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a b s t r a c t

Uranium-free nonfertile Pu-based alloys, including Pue40Zr and Pu-12Ame40Zr, represent two candi-
date fuel alloys for Generation IV (GEN-IV) and transuranic (TRU) type burner reactors. Before their
acceptance in these applications, the chemical compatibility and interaction layer growth between these
alloys and suggested HT-9 cladding must be reported in detail to facilitate their acceptance in advanced
reactor concepts. In this study, each alloy was studied at 700 �C (973 K) for a variable period of time
between 100 and 200 h in a diffusion couple geometry with Cr and V. Comparing the 100e200 h tests
between Pu-12Ame40Zr fuel and Cr with V suggests a weakening in the interfacial growth rate as a
function of annealing time. A quantitative study on the solid-state behavior and evolution of Pu-Am-Zr
interacting with both Cr and V barriers at 700 �C (973 K) is reported.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Closing the nuclear fuel cycle is a major global technical chal-
lenge to the acceptance and expansion of current and advanced
nuclear technology around the world [1]. The Generation IV (GEN-
IV) program and the Global Nuclear Energy Partnership (GNEP)
have adopted goals to minimize long-lived transuranics (TRUs)
stored in high-level waste repositories and mitigate proliferation
risks [1,2]. In the case that TRUs are burned in fast reactors, the
radiotoxicity and heat load of nuclear wastes can be reduced close
to levels of natural uranium after approximately hundreds of years,
instead of tens of thousands of years or longer [3]. The burning of
TRU-bearing fuelsdmainly Pu, Np, and Am bearingdin advanced
GEN-IV fast reactors is therefore recognized as one approach that
will at least minimize the heat load and footprint of nuclear waste
repositories and reduce proliferation concerns.

Uranium-free fuels are recognized as the most attractive
because the absence of 238U renders the fuel non-fertile; that is
additional 239Pu is not generated through the process of neutron-
iar), Brandon.Miller@inl.gov
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activation of 238U followed by double-beta decay to 239Pu. Two
particular non-fertile fuel alloys have been irradiated: Pu-
12Ame40Zr and Pue40Zr (values in weight percent, wt%, see
Table 1). Their irradiation history has suggested further study using
out-of-pile materials compatibility tests, specifically with potential
barrier layers between the fuel alloy (fuel meat) and cladding [4].
Plutonium is known to form a low-temperature eutectic with iron,
and since fast-reactor cladding materials commonly contain iron,
an enhanced safety margin is introduced through the careful se-
lection of barrier layer.

Due to high temperatures, physicochemical gradients arising
from fission products, phase formation, and a high number of
atomic displacements, fast nuclear reactors present extreme ma-
terials challenges. [5]. The Experimental Breeder Reactor II (EBR-II)
established some benchmarks for metallic fast reactor fuel driver
fuel, with a focus on Ue10Zr and U-Pu-10Zr fuels [6e9]. Zirconium
raises the solidus of the metallic fuel sufficiently to enhance the
melting temperature safety margin, while additions of plutonium
depress the solidus and affect the fuel melting temperature. A
compositional balance between zirconium and plutonium is
required to preserve not only the melt-casting system and opera-
tional ease of the fuel slug fabrication, but maintain a significant
safety marginwith respect to fuel melting. Previous studies suggest
the fuel composition of a uranium-free system should contain
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Table 1
Diffusion couple materials and experimental parameters.

Diffusion Couple Name Diffusion Couple Materials Experimental Properties

Fuel Type Barrier 1 Barrier 2 Temperature (�C) Duration (hours)

DC1 Pue40Zr V Annealed Cr 700 100
DC2 Pu-12Ame40Zr V Annealed Cr 700 100
DC3 Pu-12Ame40Zr As-received Cr Annealed Cr 700 200
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approximately 30e40wt% zirconium to accommodate these same
competing concerns for fuel safety margins and ease of fabrication.
Phase relations in the uranium free quaternary pluto-
niumeamericiumezirconium (PueAm-Zr) alloys have not yet been
extensively reported [8]. At concentrations below 10wt%, zirco-
nium does not raise the liquidus to challenge ease of fabrication and
hence has been used.

Within the community concerns have now shifted to reporting
on fuel-cladding chemical interactions (FCCI) that have not been
studied for these compositions [10,11]. Initial out-of-pile annealing
tests with diffusion couples reported the initial findings for U-10Zr
and U-Pu-10Zr fuels with chromium (Cr) and vandadium (V) bar-
rier materials suggested amore complex behavior requiring further
analysis [12]. This report provides a more in-depth study into the
interaction between these two fuel alloys with Cr and V barriers
with regard to annealing time.

Here we report out-of-pile compatibility studies with these two
fuel alloys using Cr and V as barrier materials between the fuel
meat and barrier material. In particular, the solid-state kinetics and
chemical interaction between Pue40Zr and Pu-12Ame40Zr are
studied for two durations, 100 and 200 h, at 973 K. The reaction
mechanisms were analyzed using SEM and TEM. The TEM studies
revealed intercalations at the interfaces with both Pue40Zr and Pu-
12Ame40Zr, indicating a reaction front rendered sluggish in the
200 h anneal. The principal factors contributing to the qualitatively
good performance of these alloys appear to be their solid-state
kinetics and evolved microstructures at their fuel-barrier
interfaces.
2. Experimental setup and characterization techniques

2.1. Experimental setup

We selected two U free-Pu alloys with nominal compositions of
Pue40Zr and Pu-12Ame40Zr (in wt%) for this diffusion couple
experiment. In each experiment, the fuel was arc cast in an inert
atmosphere glove box with a drop casting technique. The produced
cylindrical fuel slugs were sectioned into several pieces designated
for assembling a diffusion couple. Chromium (Cr) and Vanadium
(V) cladding material with 99.98% purity and 0.02% max metal
impurity level were obtained from Alfa Aesar. Three different
diffusion couples utilizing PueZr based fuels were fabricated to
understand Cr and V barrier effectiveness in reducing the interac-
tion layer growth between the PueZr based fuels and the HT-9
cladding. The three diffusion couple experimental setups and pa-
rameters are listed in Ishii et al. [11]. The diffusion couple materials
and properties were chosen to focus on the effect of different
diffusion barriers, annealing time, and fuel alloy composition on the
formation and kinetics associated with the interaction layer be-
tween the fuel and cladding.

Each of the materials used in building the three diffusion cou-
ples went through a similar preparation process to be sized and
polished for testing. Each material was prepared in an air atmo-
sphere. The HT-9 steel was machined from rod stock to a diameter
of 5mm and sectioned into disks up to 3mm thick. The HT-9
surfaces were polished to a 0.25 mm finish. The V barrier foil was
125 mm thick and was cut into 5mm diameter disks. The V foil was
ground down to a thickness of approximately 100 mm and polished
through a 0.25 mm finish on both sides in air atmosphere. The Cr foil
was purchased at 500 mm thickness and was cut into 5mm diam-
eter disks. The disk thickness was reduced to 100 mm. During
thinning, it was determined that the Cr foil was brittle. In order to
mitigate the Cr foil brittleness issues, a section of chromium foil
was annealed in a vacuum furnace at 900 �C for 24 h under
continuous argon flow (Ar purity of 99.999%). The annealed Cr
barriers were used in all three diffusion couples with the as-
received only incorporated in one diffusion couple. It should be
noted that no microstructural characterization was performed on
the fuel or the barriers prior to annealing tests, which includes
understanding the oxide formation related to sample preparation.

Fig. 1 shows the diffusion couple layouts for the experimental
tests, respectively. Sample preparation is consistent between both
diffusion couples including Cr (Fig. 1a,b), V (Fig. 1a and b), and
thermal annealed Cr (Fig. 1c and d). The sample preparation
methods described herewere incorporated for all diffusion couples.
Note that the sections are not to scale. Sections were placed in
contact with other materials in the layout. A Kovar steel jig was
used based on its low thermal expansion properties and hand
tightened to 12 in-lbs. Yttria (Y2O3) spray was used to coat the bolt
threads and prevent galling of the steel. Tantalum foil was wrapped
around the HT-9 ends of the diffusion couple to provide a more
natural separation from the jig. Another tantalum foil was wrapped
around the outside of the jig to help with gettering of any oxygen
which may be present during the annealing of the samples in the
furnace. The jig screws were torqued to 12 inch-pounds. The jig
containing the diffusion couple was heated in a Carbolite model
MTF10/25/130 furnace located in a continuous inert argon flow (Ar
purity of 99.999%) atmosphere glovebox. Separate diffusion couples
were heated to a temperature of 973 K (700 �C) for 100 h and 200 h.
At the conclusion, the jig was cooled and disassembled.

After annealing, diffusion assemblies were quenched inwater to
preserve the phases formed upon heat treatment. The diffusion
couple was removed from the compression device, mounted with
the fuel cladding interface perpendicular to the analysis surface,
and set in epoxy. Each couple was mounted in a 1”met-mount ring
using long set epoxy and allowed to cure for more than 24 h.
Samples were polished to plane with a final grit of 800 finish in an
inert argon atmosphere. Scanning Electron Microscopy (SEM) met-
mounts were loaded into an air glovebox and polished to a mirror
finish of 0.25 mm for SEM and Focused Ion Beam (FIB)
characterization.
2.2. SEM and FIB characterization

Diffusion couples were analyzed using JEOL-7000F SEM equip-
ped with Energy Dispersive Spectroscopy (EDS) and confirmed by
Wavelength Dispersive Spectroscopy (WDS). Secondary electron
and backscatter electron imagining (SEI and BSE, respectively) were
performed to show the underlying microstructure of the diffusion
couple layers. EDS was performed in the form of line scans and X-



Fig. 1. (a) Starting with evaluating annealed Cr and V barriers a combined diffusion couple (b) was assembled inside an inert gas environment. (c) Evaluating the effect of annealing
time a second diffusion was (d) similarly assembled.
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ray maps to determine the chemical element distributions across
the diffusion couples. In the EDS line scans and maps, each element
was mapped using a specific electron shell signal. For example, the
Zr map and line scan results were using the signal from the Ka1
peak. Similarly the PueK, OeK, Cr-L, and V-L peaks were utilized to
generate these accompanying elemental maps.

FIB characterization was performed using an FEI Quanta 3D FIB.
Cross-section imaging was performed to verify that the micro-
structure of the surface of the sample were consistent below the
surface. Transmission Electron Microscopy (TEM) lamellae were
lifted from the interfacial areas of interest in the diffusion couples.
TEM lamellas had a nominal dimension of 15 mm� 10 mm� 0.1 mm.

2.3. Transmission electron microscopy characterization

Identification of formed phases was conducted utilizing high-
resolution transmission electron microscopy imaging, spectros-
copy, and selective area electron diffraction (SAED). Both a high-
resolution JEOL 2010 and FEI Titan ChemiSTEM were utilized and
operated at 200 kV to study electron transparent lamellae lifted
from diffusion couples at each interface. The JEOL 2010 utilized a
high tilt stage to collect SAED patterns on a gain referenced Gatan
CCD camera. From these collected patterns, an azimuthal 2-
dimensional integration was performed compared against simu-
lated patterns from published crystal structures inside the Crystal
Maker software to resolve lattice d-spacing and crystal structure. In
addition, atomic lattice d-spacing of each diffraction pattern was
measured and compared to published crystallographic data.

Using an FEI Titan ChemiSTEM equipped with four high solid
angle 80mm2 windowless Si X-ray detectors was operated in high-
resolution TEM and STEM modes. For STEM analysis, a sub-
nanometer-sized probe was used to image the sample combining
high annular dark field (HAADF) and bright field imaging and
spectroscopy. In addition, HAADF imaging, both medium and
annular bright field (ABF) images, were collected and stored. En-
ergy dispersive X-ray spectral (EDS) mapping was operated in the
same condition to acquire the PueK, ZreK/L, OeK, Cr-L, and V-L
with the best achievable spatial and energy resolution. Multiple
spectral scans were performed with a nanometer analytical probe
size and high beam current. Elemental quantification was per-
formed inside the Bruker Scientific software utilizing a Cliff-
Lorimer thin film TEM sample correction to process the EDS
spectra and calculate weighted atomic maps [13]. Weighted spec-
tral images were visualized inside the Bruker software that
accounted for the specific atomic cross-sectional k-factors resulting
in quantitative maps. These nominalized maps were compared
against the accompanying HAADF image. The quantitative differ-
ences of particles, interfaces, voids, and layers were compared to
assess the formation of additional phases and features tracking the
annealing process.

3. Experimental results and discussion

The Pue40Zr and Pu-12Ame40Zr diffusion couples with an
annealed Cr and V barriers on opposite ends of the fuel sections
held at 973 K (700 �C) for 100 h form our baseline to compare
subsequent changes in solid-state chemistry and additional phase
formation. As-annealed Cr in contact with Pu-12Ame40Zr was
studied at 100 h and 200 h to study the effects of time at temper-
ature on the resulting microstructures. As a single variable, time at
temperature as received and annealed Cr barriers was held for the
same 973 K (700 �C) for 200 h in contact with Pu-12Am-40Zr.

The analysis of the resulting interfaces and chemistries
described reveals a complex and highly variable behavior that
differs significantly from sample to sample. In this section, we
compare and discuss the different morphologies observed in PueZr
based fuels with Cr and V barrier interfaces due to the effects of
temperature and time as separate sections.

3.1. Effect of Am addition to the PueZr based fuel in contact with an
annealed Cr barrier

Diffusion couples 1, 2, and 3 compare the effects of Am addition
to the fuel and its effects on the resulting diffusion layer between
the fuel and the annealed Cr barrier. DC1 and DC2 were heat-
treated at 700 �C for 100 h. In DC3, the sample was held at



Fig. 2. (a) SEM micrograph of the general microstructure of Pue40Zr vs. annealed Cr barrier and (b) EDS maps of the (c) Zr, (d) Cr, and (e) Pu distributions at the Pue40Zr and
annealed Cr barrier.

Fig. 3. Material chemistry and distribution of Pue40Zr/annealed Cr for 100 h at 973 K (700 �C) in SEM plane view viewed in cross-section.
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Fig. 4. Material chemistry and distribution of Pu-Am-Zr/annealed Cr for 100 h at 973 K (700 �C) viewed (a) plane view of the sample, (b) similarly viewed in cross-section, inside the
SEM. X-ray based EDS chemical imaging on the cross section was performed to resolve the distribution of (c) Zr, (d) Cr, (e) Pu, and (f) Am. Units are reported in EDS net counts.
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temperature for 200 h to see the effects of time at temperature for
the annealed Cr barrier. The difference in time at temperature will
be discussed in the later discussion section. In DC1, debonding was
seen to occur between the Pue40Zr fuel and the Cr barrier. This led
to a reduced area of contact between the Pue40Zr and Cr barrier.
Fig. 2a shows the general microstructure of the Pue40Zr in contact
Fig. 5. Material chemistry and distribution of Pu-Am-Zr/V at 100 h viewed in (a) plane view
section was performed to resolve the distribution of (c) Zr, (d) V, (e) Pu, and (f) Am. (g) Ba
reported. Units are reported in EDS net counts.
with the annealed Cr barrier while Fig. 2b shows an EDS map of the
microstructure focusing on Zr (Fig. 2c), Cr (Fig. 2d), and Pu (Fig. 2e).
Three features are seen to form after heat treatment. An interaction
layer composed of Zr rich fingers is formed at the interface of the
fuel and Zr barrier. Pu precipitates formed that are associated with
the Zr rich fingers in the material. Randomly distributed Cr
and (b) cross-section inside the SEM. X-ray based EDS chemical imaging on the cross
sed on chemical mapping an integrated profile transversing the multiple interfaces is
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precipitates were seen to form on the fuel side of the interaction
layer.

Fig. 3 shows the typical microstructure in the areas that were
near the debonding of Pue40Zr fuel and the Cr barrier in DC1. As
identified by EDS measurements, there is an N-rich Cr layer that
forms on the Cr barrier side of the interaction layer. This is a
sampling artifact associated with the N2 glovebox used during the
heat treatments. This N-rich phase formed from insufficient contact
between the fuel and the barriers during loading in the diffusion
Fig. 6. Material chemistry and distribution of Pu-Am-Zr/V resolved with STEM atomic mass c
lamellae viewed in cross-section. X-ray based EDS chemical imaging on the cross section was
chemical mapping, an 2-dimensional image on the chemical species of Pu, Am, and V is re
couple. Areas shownwere in contact and void of the N-rich Cr layer.
In addition to the N-rich Cr layer, an enriched Zr layer is formed on
the fuel side of the interaction layer.

Fig. 4a reveals the chemical interaction between Pu-12Ame40Zr
fuel and annealed Cr barrier, where there are distinctly three layers
that have formed. These layers (cladding to fuel) are designated as
the Zr rich fingers, an enriched Zr layer, and a Cr rich region. Fig. 4b
shows a higher magnification micrograph of the distinct layers and
the associated elemental maps of Zr (Fig. 4c), Cr (Fig. 4d), Pu
ontrast imaging and EDS at 100 h. (a) Lifted from the sample is (b) electron transparent
performed to resolve the distribution of (c) Zr, (d) V, (e) Pu, and (f) Am. (g) Based on the
ported. Units are reported in EDS net counts.



Fig. 7. The overall morphology and crystallographic structure of Pu-Am-Zr/V at 100 h were imaged with (a) bright field, (b) atomic mass contrast STEM and (c) at the specific points
nanobeam diffraction patterns were collected and numbered. Each diffraction pattern numbered was indexed to known crystallographic phases. Well-oriented to different zone
axes, the patterns resolve the structural transition from a hexagonal base interaction layer captured in (d) to the underlying e, cubic symmetry of the Pu-Am-Zr layer.

Fig. 8. FIB-SEM cross-section of Pu-Am-Zr/As-Annealed at 200 h anneal time.
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(Fig. 4e), and Am (Fig. 4f) at the same location. The chemical dis-
tribution confirms the suggested layering in the previous image,
where between Pu-12Ame40Zr and annealed Cr, Cr-rich, and Zr-
rich layers form after 100 h. The layers are further offset from one
another, forming an additional interface and suggests there is
diffusion between the two materials at 973 K (700 �C). In addition,
resolved within the chemical maps, is the presence of PueAm
precipitates and Zr-rich fingers extending into the Cr-barrier
formed upon annealing. Randomly beyond the interaction layer
on the fuel side we observed Zr precipitates (See Supplementary
Figure 3). These features are indicative of additional effects to
consider in the thermal annealing and chemical interaction be-
tween Pu-12Ame40Zr and Cr to be discussed in detail.

3.2. Effect of Am addition to the PueZr based fuel in contact with a
V barrier

As in the previous annealed Cr barrier discussion, diffusion
couples 1 and 2 provide useful information on how Am addition to
the U-free fuel affects the formation of diffusion layers between the
fuel and V barriers. Following annealing amongst the V barrier
interfaces, three microstructures form in Fig. 5a revealed by SEM.
This includes the formation of a PueAm rich region, Zr-rich layers
positioned between the Pu-12Ame40Zr and V barriers, and PueAm
precipitates in the Zr-rich layer. Nearest the V barrier, a Zr-rich
region formed that is similar to the region seen in the Cr-barrier
sample in Fig. 5b, with nanocrystalline grains confirmed by TEM
SAED patterns. EDS mapping reveals the elemental distribution of
Zr (Fig. 5c), V (Fig. 5d), Pu (Fig. 5e), and Am (Fig. 5f). In conjunction
with these maps, Fig. 5g is the integrated EDS chemical profile,
revealing the concentration profile centered over the interaction
region. For higher magnification studies, Fig. 6a reveals lifting at an
electron transparent cross section from the Pu-12Ame40Zr/V
diffusion couple. Within the STEM, Fig. 6b reveals the resulting
microstructure, where the distribution for Zr (Fig. 6c), V (Fig. 6d), Pu
(Fig. 6e), and Am (Fig. 6f) is imaged with higher magnification.
Mapping the morphology for each of the elements, Fig. 6g shows
the layer concentrations for Zr are lower compared to the fuel rich
region.
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Fig. 7a reveals the complex interaction layer, that formed
intergranular grains at the interface between the fuel and cladding..
Fig. 7b in atomic contrast reveals PueAm precipitates within the
interaction region, accompanied by multiple cracks. Imaging over
the interaction region in detail Fig. 7c shows the interaction layer
and morphology, where at specific points, nano-beam diffraction
patterns were collected. The nano-beam diffraction patterns are
reported in Fig. 7d for multiple orientations. Fig. 7e validates the
crystallography of Pu-Am-Zr based on two selected area diffraction
patterns far from the interaction region [14].

Nearest the Pu-Am-Zr fuel is a region described as a PueAm rich
region. This region is the same as the base Pu-12Ame40Zr fuel with
a lower density of Zr inclusions compared to further in the fuel. Free
Zr present in the inclusions diffused to the barrier interface and
formed the ZrO2 phase, leaving a lower density of Zr inclusions and
the appearance of a different microstructure compared to the base
fuel. It should be noted that the Cr barrier diffusion couples form a
similar region that is not as pronounced as the one reported in the V
barrier samples.

3.3. Time effect on annealed Cr barrier in contact with Pu-
12Ame40Zr fuel

Another aspect of the study was to understand the kinetics of the
diffusion layer growthwith increasing annealing time. One portion of
diffusion couple 3 was focused on the effects of annealing time up to
200 h. This canbe compared toDC2where the same fuel and cladding
was annealed to 100 h. Fig. 8 shows the typical microstructure of the
Pu-12Ame40Zr/as-annealedCrbarrier interfaceat200 hanneal time.
Thicknessmeasurements of both the 100 and 200 h diffusion couples
Fig. 9. Material distribution of 200 h anneal for Pu-12Ame40Zr with as-received Cr at 973 K
atomic mass contrast and (d) bright field STEM.
were performed and found to be 1.55± 0.56 mm and 2.08± 0.37 mm.
Analysis of the diffusion kinetics and formation free energies will be
further reviewed in the discussion portion of this paper.

The increased thickness of the diffusion layer in DC3 allowed
was selected to understand the phases created during the anneal-
ing process. Fig. 9 revealed the chemical interaction between Pu-
12Ame40Zr and annealed Cr for 200 h as a baseline. Fig. 9a reveals
the specimenwas lifted out from the interface with site-specific FIB
and studied in cross-section. Fig. 9b in cross-section reveals four
distinct layers, including the Cr barrier, followed by two distinct
intercalation layers formed after interacting with Pu-12Ame40Zr
for the 200 h of annealing at 973 K (700 �C). EDS spot checks in the
SEM reveals these two interface layers differ in the amount of Cr
and Zr present, identified in Fig. 9b as Cr and Zr-rich. Given the need
for higher resolution, the cross-section was thinned to electron
transparency and studied inside an FEI Titan ChemiSTEM. Fig. 9c is
the atomic contrast image that reveals the same layering (Pu-
12Ame40Zr/Cr-rich layer/Zr-rich layer/Cr), but with additional
features in these layers, including precipitates and a well-defined
interface between the two layers. Bright field STEM Fig. 9d re-
veals these same features, with the additional confirmation for the
presence of He bubbles (See Supplementary Information Figs. 1 and
2) and bright voids that form within the Cr barrier [15]. This
specimen establishes the baseline chemical and physical behavior
associated with the interaction between these alloys and Cr.

3.4. Effects of Cr processing in contact with Pu-12Ame40Zr at 973 K
(700 �C)

While testing the effects on the microstructure at 973 K (700 �C)
(700 �C) (a) sample viewed from the surface, (b) in cross section and imaged with (c)
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for an extended thermal annealing time of 200 h, DC3 was studied
to see the effects on the processing of the Cr barrier adjacent to the
fuel. The as-received Cr barrier was tested with the annealed Cr
barrier to see if any difference in the microstructure occurs. Fig. 10a
provides an overview micrograph of the diffusion zone between
Pu-12Ame40Zr and the as-received Cr barrier. Crackingwas seen in
the foil, indicating the brittleness of the barrier. Comparatively,
Fig. 10b is the as-received Cr and Fig. 10b is the annealed Cr diffu-
sion couple. Microstructurally, there are no visible differences be-
tween the two Cr barriers indicating while at temperature, the
same diffusion mechanisms are prevalent.
Fig. 10. (a) General overall microstructure of the as-received Cr barrier/fuel interface in
DC3 and comparison of the diffusion layers in DC3 for (b) as-received Cr and (c)
annealed Cr.
4. Discussion

4.1. Cr barrier effects

As seen in Fig. 2, there are two distinct layers that have formed
due to the thermal annealing process. Prior to understanding how
these layers form, some generalizations about the starting micro-
structure of the fuel and the Cr barriers is inferred. Both of these
materials were prepared in an air atmosphere, leading to the for-
mation of oxide layers on the surface. Microstructural character-
ization was not performed on these materials prior to thermal
annealing process that showed pure Cr samples exposed to air at
elevated temperatures, form a passive oxide layer composed of
Cr2O3 on the surface. The Cr2O3 phase is one of the starting basis for
phases observed in annealing studies. It is unclear how the Cr
barrier was formed at Alfa Aesar and if any heat treatments were
performed on the foil prior to purchasing. This can be true of the V
barrier, as well. While a certificate of analysis can provide some
purity of the feedstock, it is unclear where any of the impurities,
such as O, reside in the foil.

The fuels, both Pue40Zr and Pu-12Ame40Zr, likely form a Zr
rich passive layer at the surface of the fuel, which was shown in
Fig. 3 and is suggested by Janney et al. as the starting point for Zr-
rich inclusions in actinide Zr alloys is oxygen, nitrogen, or carbon
impurities [8,16]. The formation of nano-sized ZrO2 crystals allows
for other Zr to accumulate and eventually stabilize the formation of
a-Zr. These are the Zr inclusions seen in the interior fuel region of
the fuel. The inclusions that are near the polished surface of the
sample will readily form oxides with the exposed air, forming ZrO2.
Fig.11 shows a cartoon of the formation of the different layers at the
diffusion barrier and fuel interfaces for the V and Cr barriers. This
includes starting material conditions, assembly of the diffusion
couple, and the results of the annealing process. This illustration
will be used extensively during the discussion of the results. Fig.11a
illustrates the starting configuration for the fuel and the Cr barrier
with the natural surface oxide layer that forms following exposure
to air. These layers were in contact with each other when the
diffusion couples were assembled, as shown in Fig. 11b.

After thermal annealing studies, three phases/features formed
at the interface. These being the Cr/Zr rich phase near the fuel re-
gion and near the Cr barrier, Zr-rich finger features, and Pu/Am rich
precipitates. To explain why each of these features form, Gibbs free
energy of anticipated phases was researched. To help understand
the formation of the Zr-rich fingers extending into the Cr barrier, it
is important to understand the free energies for Zr, Cr, and their
oxides. Gibb free energy values for Zr/ZrO2 and Cr/Cr2O3 are �950
and �600 kJ/mol O2 at 700 �C, respectively [17,18]. This indicates
that any free oxygen or oxygen tied to the passive Cr2O3 layer from
oxidation in air will be consumed by Zr readily at temperature. As
seen in the Zr-rich finger regions, the fingers only form in the first
few microns of the Cr barrier, where likely the passive oxide Cr2O3
layer formed on the surface of the Cr barrier during sample prep-
aration. This process is expected to continue until any remaining
oxygen is consumed or all free Zr metal is consumed. The micro-
structure of the Zr-rich fingers shows that they are forming along
grain boundaries in the Cr barrier. This is expected as O2 will have
increased diffusion kinetics on grain boundaries compared to the
bulk, forming Cr2O3 more readily and only in the bulk adjacent to
the surface exposed to air..

The consumption of the Cr2O3 layer will leave excess free Cr
metal at the interface. This excess Cr metal will seek a low energy
state. From the CreZr phase diagram [19], two phases should form
at the annealing temperature, a-Zr, and ZrCr2. It is likely that these
two phases compose the Cr-rich region that was pointed out in
Figs. 2 and 11d. EDS measurements in the Cr region show atomic



Fig. 11. Schematic summary comparing the observed chemical morphologies at the Pu-Am-Zr-Cr/V interface starting with (a) separate components and (b) assembly evolving as a
consequence of (c) annealing, and consumption (d) Cr and (e) V barriers.
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concentrations of ~40% Zr and ~60% Cr. These results are close to the
anticipated 33% Zr and 66% Cr value for CrZr2. It is likely that some
a-Zr is present in the region, skewing the results slightly and
leading to slightly higher Zr content. TEM diffraction character-
izationwas not performed in this region to provide confirmation of
the ZrCr2 phase.

The other feature seen in the interface region was PueAm rich
precipitates. These precipitates are located mostly in the Zr-rich
finger regions and towards the Cr barrier, indicating that they
have a high affinity of oxygen. The PueO phase diagram at 700 �C
shows that the three phases can be present, PuO2-x, Pu2O3, and
PuO1.61 [20]. Pu2O3 and PuO1.61 have higher Gibbs free energies
than ZrO2. PuO2 has a similar energy to ZrO2 [21]. The Am oxygen
potential is higher than ZrO2 and will readily form oxides prefer-
entially compared to ZrO2. High-resolution TEM measurements
were not performed on these PueAm precipitates to determine the
phase of these precipitates. It is hypothesized that the oxygen
content present will dictate that an oxygen deficient environment
will be present and lead to the formation of oxides with lower
oxygen content such as Pu2O3 and PuO1.61 as compared to PuO2
supported in part by the work of Gu�eneau et al. [22]. This is a po-
tential reason for the formation of these phases found at the end of
the Zr fingers closest to the Cr barrier as they have the highest af-
finity of oxygen.

4.2. V barrier effects

Comparing to the V barrier, Fig. 11e highlights there is no
additional interaction in general, reported in Fig. 5a and b and
chemically resolved in Fig. 5cee, resulting in the growth of an oxide
riddled with PueAm precipitates within the interaction layer
imaged in Fig. 6a and b and chemically resolved in Fig. 6cef with
STEM-based EDS profiling. The PueAm precipitates likely form
given the oxygen-deficient environment, where if more oxygen
were present Pu2O3 and PuO1.61 should form as previously noted by
Miller and Reimann [23]. In this case, the self-limiting oxide growth
further results in crackingwith V, due potentially to the mechanical
stress and differences in thermal expansion associated with addi-
tional oxide growth, further constrained by the lattice mismatch of
Pu-Am-Zr and V, identified in Fig. 7aec as a hexagonal to a cubic
mismatch between the interaction layer and fuel rich region,
respectively. The interaction layer in Fig. 7d constitutes a poly-
crystalline morphology with multiple orientations, all classified to
the hexagonal space group P63/mmc, with lattice parameters
a¼ b¼ 3.2392 Å, c¼ 5.1722 Å, a¼ 90�, b¼ 90�, and g¼ 120�. In the
fuel rich region, the structure identifies as a rock-salt cubic struc-
ture with a lattice parameter a¼ b¼ c¼ 4.78848 Å, and
a¼ b¼ g¼ 90�.

The third microstructure seen in the V barrier/Pu-based fuel
specimens was a PueAm rich precipitates forming between the Zr-
rich region and the base Pu-12Ame40Zr alloy. This is similar to the
same effects as discussed in the Cr barrier section, where the Gibbs
free energy of formation of V2O3 at 700 �C (~�650 k/mol O2) is less
than Pu2O3 and PuO1.61. This leads to the reduction of the V oxide
and preferential formation of the PueAm oxides. In excess, we
suspect the V freemetal forms a passive oxide layer, that remains at
a low enough concentration in the bulk, that we could not observe
using EDS.

Comparing the barriers, since there is a significant difference in
the thermal expansion coefficients that leads to cracking in V, there
is a preference for a Cr barrier [24]. Once the Cr2O3 forms the layer
is stable and does not lead to additional changes in morphology.
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The observation of cracking with V limits the engineering appli-
cability of this barrier for nuclear applications.With a Cr barrier,
there is also excess Cr metal that seeks a low energy state, prefer-
entially as an oxide, which suggests there is an additional benefit to
a Cr over V barrier.

5. Concluding remarks

SEM and analytical TEM were used to identify the phases
formed between U-free Pu-Am-Zr fuels and V/Cr barriers at
elevated temperatures. This includes testing different Cr processed
barriers and time at temperature. Comparing the 100 h and 200-h
tests for the interaction between Pu-12Ame40Zr fuel and Cr sug-
gests a weakening in the interfacial growth rate as a function
annealing time. This is indicative of a diminishing oxygen con-
centration in the Cr and V barriers.. In the Cr barrier diffusion
couples, distinct phases formed following annealing, including
PueAm precipitates near the Cr barrier and a ZrO2 phase near the
Cr barrier interface. ZrO2 and PueAm precipitates phases form
oxides from the existing Cr2O3 passive surface oxide layer formed
on the Cr barrier during sample preparation. The free Cr metal from
the pre-existing Cr2O3 layer later diffuses towards the fuel and in-
teracts with free Zr in the fuel to form CrZr2 precipitate phases. In
the V barrier, two of the phases seen in the Cr barrier diffusion
couples formed, the ZrO2 and PueAm precipitates. Formation of
these oxide phases is energetically favorable compared to staying in
the V2O3 phase present on the surface of the V barrier.. While these
diffusion couple experiments were focused on a single temperature
with other varying parameters, the Cr and V barriers were useful in
minimizing the formation of a diffusion layer (<3 mm thickness)
between the barriers and the U-free Pu based Zr fuels.
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