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Abstract: U3Si2 is a long term, accident-tolerant nuclear fuel candidate for light-water reactors
because of its superior thermal conductivity and increased uranium density when compared to
traditional uranium dioxide (UO2). While reducing internal thermal stresses and increasing efficiency,
U3Si2 exhibits energetic oxidation during certain off-normal and accident scenarios, which include
coolant or steam exposure. To mitigate this, Nb is investigated as an alloy constituent to enhance
corrosion resistance and increase mechanical strength. The work presented investigates the response
of Nb-alloyed U3Si2 to steam atmospheres. A thermogravimetric analysis is conducted in flowing
steam to T > 1000 °C to assess oxidation resistance. The phase characterization of as-melted, thermally
annealed and post-oxidation compositions with up to 12 vol% Nb by powder X-ray diffraction,
scanning electron microscopy, and energy dispersive spectroscopy is reported.

Keywords: high-temperature nuclear fuel synthesis; high-temperature oxidation; high-uranium-
density nuclear fuel; accident-tolerant nuclear fuel

1. Introduction

Accident-tolerant fuels to replace the current uranium dioxide (UO2) fuel form in
light-water reactors (LWRs) have been the focus of recent research [1–13]. In particular,
the development of uranium silicide fuel candidates has been at the forefront of this
research because of their high uranium density and improved thermal conductivity when
compared to UO2 [3,6,9,14,15]. These thermophysical properties decrease the thermal
gradient across the fuel pellet, reducing stress while also improving the power to melt.
Suitable replacements of UO2 in LWR scenarios should not displace the fissile loading,
which limits the available U-Si binary compounds to U3Si and U3Si2. U3Si and U3Si2
maintain a uranium density greater than UO2 (9.75 gU/cm3). The highest uranium density
candidate, U3Si with 14.7 gU/cm3, has been deployed in low-temperature research reactors
but is not considered for LWR deployment due to instabilities like disordering and swelling
at temperatures of the current LWR fleet [16–18]. Further, U3Si2 is not projected to perform
well in some relevant design-basis and beyond design-basis accidents or scenarios as a
pure, single phase fuel [14,19].

U3Si2 is a line compound which maintains a single crystal structure from room temper-
ature to 1640 ◦C [15,20], and its uranium density is 16.5% higher than UO2 at 11.3 gU/cm3.
In the literature, an improved delay of oxidation onset temperature has been achieved
by alloys [14,21], composites [5,6,22–25], and microstructural control [3,21,26]. The work
presented here aligns with the alloy concept and investigates the addition of the Nb metal
to the U3Si2 fuel form at volume percents below 12%. Nb additions are considered in this
work, as these additions have provided oxidation and chemical resistance in other high-
temperature applications, such as aerospace engineering and chemical handling, and are
proposed here to mitigate the waterside corrosion of U3Si2 [27,28]. Historically, Nb received
attention for application in nuclear reactors due to its low-thermal neutron-absorption
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cross-section, high-temperature mechanical properties, and good fabricability in cast and
powder metallurgical processes [27–29]. To be considered for drop-in replacement, the con-
centration of Nb added should not offset the fissile loading below UO2 at 9.75 gU/cm3 [15].
The Nb content for each composition studied here was calculated using the Rule of Mixtures
(ROM) as detailed in [14], such that the uranium density of the alloy would be greater than
or equal to that of UO2.

The available literature on the U-Si-Nb ternary system is limited to one study con-
ducted by Lebihan et al. [29]. The chosen compositions in the Lebihan study were arc-
melted and then annealed, one at 850 ◦C and the other at 1000 ◦C. The annealing treatments
revealed two ternary compositions in their respective isothermal sections of the ternary
U-Si-Nb system. U2Nb3Si4 and U(2 – x)Nb(3+x)Si4 formed as plates or needles in two-phase
equilibrium at 1000 ◦C. From this, it was inferred that these ternary compounds are ther-
modynamically stable [29]. At 850 ◦C, a single U-Nb-Si phase, U2Nb3Si4, formed in equilib-
rium with both U3Si2 and USi showing no Nb solubility. The U-rich phase U99.3Nb0.6Si0.2
was also identified, showing very low solubility of Nb and Si [29]. However, these ternaries
ranged from 32.2 wt% Nb (U2Nb3Si4) to 37.4 wt% Nb (U19.3Nb37.4Si43.3), which are far from
the 8.7 wt% (12 vol%) Nb of the highest stoichiometry resultant of the low-volume-percent
Nb-concentration additions fabricated here.

In this work, volume percent additions of Nb to U3Si2 are investigated as a method
for delaying the oxidation onset temperature of the fuel in atmospheres beyond what
is expected for normal reactor operation (T∼700 ◦C) as well as off-normal and accident
scenarios (T>∼1000 ◦C). To characterize this behavior, the samples are fabricated by arc
melting and subjected to high-temperature steam oxidation testing to assess the impact of
Nb on oxidation resistance. The compositions are characterized by SEM/EDS and XRD at
each step to detail phase and microstructural evolution. The results are discussed in relation
to U3Si2 oxidation performance and compared to other alloying elements and composite
designs under consideration for LWR deployment. This suite of experiments comprises a
type of quick screening test for determining if a fuel concept should be investigated further.

2. Materials and Methods
2.1. Sample Fabrication

U3Si2 feedstock was fabricated from depleted uranium (U) sourced from AeroJet
Rocketdyne (Jonesborough, TN, USA) and pure silicon (Si) beads (Alfa Aesar, 99.999%
metals basis) or silicon chunks (Cerac, 99.999% metals basis). U was stored inside an
Ar atmosphere MBraun glovebox maintained at partial pressures of O2 (pO2) and H2O
(pH2O) less than 0.1 part per million (ppm). Metal U cylinders (>12 g) were segmented
into multiple pieces (<5 g) by an abrasive cut-off wheel. The remaining surface oxide was
removed by mechanical grinding until the metal showed a bright shiny silver finish. After
cleaning with methanol, the U pieces were weighed on a Mettler-Toledo balance calibrated
to 0.0001 g inside the glovebox. Before the U metal was transferred to the arc melter, the
final mass of each piece was recorded and used to calculate the mass of Si needed to achieve
stoichiometric U3Si2. Although Wagner et al. demonstrated the synthesis of phase-pure
U3Si2 from stoichiometric amounts of U and Si through arc melting, it was determined that
for this study, the incorporation of excess Si would yield an ingot with the correct final
mass. We found through methodological optimization and trial synthesis that the optimum
total weight size is near 5 g. Up to 1 wt% of excess Si was included as it was expected
that Si would volatilize preferentially to U due to the difference in vapor pressure for the
pure metals at melting temperature [9]. Immediately before each charge was melted, the
U and Si quantities were ultra-sonicated for 10 min each in acetone and then methanol.
U and Si were combined, via a Centorr Vacuum Industries TriArc furnace customized
with power supplies, to each of the three electrodes and active cooling to the hearth. Ar
supply gas to the furnace was gettered before entering the furnace chamber. An additional
internal titanium getter charge was deployed throughout the melting procedure to maintain
chamber O2 levels below 10−15 ppm. Melting began with a consolidation of the pure metals,
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which were then flipped, melted, and cooled at least five times to encourage homogeneity.
Post-melt masses were recorded to check mass loss due to volatilization. U3Si2 ingots were
cataloged and stored in Ar gloveboxes. Final U3Si2 ingot masses were compared with the
theoretical masses expected from stoichiometric calculations. No more than 0.5 wt% mass
difference (<∼25 mg) from the calculated theoretical mass was allowed. was allowed;
ingot masses with differences not more than a 10 mg loss were used in this study. Ingots
synthesized by the same method as part of a different study were characterized and shown
to be free of secondary phases.

Fabrication of the target Nb-bearing compositions began with the mechanical fractur-
ing of the U3Si2 bulk material in the glovebox. Ingot sizes of the U-Si-Nb compositions
were chosen to be within 2 to 3 g for ease of synthesis and minimization of the loss of
volatile species at high temperature. The amount of Nb required to achieve U3Si2+ (0.5, 1.0,
2.00, 2.67, 6.67, and 11.88) vol% Nb was calculated via the Rule Of Mixtures approximation
(ROM) as described in Sooby Wood et al. and shown here in Equations (1) and (2) [14].
Equation (1) was used to determine a theoretical density. From there, the mass fraction
of Nb required per mass of U3Si2 could be obtained by Equation (2). Excess Nb was not
added to the initial U-Si melt because of its vapor pressure and melt temperature, which
indicate a low probability of volatilization. Segmenting, cleaning, and weighing of a Nb
wire (Beantown Chemical, 99.99% metals basis) was conducted on the benchtop and loaded
into the arc melt furnace. The incorporation of Nb into U3Si2 was completed via the arc
melt process outlined above.

[ρ(X)× Vol%(X)] + [ρ(U3Si2)× Vol%(U3Si2)] = ρ(ROM) (1)

ρ(X)

ρ(ROM)
× Vol%(X) = XMassFraction (2)

2.2. Microstructural Analysis

Phase identification and qualitative analysis began with the imaging of a sample
cross-section representative of each composition. In the Ar glovebox, each Nb-bearing
ingot was fractured by mortar and pestle and a representative fragment was chosen from
nearest to the center of the ingot. Fragments were mounted in epoxy pucks, mechanically
ground, and then polished. A final 0.5 µm finish was achieved on Allied Hi-Tech Vel-Cloth
and 0.5 µm polycrystaline diamond suspension fluid in preparation for scanning electron
microscopy (SEM). The Hitachi FlexSEM 1000 SEM, equipped with an energy dispersive
spectroscopy (EDS) detector, was used to collect images in both secondary electron (SE)
and backscattered electron (BSE) modes. EDS analysis was completed with the AZtecOne
ver. 4.3 (Oxford Instruments) software suite.

Powder X-ray diffraction (XRD) measurements were performed in a Bruker D2-Phaser
benchtop diffractometer. Powders were prepared in the glovebox by manual grinding and
then loaded into an O-ring sealed, polymer-domed sample holder to minimize oxidation
during transfer to the benchtop diffractometer. Measurements were taken from 10 to 90◦ 2θ
at a 0.01◦ step and 1 s dwell time. The initial phase identification and qualification were
conducted via Diffrac.EVA software interfaced with the ICDD PDF-2 database.

2.3. Heat Treatment

Despite the flipping and re-melting steps included in the arc melting procedure, rapid
cooling at the end of melting can lead to metastable phase segregation with subsequent in-
homogeneous phase composition and distribution. The extensive time commonly required
to achieve equilibrium in these materials, if possible, is not conducive to the arc melting
process. Two separate heat treatment processes were performed by producing two different
sample sets (as fabricated and annealed). Fragments treated in an air-atmosphere benchtop
Thermcraft XSB furnace were individually wrapped in a tantalum, marked, and sealed
inside a stainless-steel ConFlat assembly (Kurt J. Lesker, CF40). Packaging of the assembly
took place inside the Ar glovebox to preserve an inert internal atmosphere. The U3Si2 +
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11.88 vol% Nb composition was ramped at 10 ◦C·min−1 to 725 ◦C and held for 100 h as it
was packaged with other low-melt materials. The remaining compositions were similarly
packaged for heat treatment in a flow-through Ar atmosphere benchtop Carbolite-Gero
tube furnace (model EST 12/300B), which ramped at 10 ◦C·min−1 to 950 ◦C and held for 200
h. Pure titanium and zirconium ingots were deployed as getters within the flow of argon to
maintain O2 levels below 10−15 ppm. All compositions cooled to room temperature and
were returned to the Ar glovebox for disassembly. No oxidation was observed following
heat treatment.

2.4. Steam Oxidation Testing

Steam exposures were carried out in a Netzsch Instruments’ simultaneous thermal
analyzer (STA 449 F3 Jupiter, NETZSCH Analyzing & Testing, Selb, Germany) equipped
with a water vapor furnace and generator (DV2ML, Astream). Fuel fragments of each
composition were recorded and loaded into the STA to measure mass change as a function
of temperature and time. Furnace fixturing, including the working tube and sample carrier,
were Al2O3. Oxygen content of the STA inlet and outlet was recorded via an inline sensor
system (RapidOx OEM 447, Cambridge Sensotec, St. Ives, UK) identical to those in the arc
melt and heat treatment stages.

Samples were loaded into the STA and furnace atmosphere purged of residual air
until the outlet was less than 10−15 ppm O2. Each sample was then thermally ramped to
1000 ◦C, held for 30 min, and cooled at 20 ◦C per min. This method emulates previous
work which examined onset temperatures of U-Si and U3Si2 + X compounds to allow for a
direct comparison [14] Thermogravimetric measurements were terminated if a rapid mass
loss of >2 mg in <30 s was detected, indicating an ejection of the material from the test
crucible, similar to previous U3Si2 studies [14,19,30].

Determination of the oxidation onset temperature was conducted in Netzsch Proteus
software v8.0. The integrated curve evaluation “onset” function was used and compared
to the first derivative result of the thermogravimetric curve. This technique reproduces
the c-DTA evaluation method that was covered in the review by Gonzales et al. [14]. A
baseline correction measurement was acquired for each atmosphere and incorporated into
analysis within the Netzsch software ver. 6. Phase identification of the resulting material
was conducted with XRD to verify the end oxidation state.

Sample fragments were chosen from the as-fabricated or annealed ingot center and in
the range of 75 to 150 mg. Samples were ramped at 10 ◦C/min in pure Ar with protective
flow at 50 sccm and purge flow at 20 sccm. Thermal holds of 10 min at 200 and 300 ◦C were
performed to dry and equilibrate the system. Once equilibrated, steam was produced at
7 g/h and transferred to the furnace with 8 NL/h of gettered Ar after 300 ◦C to prevent
condensation. Thermal ramp continued at 10 ◦C/min, with a total partial pressure of
steam (pH2O) of 0.345 atm until the maximum 1117 ◦C setpoint. The dwell temperature of
1117 ◦C was maintained for 30 min, after which steam was removed, and the furnace cooled
naturally to room temperature. An Al2O3 pedestal fixture was chosen for this exposure to
allow for uninhibited sample reactivity with atmosphere, following Sooby Wood et al.’s
work on the effect of fixturing geometry in flowing steam oxidation testing [14].

3. Results
3.1. Microstructural and Phase Characterization

The following results summarize the microstructural evolution between as-fabricated
and heat-treated compositions and respective oxidation response. For each, phases are
identified via XRD and SEM to quantify any changes to the composition as the concentration
of Nb increased.

3.1.1. Characterization of as-Fabricated U-Si-Nb Ingots

Fragments from as-fabricated ingots were selected for XRD and SEM based on their
location within the ingots. The pieces nearest to the center of the ingot’s cross-section were
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expected to be the least effected by non-equilibrium phase segregation from rapid cooling
at the end of the arc melting process. The XRD analysis of the arc-melted buttons is shown
in Figure 1, which identifies secondary U-Si and U-Si-Nb phases distributed in a U3Si2
matrix. For compositions below 3 vol% Nb, XRD patterns display little to no change in the
the U3Si2 pattern or evidence of secondary phases, despite those phases being observed
in SEM analysis. Lebihan et al. reported a thermodynamically stable ternary, U2Nb3Si4,
with a second, off-stoichiometric phase, U2 – xNb3+xSi4, and also found negligible solid
solubilities of Nb in the U3Si2 phase [29]. Figure 1 shows that ternary characteristic peaks at
29.2◦, 35.3◦, 36.8◦, 39.2◦, and 40.9◦ 2θ agree with new peak formations in the XRD patterns
beginning, most notably, at 6.67 vol% Nb. However, a variation in the U3Si2 phase is
evidenced by the peak intensity change and broadening as well as a 2θ shift in angle.

PD
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.]

2θ [°]
25 30 35 40 45 50

U3Si2

0.5%Nb

1.0%Nb

2.67%Nb

3.0%Nb

6.67%Nb

11.88%Nb

Figure 1. Comparison of all as-melted compositions of U3Si2 + Nb (increasing Nb concentration
from bottom to top) with pure U3Si2 (bottom) and reference patterns for U3Si2 (green circles, 01-075-
1941) and U2Nb3Si4 (red triangle, 04-018-5866). Peaks less than a 10% relative intensity from these
two reference patterns were excluded to promote clarity.

The primary U3Si2 phase shows peak broadening at the triplet located between 33◦ and
37◦ 2θ and shifting at both high and low angles. It is suspected that this shifting is evidence
of Nb alloying into U3Si2 as reported by Lebihan et al. [29], and the broadening may
indicate localized stresses induced by the high rates of heating and cooling during the arc
melting process. However, a detailed crystallographic study to evaluate stresses within the
lattice was not conducted as part of this investigation [29]. Lastly, UO2 was not observed in
the as-fabricated ingot’s XRD patterns [19,20,29].

SEM micrographs collected in backscattered electron mode are shown in Figure 2 and
present the as-fabricated U3Si2 + Nb alloys with the Nb concentration increasing from
Figure 2A–F. Figure 2F presents each identified phase that is numerically labeled: (1) U3Si2
matrix, (2) U2Nb3Si4, (3) a U-Si-Nb ternary rich in U, and (4) U-Si eutectic binary rich in
U. The phases identified are consistent across all samples and omitted from Figure2A–E
for clarity. The presence of a dark phase in Figure 2A indicates a Nb-bearing compound,
which is expected to be below the detection limit of the XRD (<∼ 0.5 wt%). The low-Nb-
concentration samples (up to 3.0 vol% Nb) are shown in Figure 2A–D, which exhibit similar
microstructural features, namely a low abundance of secondary phase (U-Si-Nb and U-Si
eutectic type) distributed in a dominant U3Si2 matrix phase. In Figure 2A, the as-melted
composition for the 0.5 vol% Nb addition shows three phases. Initial EDS measurements
gave suggested that the brightest phase is the uranium–silicon eutectic near 91 at% U. The
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darkest phase is identified as an off-stoichiometric ternary, and the intermediate gray phase
is the U3Si2 matrix. In Figure 2B, the percent abundance of the U-Si eutectic and U2Nb3Si4
phase increases while U3Si2 decreases. For compositions in Figure 2C,D, the presence of
the U-Si eutectic is substantially decreased while abundances in U2Nb3Si4 increase.

100 µm

1 2

3

4

100 µm

100 µm

50µm50µm

100 µm

A) 0.5 vol.% Nb B) 1.0 vol.% Nb

C) 2.6 vol.% Nb D) 3.0 vol.% Nb

E) 6.6 vol.% Nb F) 11.8 vol.% Nb

(A) (B)

(C) (D)

(E) (F)

Figure 2. SEM micrographs of each as-fabricated ingot. The concentration of Nb increases from
0.5 vol% to 11.88 vol% in (A–F), respectively, as is labeled in each micrograph. As concentration
increases, secondary phases distributed in U3Si2 increase. In (F), each individual phase is numbered:
(1) U3Si2 matrix, (2) U2Nb3Si4, (3) a U-Si-Nb ternary rich in U, and (4) U-Si eutectic binary. This
labeling can be applied to images in (A–E).

Similarly, compositions with high concentrations of Nb (>3.0 vol% Nb) are shown
in Figure 2E,F. The microstructure of the 6.67 vol% Nb alloy in Figure 2E shows that the
abundance of U3Si2 decreases even more dramatically with an increase in U2Nb3Si4. Finally,
the highest concentration of Nb, 11.88 vol%, shows the development of an additional U-Nb-
Si phase. In the images, the U-Si-Nb phase is visually distinguishable as a dark globular
phase, with a Nb abundance of 30 wt%, and a plate-like phase possibly composed of other
internal ternary phases. Figure 2F shows the microstructure of the 11.88 vol% Nb sample,
including labels for each representative phase tabulated in Table 1. Here, phases 2, 3, and 4
are distributed in a medium-gray phase, 1, identified as U3Si2. Table 1 reports the change
in phase abundances as Nb increases as a function of area as analyzed by ImageJ. It is
noteworthy to mention that although images were processed in ImageJ, it is still possible
that threshold bounds may have included portions of one phase as another. However,
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an error of not more than 1% occurred over the triplicate measurements conducted on
each image.

Table 1. Comparison of phases present and their respective abundances as measured from SEM
images and tabulated via ImageJ software ver. 13.0.6.

Nb.
Conc.

%U3Si2 %U2Nb3Si4 %U-Si Eut. 1 %U3Si %U1.75Nb3.25Si4
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5

As-Fab Ann As-Fab Ann As-
Fab Ann As-

Fab Ann As-Fab Ann

0.5% 93.70 92.31 0.30 2.69 6.00 0.00 0.00 6.00 0.00 0.00
1.0% 92.77 94.29 2.49 5.71 5.03 0.00 0.00 0.00 0.00 0.00
2.6% 94.48 87.50 4.59 5.82 1.00 7.44 0.00 0.00 0.00 0.00
3.0% 92.00 76.76 6.26 15.47 1.74 4.39 0.00 2.42 0.00 0.00
6.6% 79.81 64.50 10.17 11.87 10.02 12.34 0.00 8.70 0.00 0.00

11.88% 48.63 17.76 28.49 37.76 16.42 40.84 0.00 0.00 6.45 4.95
1 Consulting the uranium–silicon binary phase diagram by Okamoto et al. [20], the eutectic identified here most
closely matches 91 at% U-Si, which melts at 985 ◦C.

3.1.2. Characterization of annealed U-Si-Nb ingots

Figure 3 plots XRD patterns of all heat-treated compositions and confirms secondary U-
Si and U-Si-Nb phases distributed within the dominant U3Si2 phase. In their annealed state,
the ternary U2Nb3Si4 is identified in every composition by characteristic peaks located at
29.2◦, 35.3◦, 36.8◦, 39.2◦, and 40.9◦ 2θ. A second ternary is identified at concentrations of
6.67% Nb and above by characteristic peaks at 35.9◦, 35.6◦, 29.7◦, and 41.3◦ 2θ. Variation in
the U3Si2 signature is observed as the peak shifting to a higher angle below 30◦ and above
37◦ 2θ. However, peak shifting was less evident than in the as-fabricated samples, which is
attributed to a potentially lower intergranular strain because of reduced secondary phases.
For the 0.5, 1.0, 2.6, and 3.0 vol% Nb compositions, the phases U2Nb3Si4 and U1.75Nb3.25Si4
were identified. At the 6.6 and 11.8 vol% Nb concentrations, the ratio of secondary phases
to U3Si2 increases.

PD
F

In
te

ns
ity

 [a
.u

.]

2θ [°]
25 30 35 40 45 50

U3Si2
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1.0%Nb

2.67%Nb
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6.67%Nb

11.88%Nb

Figure 3. XRD pattern comparison of all annealed compositions of U3Si2 + Nb. Increasing Nb
concentration (from bottom to top) with pure U3Si2 (bottom) and reference patterns for U3Si2 (green
circles, 01-075-1941) and U2Nb3Si4 (red triangle, 04-018-5866). Peaks less with than 10% relative
intensities from these two reference patterns were excluded to promote clarity. Contaminant phases
such as UO2 are not present.
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The SEM characterization of the annealed samples is presented in Figure 4. The images
agree with the XRD analysis, wherein 0.5 and 1.0 vol% Nb concentrations showed a
redistribution of the 91 at% U-Si eutectic phase such that a single U2Nb3Si4 phase is
homogeneously distributed in a U3Si2 matrix. At 2.6 and 3.0 vol% Nb, a bright U-rich
phase remains, which is identified as most closely matching the U-rich eutectic. However,
at 3.0 vol% Nb, the eutectic phase is surrounded by an additional secondary phase, 75 at%
U; this phase is identified as U3Si.

100 µm

A) 0.5 vol.% Nb

50 µm

100 µm

50 µm

B) 1.0 vol.% Nb

D) 3.0 vol.% Nb

100 µm

1
2

3

4
F) 11.8 vol.% Nb

100 µm

E) 6.7 vol.% Nb

C) 2.6 vol.% Nb

(A) (B)

(C) (D)

(E) (F)

Figure 4. Backscatter SEM images of each U3Si2 + Nb composition increasing in concentration from
(A–F). As Nb concentration increases, both the number of secondary phases distributed in U3Si2
and the relative fraction of secondary phases increase. In (F), each individual phase is numbered:
(1) U3Si2 matrix, (2) U2Nb3Si4, (3) a U-Si-Nb ternary rich in U, and (4) U-Si eutectic binary. The labled
phases are consistent across the rest of the micrographs in this figure.

Nb concentrations of 6.6 and 11.8% are found to present the highest abundances of
U-rich binary and U-Si-Nb ternary phases. Although the number of phases present in these
concentrations do not change, a redistribution in the abundances is observed. U-rich phases
such as U3Si and the U eutectic, U2Nb3Si4 and U1.75Nb3.25Si4, increase while the total
abundance of the matrix phase, U3Si2, is reduced to a greater degree than the as-fabricated
samples. A summary of changes in the abundances of phases is reported in Table 1.

3.2. Thermogravimetric Analysis

In this section, the response of U3Si2 alloyed with Nb in the atmospheres and thermal
profiles discussed in Section 2.4 is presented via thermograms. These plots show mass
change as a function of temperature.
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Oxidation in Steam

Figure 5 presents thermograms of all as-fabricated U3Si2 + Nb compositions. The ther-
mogravimetric results are broken into distinct groups: arrested and completed. Arrested
measurements demonstrated a large mass-loss event indicated by an abrupt change in the
thermogravimetric curve in Figure 5A. Completed measurements are shown in Figure 5B.
The onset temperature of U3Si2 is indicated throughout. Pure U3Si2 stock from this study
was oxidized under identical conditions and its onset of oxidation temperature was calcu-
lated to be 409 ◦C. This result was ±25 ◦C from the published temperatures and, because
of potential experimental variance, was used as the pure U3Si2 onset temperature [14]. The
highest onset temperature observed for the arrested compositions occurred at 502.3 ◦C
for the 2.6 vol% Nb. Despite achieving the highest delay temperature, 2.6, the 1.0 and
0.5 vol% Nb additions behaved the most like pure U3Si2 and required early termination of
the experiment (Figure 5).
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Figure 5. Thermogravimetric plots of all as-fabricated compositions oxidized in steam and ramped to
1000 ◦C. In each plot, the composition is labeled by its respective vol % Nb concentration and its oxida-
tion onset temperature. I.e.: the U3Si2 + 0.5 vol% Nb composition is the red trend with triangle points
and had an onset temperature of 479 ◦C. (A) Arrested measurements; (B) Completed measurements.

Compositions with Nb concentrations greater than 3.0 vol% did not experience a
mass-loss event during the entire thermal ramp experiment. Of these, the 3.0% Nb showed
the least amount of mass gain at 15% with an onset of oxidation at 452 ◦C while the 6.6% Nb
had the highest onset temperature delay at 468 ◦C and a 19% mass gain. Despite observable
improvements to onset temperature delay, the trend of total mass gain also increased as the
concentration of Nb increased. However, the total mass gain of these composites remained
less than the maximum theoretical mass gain of 25% for pure U3Si2 [14]. This could be
partially attributed to the oxidation of Nb; however, Nb2O5 or other Nb oxides were not
measured in any of the characterization techniques. It was determined that despite a lower
onset temperature, the best performing composition was 3.0 vol% Nb.

Thermogravimetric measurements were completed for select annealed compositions
and are shown in Figure 6 in the same manner as previously. Arrested measurements
in Figure 6A are the low Nb concentrations; 0.5 and 1.0 vol% Nb. Completed annealed
compositions include 3.0 and 11 vol% Nb and are shown in Figure 6B. All annealed
compositions demonstrated an onset temperature delay of less than 460 ◦C. The lower
onset temperature was accompanied by a total mass gain similar to the as-fabricated
compositions, beyond 20%. After every oxidation experiment, the resultant product was
analyzed via XRD to determine the phases present. For as-fabricated samples, Figure 7
confirms the presence of terminal-oxide UO2 phase in the completed experiments (above)
with the arrested experiments resulting in a distribution of U3Si2, U2Nb3Si4, U2 – xNb3+xSi4,
and UO2.
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Figure 6. Thermogravimetric plots of selected annealed compositions oxidized in steam and
ramped to 1000 ◦C. In each plot, the composition is labeled by its respective vol % Nb concen-
tration and its oxidation onset temperature. I.e.: the U3Si2 + 0.5 vol% Nb composition is the green
trend with square points and had an onset temperature of 454 ◦C. (A) Arrested measurements;
(B) Completed measurements.
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Figure 7. XRD results of the oxidation product of as-fabricated U3Si2 + Nb fragments. Arrested pat-
terns display the multiple phases present, including U3Si2 (green circles, 01-075-1941), U2Nb3Si4 (red
triangle, 04-018-5866), U2 – xNb3+xSi4 (04-019-6232), and UO2 (black circle, 00-004-1422). Completed
patterns agree with shifted UO2.

4. Discussion
4.1. Comparison of As-Fabricated Analysis

Microstructures of the as-fabricated and annealed samples show distinct differences
and are discussed in terms of the known thermodynamic investigations available in the
literature. Recall from Section 2.3 that the 11.88 vol% Nb composition was annealed at
725 ◦C for 100 h. This temperature was selected as a representative of typical intermediate
LWR fuel temperatures. A preliminary analysis of the 11.8 vol% Nb sample confirmed a
phase evolution and suggested that an increased temperature and duration might further
influence the compositions toward equilibrium and better match the annealing parameters
presented in Lebihan et al.’s paper [29]. The remaining samples were subsequently annealed
at 950 ◦C for 200 h based on evidence of microstructural evolution at 725 ◦C.The following
discussion compares samples up to 6.67 vol% Nb to the 1000 ◦C section of the ternary phase
diagram while the 11.88 vol% Nb compares to the 850 ◦C section.

For visualization, each sample’s Nb content is represented by a star or pentagon
along the line joining U3Si2 and pure Nb, as shown in Figure 8, where 0.5–6.6 vol% Nb
compositions are in the 1000 ◦C section and 11.8 vol% Nb is in the 850 ◦C section. At
1000 ◦C, equilibrated compositions should exhibit a three-phase distribution containing
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U3Si2, U2Nb3Si4, and a U-Si composition, as shown in Figure 8. Here, the U-Si phase most
closely matches the eutectic identified by Okatmoto as 91 at% U-Si that melts at 985 ◦C
[20]. Table 2 reports the predicted phase abundances for each sample as calculated by the
lever rule from isothermal sections of phase diagrams available in Lebihan et al.’s work
[29]. Then, actual abundances of as-fabricated samples are compared to these predicted
quantities. SEM and XRD analyses of the as-fabricated ingots identified medium-gray
U3Si2, dark-gray U2Nb3Si4, and bright high U phases, as predicted. Compared to the
predicted abundances in Table 2, quantities of each phase determined from SEM images
show excess amounts of the U-Si eutectic. This excess is attributed to the non-equilibrium
rapid cooling at the end of arc melting preferentially solidifying U3Si2 and U2NbSi, with the
remaining U-rich phase forming last. After heat treatment, changes in phase abundances
for 0.5 and 1.0 vol% Nb show minimal changes in U3Si2 and the absence of the 91 at%
U-Si phase. The U-rich phase is considered to have been redistributed into U3Si2. The
XRD patterns confirm U3Si2 as the dominant phase and show minimal-to-no 2θ shift as Nb
increases, suggesting that Nb is not accommodated within the U3Si2 tetragonal structure.
U2Nb3Si4 that is identified in XRD exhibits a shift to the lower angle in both as-fabricated
and annealed samples, indicating an increase in lattice parameter. This could be due to the
insolubility of Nb at these concentrations coupled with slow reaction kinetics during fast
cooling and heating events.

Table 2. Volume percent phase abundance as predicted by 850 ◦C and 1000 ◦C sections of the U-Nb-Si
ternary phase diagrams. ImageJ was used to calculate percentage by the lever rule. The 850 ◦C section
was used for 11.88 vol% Nb composition only.

Nb
Concentration

% U3Si2
Phase 1

% U2Nb3Si4
Phase 2

% U-Si Eut.
Phase 3

% U3Si
Phase 4

% U2 – xNb3+xSi4
Phase 5

0.5% 97.00 1.9 1.10 0.00 0.00
1.0% 92.75 4.50 2.75 0.00 0.00
2.6% 85.68 8.94 5.38 0.00 0.00
3.0% 83.34 10.41 6.25 0.00 0.00
6.6% 64.55 22.22 13.23 0.00 0.00

11.88% 14.33 39.15 0.00 46.52 0.00

U
2
N
b3
S
i4

U
-S
i

Figure 8. On the left, a selected area of the 1000 ◦C U-Nb-Si ternary phase diagram. The 0.5 (red)
to 6.67 vol% Nb compositions are indicated by stars increasing in Nb concentration from right to
left. A selected area of the 850 ◦C section of U-Nb-Si phase diagram is on the right. The 11.88 vol%
Nb composition is indicated by a pentagon within the U3Si2, U2Nb3Si4, and U3Si phase areas. A
solid line joining U3Si2 and pure Nb also indicates where proposed Nb compositions fall within the
phase diagram.
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The trend of secondary U2Nb3Si4 and the U-Si phases distributed in a U3Si2 matrix
phase persists at the intermediate concentrations of Nb, 2.6 and 3.0 vol%, but similarities
end there. Annealed forms of these samples showed a notable decrease in U3Si2 abun-
dance. Although the presence of U3Si in the as-fabricated 1.0 and 2.6% Nb ingots was low,
annealed forms showed an increase to 9.4 and 6.5% U3Si relative areas, also suggesting that
thermodynamic equilibrium has not been achieved but the composition is trending in this
way. The U2Nb3Si4 phase abundances are anomalous in that for 2.6% Nb, the predicted
abundance of 8.9% was actually observed to be 6.8% in the annealed sample. This was
a decrease from the as-fabricated 8.6%, which was closer to the predicted value. At 3.0%
Nb, the predicted 10.5% abundance was observed as 6.3% in as-cast and increased up to
18.9% in the annealed. XRD phase peak locations did not shift within detection limits in
U3Si2, showing minimal solubility in U3Si2 while the U2Nb3Si4 phase peaks shifted to
lower angles in U2Nb3Si4, reinforcing agreement with Lebihan and the hypothesis that the
annealing of the arc-melted ingots would result in compositions closer to an equilibrium
phase distribution. Of particular significance at these Nb concentrations is the abundance
of the 91 at% U-Si phase. Consultation of the U-Si binary phase diagram shows low melting
temperatures for the U-Si eutectic at 985 ◦C. For fuels that would experience high pellet
core temperatures, this low-melt phase could induce failure of the fuel before other phases
would melt.

The last concentrations, 6.67 vol% Nb and 11.88 vol% Nb from Figure 8, display a
phase evolution with the highest percent change for all phases as well as the formation
of a second U-Nb-Si phase, initially identified as U2 – xNb3+xSi4. Lebihan labels the only
other ternary phase as U1.75Nb3.25Si4; however, the SEM analysis here could not match this
stoichiometry. It is hypothesized that despite a lack of EDS confirmation and agreement
with the visual morphology description in the literature, this is U1.75Nb3.25Si4. When
compared to the predicted abundances of phases, as-fabricated ingots showed the best
alignment with the ternary sections in U3Si2 with overabundance in U2Nb3Si4 and poor
abundance in the predicted U-Si phase. After their respective heat treatment, U3Si2 was
reduced to less than half of its predicted value, while U2Nb3Si4 and U-Si were three times
more abundant than predicted. The U1.75Nb3.25Si4 was not predicted but may be the result
of overabundance of high U-rich phases leaving Nb excess to form these U-Nb-Si phases.
U3Si2 remains the dominant phase in both as-fabricated and annealed XRD patterns with a
low angle shift of the U2Nb3Si4 phase.

Overall, phase totals have evolved to more closely align with predicted phase abun-
dances from the 850 ◦C and 1000 ◦C phase diagram sections. U3Si2 was the dominant
phase with no 2θ shift, suggesting no Nb solubility but further showed a strained dis-
tribution of U2Nb3Si4 through a shift to lower angles in XRD. Additionally, abundances
and identification of exact phase quantities present is especially difficult. Phases like
those in well-studied systems like U3Si2 have been thoroughly investigated by computa-
tional and crystallographic analysis methods to confirm the lattice parameters and crystal
structure. This enables such materials to be included as reference patterns available in
crystal-structured databases. In contrast, the XRD patterns for the U-Si-Nb have only been
identified by one source and have not been confirmed by other techniques. Calculation
of quantities via Rietveld analysis requires well-defined reference patterns. In the fuels
discussed here, this is not easily achieved since such reference patterns do not exist. Con-
ducting Rietveld analysis for an exact quantitative abundance calculation of phases present
therefore falls outside the scope of this study. Therefore, abundances and identification
of phases present in this study can be qualitative, at best. In addition to calculating abun-
dances through Rietveld analysis, reference patterns for ternary U-Nb-Si phases would be
used to quantify any shift in XRD pattern. For example, it can be inferred from the U3Si2
phase that 2θ shifting can indicate a strained crystal structure, especially in the as-fabricated
samples due to the insolubility of Nb. Of great importance here is the overall effect of the
addition of Nb and the fuel’s oxidation resistance performance.
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4.2. Comparison of Oxidation Performance of Alloyed U3Si2
Materials for oxidation tests were mechanically fractured from bulk, and represen-

tative fragments were used. However, mechanical fracturing could induce other internal
fracturing, which in turn may decrease overall oxidation resistance by providing an in-
creased surface area for oxidation. Although this is not optimal, the method remains viable
for testing the overall material. Figure 9 shows U3Si2 alloyed fuels from the literature as a
comparison of vol% addition to U3Si2 and their respective oxidation onset temperature.
The Nb-bearing compositions of this study performed the best and show that the technique
of additions to pure U3Si2 has progressively improved. Figure 9 also helps to visualize the
following discussion.

Nb-This work
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Figure 9. Comparison of U3Si2 alloyed with X (Nb, Cr, Y, and Zr) from the literature showing
oxidation onset temperatures in high-temperature steam as a function of vol% X.

For as-fabricated ingots, oxidation onset improved the most from the 409 ◦C onset
temperature of pure U3Si2. Of these ingots, the 2.6 vol% Nb composition exhibited the
best oxidation onset temperature at 502.3 ◦C; however, it retained the characteristic U3Si2
two-part degradation mechanism, hydridization and oxidation, which led to energetic spal-
lation and was consequently arrested. Since this is a primary degradation mechanism that
Nb alloying sought to mitigate, the composition was not considered to have been successful.
Therefore, of the completed compositions, the 3.0 vol% Nb composition exhibited the best
performance. The onset of the 3.0 vol% composition was delayed to 451.7 ◦C and was
coupled with the lowest total mass gain, 17% compared to 19% for 6.6 vol% Nb and 22% for
11.8 vol% Nb, over the duration of the experiment. Overall, the oxidation onset was delayed
by less than 42.7 ◦C, relative to U3Si2. As shown in Figure 5A, the lower-concentration
Nb compositions behaved the most like pure U3Si2 with an energetic mass ejection of the
material from the experimental crucible. This matches the lower-concentration alloys of Al,
Cr, Y, and Zr seen in previous studies [14]. When comparing pure U3Si2 to these U3Si2 + Nb
fuels, a guiding hypothesis for this work was that the addition of the insoluble refractory
Nb content would delay the onset of oxidation temperature. The delay in oxidation ob-
served in the present work does lend itself to this theory and increased the fuel’s resistance
to cracking. Although identifying the exact method of mechanical strengthening was not
a goal of this work, it is possible to postulate that increased interphase stress was able to
decrease cracking, which in turn slowed oxidation. As the concentration of Nb increased
for each composition, so did the number and abundance of secondary Nb-bearing phases.
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Different and higher abundances of secondary phase could provide the stress gradient or
defect sink necessary to stop or slow crack propagation through the fuel. An observed
delayed onset of the oxidation temperature coupled with the decrease in mass gain further
supports the effect. However, this cannot be quantitatively supported without first deter-
mining mechanical properties such as hardness or elasticity. Other investigations into the
fuel could employ micro- or nano-indentation to obtain these values.

Despite a phase composition representative of a more thermodynamically equilibrated
material, the annealed samples did not delay oxidation onset temperature further nor ex-
hibit corrosion resistance greater than as-fabricated. In fact, the opposite is true. Oxidation
performance displayed in Figure 6 exhibited mass gain with an onset temperature < 50 ◦C
from the onset temperature of pure U3Si2 in Figure 6A. In terms of total mass gain when
compared to the as-fabricated samples, the annealed samples surpassed 15% and peaked
near 22%. Although a more homogeneous and stable phase distribution was achieved, heat
treatment decreased the oxidation onset temperature (closer to pure U3Si2) and increased
the total mass gain. When considering the potential for increased strength by adding
Nb, it is believed that annealing decreased the stress available in the fuel to offset crack
propagation. This is observed in Figure 6 as an overall decreased trend of oxidation onset
temperature and increased mass gain. The hypothesis is further supported by Figures 2
and 4 in that the number and abundances of secondary phases is observed to decrease.
Again, the mechanical properties of each phase would need to be measured quantitatively
to determine the exact effect.

The performance of these compositions most closely resembled the response of U3Si2
alloyed with Cr and Y [14], wherein oxidation onset temperature of the compositions were
delayed beyond that of pure U3Si2 while also affecting the total mass gain of the samples.
When compared to those compositions, the use of Nb showed the best performance.
When compared to the performance of Al-bearing U3Si2, the Nb-bearing material does not
continue to improve as concentration increases beyond the U-loading required for the fuel
to be viable in a drop-in replacement-type application.

For the compositions mentioned here, the Netzsch software c-DTA function was
utilized. The function determines onset temperature by analyzing the rate of change in
mass gain. However, a standard for this analysis has not been established in this field of
study, particularly for nuclear fuels.

For energetically reactive materials like U3Si2, this lack of standard would prove
problematic due to the low concentrations wherein the measurement was required to be
halted from the energetic spallation of the material. This also brings fabrication methods
and sample preparation for oxidation testing under consideration. The samples here
were arc-melted, but materials in other studies that aimed to improve oxidation resistance
were synthesized through conventional or spark plasma sintering, as listed and indicated
in the literature reviews by Watkins and Gonzales [14,21]. From a material preparation
perspective, a standard or convention would aid in minimizing measurement errors.

Despite the proposed high-temperature strength and corrosion benefits of adding
niobium to U3Si2, the best performing composition, U3Si2 + 3.0 vol%, only increased the
oxidation onset temperature by 42.7 ◦C. In addition to the temperature increase, this compo-
sition changed the two-part degradation mechanism to a degree that did not energetically
expel material from the test crucible but did result in mass gain. At 3.0 vol% Nb, the fuel’s
overall mass gain is still problematic, especially in a sealed fuel pin assembly. Ultimately,
these results suggest that the addition of a refractory material such as Nb to the U3Si2
fuel form did change its performance by delaying the onset temperature and reducing the
energetic degradation of pure U3Si2 from spallation to simple mass gain.

5. Conclusions

Because of its use in other structural nuclear materials for strength and corrosion resis-
tance, adding Nb to the accident-tolerant U3Si2 fuel candidate was proposed as an alloying
method to improve oxidation performance over pure U3Si2. The phase distribution of the
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as-fabricated and annealed results of the Nb-bearing composition was investigated in addi-
tion to high temperature, flowing steam, and oxidation testing designed to experimentally
mimic conditions possible during off-normal reactor operations.

This work provides additional data on the behavior of Nb in the U3Si2 compound
and finds that the as-fabricated compositions performed marginally better than their heat-
treated counterparts. This is attributed to the formation of secondary Nb-rich phases
causing further formations of U-rich phases. The phase segregation is hypothesized to
diminish the delay in oxidation of U3Si2. These results are comparable to previous attempts
of alloying U3Si2 with Al, Cr, Zr, and Y, wherein marginal delays in oxidation onsets were
also observed. Performance improvements of U3Si2 + Nb fuel in water-bearing atmospheres
was not significant; however, the technique offers promise. Should further investigation
account for microstructural control by modifying the fabrication method, conventional
pellet sintering, and other advanced sintering methods, the desired outcome could be
achieved, especially in a more fully equilibrated system.
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