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Abstract

Minor actinides (MA) significantly contribute to the long-term radiotoxicity of spent nuclear
fuel (SNF). Separating MA from SNF and incorporating it into metallic fuels for fast reactor
transmutation is a potential method to reduce this radiotoxicity. This study focuses on
transmission electron microscopy characterization of two samples from the fuel cladding
chemical interaction (FCCI) region of an americium (Am) and neptunium (Np)-bearing (MA-
bearing) uranium-plutonium-zirconium (U-Pu-Zr) fuel irradiated in the Phenix fast reactor to
9.5 % FIMA burnup at approximately 550 °C cladding temperature. The results show that
despite the complex chemical interactions between MA and AIMI1 cladding elements,
excessive FCCI was not induced, and Am penetration depth in the cladding limited to less than
4 pm. Np remained mostly inside fuel. The Zr-rich compounds layer effectively limited the
accumulation of lanthanide on the inner cladding surface. Overall, the FCCI behavior between
investigated MA-bearing U-Pu-Zr fuel and AIM1 cladding is benign.

1. Introduction

Managing high-level radioactive nuclear waste from irradiated oxide fuel in light water
reactors is challenging due to the presence of long- lived minor actinides (MA). These MA
increase radiotoxicity and heat load of the nuclear waste, complicating its disposal. One
promising solution is separating MA, such as neptunium-237, americium-241, and curium-244,
from spent nuclear fuel (SNF) and reprocessing them into fuel forms for fast reactors so that
they can be transmuted to other nuclides with lower radiotoxicity [ 1-3].

U-xPu-10Zr metallic fuel has high uranium density with potential to be recycled using pyro
processing [4].

The Fuel for Transmutation of transuranium elements in phenIX- Fortes Teneurs en Actinides
(FUTURIX-FTA) is an international research project focused on studying the transmutation of
MA through irradiation. The FUTURIX-FTA experiment is a collaborative effort involving the
U.S. DOE and the French Commissariat a I -Energie “ Atomique et aux Energies Alternatives



(CEA). Through this collaboration, the project aims to enhance the understanding of MA
transmutation processes in metallic fuel. As part of the project, this experiment aimed to
investigate the behavior of U-Pu-Zr fuels bearing MA under fast reactor operating conditions.
The subsequent post- irradiation examinations (PIE) of these experiments will provide a better
understanding of fuel performance, serving as the scientific basis for designing transmutation
fuels [5-7].

Fuel cladding chemical interaction (FCCI) is a potential life limiting factor for metallic fuels
in fast reactors, as it significantly affects fuel performance and longevity [&]. FCCI involves
chemical reactions at the interface between the fuel and cladding, leading to cladding wastage,
which can compromise the cladding’s structural integrity [9].

Studies of the U-Pu-Zr subassembly X447 provide crucial insights into the mechanisms
driving FCCI, particularly through the development of the three-zone model of constituent
redistribution [10-13]. Additionally, research conducted under the METAPHIX project further
highlights the redistribution of MA and the formation of secondary phases within the fuel [ 14—
15], emphasizing the impact of MA on FCCI.

A previous EPMA study [16] demonstrated both significant MA redistribution in U-Pu-Zr
fuel and notable FCCI phenomena. While the center of the fuel remained mostly a single phase,
the periphery split into a (U, Np, Pu)Zr:-like phase and a high-U, low-Zr phase. Am,
lanthanides, and actinides precipitated in a Nd7(Pd, Rh)s-like phase near the outer fuel radius,
with Am also dissolving into major fuel phases. In the most severe case, Sm and Am penetrated
up to 15 um into the AIM1 cladding, while Fe, Ni, and Cr from the cladding penetrated up to
30 um into the fuel.

This study, through comprehensive scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and energy-dispersive x-ray spectroscopy (EDS) mapping
analyses, aims at elucidating the microstructural and elemental interactions at two selected fuel-
cladding interface sites with following research focuses:

« Microstructure and phase characterization at micro- and nanoscale (SEM and TEM).

- Elemental distribution of key elements particularly Am and Sm within the FCCI and adjacent
regions.

- Phase identification by indexing the collected selected area electron diffraction patterns.

- Diffusion mechanisms of MA and other elements into the cladding and their impact on FCCI.
This includes studying the penetration depth and clustering behavior of MA and lanthanide
fission products and their interactions with cladding elements such as Fe, Ni, and Cr.

« The implications of results on FCCI and MA-bearing metal fuel performance in fast reactors.

2. Experiments
2.1.Fuel fabrication

The fuel fabrication process, as detailed by Ref. [17], was used to create 4.9 mm diameter
cylindrical fuel slugs. This process began by melting metallic feedstocks to form a
homogenized button. The button underwent at least three cycles of melting and solidifying to
ensure homogeneity. After homogenization, the charge was remelted and drawn up via suction



into quartz mold. The resulting slugs varied in length, with an average length of approximately
100.0 £ 1.0 mm. Using a combination of inductively-coupled plasma - mass spectrometry (ICP-
MS) and ICP - atomic emission spectrometry (ICP-AES) [16], the composition of the as-
fabricated fuel slugs was determined to be 34.1U-28.3Pu-3.8Am-2.1Np-31.7Zr by weight
percent, which corresponds to approximately 22.6U-18.6Pu-1.42Np-2.52Am-54.9Zr in atomic
percent.

The fuel slugs were encased in AIM1 cladding, a 316 stainless steel with a estimated
composition in weight % of 14—16Cr, 14—16Ni, 1-2Mn,1.3—1.7Mo, 0.7-0.9Si, 0.3—0.5Ti 0.08—
0.1C and Fe Matrix [18, 19].

2.2. Irradiation

The encased fuel slugs were irradiated in the Phenix sodium fast “ reactor, operating at an
average linear heat generation rate of 318 W/ cm. The temperature of the cladding reached 550
°C, and the DOEI1 fuel achieved a fission density of 2.08x102! f/cm?, equivalent to 9.5 at %
FIMA [16].

2.3. Post irradiation examination

2.3.1. Rodlet sectioning and polishing

The irradiated fuel slugs were sectioned in Hot Fuel Examination Facility (HFEF) at INL.
The transverse cross-sectional sample was cut at height of x/L = 0.5 using low-speed diamond
saw. The sample was mounted in epoxy and polished for metallographic examination.

2.3.2. Site-specific TEM sample preparation

A focused ion beam (FIB) scanning electron microscopy (SEM) at the Irradiated Materials
Characterization Laboratory (IMCL) in INL was used to extract two lamellae at two FCCI sites.
The lamellae were thinned to electron transparency for TEM characterization.

2.3.3. TEM characterization

Titan Themis TEM at INL’s IMCL [20] was used to study the microstructural and phase
characteristics of the FCCI region. The TEM analysis included bright-field TEM (BF-TEM)
imaging of grain boundaries, phase precipitates, and voids. STEM-EDS analysis involved
scanning TEM (STEM) coupled with EDS providing high-resolution elemental maps and line
scans for chemical elements at the nanoscale.

3. Results

Fig. 1 shows an area of interest for FCCI research (1a), the position identified for a FIB
lamella lift-out (1b), the pre-thinned lamella (1c¢), and the thinned lamella (1d). Fig. 1¢ provides
an overview of the extracted lamella sample, including both the fuel and cladding sections.

Fig. 2 provides an in-depth TEM chemical analysis of the entire sample prepared inside the
FCCI region, using the Velox software for analysis. Fig. 2a shows different microstructure
features between fuel and cladding.



Fig. 2b presents the corresponding STEM-EDS mapping, illustrating the distributions of key
elements (Si, Ti, Cr, Fe, Ni, Zr, Ce, Sm, U, Pu, and Am) across the FCCI region. The map uses
different colors to represent areas where specific elements were concentrated. This color-coded
mapping provides a clear visualization of the spatial distribution and relative concentration of
each element within the FCCI region. The arrow with the white box indicates the specific area
analyzed for one- dimensional element distribution, as will be shown in Fig. 3. The cladding
region, highlighted by the green box in Fig. 2a, is shown in detail in Fig. 2¢. This zoomed-in
view shows the distribution of all key elements, both overlaid and as single elements, within
the cladding. All elements, except Ti, formed clusters near the interface within the FCCI region.
Ti, on the other hand, formed small clusters in the cladding away from the FCCI region. In Fig.
2¢, the STEM-EDS mapping revealed a very small amount of diffusion of U and Pu into the
cladding. However, Am and Sm, confirmed by integrated STEM-EDS spectrum in Fig. 2d,
penetrated the cladding to a depth of 2—3 pm and formed submicron sized clusters. Lanthanide
fission products other than Sm, represented by Ce, remained inside the Zr-rich compounds layer
at the fuel side.

Fig. 3aillustrates the one-dimensional distribution of elements from the fuel to the cladding,
as indicated by the arrow in Fig. 2b, along with a quantitative analysis.

The black box in Fig. 3a highlights the FCCI region where these transitions occurred with
selected elements at low atomic fractions. A zoom-in view of this region is shown in Fig. 3b.
The U profile indicated a higher concentration at the FCCI interface, followed by a sharp
decline with only a small amount diffusing into the cladding. In contrast, the Zr profile showed
minimal changes within the fuel at high atomic fractions. Other elements, such as Sm, Np, Pu,
Si, and Am exhibited high concentrations in the fuel region near the FCCI interface and
significant diffusion into the cladding at approximately 4 um depth. Cladding elements such as
Ni, Fe, and Cr, also clustered near the FCCI interface.

This detailed analysis provides insights into the diffusion patterns and interactions of various
elements at the FCCI interface. The majority of the fuel side at the interface was Zr, instead of
U. Additionally, consistent with the observations in Fig. 2, Am and Sm, each with an atomic
fraction of <20 %, exhibited concentration profiles similar to Ni at the FCCI region. This
suggests that Am and Sm may form compounds with Ni.

Meanwhile, Fe-rich agglomerates formed in the cladding near the FCCI interface. The
segregation of Fe suggests a depletion of Fe in regions where Am, Sm, and Ni were
concentrated, highlighting the complex chemical interactions occurring at the interface.
Additionally, there was no significant diffusion of U and Pu into the cladding, indicating that
these elements remained largely confined to the fuel region.
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Figure 1. The SEM images of (a) the fuel AIM1 cladding, and the FCCI interface, (b) the
location for first TEM lamella extraction, (¢) The TEM lamella before thinning, and (d) the
thinned lamella ready for TEM characterization

Fig. 3b provides a close-up view of the distribution of Am, Sm, U, Pu, and Np within the
black box region. This detailed examination confirmed that these elements exhibited similar
distribution patterns. The concentrations of Am and Sm were significantly higher than those of
Np, U, and Pu inside cladding.

Fig. 4 presents a BF-TEM image along with the corresponding diffraction patterns from
selected regions within the cladding, providing a detailed view of the microstructural and phase
variations at different distances from the fuel-cladding interface.

Diffraction patterns obtained from the two regions, a and b, are displayed in Fig. 4.
Corresponding to the BF-TEM image in Fig. 4, the region a was about 3—4 um away from the
fuel-cladding interface while the region b was slightly less far.

Region ’a’: Located farther from the interface, about 3—4 um into cladding, region ’a’ was
devoid of Am and Sm. The diffraction pattern for this region reveals an FCC (face-centered
cubic) structure viewed along the [110] direction, along with M23Cg¢ carbides viewed along the
[110] and [141] directions. Atomic fractions of Fe and Ni were approximately 65 % and 16 %,



respectively, as seen in Table 1, this region likely represented the Fe y-phase matrix structure
for stainless steel claddings [21].

Region ’b’: Compared to region ’a’, region ’b’ was located closer to the interface where Am
and Sm were concentrated. In this region, Am and Sm were 6 at% and 8 at%, respectively. The
diffraction patterns from region b’ were indexed as Hexagonal Closed Packed (HCP). The
atomic fraction of Ni in this region was approximately 33 %, increased from 16 % in matrix
region ’a’.

The BF-TEM image also showed various microstructural features, including white dots
representing pores or voids, along with black stripes possibly for twinning in AIM1 cladding.

Fig. 5 presents a detailed BF-TEM image of the fuel side, complemented by corresponding
diffraction patterns from various regions.

Region ’c¢’: Located furthest from the interface, region ¢’ exhibited a diffraction pattern
characteristic of the a-Zr phase, an HCP crystal structure. This phase was characterized by a
high atomic fraction of Zr, approximately 92 at%, as detailed in Table 2. The diffraction patterns
in the [— 15-43] and [01-14] directions further confirm the crystal structure.

Region ’d’: Situated in the middle, region ’d’ revealed diffraction patterns corresponding to
the 0-UZr; phase, identified from [121] and [110] directions. The 8-UZr, phase adopted a
hexagonal crystal structure with space group P6/mmm. This phase is typical for the UZr/Fe
system and was characterized by a significant change in elemental composition compared to
region ’c’. In Table 2, the atomic fraction of Zr decreased to 61 %, and the atomic fraction of
U increased to 16 %. This differs from the stoichiometric -UZr> phase composition of 33 % U
and 67 % Zr possibly due to the presence of other impurities.

Region ’e’: The area closest to the interface, labeled as region ’e’, presented challenges for
analysis due to FIB damage as indicated by the amorphous halos.

Another TEM lamella was prepared, as described in Fig. 6. This lamella specifically focused
on capturing the interactions and elemental distributions well inside the fuel side but near the
fuel-cladding interface.
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Figure 2. (a) An overview of the TEM bright field image of the FCCI region, (b) An overlayed
STEM-EDS map shows the distribution of key elements, (¢) The key elements overlayed and
individually displayed from the cladding region indicated by the green box in (a), (d)
Integrated spectrum of Am and Sm rich region in (c).

The STEM-EDS mapping was conducted on the second lamella, providing a comprehensive
analysis of the elemental distributions. The elemental atomic percentages in Table 3 for region
f were consistent with those in Table 2 for region e, confirming that both regions were within
the same structural zone. The diffraction pattern, shown in Fig. 7, revealed that the phase in
this region was a Zr(Si, U) fcc phase. This finding filled the gap from the previous lamella
analysis, confirming the formation of a stable phase involving Zr, Si and U. The atomic fraction
of Zr in this region was approximately 74 %. Lanthanide fission products are bonded with a
Zr-rich compounds layer on the opposite side to the cladding.



4. Discussion
4.1.Phases identification

As the TEM results showed, many phases formed in the FCCI region due to the interdiffusion
between the fuel and cladding. The complexity of these phases arose from the numerous
elements present both in the fuel and AIM1 cladding.

4.1.1. Cladding microstructural analysis

Fe y-phase with M23Cs Carbides: Located 3—4 pm from the interface in cladding, as seen
in Fig. 4, this region displayed an FCC matrix structure with M23Cs carbides, typical of the
Fe(Ni) y-phase structure. The presence of M23Cg carbides, known for their high-temperature
stability, suggests that the cladding maintained its integrity in these regions [22-24]. This
region is free of Am and Sm.

Fe-Ni HCP Phase: Situated nearer to the interface, shown in Fig. 4, this region was rich in
Am and Sm. The diffraction pattern for this area revealed an HCP structure, suggesting a
notable transformation from the FCC matrix. This change correlates to the reduction of Fe and
the presence of Am (7 at%) and Sm (5 at%) [25-27]. The formation of the Fe-Ni HCP phase
could potentially affect the hardness, ductility, and resistance to corrosion of the AIM1 alloy.

4.1.2. Fuel microstructural analysis

Zx(Si, U) FCC Phase: The formation of the zirconium-rich FCC phase that contains Si and
U near the FCCI interface can be related to the fabrication of the fuel slug during which Si was
introduced as impurity from the casting quartz tube [16]. The FCC-Zr phase was studied before
at the FCCI interface and referred to as "Zr rind" [28,29].
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Figure 3. (a) STEM-EDS Line profile of elements from fuel to cladding, referring to the

white arrow in Fig. 2c. (b) A close-up distribution profiles of the boxed region in (a) for Sm,
U, Np, Pu, and Am at FCCI interface.

The formation of the FCC-Zr phase in this irradiated fuel sample could be related to irradiation
effects [28] and/or mechanical constraints [30].

0-UZr; Phase: Situated in the deeper region next to Zr(Si, U) FCC Phase, the diffraction
pattern in Fig. 5 reveals a 8-UZr; phase. This phase is typical for the U-Zr system [31] and is
characterized by a significant change in elemental composition compared to the regions farther



from the interface. The atomic fraction of Zr dropped to 61 %, while the atomic fraction of U
increased to 16 %. The 6-UZr> phase is known to be the only intermetallic phase in the U-Zr
system and many studies have investigated its formation mechanism and properties [32-35].

a-Zr Phase: Located furthest from the interface, this region shown in Fig. 5 exhibited a
diffraction pattern indicative of the a-Zr phase. This phase was characterized by a high atomic
fraction of Zr, approximately 92 %, as detailed in Table 2. Zr-rich layer at the interface were
reported before to have a stable a-phase structure [36].

These observations provide a comprehensive understanding of the microstructural phase
information at the FCCI region. The interplay of various elements and the resulting phase
formation are critical for predicting the steady state fuel performance and hold values for
advanced reactor designs with minor actinide transmutation [37].

4.2.Pu, Am, and Sm penetration into cladding

Pu, Am and Sm exhibit significant diffusion into the cladding due to irradiation-enhanced
atomic mobility and their ability to form intermetallic phases with cladding constituents.

In contrast, Cr depletion in the cladding is likely driven by segregation effects and
interactions with Am and Sm. This redistribution of Cr could weaken the cladding’s structural
integrity over time.

Fig. 8a shows that approximately 10-15 % of Am, in atomic percentage, was present at a
depth of around 2 pm within the fuel side of FCCI region, creating a continuous distribution.
On the cladding side,
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Figure 4. BF-TEM image of the AIM1 cladding, with selected regions ’a’ and ’b’ marked.
Diffraction patterns of region ’a’ indicate an FCC matrix structure and M23C6 carbide
precipitates. Diffraction patterns of region ’b’, closer to the interface and rich in Am and Sm,
show a Hexagonal Close-Packed (HCP) crystal structure.



Table 1. Atomic fraction of the elements in region a and b.

Si Ti Cr Mn Fe Ni Sm U Np Pu Am

Regiona 0.76 0.14 15.00 3.11 65.09 1577 O 0.03 0.03 0.03 0.04

Regionb 2.11 0 6.32 1.87 41.72 329 829 0.13 023 0.77 5.66
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Figure 5. BF-TEM image of the fuel side with regions ’c’, ’d’, and ’e’ marked. The diffraction
pattern of region ’¢’ shows the a-Zr phase. The diffraction pattern of region ’d’ indicates the

0-UZr2 phase. The diffraction pattern of region ’e’ shows amorphization from FIB damage.

Table 2. Atomic fraction of the elements in regions c, d, and e.

Si Ti Cr Mn Fe Ni Zr Sm U Np Pu Am
Regionc 0 0.15 0.03 0.02 0.56 0.58 9764 O 0.12 0.19 037 034
Regiond 6.87 0.07 0.31 0.25 2.61 243 6054 0.17 16.00 1.48 839 0.88
Regione 6.78 0.07 0.31 0.25 2.65 247 6052 017 16.09 1.41 843 0.86




Figure 6. (a) SEM image of a marked location for the second lamella, (b) The second lamella
after thinning.

Table 3. the elemental atomic fraction in region f

Si Ti Cr Mn Fe Ni Zr Sm U Np Pu Am

Regionf 13.55 0.25 0.07 0.04 1.15 1.03 7397 020 247 036 5.08 1.83
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Figure 7. BF-TEM image of the second lamella with corresponding STEM-EDS mapping of
key elements, spectrum for lanthanide fission products, and indexed diffraction patterns
collected from region f in BF-TEM image
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Figure 8. (a) One-dimensional integrated Sm, Am and Np distribution throughout the region
from fuel to cladding. (b) Integrated spectrum of U, Pu, Am, Sm, Fe and Cr within the same
region.

the penetration depth of Am was about 4 um, where it formed a new compound with Sm, Ni,
and Si, reaching a maximum concentration of about 10 % in atomic percentage. By integrating



the peak areas on STEM EDS spectrum from a single dataset, it was determined that the ratio
of Am diffused into the cladding to the amount present in the fuel was approximately 1:5. This
indicates that a significant portion of Am remained within the fuel, with only a smaller fraction
penetrating the cladding material. This diffusion behavior suggests that Am had relatively
moderate mobility within the fuel-cladding interface, possibly influenced by the presence of Zr
compounds. The retention within the fuel matrix is likely due to strong chemical bonding with
other alloying elements, such as U and Pu, which restrict mobility compared to the diffusion of
Sm.

As seen in Fig. 2 STEM EDS maps, Am and Sm from the fuel were two elements that
noticeably penetrated into the cladding. The distribution patterns of Am, Pu in the fuel were
similar, suggesting strong bonding between these two elements [38]. Sm, a solid fission
products, exhibited a different diffusion mechanism. As shown in Fig. 8a, it was concentrated
more than Am at the interface within the fuel, indicating that Sm diffused faster than Am.
Additionally, the fact that Sm did not form compounds with Pu may further enhance its
diffusion.

When Am and Sm diffused into the cladding to a depth of 2—-3 pum, they formed Am and Sm
rich precipitates. The distribution patterns of Am and Sm closely resembled those of Ni and Si
as seen in Figs. 2 and 3, suggesting the formation of compounds involving these elements.
Studies have shown that silicon-nickel intermetallic compounds can form under similar
conditions [39], supporting the likelihood of such compound formations involving Am and Sm.
Our findings not only align with previous study [ 16] but also provides further insights into the
specific diffusion behaviors and compound formation involving Sm and Am. We observed Sm
and Am forming clusters with Ni and Si near the interface, with penetration depths limited to
2-3 pm, differing from previous study [16]. These differences may be attributed to local
variations in thermo-irradiation conditions and fuel composition even on the same fuel cross
section sample. Moreover, ref. [16] emphasized the dissolution of Am into major fuel phases
and its role in forming complex compounds at the fuel periphery. Our results complement these
findings by identifying additional interactions between Am, Sm, Ni, and Si, forming
intermetallic compounds. These findings provide a more detailed understanding of how MA
influences FCCI.

The depletion of Cr and Fe observed in the EDS maps in Fig. 2 corresponds to regions where
Am and Sm are concentrated in the cladding. This suggests that local Fe segregation may be
influenced by the presence of MA, possibly leading to the formation of distinct phases
involving Ni, Fe, Si, Am, and Sm. The work by McDeavitt also indicated that Fe can form
intermetallic phases with various fission products and MA [40].

In contrast, Np showed a very small presence on both sides of the fuel and cladding, as
illustrated in Fig. 8a and b. This limited diffusion of Np was advantageous, as it reduced the
likelihood of Np-induced degradation in the cladding material.

Additionally, the Np concentration was only high in the U-rich phase, resulting in a low Np
concentration in the Zr-rich phase, while Am exhibited the opposite behavior [19]. These
factors together explain why very little Np was observed in the FCCI region.

Furthermore, the differences in diffusion behaviors between Am and Np emphasize the need
for tailored strategies to manage each element within the nuclear fuel cycle. For instance, while



Am requires considerations for its moderate mobility and potential for compound formation at
FCCI regions, Np does not have negative impacts on FCCI between U- Pu-Zr fuel and AIM1
cladding.

The formation of Am-Sm-Ni-Si compounds could cause embrittlement at the affected region
and lead to cladding wastage that affects the mechanical robustness of cladding.

4.3.Zr-rich compounds layer

The Zr compound layer could be an artifact of the fabrication process, where Zr from the
charge as partially stabilized by oxygen, leading to the formation of a Zr-rich layer [7]. Huang,
K. et al. discussed the role of Zr-rich compounds layer as a possible diffusion barrier for FCCI
in U-Mo nuclear fuels[18]. Several detailed examinations of fuel-cladding interaction layers in
irradiated U-Zr and U-Pu-Zr fuel elements also underscore the role of Zr compound layer in
stabilizing these interfaces and preventing the migration of lanthanide fission products [28-29,
41-44].

Our previous EPMA study revealed a Zr layer, around 20 um thick, at the FCCI interface
[16]. Fig. 5 and Table 2 reveal an over 90 % atomic concentration of Zr far away from the FCCI
interface. Closer to the interface, Zr atomic concentration dropped to 70 % and 50 %, as
depicted in Figs. 5 and 6 and Tables 2 and 3.Lanthanide fission product other than Sm, as
represented by Ce mapping in Fig. 2, are well stopped or confined in the Zr rich layer. However,
no Zr diffused into the cladding, despite the high concentration at the interface.
4.4.Comparison with un-doped U-Pu-Zr fuels

The inclusion of MA such as Am and Np introduces significant differences in FCCI
compared to un-doped U-Pu-Zr fuels. MA form unique phases such as Am-Ni-Si-Sm-rich
compounds that were not observed in un-doped fuels. Am and Sm penetrated much deeper into
the cladding than U and Pu.

Compared to literature data on un-doped U-Pu-Zr fuels, the diffusion profiles observed in
this study reveal a greater penetration depth for MA such as Am into the cladding, in conjuction
with Sm, a lanthanide fission product, and along with the formation of distinct intermetallic
compounds. Since Sm is a fission product and Am is intentionally added into the U-Pu-Zr fuel
for actinide transmutation, the similar diffusion behavior and phase formation between these
two elements requires further investigation.

4.5.Overview of FCCI mechanism

Fig. 9 provides a diagram representing the FCCI and phase formation in the MA-bearing U-
Pu-Zr fuel and AIMI cladding. The diagram includes chemical interaction free zone of both
fuel and cladding, the fuel- cladding interface, and the phases formation across the fuel-
cladding interface:

« Cladding in the FCCI region: The cladding in the FCCI region exhibits the segregation of
elements such as Ni, Am, Sm, and Fe. According to the diagram in Figs. 2 and 8, Ni-Am-



Sm clusters were formed, with Si and Fe possibly playing roles as well. Meanwhile, Cr
segregation led to the formation of Cr clusters near the interface.

« Fuel in the FCCI region: The fuel in the FCCI region dissociated into Am, Zr, Zr-Si-Pu-U,
and U-Pu phases. The formation of these phases indicates complex chemical interactions
and phase transformations during reactor operation.

The schematic (Fig. 9) helps visualize the chemical interactions and elemental redistributions
occurring at the FCCI interface.

5. Conclusion

This study conducted an in-depth analysis of the FCCI between a MA- bearing U-Pu-Zr
metallic fuel and AIM1 cladding irradiated in Phenix fast reactor to 9.5 % Chemical Interaction
FIMA burnup at approximately 550 °C cladding temperature. The objective was to understand
the microstructural and elemental interactions at the FCCI interface on a smaller length scale
to increase confidence in fuel performance modeling and guide the design of future MA-
bearing fuels. Our findings are summarized as following:

1. Zr-rich compounds Layer: The formation of a Zr-rich compounds layer at the fuel-cladding
interface, likely originating from the fuel fabrication process, played a modest role in
metigating FCCI. This layer can efficiently prevent most lanthanide fission products from
reaching the FCCI interface and reacting with cladding consitituents. However, it cannot stop
Am and Sm in a similar manner. Additionally, maintaining the integrity of the Zr compounds
layer during reactor irradiation can be challenging.

2.Diffusion of Minor Actinides: Am and Sm diffuse into the cladding, forming new phases
with Ni and Si, while Np remaines mostly in the fuel with minimal presence in FCCI region.

3.Phase Transformations: The formation of Zr(Si, U) FCC and the 8-UZr; phase at the FCCI
interface reduces lanthanide accumulation on the AIM1 cladding inner surface.

4.Implications for Fuel Performance: Limited cladding wastage (everal um) suggests benign
FCCI behavior for the investigated MA- bearing U-Pu-Zr fuel with AIM1 cladding.
Fig. 9.



Fresh Fuel:

U-29Pu-30Zr-4Am-2Np F
< Fuel Ni-Am-Sm Ti
Zr-Pu-A
Irradiated "
Fuel

Zr-rich .
compound layer Claddlng >

Figure 9. Schematic diagram of FCCI interface region between MA-bearing U-Pu-Zr fuel and
AIM1 cladding, showing the formation of multiple phases after reactor irradiation.
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