in LWRs, the operation conditions
of fuels differ substantially from those in research reactors. To be specific, the fuel temperature
in LWRs generally exceeds 300°C, whereas fuels in research reactors usually operate under
250°C. Therefore, despite that a great amount of U3Si,’s in-pile irradiation experimental data are
available, little is related to fuel performance under LWR conditions. Within the typical range of
fuel temperature in research reactors, U3Si, suffers radiation-induced amorphization with a dose
threshold of merely 0.3 dpa [23]. Thus, during the vast majority of the operating time in research
reactors, U3 Si; exists in its amorphous phase. However, as temperature is beyond approximately
250°C, which is the case in LWRs, U3Si; seems to be immune to amorphization under irradiation
[11, 13, 15]. The fuel behavior of UsSi, under LWR conditions can differ dramatically from
what was observed in research reactors due to the fundamental difference in atomic structure at
different temperatures. Hence, experimental data collected from research reactor experiments

alone cannot provide sufficient references to evaluate U3Si,’s fuel performance in LWRs.
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Originating from the accumulation of gaseous fission products in nuclear fuels, fission gas
behavior leads to a series of issues that degrade fuel performance and may compromise fuel
integrity, such as gaseous swelling, fission gas release, and thermal conductivity reduction.
Consequently, fission gas behavior of U3Si, in LWRs must be comprehensively understood and
then accurately predicted, in order to qualify this uranium compound as a LWR fuel material with
enhanced accident tolerance. However, the development of advanced fuel performance models
requires experimental data of radiation-induced fuel modifications at LWR temperatures for
verification and validation. Recently, the radiography investigation of the in-pile-irradiated U3 Si,
(as a part of the ATF-1 irradiation campaign) unveiled that UsSi, pellets are largely intact and
free from run-away swelling at ~6x10?° fissions/cm? [24]. This encouraging progress provides
important qualitative observations of in-pile fuel performance of U3Si, in LWRs, whereas detailed
microstructure information of the fission gas behavior in those pellets will not be available to
the ATF community for a while considering the high financial cost and technical challenges
involved in the PIE efforts of in-pile-irradiated fuels. Meanwhile, heavy ions with ~1 MeV
per nucleon has recently been proved to be capable of replicating a series of radiation-induced
microstructural modifications in nuclear fuel materials by simulating the fission products with
~100 MeV kinetic energy [25, 26, 27, 28, 29]. Thus, it is of great relevance to adopt high-energy
heavy ion irradiation and corresponding PIE techniques, as an economical and efficient tool
that is complementary to in-pile irradiation tests, to produce experimental data to support fuel
performance model development of U3Si, under LWR conditions. In this regard, Xe, the most
representative gaseous fission product, was ionized, accelerated, and implanted into U3Si, samples
at LWR temperatures by Argonne Tandem Linac Accelerator System (ATLAS). At 300°C, small
lattice intragranular bubbles with monomodal size distribution were observed along with small
bubbles aggregated on defect sinks such as dislocations and grain boundaries [13]. As temperature
increases, some bubble evolution kinetics with higher energy barriers may be activated, resulting
into a dissimilar bubble morphology [12]. In this study, the microstructural modifications,
especially Xe bubble morphology, induced by Xe ions at 600°C were focused on so that additional

fission gas behavior of U3Si; under LWR conditions can be disclosed.
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2. Experiments

2.1. Sample Preparation

The U;Si, cylindrical pellet with an 8.3 mm diameter investigated in this study was fabricated
at Idaho National Laboratory [8] using the same procedures and conditions as those pellets
irradiated in the Advanced Test Reactor (ATR) for the ATF-1 campaign [7]. The fine depleted
uranium powder (92.5 wt%) was mixed and pressed at 225 MPa with fine silicon powder (7.5
wt%) before being arc-melted to form U;Si, ingots. A fine powder of U3Si, was produced by
comminuting those ingots and was then used to fabricate U3Si, pellets by cold pressing and
sintering in an argon protection atmosphere. More details about the fuel fabrication procedures
can be found in Ref. [8]. The manufacturers have reported the existence of USi and UO,
precipitates (~14 vol.%) in the as-fabricated U3Si, pellets. U-Si phases with higher U content,
such as U3Si and U(Si), were not observed. A 3 mm thick disk was cut from the pellet using
a diamond saw for the high-energy Xe implantation. The surface subject to ion irradiation was
first mechanically polished to 0.05 um surface roughness and then vibratory polished to its final

surface finish.

Figure 1: Experiment setup of Xe implantation at ATLAS: (a) a schematic showing the design of the irradiation sample
stage; (b) the irradiation sample stage installed between the Boost linac and PII linac of the ATLAS facility.

2.2. Ion Implantation

The high-energy Xe implantation was conducted at the ATLAS ion irradiation chamber,
which is capable of accelerating a wide range of species of ions (from proton to uranium)

up to ~1.5 MeV per nucleon [27]. The UsSi, disks was fastened to a sample holder made
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of oxygen-free high-conductivity (OFHC) copper using PELCO high performance silver paste.
Also mounted on the OFHC copper sample holder was a HeatWave Labs TB-175 cartridge heater.
The heater used a tunable DC power supply controlled by a proportional-integral-derivative (PID)
module. The temperature of the specimen was measured by two K-type thermocouples mounted
~5 mm away from the specimen (Fig. 1). The specimen was heated to 600°C at a 60°C/min
ramping rate and then irradiated by 84 MeV Xe ions of ~100 particle nA. The irradiation
temperature was within the typical LWR fuel temperature range but was much higher than the
typical fuel surface temperature (~300°C), as investigated previously [13]. Throughout the Xe
implantation, the temperature fluctuation was limited by the PID within +10°C. The temperature
difference between the sample surface and thermocouple positions was found to be lower than
20°C when a heater working at 200 W was attached to the sample surface to simulate irradiation
heating effect. Considering that the ion beam used in this study had a power of merely 8.4 W, the
measured temperature only has a marginal difference from the actual irradiation temperature. The
energy of Xe ions was similar to that of the Xe fission fragments in actual in-pile irradiated fuels
and therefore was expected to simulate the radiation-induced microstructural modifications. The
profile of the Xe ion beam was measured and centered by a Faraday cup. The U3Si, specimen
was continuously irradiated at a 100 particle nA beam current for 20 hours. Assuming a 2D
Gaussian beam profile, the ion fluence in the center of the beam’s footprint was determined to be
1.38x10'7 ions/cm?. The Xe deposition and radiation dose profiles induced by this fluence of Xe
ions were assessed using the quick damage mode of SRIM code [30] and Stoller et al.’s approach
[31] (Eg =61 eV [32, 33]; Eii = 15 eV), as shown in Fig. 2(b). The peak radiation dose (499
dpa) appears at approximately 6 um from the surface, whereas the average Xe concentration from
5 um to 8 um from the surface is approximately 0.92%, which is equivalent to a approximately

6.4%FIMA (fissions per initial metal atom) assuming a gas fission product yield of 0.24 [34].

2.3. Characterization of the Irradiated Specimen
The microstructure characterization of the Xe-implanted U;Si, sample was performed at the
Materials Characterization Suite (MaCS) in Center for Advanced Energy Studies (CAES). A

transmission electron microscopy (TEM) lamella specimen was lifted out from the center of
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Figure 2: Overview of the investigated TEM lamella: (a) a SEM secondary electron image of the TEM specimen during
FIB preparation, showing the multilayer structure (including Pt protection layer, oxidation layer (OL), and U3Si; layer)
in the depth direction. The white arrow marks an oxidized area in the U3Si, layer that used to be a grain boundary.
The bright and dark features around 8 um deep in the specimen are UO, and USi precipitates forming during the
sintering of the U3Si; pellets. Both of the scale bars indicate a length of 3 um in their respective directions. (b) a
STEM HAADF Z-contrast image of the TEM specimen showing the layer division in the depth direction, overlaid with
the Xe concentration and radiation damage profiles calculated by SRIM. It is worth mentioning that a small portion of
the OL layer near the surface was intentionally not processed by the Ga ion beam during the final thinning in FIB so as to
preserve the Pt protection layer as the surface reference. As a result, that small portion of the OL near the surface shows
brighter contrast due to the extra thickness.



the ion beam’s footprint on the U;Si, sample and mounted onto a copper Omniprobe TEM
grid in an FEI Quanta 3D FEG focused ion beam (FIB) system. An approximately 6 ym
(width) X 10 um (depth) rectangular area on the lamella was then further thinned to electron
transparency (approximately 50 nm) by the FIB. The completed TEM lamella was investigated
using an FEI Tecnai TF30-FEG STwin STEM working at 300 kV. A series of imaging techniques,
such as TEM bright-field (BF) diffraction contrast imaging and scanning transmission electron
microscopy (STEM) high-angle annular dark field (HAADF) Z-contrast imaging, were employed
to explore the radiation-induced microstructural modifications, bubble morphology in particular,
in the Xe implanted U3Si; specimen. In addition, analytic STEM techniques such as energy
dispersive X-ray spectroscopy (EDS or EDX) were adopted to characterize the element composition

of different phases observed in the lamella.

3. Results

3.1. The Oxidation Layer and Si-Enriched Layer

One of the most prominent microstructural modifications observed in the lamella is the
formation of the oxidation layer (OL). U3Si, has been reported to be subject to radiation-enhance
or radiation-induced oxidation even under vacuum (on the order of 10~3 or 107° Pa) [35, 11, 13].
In a previous study on Us3Si, irradiated at 300°C [13], an approximately 1 um thick OL mainly
comprising nanocrystalline UO, was reported to form on the surface exposed to irradiation. In
this study, as the irradiation temperature was increased by 300°C, the thickness of the OL was
quadrupled due to the fast diffusion at elevated temperatures (Fig. 2). A close look into the OL
(Fig. 3(a)) shows the similar nanocrystalline structure as reported in U3Si, irradiated at 300°C
[13]. The selected area diffraction pattern (SADP) of the OL zone (Fig. 3(b)) indicates that the
vast majority of the diffraction spots comes from UO, nano-grains (red rings), and that a small
fraction of diffraction spots may be probably contributed by other U-O or U-Si compounds such
as U3O0g, U3Sip, UsSi, and USi. The STEM HAADF Z-contrast image of the OL zone (Fig.
3(c) and (d)) also illustrates some high-Z and low-Z precipitates embedded in the OL matrix.

Compared to the EDS profile of the U;3Si, (Fig. 3(e)), the EDS profile of the OL matrix (Fig.
7



3(f)) shows the absence of Si and enrichment of O, which is consistent with the dominant UO,
diffraction contribution in the OL. In TEM and STEM images, the OL seems free of cracks and
cavities. Thus, the OL is dense and expected to be protective. On the other hand, according
to EDS(Fig. 3(g) and (f)), the high-Z precipitates were found to be U-enriched and Si-depleted,
whereas the low-Z precipitates are U-depleted and Si-enriched. This finding explains those minor

diffraction spots, and thus implies the occurrence of phase decomposition in the OL zone.

Figure 3: Microstructure of the oxidation layer (OL): (a) a TEM BF image of the OL showing the diffraction contrast
of nano-grains; (b) the selected area diftraction pattern (SADP) of the OL showing the dominance of the nanocrystalline
UO; phase and co-existing minor phases such as UzOg, U3Si,, USi, and residual U3Si,; (c) a STEM HAADF Z-contrast
image of the OL indicating the existence of minor phases with different compositions; (d) the magnified STEM HAADF
Z-contrast image of the area indicated by the white frame in (c), showing the low-Z (darker, labeled by “h”), high-Z
(brighter, labeled by “g”), and medium-Z matrix (labeled by “f”’) zones; (e) the EDS data of the U3Si, taken at the U3Si,
layer in Fig. 2; (f) the EDS data of the medium-Z matrix zone labeled by “f” in (d), showing the absence of Si and
enrichment of O compared to U3Siy; (g) the EDS data of the high-Z zone labeled by “g” in (d), showing the depletion of
Si compared to U3 Siy; (h) the EDS data of the low-Z zone labeled by “h” in (d), showing the enrichment of Si compared
to UsSij.

In the UsSi, irradiated at 300°C, Si was found to diffuse away from the surface, leaving a
Si-depleted OL zone and forming a ~50 nm thick Si-enriched layer (SEL) between the OL and

UsSi, [13]. Similar phenomenon was observed in this study as the irradiation temperature was
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increased to 600°C. In STEM HAADF Z-contrast images (Fig. 2(b) and Fig. 4(a)), a low-Z layer
can be distinguished between the OL and U3Si,. EDS profile of this low-Z layer (Fig. 4(c))
confirms that this is the SEL. As the OL zone was thickened fourfold at the higher irradiation
temperature, the SEL also increased in thickness. The thicker SEL made it possible to obtain its
diffraction pattern. As shown in Fig. 4(b), the SEL was determined to be USi,_, [36]. It is worth
mentioning that some forbidden diffraction spots of USi,_, are also present, implying the high

concentration of radiation-induced point defects and/or anti-site defects in this zone.

Figure 4: Microstructure of the Si-enriched layer (SEL): (a) a STEM HAADF Z-contrast image showing the formation
of a low-Z layer between the OL and the U3Si; layers; (b) the SADP of the SEL zone that was identified as the (010)
zone of USiy_,; the forbidden diffraction spots that appear in this SADP are labeled by orange indices; (c) the EDS data
of the SEL zone, showing the enrichment of Si compared to U3Si, (Fig. 3(e)).

3.2. The Bubble Region

Beyond the SEL zone is the UsSi, zone confirmed by both the EDS profile (Fig. 3(e)) and
SADP (Fig. 5(b) and (c)). Similar to the SADP of the SEL, some forbidden diffraction spots
of U3Si,, such as the {100} spots, are present, indicating the high density of radiation-induced
defects in this region. Additionally, a blade-shaped feature with a thickness of approximately
300 nm from the OL and SEL zones extended into the U3Si, zone (marked by the white arrow
in Fig. 2), dividing this zone into two parts labeled G1 and G2, respectively (Fig. 5(a)). The
SADPs of those two parts (Fig. 5(b) and (c)) indicate that they are two UsSi, grains with a
misorientation of approximately 2.7°. Thus, the blade-shaped feature used to be a low-angle

grain boundary (LAGB) prior to the Xe implantation. According to the SRIM calculation, both
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Xe concentration and radiation dose profiles peak in the region shown in Fig. 5(a). This region
can then be termed as the bubble region because Xe bubbles are expected to form in it. The
bubble region is still dominated by U;Si, phase though the area surrounding the LAGB was
oxidized during irradiation. Hence, the bubble morphology investigations in this study were still
feasible in spite of the surface oxidation issue. It is worth mentioning that a small amount of
oxygen that is lower than the detection limit of STEM EDS technique (Fig. 3(e)) may diffuse

into the U3Si; layer, affecting the local defect kinetics.

Figure 5: Microstructure of the U3Si, zone where Xe concentration and radiation damage profiles peak: (a) a STEM
HAADF Z-contrast image of the U3Si, bubble region; (b)(c) the SADPs of the two regions labeled by G1 and G2 in (a),
showing a slight misorientation of approximately 2.7°; the forbidden diffraction spots that appear in these SADPs are
labeled by orange indices.

3.3. Bubble Morphology

In the bubble region of the investigated TEM lamella, as the only grain boundary was preferentially
oxidized during the Xe implantation, the bubble morphology investigations in this study were
focused on intragranular bubbles. Near the peak of the Xe concentration profile, the most
prominent microstructure feature is the bubbles of approximately 20 nm in diameter. This feature
can be recognized in both STEM HAADF Z-contrast images (Fig. 6(a)) and defocused TEM BF
diffraction contrast images (Fig. 6(b)). Those intragranular bubbles with sizes on the order of
10 nm usually have a faceting rather than spherical shape (Fig. 6(c)). The number density and
size distribution of those bubbles near the Xe concentration peak were obtained by analyzing

images of over 100 bubbles using both imaging techniques. The STEM HAADF Z-contrast
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images give a bubble number density of 8.6x10?° m~3 and an average size of 23.6+0.9 nm (Fig.
6(a)), whereas the 1 um overfocused TEM BF images yields a number density of 8.5x10%° m~3
and an average size of 22.2+1.0 nm (Fig. 6(b)). The two imaging techniques produce consistent

statistics of bubble morphology considering the margins of error.

Figure 6: Morphology of large intragranular bubbles (indicated by black and white arrows): (a) a STEM HAADF image
of the U3Si, region near the Xe concentration peak showing the existence of intragranular Xe bubbles of the order of 10
nm; (b) a 1 um overfocused TEM BF image of the U3Si; region near the Xe concentration peak showing the existence of
intragranular Xe bubbles of the order of 10 nm; (c) a magnified STEM HAADF image showing a faceted intragranular
bubble of 34.7 nm in diameter.

Figure 7: Size distribution of large intragranular bubbles: (a) size distribution of large intragranular bubbles measured
from the STEM HAADF Z-contrast images; (b) size distribution of large intragranular bubbles measured from 1 um
overfocused TEM BF images.

Aside from those bubbles of tens of nm, smaller intragranular bubbles also form in the bubble

region. Due to the limited size, those small bubbles cannot be resolved in STEM HAADF
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images. However, TEM BF defocused imaging is still capable of visualizing them. Even in
the low-magnification overfocused image such as Fig. 6(b), small dark spots can be distinguished
along with those aforementioned large bubbles. In higher magnification, those small intragranular
bubbles with sizes on the order of several nm can be recognized as white and black spherical spots

in underfocused and overfocused images, respectively (Fig. 8).

Figure 8: Morphology of small intragranular bubbles: (a) a 1 um underfocused TEM BF image of the U3Si, region
near the Xe concentration peak showing the intragranular Xe bubbles (brighter spots) on the order of 1 nm; (b) a 1 um
overfocused TEM BF image showing the same intragranular bubbles as dark spots.

The number density of those small intragranular bubbles exceeds that of the large intragranular
bubbles by approximately three orders of magnitude. In additions, the average size of the small
intragranular bubbles was found to be 2.87+0.07 nm with a distribution ranging from 1.8 nm to 4
nm, as shown in Fig. 9. Therefore, the intragranular bubbles in the Xe implanted U3Si, specimen

show a bimodal size distribution, as shown in Figs. 7 and 9 respectively.

4. Discussion

4.1. Oxidation Mechanism

Microstructure studies on corrosion issues have been performed recently for UsSi, and its

non-radioactive surrogate with and without irradiation [37, 38, 11, 13, 39, 40]. When no irradiation
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Figure 9: Size distribution of small intragranular bubbles measured from 1 um overfocused TEM BF images.

was involved, the onset of reaction with steam was reported to occur at approximately 400°C to
500°C [40, 38]. In high-temperature corrosion tests of U3Si, in air, the oxidation products were
reported to be UO,, U30g, and USis [40]. Under irradiation, U3Si, was found to oxidize even
under high-vacuum conditions in TEM [11, 15] and accelerator chambers even at 300°C [13],
which is lower than the onset temperature without irradiation. Thus, the oxidation behavior of
U;Si, is obviously facilitated by irradiation. The product of oxidation is either nanocrystalline
UO; plus amorphous SiO; in in situ TEM ion irradiation [11], or a layer of UO, nano-grains
plus a layer of Si-enriched phase in a bulk sample irradiated at 300°C [13]. In this study, with
the increase of irradiation temperature, oxidation impacted a thicker region of the U3Si,, which
helps unveil more microstructure information of the oxidation mechanism in irradiated U3Si,.
First of all, the OL is mainly composed of nanocrystalline UO,, which is consistent with
the observation at 300°C [13]. As the thickness of the OL was quadrupled due to the elevated
temperature, more details in microstructure of the OL can be discovered. Aside from a limited
amount of residual U;Siy, the existence of a U-enriched phase (U3Si) and a Si-enriched phase
(USi) can be confirmed by both crystal structure and element composition characterizations,

indicating the occurrence of phase decomposition. This decomposition may be related to the
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depletion of Si in the OL. Electron diffraction also indicated the formation of U3Og in addition
to UO,, probably due to the increase of irradiation temperature.

Also in agreement with the previous study at 300°C [13] is the formation of a SEL between
the OL and UsSi;. At 600°C, accompanied with the increased thickness of the OL, the SEL
also appears to be thicker and thus provides sufficient volume for SADP to determine its USi,_,
structure. Therefore, a hypothetic oxidation mechanism of U3Si, under irradiation can be established:
the Si tends to diffuse away from the surface exposed to oxygen and irradiation, and to form a
USi,_, layer, leaving the U to be oxidized into nanocrystalline UO,. It is still unclear whether this
redistribution of Si originates from radiation-induced segregation (RIS) or temperature gradient
created by ion implantation. At elevated temperatures, UO, can be further oxidized into U30Og.
Meanwhile, phase decomposition of U3Si; may occur during the Si diffusion procedure, leaving
a small portion of residual U3Si and USi phases along with residual U3Si, phase in the OL.

Finally yet importantly, preferential oxidation of grain boundaries was also observed in this
study. Although U;Si, becomes readily to oxidize under irradiation. The oxidation is not
expected to be a serious issue for U3Si; in LWRs considering that the pellet surfaces are the
only open surfaces. During normal operation, the surface temperature of U3Si, pellet is low,
while the residual oxygen in the helium fill gas is limited. Thus, only a thin layer of surface

region (several microns) may be affected.

4.2. Fuel Stability

Beyond the surface oxidation, the underneath U3Si, material remained intact during the ion
irradiation up to 499 dpa dose. The tetragonal crystal structure of U3Si, was preserved without
any distinguishable sign of amorphization or grain subdivision, showing the phase stability
of U3Sip under ion irradiation at 600°C. In fact, compared to the formation of high-density
radiation-induced dislocations in U3Si, implanted by Xe at 300°C, the U3Si, grains contain few
dislocations after 499 dpa irradiation due to the annealing effect at 600°C. Thus, this study further
confirmed that U;Si, is capable of maintaining its crystalline phase under LWR conditions.

However, heavy ion irradiation still induced significant damage into the U;3Si, lattice. As implied
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by the appearance of forbidden diffraction spots, the U3Si, phase near the radiation dose peak

contains a great number of radiation-induced point defects and/or anti-site defects.

4.3. Fission Gas Behavior

The quantitative morphology information of intragranular bubbles forming at this irradiation
temperature is the most crucial result of this study. Unlike the irradiation test performed at 300°C
[13], few radiation-induced dislocations can be distinguished in the sample irradiated at 600°C.
As a result, dislocation bubbles (bubbles nucleated at dislocations) make marginal contributions
to fission gas behavior at this temperature, and almost all the intragranular bubbles are lattice
bubbles. In actual LWRs, lower radiation damage rate and longer annealing time compared to
accelerated ion irradiation experiments may lead to an even lower density of radiation-induced
dislocations. At 300°C, the lattice bubbles feature a monomodal size distribution with an average
size of 2.71+0.08 nm [13]. On the contrast, at 600°C, large intragranular bubbles also form
in addition to the small intragranular bubbles of several nm in size, giving a bimodal size
distribution. The formation of large intragranular bubbles indicates the occurrence of bubble
coalescence [41, 42, 43]. Thus, the diffusion of small Xe bubbles, which is inactive at 300°C,
was found to be activated as the irradiation temperature reaches 600°C. The transition from
monomodal size distribution to bimodal size distribution of lattice intragranular bubbles from
300°C to 600°C also validates the rate theory model [44] parameterized for Us;Si, under LWR
conditions [12]. With the appearance of the large intragranular bubble, there exist a slight
decrease in number density and a slight increase in average size of small intragranular bubbles.
This observation is also in agreement with the rate theory prediction [12]. More importantly,
with the bubble morphology data collected in this study, the parameters of the rate theory model
can be further optimized.

Trial to investigate intergranular bubbles was made by preparing another TEM lamella using
FIB. A high-angle grain boundary (HAGB) was observed in the bubble region of the second
sample. Unfortunately, the HAGB also suffered preferential oxidation, implying that preferential
oxidation of grain boundaries in the U3Si, layer may be a general phenomenon at this temperature.

Thus, the morphology of intergranular bubbles could not be obtained in this study. The lattice
15



intragranular bubbles do not exceed 50 nm (see Fig. 7) in size and contribute approximately
1.54% gaseous swelling strain in U3Si, implanted to a Xe concentration equivalent to ~6.4%FIMA
at 600°C, based on the size distribution and number density shown in Figs. 7 and 9. Although the
swelling strain contributed by lattice bubbles is slightly higher than that of the sample irradiated
at 300°C, it is still within an acceptable range, suggesting that U;Si, has acceptable fission gas
behavior at 600°C in regards of intragranular bubbles. It needs to be emphasized again that
a higher radiation dose rate and a shorter annealing time were involved in this ion irradiation
study compared to actual LWR neutron irradiation conditions, as the nature of the accelerated
irradiation test utilizing high-energy heavy ions. Thus, not all the radiation-induced microstructural
modifications during in-pile irradiation can be quantitatively replicated in this study. Nevertheless,
as a series of important condition parameters, such as irradiation temperature, kinetic energy
of the fission product (Xe), and implanted Xe concentration, were simulated to a considerable
extent, this study is expected to produce reasonable results to help understand fission gas behavior
of U3Si, in LWRs with at least qualitative correctness. Therefore, the bubble morphology
data collected in this study will help support the development of advanced fuel performance
models by clarifying microstructure evolution mechanisms and providing valuable verification
and validation references, especially prior to the release of the detailed PIE data from the ATF-1

in-pile irradiation campaign.

5. Conclusions

In summary, a U3Si; pellet was irradiated by 84 MeV Xe ions at 600°C to simulate its fission
gas behavior in LWRs. TEM/STEM characterizations disclosed a number of radiation-induced
microstructural modifications. A nanocrystalline UO, layer along with a USi,_, layer was found
to form as the consequence of radiation-induced or -enhanced oxidation. The Us3Si, fuel was
proven to maintain its crystal structure in absence of amorphization and grain subdivision up to
499 dpa at 600°C. More importantly, lattice bubbles with bimodal size distribution dominate the
intragranular bubbles, whereas few dislocation bubbles were observed due to the low dislocation

density at elevated temperatures. The bubble morphology data obtained in this study are complementary
16



to the previous study performed at a lower temperature [13]. By utilizing high-energy heavy
ion irradiation and advanced microstructure characterization techniques, this study produced
experimental references that are valuable for the fuel performance evaluation of U3Si, as an

LWR ATF.
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