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Abstract

The current study focuses on characterization of two potential fuel alloys for sodium-cooled fast
reactors: U-2.5Mo-2.5Ti-5.0Zr (U-MT5Z) and U-1.5Mo-1.5Ti-7.0Zr (U-MT7Z) in wt. %. As-
cast alloys and annealed (600 °C, 500 hours) alloys are studied by X-ray powder diffraction
(XRD) for their bulk structures, and scanning electron microscopy / energy dispersive X-Ray
spectroscopy (SEM/EDS) for their microstructures and phase constituents. For as-cast alloys, the
XRD results show that U-MT5Z mainly contains y , while U-MT7Z alloy contains a . In both
alloys, there are three phases indicated by EDS, a U-rich matrix, secondary phase, and Zr-rich
phase. The elemental compositions varied in different phases and in different alloys. After
annealing, both alloys exhibit the structures of a-U and U,Ti according to XRD. The EDS results
suggest there are five phases found in both alloys.

Keywords — Fast reactor, metallic fuel, microstructure, grain boundaries, SEM/EDS, XRD;


mailto:zjinsuo5@vt.edu

1. Introduction

The sodium-cooled fast reactor (SFR) was developed over six decades ago. Development
eventually led to the use of U-Zr fuel alloys, which have a higher solidus temperature than pure
U metal, being one of the most common driver fuels for an SFR. Successful implementation of
U-Zr has been achieved in the Experimental Breeder Reactor-II (EBR-II) and Fast Flux Test
Facility (FFTF) in the U.S. However, it has a drawback of constituent redistribution due to
multiple phases at reactor operation temperatures [1]. The U-Mo alloy is another possible
candidate for SFRs [2, 3, 4]. Relevant irradiation tests showed U-Mo alloys had the benefits of
isotropic growth [2] and no constituent redistribution [4], but more fuel cladding chemical
interactions (FCCls) were observed with U-10Mo as compared to U-10Zr [4]. The FCCls are
caused by the chemical inter-diffusion of the fuel and cladding constituents, and they will lead to
a multi-phase region that places both the fuel and cladding at risk [5]. Available data showed that
a significant amount of FCCI had occurred in U-10Mo fuels, resulting in cladding thinning [4].
In contrast, little FCCI was observed in the U-10Zr fuel under similar irradiation condition [4].

Recently, a new quaternary alloy with the constituents U, Mo, Zr, and Ti was proposed, and
some relevant investigations were initiated [1, 6, 7]. By alloying Mo, Zr, and Ti with U, the
expectation is to decrease the y phase onset temperature (due to Mo) and increase the
solidus/liquidus temperatures (due to Zr and Ti) for uranium [1]. The y phase onset temperature
refers to the temperature above which the y phase starts to form (for example, it is 776 °C for
pure uranium [8, 9], 555 °C for U-10Mo [8], and around 690 °C for U-10Zr [9, 10]). If the y
phase onset temperature is decreased, the amount of y phase will increase in a typical fuel
temperature range (around 450°C to 700°C [11]). The y phase is a favorable phase because of its
body-centered-cubic (bcc) structure. With the bec structure, predictable isotropic swelling
behavior can be expected [12, 13]. In addition, available studies show that the Mo-Ti-Zr system
has a large bce region under high temperatures [6, 14, 15]. Therefore, exploratory research on
quaternary U-Mo-Ti-Zr (or U-MTZ) alloys has been initiated. Some preliminary investigations
have been performed on the 90.0U-5.0Mo-4.3Ti-0.7Zr (wt. %) alloy [4, 16, 17, 18]. Constituent
redistribution was not observed in this alloy, but there was significant fuel-cladding chemical
interaction (FCCI) during irradiation, primarily due to the low Zr content and high Mo content
[16]. Based on these results, it is necessary to adjust the ratio of Mo-Ti-Zr in the U-MTZ alloy.
In order to reduce FCCI, the concentration of Mo will need to decrease, and the Zr concentration
will need to increase. This is the rational for the chosen alloys in this study. The Mo content has
been decreased and the Zr content has been increased, with the goal of retaining the beneficial
aspects of each alloying element while reducing FCCI due to Mo. The targeted alloys are listed
in Table 1. The goal of this investigation is not the optimization of the U-MTZ composition, but
an initial characterization of two lower-Mo, higher-Zr compositions.

Table 1. Targeted alloy compositions.

Alloy wt. % at. %
U-MT5Z 90.0U-2.5Mo-2.5Ti-5.0Zr 74.0U-5.1Mo-10.2Ti-10.7Zr
U-MT7Z 90.0U-1.5Mo-1.5Ti-7.0Zr 75.4U-3.1Mo0-6.2Ti-15.3Zr




In both alloys, the content of U is 90 wt. %, and total content of MTZ is 10 wt. %. For the MTZ
fraction, the Zr content is higher (5 wt. % or 7 wt. %), and the contents of Mo and Ti are equal in
weight percent (2.5 wt. % or 1.5 wt. %). For simplicity, the weight percent of Zr (i.e., the number
before Z) will be used to differentiate these two alloys, so the alloys names are U-MT5Z or U-
MT7Z.

Before testing the alloys in a reactor, the first step is to gain basic information of the phase and
the microstructure through out-of-pile investigation. This study is focusing on the as-cast
samples and the samples annealed at 600 °C for 500 hours. This temperature was selected
because it is in the typical fuel temperatures range. To allow the transformation to take place, the
annealing time varied from tens to hundreds of hours, according to the related studies [19, 20,
21]. Based on this, 500 hours was chosen to allow sufficient time for the phase formation in the
alloys. There are four samples (i.e., as-cast and annealed U-MT5Z, as-cast and annealed U-
MT7Z) characterized in this study. Each sample was characterized by X-ray diffractometry
(XRD) for bulk phase identification, and scanning electron microscopy/energy dispersive X-ray
spectrometry (SEM/EDS) for microstructure and phase constituents.

2. Materials and Experiments

All materials except U were obtained from Alfa Aesar and used as received. All casting
operations were carried out in an arc-melter within an argon atmosphere glovebox (oxygen < 10
ppm) with high purity argon as a cover gas. The appropriate amount of U, Mo, Ti, and Zr were
arc-melted together in two steps. The first step was melting Mo, Ti, and Zr together, followed by
addition of U. After each step, the cast button was flipped and re-melted three times to ensure
homogeneity. The resulting buttons of U-Mo-Ti-Zr were cast into 5 mm diameter pins using a
drop casting technique. An approximately 2 mm thick sample pellet was cut from each pin and
used for the study. The alloys were cast at Idaho National Laboratory but the tests and
characterization were performed at Virginia Tech. The annealing tests were performed in a
furnace inside a glove box filled with high purity argon (99.999%). The oxygen and moisture
were maintained at ppm level (oxygen < 10 ppm, moisture < 1 ppm) during annealing. The
samples were heated at 600°C for 500 hours. After the heat treatment, the samples were taken
out of the furnace and placed in a Si-based quenching oil for 1 min to preserve the high-
temperature phases.

Before performing XRD, the samples were ground using SiC sandpapers (with grit size 240, 400,
800) to remove the oxide layer and obtain a flat surface. A PANalytical Empyrean XRD
equipped with a copper source was employed for the analysis. In each XRD scan, the step size
was 0.007162 °/step, and the scan rate was 1°/min.

Before performing SEM/EDS, the samples were ground using SiC sandpapers (with grit size
600, 800, 1000, 1200) followed by polishing using polycrystalline diamond suspensions (1 pum,
0.25 pm, 0.05 um) in air. To reveal the grain of as-cast alloys, chemical etching was applied on
the sample surface after polishing. Concentrated HNO; (70% w/w) was used as the etchant. The
etching was performed in a stepwise manner. If the etching time was too short, the grains were
not revealed, and if the etching time was too long, the etchant destroyed the surface morphology.
To etch the surface, a drop of HNO; was applied on the surface and held for 1 to 2 minutes,
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followed by rinsing the sample in deionized water. The surface was then examined using SEM.
This was repeated until a sufficient etching time (10-20 minutes in total) was reached. Various
methods have been reported for etching uranium-base alloys. Chemical etching or electrolytic
etching can be used, although an acid solution is typically chosen as the etchant [22, 23]. Etching
with HNOj; was adopted in the current study, providing a straightforward method to etch the U-
MTZ alloys effectively. The SEM was performed on the FEI Quanta 600 FEG equipped with a
Bruker energy dispersive spectrometer. The energy line was calibrated with L-a and K-a from a
high purity Cu disk. The SEM was operated at an accelerating voltage of 20 kV with spot size 5.
EDS data was collected using the ESPRIT 1.9 software. Deconvolution and quantification
methods were serials fit and P/B ZAF (standardless). When quantifying the chemical
composition of the phase, the alloy constituents, i.e., U, Mo, Ti, Zr were selected, while light
elements such as oxygen and carbon were excluded. In the analysis, the spectra were collected
up to 10 keV. The EDS spatial resolution was 1-1.5 um. The error from the EDS measurement is
less than 1 percent.

3. Results

The bulk composition of each alloy was measured via EDS. The measurements were performed
on three random rectangular areas (about 0.5mmx0.5mm) on the surface, and the average value
for each element is reported in Table 2. According to the data, the measured composition is close
to the targeted composition, and the overall composition is stable upon annealing.

Table 2. Average composition* of the bulk material (wt. %).

Alloy U Mo Ti Zr
U-MT5Z As-cast 90 2 3 5
Annealed 89 2 3 6
U-MT7Z As-cast 90 1 2 7
Annealed 90 1 2 7

* Average composition as measured using SEM-EDS covering three random rectangular areas (about
0.5mmx*0.5mm).

3.1 U-MT5Z

In this section, data for the as-cast alloy will be presented first, followed by data for the annealed
alloy. This format will also be used when presenting the data for the U-MT7Z alloy in Section
3.2.

3.1.1 As-cast U-MTS5Z alloy
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Figure 1. XRD result for the as-cast U-MT5Z alloy.

The XRD result for the as-cast U-MTS5Z alloy is shown in Figure 1, with y phase being observed.
The microstructure of the sample was characterized by SEM/EDS. The representative
backscattered electron (BSE) images are shown in Figure 2, with the surface morphologies
before and after etching at the same area. For the surface before etching (Figure 2a and b), there
are three contrast areas found, i.e. bright, grey and black. To quantify the compositions, EDS
point scans were performed, and the corresponding data is listed in Table 3. The bright region
mainly contains U, and a portion of Mo, Ti, and Zr, thus it is suggested to be a U-rich phase. The
grey region is suggested to be a secondary phase, as it contains more Ti and Zr than that of the
U-rich phase, the ratio of U to (Ti, Zr, Mo) is closed to 2:1. In the matrix and the secondary
phase, the content of Mo is around 3 to 4 at%, and the ratio of Ti and Zr is close to 1:1. The
black precipitates are Zr-rich phases with a small amount of U and Ti. The Zr precipitates are
commonly observed in U-Zr base alloys [24, 25, 26, 27, 28], possibly formed by impurity such
as C, O, N during the fabrication [27]. The surface morphologies after etching are shown in
Figure 2b and d. Etching makes the secondary phase (relief-like) clearer, and also revealing the
grain boundaries. The EDS point data show that the compositions of the phases are close to that
before etching.
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Figure 2. Back-scattered electron (BSE) images for U-MTS5Z, (a) and (b) are before etching,
while (c) and (d) are after etching. (b) is the higher magnification image for the region indicated
by the red rectangle in (a), and (d) is the higher magnification image for the region indicated by
the red rectangle in (c). The corresponding EDS data are listed in Table 3.

Table 3. EDS analysis for data points shown in Figure 2 (at. %).

U Mo Ti Zr Phase* Contrast

Figure 2b

1 82 4 7 7 U-rich Bright

2 84 3 6 7 U-rich Bright

3 69 3 13 15 Secondary phase Grey

4 68 3 14 15 Secondary phase Grey

5 2 1 6 91 Zr-rich Black

6 3 0 6 90 Zr-rich Black
Figure 2d



1 80 3 9 8 U-rich (matrix) Bright
2 84 2 7 7 U-rich (matrix) Bright
3 70 5 11 14 Secondary phase Grey
4 69 3 14 14 Secondary phase Grey
5 1 0 7 92 Zr-rich Black
6 2 0 7 91 Zr-rich Black
* Suggested phase based on EDS analysis
3.1.2 Annealed U-MT5Z alloy
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Figure 3. XRD result for the annealed U-MT5Z alloy.

The XRD result for the annealed U-MTS5Z alloy is shown in Figure 3, with a-U and U,Ti
identified. The SEM/EDS characterization revealed a complex phase morphology, with
representative images shown in Figure 4. According to the analysis, there are five phases
observed:

1.

a-U phase. The bright region contains pure uranium, according to EDS points 1, 2 and 3
in Figure 4b. The XRD data (Figure 3) indicate that o-U is found on the annealed alloy.
For these reasons, the bright region is identified as a-U.

U,Ti, the light grey region indicated by EDS points 4, 5, and 6 in Figure 4b. According to
the EDS data (Table 4), this region primarily contains U and Ti with small amounts of
Mo and Zr. The ratio of U and Ti is close to 2:1. In the XRD spectrum (Figure 3), the
U,Ti pattern is present. Thus, it is believed this phase is U,Ti (hexagonal, space group
P6/mmm). Mo and Zr were detected probably because there are small amounts of Mo and
Zr dissolved in the phase or due to the interaction volume of the electron beam.

U-Zr compound, the dark grey region indicated by EDS points 7 and 8 in Figure 4b. It
mainly contains U and Zr with some Mo and Ti. The reasons for the presence of Mo and
Ti are similar to that in U,Ti, i.e., maybe there are small amounts of Mo and Zr dissolved



in the phase or due to the interaction volume of the beam.

4. Zr-rich phase, the black precipitate indicated by EDS point 11 in Figure 4b. A high Zr
content was detected according to the EDS point data. By the elemental map in Figure 4f,
Zr is enriched in that precipitate. Similarly, the black precipitates, EDS points 1 and 2 in
Figure 4a are Zr-rich phases as well.

5. An unidentified phase, the black precipitate indicated by EDS points 9 and 10 in Figure
4b. The size of the phase is too small, so the compositional data may not be accurate due
to the interaction volume of the electron beam. According to the EDS maps (Figure 4d),
Mo is found to be enriched in those precipitates.

Comparisons of the microstructures between as-cast and annealed samples indicate that the
phases are changed after annealing. There are three phases in the as-cast alloy, but five phases
are observed in the annealed alloy, as summarized in Table 5. The Zr-rich phase appears to be
stable, because the compositions between the as-cast (points 5 and 6 in Figure 2b or ¢) and
annealed samples (points 1 and 2 in Figure 4a) are very similar compositionally. The matrix and
the secondary phase changed significantly during the annealing. These two regions are now a-U,
U,Ti, U-Zr compound, and an unidentified phase after annealing.
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Figure 4. BSE images for annealed U-MTS5Z, (a) at 3000x magnification and (b) is the magnified
region indicated by the red square in (a), (c) to (f) are EDS elemental maps for (b). The
corresponding EDS data are listed in Table 4.



Table 4. EDS analysis for data points shown in Figure 4 (at. %)

U Mo Ti Zr Phase Contrast

Figure 4a

1 2 1 9 88 Zr-rich Black

2 1 0 9 89 Zr-rich Black
Figure 4b

1 99 0 0 1 a-U Bright

2 100 0 0 0 o-U Bright

3 100 0 0 0 a-U Bright

4 66 2 28 4 U,Ti Light grey

5 64 3 27 6 U,Ti Light grey

6 65 3 28 4 U,Ti Light grey

7 54 4 5 37 U-Zr compound Dark grey

8 44 6 8 42 U-Zr compound Dark grey

9 27 31 17 25 Unidentified Black

10 23 37 11 29 Unidentified Black

11 17 9 11 63 Zr-rich Black

Table 5. The phases observed in U-MTS5Z alloy

Sample

Phases observed

As-cast

Annealed

U-rich

A secondary phase
Zr-rich

a-U

U,Ti

U-Zr compound
Zr-rich

An unidentified phase

3.2 U-MT7Z

3.2.1 As-cast U-MT7Z alloy
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Figure 5. XRD result for the as-cast U-MT7Z alloy

The XRD result for the as-cast U-MT7Z alloy is shown in Figure 5. The as-cast sample mainly
contains o-U, but it is very difficult to determine if there is y present or not due to peak overlap.
This is significantly different from as-cast U-MT5Z, which contains y phase. The difference
between these two alloys is the composition change in Mo, Ti, Zr. However, Mo is a strong y

stabilizer [6, 29], and the U-MTS5Z alloy has a higher concentration of Mo, which stabilizes the y
phase during fabrication.

Figure 6 shows the BSE images of as-cast U-MT7Z before and after etching. The U-rich (bright),
a secondary phase (grey) and Zr-rich phase (black) are the three phases found. Again, the etching
makes the secondary phase more apparent. The EDS point data are listed in Table 6, showing the
content in these phases differ from that in the U-MTS5Z alloy. The change in composition can be
attributed to the change in MTZ composition. There is less Zr, and more Mo and Ti, in MT5Z
than there is in MT7Z.
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Figure 6. BSE images for U-MT7Z, (a) and (b) are the morphologies before etching, (c) and (d)
are the morphologies after etching. (b) is the higher magnification image for the region indicated
by the red rectangle in (a), and (d) is the higher magnification image for the region indicated by
the red rectangle in (c). The corresponding EDS data are listed in Table 6.

Table 6. EDS analysis for data points shown in Figure 6 (at. %)

U Mo Ti Zr Phase* Contrast

Figure 6b

1 89 2 3 6 U-rich Bright

2 85 2 4 9 U-rich Bright

3 67 3 8 22 Secondary phase Grey

4 61 3 9 27 Secondary phase Grey

5 9 0 7 84 Zr-rich Black

6 24 1 5 70 Zr-rich Black
Figure 6d

1 86 1 3 10 U-rich Bright
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2 87 2 3 8 U-rich Bright
3 68 3 7 24 Secondary phase Grey
4 65 2 8 25 Secondary phase Grey
5 9 2 4 &5 Zr-rich Black
6 20 1 7 72 Zr-rich Black
* Suggested phase based on EDS analysis
3.2.2 Annealed U-MT7Z alloy
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Figure 7. XRD result for the annealed U-MT7Z alloy
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The XRD result for the annealed U-MT7Z alloy is shown in Figure 7. The composition is
primarily o-U and U,Ti, similar to that in the annealed U-MTS5Z alloy. The representative

images from SEM/EDS characterization are shown in Figure 8.

The observation is similar to that

in U-MT5Z, but the grain boundaries have been revealed associated with the multi-phase
formation. a-U, U,Ti, U-Zr compound with small amounts of Mo and Zr, and Zr-rich phases are
analogous to those in the annealed U-MTS5Z alloy. EDS analysis for the points shown in Figure 7
is listed in Table 7. Some black spots with a size smaller than 1 pum are found at the grain
boundaries (for example, the spots associated with points 7 and 8 in Figure 8b). The phase of
these precipitates cannot be identified due to the limitation of SEM/EDS resolution, though. The

phases observed in U-MT7Z are summarized in Table 8.
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Figure 8. BSE images for annealed U-MT7Z: (a) at 7000x magnification; (b) is the magnified
region indicated by the red square in (a). (c) to (f) are EDS elemental maps for (b). The
corresponding EDS data are listed in Table 7.
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Table 7. EDS analysis for data points shown in Figure 8 (at. %).

U Mo Ti Zr Phase Contrast

Figure 8a

1 4 0 5 91 Zr-rich Black

2 4 0 5 91 Zr-rich Black
Figure 8b

1 98 0 1 1 a-U Bright

2 98 0 0 2 a-U Bright

3 65 2 28 5 U,Ti Light grey

4 65 3 27 7 U,Ti Light grey

5 44 6 7 43 U-Zr compound Dark grey

6 45 6 9 40 U-Zr compound Dark grey

7 47 8 15 30 Unidentified Black

8 47 10 6 37 Unidentified Black

Table 8. The phases observed in U-MT7Z alloy
Sample Phases observed
As-cast U-rich

A secondary phase

Zr-rich

a-U

U,Ti

U-Zr compound

Zr-rich

An unidentified phase

Annealed

3.3 Discussion on the grain size

In a metallic fuel, the fission gas bubbles nucleate at the grain boundaries [30], and the grain
boundaries are the major path of fission gas release [31]. The fuel with smaller grain will lead to
a higher fission gas release rate during irradiation [31]. Therefore, it is necessary to gain a better
understanding of the grain morphologies in those alloys.

In as-cast U-MT5Z, the grain size decreases from the center region to the edge of the sample
pellet. Three typical grain structures in U-MT5Z pellet (5 mm radius) are shown in Figure 9. In
the center region (Figure 9a), the grain size is as large as 20~30 pm, and the grain boundary
could be surrounded by the secondary phase or passing through it (Figure 2d). In the middle
region (Figure 9b), the grain size is around 10 to 20 um, and in edge region (Figure 9c¢), the grain
size 1s around 10 pm, and the grain boundary is more likely to be surrounded by the secondary
phase. It is known that the cooling rate affects the grain size and that faster cooling will generally
result in a smaller grain size [32]. The fuel rod cooled down from the edge to the middle during
drop-casting, so the edge was subjected to a faster cooling rate than the rod center, resulting in
smaller grain size at the edge of the rod.
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Figure 9. BSE images taken from (a) center region, (b) middle region, and (c) edge region
showing the grain size in the as-cast U-MTS5Z alloy.

In annealed U-MT5Z, the grains cannot be clearly identified, even with etching. An acid etchant
produces a porous surface, not allowing the grain boundaries to be differentiated. Due to this, a
comparison of the grain size between as-cast sample and annealed sample is not possible.

For as-cast U-MT7Z, the grain sizes are similar everywhere on the whole pellet. The trend
observed in the U-MT5Z alloy (decreasing from center to edge) does not show up. A typical
grain morphology for the as-cast alloy is shown in Figure 10a. The grain morphology of the
annealed alloy is shown in Figure 10b. The grain size varies from several um to about 30 um in
both samples, but the grain growth is observed after annealing.

The grain size of the as-cast U-10Zr is about 60 pm [33], but the data for the annealed U-10Zr is
limited. The grain size for as-cast U-10Mo is in the range of 10 to 50 um [34], while for annealed
alloy the it is around 10 to 150 pm, depending on the annealing temperature and time [35, 36,
37]. The grain size observed in the U-MT5Z and U-MT7Z has the same order of that in U-10Mo.

Figure /0. Grains in (a) as-cast etched sample and (b) annealed sample of U-MT7Z alloy,
artificial lines are drawn on the grain boundaries to enhance the readability.
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4. Conclusion

In this work, two U-MTZ alloys (as-cast and annealing at 600 °C for 500h) are studied using
XRD analysis for their bulk structures and SEM/EDS technique for their microstructures and
phase compositions. For the as-cast alloys, the XRD results indicate that U-MTS5Z is primarily y-
U, while U-MT7Z alloy is a-U. Under SEM, a secondary phase is observed in both alloys, but
the atomic ratios of Ti to Zr are different. The approximate Ti to Zr ratio is 1:1 in U-MT5Z,
while it is 1:3 in U-MT7Z. Upon annealing, the grain can be differentiated in U-MT7Z while it
cannot in U-MTS5Z. The present study also shows that 1.5 wt.% Mo is not enough to stabilize the
gamma phase, while 2.5 wt.% Mo is enough. This is a positive because the results imply that not
too much Mo is needed to stabilize gamma phase. It is beneficial for the fuel composition, given
the FCCI issue with Mo. Less Mo is preferred when using Fe-base cladding.
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