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Abstract

The use of fuel additives is one of the concepts to mitigate fuel cladding chemical interaction
(FCCI) for metallic fuel because fission product lanthanides are expected to be immobilized by
the additive. Antimony (Sb) has been found to be a good candidate in UZr fuel. The present study
focuses on its mechanism for immobilization in pure uranium, U-4Sb alloy was fabricated to
understand the Sb behavior, while U-4Sb-4Ce was fabricated to simulate the case when
lanthanides are generated. Both of the as-cast and annealed samples were characterized by
scanning electron microscope (SEM) and energy dispersive spectrometer (EDS). U-Sb precipitates
are formed in U-4Sb alloy, while U-Sb and Ce-Sb were found in U-4Sb-4Ce alloy, thermal
exposure does not change the Sb-precipitation morphologies or chemical composition. In addition,
diffusion couple tests between those alloys and cladding materials (Fe or HT9) under 650 °C for
500 hours were performed and analyzed using SEM/EDS. Diffusion couple tests show the reaction
between cladding and uranium, while no reaction between Sb-precipitations and cladding

materials was found.
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1. Introduction

Fuel cladding chemical interaction (FCCI) is a phenomenon that occurs at the interface between
fuel and cladding, and it would result in a multi-phase region that places both the fuel and cladding
atrisk [1]. A major cause of FCCI in metallic fuels during irradiation is fission product lanthanides
(Ln, e.g., Ce, Pr, and Nd)-cladding interaction due to Ln migration to the fuel periphery and the
swelling fuel contacting with cladding [2]. Several concepts have been proposed in order to
mitigate FCCI, the additive method is one of them and it has been studied in recent years [2].
Available studies on some selected additives include Pd [3] [4], Sn [5], Sb [6], Te [7], In [8, 9], Tl
[9], Ga [9], and Sn/Sb mixtures [10]. Among those candidates, assessments on antimony (Sb)
showed that it could be a promising additive. The assessments include out-of-pile UZr fuel-
additive alloy test [6] [11] [12], lanthanide-additive compounds /cladding diffusion couple test
[13] [14], and modeling using the Bozzolo-Ferrante-Smith (BFS) method [9]. Some demonstrated
or potential advantages of adopting Sb as the additive could be summarized as the following: (1)
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In U-10Zr fuel, Sb has the preference to bind lanthanide (e.g. Ce) over Zr [6]; (2) Sb-lanthanide
compounds are thermodynamically stable and compatible with cladding [13] [14]; (3) Sb may have
higher preference to bind lanthanides compared to other candidates such as Sn [10] or In, T1, and
Ga[9].

In U-Zr or U-Pu-Zr fuel, Zr redistribution is commonly observed in two major cases. One is due
to the temperature gradient where Zr redistribution takes place inside the fuel along the AT [15].
The other is the Zr-rind formation at the fuel periphery most likely due to the impurities such as
C, O, or N [16]. In U-Zr fuel, Zr redistribution in both cases will result in a region enriched in
uranium. For example, fuels taken from Fast Flux Test Facility (FFTF) show an annular region
that is depleted in zirconium and enriched in uranium, effectively caused by the migration of Zr to
fuel center [17]. Consider the extreme case, it is possible to have a Zr-free area and only composite
of pure U inside the UZr fuel. Regarding the second case, we could look at another example by
out-of-pile diffusion couple test using UZr against Fe [18], Zr had migrated to the fuel periphery
and formed a rind attached to Fe, exhibited a region enriched in uranium in the fuel side. In the

event that Zr-rind is not intact [16], direct contact between U and cladding could take place.

Since Sb is also a fission product [19], the fission yield is small (1.30% per fission for U-238"
[20]) but it will be more likely to generate in the pure U phase where there is no free Zr, especially
if the reactor could reach higher burnup in the future. Focusing on Zr-free region, there are four
possible ways the produced Sb would behave: (1) formed as free Sb that is dissolved into the fuel
matrix and transport to cladding like other lanthanide fission products; (2) free Sb that is metal
precipitate; (3) combined with U; (4) combine with other fission products. Free Sb is not desirable,
because Sb would attack Fe [21, 22] to form lower melting eutectic phase (based on the phase
diagram [23]). Therefore, Zr-free alloy is proposed in this work to gain a better understanding of
Sb mechanism in a pure U region of UZr fuel, either inside the fuel or at the fuel periphery.

In addition, there are two other reasons for focusing on Zr-free alloys in the study. First, from the
experimental point of view, when evaluating the compatibility between cladding materials and
UZr fuel using diffusion couple method, it was reported that the major interactions are between U
and cladding, however, Zr-rind might form [18][24][25] during the tests, preventing cladding
materials such as Fe from diffusing deep into the U-Zr side of the couple [1]. This problem can be
easily avoided in this work. Second, the feasibility and possibility of Zr-free alloys have been
proposed and studied recently in BN-type fast reactor [26][27], this study, therefore, can also
provide a pioneering view for such applications.

The investigation in this paper is a continuation of previous work [6] using Sb as a minor additive
to control FCCI, but emphasizing in Zr-free zone and considered Sb as a fission product or

* This is the cumulative fission yield considered the fast fission yield and 14-MeV fission yield of Sb-122, Sb-124,
and Sb-125 for U-238



additive. The previous work focused on U-10Zr (a typical fuel composition for sodium cool fast
reactor, weight percent), the U-10Zr-4Sb and U-10Zr-4Sb-4Ce alloys were investigated [6]. For
comparison, two Zr-free alloys were studied in the present work, i.e., U-4Sb and U-4Sb-4Ce. Thus,
a separate effect evaluation can be performed to isolate the behavior in U-10Zr fuel. With this
motivation, U-4Sb (wt%) alloy was fabricated. To simulate the Ln generation, Ce is used to
represent Ln and therefore, U-4Sb-4Ce (wt%) alloy was fabricated accordingly.

The evaluation includes three parts. Firstly, as-cast samples were analyzed to obtain benchmark
information. Secondly, the samples were heated to identify if the microstructure including the
precipitate chemical composition would change upon heat treatment. To understand the stability
of Sb compounds formed in alloy and the FCClIs, the third step is to perform diffusion couple tests
to assess the compatibility between those alloys and Fe-based cladding materials. The cladding
materials used in this work are Fe and HT9. All the samples in three tests were independent to
each other. Details about the materials and experiments will be described in section 2.

2. Materials and experiment

The U-4Sb and U-4Sb-4Ce alloys were fabricated by arc melting. All materials, except U, were
obtained from Alfa Aesar and used as received. Ce was obtained as a rod, packaged in mylar under
argon. U was cleaned by submersion in nitric acid, followed by a water wash, then an ethanol
wash. All casting operations were carried out in an arc-melter within an argon atmosphere
glovebox with high purity argon as a cover gas. To prepare the U-4Sb alloys, the appropriate
amount of Sb and U were arc melted together. To prepare the alloys with Ce, the appropriate
amount of Ce was added to a pre-alloy button of U-4Sb alloy. After each additive step, the resulting
cast button was flipped and re-melted three times to ensure homogeneity. The buttons were cast
into 5 mm diameter rods then sectioned into 2 mm thick pins for all the experiments.

The thermal exposure tests were performed in furnace (Thermo Scientific Thermolyne FB1415M)
which was calibrated between 550 °C ~750 °C within the error of + 0.2%. Furnace was placed in
a high purity argon-filled glovebox (Inert PL-HE-4GB-2500). For diffusion couple tests, each
USD alloy (U-4Sb or U-4Sb-4Ce) sample was coupled with Fe on one side and HT9 on the other
side as shown in Figure 1. Fe foil (99.994%) was purchase from Alfa Aesar. HT9 was provided
by Los Alamos National Laboratory, the elemental composition is shown in Table 1, and more
details can be found in Ref [28].

Table 1. Composition of the HTO.

Element wt. % Element wt. % Element wt. %
(0] 0.016 P 0.007 Si 0.39-0.40
N 0.031 Co 0.009 Cr 12.1




C 0.171 Cu 0.018 Mo 0.92
S 0.004 Ti 0.002 Ni 0.60
\Y 0.31 Fe 84.2 Al 0.006
W 0.58 Mn 0.59 - -

Before assembling the couple samples, the surfaces were ground with SiC grinding paper followed
by polishing with polycrystalline diamond suspensions to 1 um. The samples were cleaned by
deionized water and dried. Then the samples were coupled together, wrapped in Ta foil and
clamped in Kovar fixture. The heat treatment conditions for thermal exposure tests and the
diffusion couple tests were set to 650°C for 500 hours.

After heat-treatment, the samples were quenched in Si-based oil (in glovebox) to preserve the high-
temperature phase equilibrium. The samples were mounted in epoxy (for diffusion couple tests,
the samples were cut perpendicularly to reveal the interface after mounting), then the surfaces were
ground with SiC grinding paper followed by polishing with polycrystalline diamond suspensions
to 1 pm in air. A coating of Au/Pd (60/40 in wt. %) was applied, and the thickness of the coating
was around 4.5 nm. The SEM (model:FEI Quanta 600 FEG) is equipped with a Bruker energy
dispersive spectrometer (EDS). The SEM was operated at an accelerating voltage of 20 kV and
spot size 5. EDS data was collected by ESPRIT 1.9, the spectra were collected up to 10 keV. L-a
and K-a of Cu (standard) was used for energy calibration. In this study, the point analysis, line
scan and mapping were applied. The point analysis and line scan were used for concentration
measurement, while mapping was used to determine the elemental distribution. For concentration
measurement, the net counts above background were used for deconvolution and quantification.
The deconvolution and quantification method were serials fit and P/B ZAF (standardless). For the
maps, raw count signals were displayed. U M-series, Sb L-series, Ce L-series, Fe K-series, Cr K-
series were used for point analysis. U-Ma, Sb-La, Ce-La, Fe-Ka, Cr-Ka were used for the line

scan and map analysis.

To provide a theoretical baseline of the accuracy of EDS, an estimation was done for spatial
resolution and interactive volume of the electron beam in the uranium metal (bulk material in fuel
alloy). An approximate spatial resolution can be calculated from the expression of Anderson and
Hasler that is recommended in Ref [29]: R, (um) = 0.064(E}%® — EL%8)/p, where Ey is the
electron accelerating voltage of 20 keV, Ec is the excitation voltage for U-Ma line at 3.171 keV
(the strongest peak), p is the uranium density which is 19.10 g/cm?. Hence, the theoretical spatial
resolution in uranium is 0.49 um. To obtain the interaction volume further, it is assumed that the
electron beam would interact with the material in an idea spherical volume. The radius of the
spherical volume is half of the penetration depth, and the penetration depth is considered to be
equivalent to the spatial resolution. Accordingly, the theoretical interaction volume is calculated
to be 0.062 pm?.
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Figure 1. Schematic diagram of diffusion couple test

3. Results

In section 3.1, as-cast samples as well as the heat-exposure samples were characterized. It mainly
focuses on the microstructure formed in U-4Sb alloy, and estimate the effects on the Sb
performance with Ce when it is presented. In section 3.2, the diffusion behaviors between alloys
and claddings were analyzed. All the image shown in this section were taken under backscattered
electron (BSE) mode unless specified otherwise.

3.1 SEM/EDS characterization
3.1.1 As-cast samples

3.1.1.1 U-4Sb
The overview morphology of the as-cast sample under BSE is shown in Figure 2 (a). The bright

region is matrix and the dark regions are precipitates. The typical structures for the precipitates
observed are long strips and irregular polygon spots. The strips are uniformly distributed in the
fuel and commonly 30 — 50 um long, some of them are overlapped to form even longer strips.
Indicated by EDS point data, there are three phases found: the bright matrix is U, the black and
grey precipitates are two U-Sb phases with different compositions. Typical morphologies and the
corresponding point data are shown in Figure 2 (b-c) and Table 2. Selected EDS point spectra
together with a spectrum from standard uranium sample (high purity uranium metal, provided by
INL) are shown in Figure 2 (d).

In the quantified result, the matrix (point 1 and point 2) contains small fraction of Sb. This fraction
could be resulted from My edge peak of U, i.e., the U-My edge (3.552 keV) contributes to Sb-La,
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peak (3.604 keV) [30]. This is verified by checking the standard uranium sample using the identical
configuration. As shown in Figure 2 (d), the main peaks of point 1 are well matched with that of
standard uranium. The solubility of Sb in a-U was reported to be approximately 0.02 at. % at 620
°C [31]. With the limitation of the EDS, it is not expected to differentiate or detect Sb solubility in
U.

For the U-Sb precipitates, in this study, they have two typical compositions under EDS, the dark
precipitates are mainly composed of ~57 at% U (point 3 — 5 in Figure 2 b, point 9 — 11 in Figure
2 ¢), and the gray precipitates that have higher uranium concentration varied from 62~ 65 at%
(point 6 and 7 in Figure 2 b, point 12 — 14 in Figure 2 c). The spectra of point 3 and point 6 are
shown in Figure 2 (d). The two main uranium peaks are from U-Ma and U-MP lines, and the two
main antimony peaks are from Sb-Loai and Sb-Lf:1 lines. The antimony intensities from both
spectra are close, while the uranium intensity of point 3 is higher than that of point 6, thus resulting
a higher uranium content. In terms of the phase quantification using EDS, there are two points
need to be noticed here. First, it is noticed that the precipitates may be protruded from the surface
(verified by secondary electrons images), and it is known that the uneven surface would affect the
quantification results [32]. Second, the point quantification results on precipitation could be
affected by the matrix. Due to the absorption of X-ray, across uranium signal from the matrix could
have contributed to the U-Sb phase and perturb the fraction. Considered these two statements, it is
believed that: (1) the dark precipitates could be U4Sb; or UsSb4 based on the available studies [31]
[33] [34], the compositions between those two phases are too closed to be differentiated under
EDS; (2) the grey phases could be a new phase but it is not conclusive in this study.

In summary, Sb is mainly found in the form of U-Sb precipitates, limited by the EDS resolution,
the exact phase cannot be identified. There are no free or significant level of Sb found. In UZrSb
alloy, Sb is found to combine with Zr (Zr,Sb was identified) [6], while U-Sb phase was not found,
this implies Sb has higher affinity to Zr over U. This suggests Sb would combine with Zr in U-
10Zr alloy, and as the pure uranium region formed during operation, Sb would form precipitates
with U.
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Figure 2. As-cast U-4Sb alloy at multi scales: (a) magnification of 1000%, (b) magnification of
3000%, and (c) magnification of 8000%. The corresponding point data is listed in Table 2. (d)
Selected EDS point spectra together with a spectrum from standard uranium. Au and Pd are
presented in point 1, 6, and 3 because they were the coating materials, but note that the standard
uranium was not coated when performing the analysis.

Table 2. EDS data for points in Figure 2 (b) and (c) (at. %)

U Sb Phase*
1 97.2 2.8 U
2 97.3 2.7 U
3 57.0 43.0 U4Sb; or UsSbs
4 56.9 43.1 U4Sb;s or UsSby
5 57.3 42.7 U4Sb; or UsSbs



6 62.6 37.4 -
7 65.4 34.6 -
8 98.9 1.1 U
9 57.4 42.6 UsSb; or UsSby
10 58.4 41.6 UsSbs or UsSby
11 57.5 42.5 UsSb; or UsSby
12 63.9 36.1 -
13 64.2 35.8 -
14 64.2 35.8 -

* Phase suggested by EDS point data, see text for further explanation.

3.1.1.2 U-4Sb-4Ce
For U-4Sb-4Ce alloy, the overview morphology of the as-cast sample is shown in Figure 3 (a), it

has the same magnification to Figure 2(a), but the microstructure of the precipitates changed as Ce
is presented. The grey region is U-Sb and the dark small spots are Ce-Sb precipitates. Compared
to U-4Sb alloy, the U-Sb stripes are found to be shorter in U-4Sb-4Ce alloy. When fabricating the
U-4Sb-4Ce alloy, Ce was added into the pre-made U-4Sb alloy. Therefore, the shorter U-Sb stripes
in U-4Sb-4Ce alloy indicates that the decomposition takes place for U-Sb precipitates with the
addition of Ce.

In Figure 3 (b), it is found that most of the Ce-Sb precipitations are in the size of several
micrometers, some precipitations are in the size of around 10 um. The EDS point data on the
precipitate (point 5 and point 6 in Figure 3b) shows it contains ~ 49 at. % Sb and ~ 42 at. % Ce. It
suggests that the phase is CeSb compound according to the phase diagram [35]. In Ce-Sb system,
the enthalpy of formation for CeSb is the most negative compared to other compounds (Ce-Sb,
Ce4Sbs, and CeSby) [13]. This indicates CeSb is the most stable phase, and the formation of CeSb
is most likely. In U-Zr-Sb-Ce alloy [2], some very large (up to ~100 um in length) Ce>Sb and
CesSbs were identified. In this case, however, Ce-Sb precipitates at much smaller size were found.
The reason is not clear, but it is well known that the formation of the phases could be affected by
the casting process [7] as well as the fuel composition.



‘
Figure 3. As-cast U-4Sb-4Ce alloy at (a) magnification of 1000x, (b) magnification of 3000x%. (c)
— (d) are elemental maps of Sb, U, and Ce for (b).

Table 3. EDS data for points in Figure 7(at. %)

U Sb Ce Phase*
1 97.4 2.6 0.0 [}
2 98.3 1.7 0.0 U
3 63.5 36.5 0.0 -
4 65.3 344 0.3 -
5 9.0 48.5 42.5 CeSb
6 8.9 49.0 42.1 CeSb

* Phase suggested by EDS point data, see text for further explanation.

3.1.2 Heat-exposure samples
The U-4Sb and U-4Sb-4Ce alloys also heated under 650 °C for 500 hours. The overall

morphologies of U-4Sb and U-4Sb-4Ce alloy are presented in Figure 4 (a) and Figure 4 (c)
respectively. Visually, the morphologies are similar to that of the as-cast sample (Figure 2a and
Figure 3b). The EDS point analysis is performed on Figure 4 (b) for U-4Sb alloy and on Figure 4
(d) for U-4Sb-4Ce alloy, and the corresponding data is listed in Table 4. The point data indicates
the phase composition of the annealed alloy is consistent with that of as-cast sample. The
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morphological and the compositional analysis shows that the Sb-precipitates are stable under the
given heat treatment condition.

50 um & .
(a) U-4Sb, 1000x | (b) U-4Sb, SOx

50 um KB 10 um

(c) U-4Sb-4Ce, 1000x (d) U-4Sb-4Ce, 5000x
Figure 4. Results for the heat exposure test samples. The EDS point data is listed in Table 4.

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

Point U Sb Ce Phase*
(b)
1 97.9 2.1 - U
2 63.9 36.1 - -
3 57.4 42.6 - U4Sbs or UsSby
(d
4 98.3 1.7 0.0 U
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5 64.1 35.0 0.0 -
6 7.9 47.7 44.4 CeSb
* Phase suggested by EDS point data.

3.1.3 Sb-precipitate size distribution analysis

Since the microstructure is determined by the Sb-precipitate size, a quantified size analysis was
carried out. The analysis was based on Figure 2a (as-cast U-4Sb), Figure 3a (as-cast U-4Sb-4Ce),
Figure 4a (heat-exposure U-4Sb) and Figure 4c (heat-exposure U-4Sb-4Ce). There are two steps
to perform the analysis. Step one, an BSE image was analyzed by ImageJ [36] to obtain and the
size histogram of Sb-precipitates. Step two, the histogram data was normalized to obtain the size
distribution. In step one, the precipitate size threshold was set to 1 pm? in ImageJ. The 1 um?
threshold was chosen in accordance to the limitation of the EDS resolution. Below the resolution,
the feature of the region was not differentiable.

The analyzed results are plotted in Figure 5. It is found that the precipitate size (cross-section) is
varied from 1 to 300 pm?, and most of the precipitate are smaller than 20 pm?. The major difference
between U-4Sb and U-4Sb-Ce alloy is the fraction of the size between 1 to 2 um?. It is around
20% for U-4Sb, while this fraction is doubled for U-4Sb-4Ce. By comparing the data between as-
cast sample and heat-exposure sample, the change is not significant. This will support the argument
that the Sb-precipitates are stable upon heat exposure.

>0 | |
t —+— U-4Sb (as-cast)
—v— U-4Sb-4Ce (as-cast)

~ 407 —=— U-4Sb (heat-exposure)
s —e— U-4Sb-4Ce (heat-exposure)
5
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s, \W";:.\' - R
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Sb-precipitate size (um?)

Figure 5. The Sb-precipitates distribution for as-cast samples and heat-exposure samples.
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3.2 Diffusion couple tests
The diffusion behavior between the alloy and Fe-based cladding materials will be discussed in this

section. In general, it is found that the inter-diffusion layers between Fe and USb alloy (U-4Sb or
U-4Sb-4Ce) are UFe> and UsFe. UFe; layer is formed at Fe side, and UgFe layer is formed between
UFe> and unreacted USb alloy matrix. For HT9 and USb alloy, inter-diffusion layers were found
to be U(Fe,Cr)2 at HT9 side and UgFe at USb alloy side. Typical element compositions and
thicknesses for the reaction layer are summarized in Table 5. More details associated with those
layers will be described in the following sections. For better discussion, three layers (i.e., layer-I,
II, and III) are marked in the interfacial images. Layer-I refers to cladding material, Fe or HT9.
Layer-II is UFe; or U(Fe,Cr)2, such phases are so-called laves phase [37] [38] [39]. Layer-III is
UsFe which contains U4Sbs precipitates or Ce-Sb precipitates.

Table 5. Representative element compositions and thickness for the reaction layer

Cladding Reaction laver Composition (at. %) Thickness
material Y U Sb Fe Cr (um)
Fe UFe» 32.0 0.8 67.2 - 3~10
Uske 82.7 2.0 15.3 - 180~210
HT9 U(Fe,Cr)> 343 0.4 49.7 15.6 10~20
Uske 83.3 2.2 14.4 0.1 150~160

Note: the composition data is averaged from at least 5 different points that randomly distributed at
three different areas on the coupled interface; the thickness is taken from at least 3 different
locations at least 100 microns apart.

3.2.1 U-4Sb/cladding

The inter-diffusion layers between Fe and U-4Sb alloy are UFe> and UgFe. In the available studies
of U/Fe diffusion couple tests, as reported in Ref [40] and [41], the diffusion layers of UFe; and
UsFe have been confirmed. For U-4Sb alloy, as we discussed in section 3.1, Sb mainly existed as
U-Sb precipitates, and the matrix is U. The interaction between Fe and U in our results are
comparable and consistent with U/Fe system. An overview BSE image of U-4Sb/Fe interface
(magnification 1000%) and a line scan analysis are shown in Figure 6. The regions from left to
right are Fe, UFe;, UgFe and unaffected U-matrix. The thickness of the UFe; and UsFe region is
around 10 pm and 190 pm, respectively. Visually, the morphology, size, and density of precipitates
in the UgFe region are similar to that in unaffected matrix.

12
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Figure 6. (a) An overview BSE image of U-4Sb/Fe interface, the reaction layers are marked by
dash line; (b) elemental distribution for the scan line.

An image with magnification of 5000% at the U-4Sb/Fe interface is shown in Figure 7 (a). The
presented phases can be identified by the point data (Table 6), line scan data (Figure 7b), and
elemental maps (Figure 7 c¢ to e). In layer-III, the bright zone is UgFe that contains U-Sb
precipitates. According to the line scan data, it is noticed that the Fe fraction significantly drop
when the line passes U-Sb precipitates (x = 24 — 30 um and x = 52 — 55 pm). The point analysis
was performed on U-Sb precipitates, and the average composition is 61.7% U, 37.3% Sb and 1.0%
Fe (atom percent). The Fe fraction can be treated as noise due to UFes matrix. Based on the line
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and point data, it is suggested that Fe does not diffuse into U-Sb precipitates. Layer-II is UFe», it
appears to “separate” the U-Sb precipitates with Fe. From the map in Figure 7 (e), Sb seems to be
“cut-off” at the interface of layer-II (UFe;). If the Sb-precipitates is a “marker”, then this suggests
the UFe: is formed by outward diffusion of uranium, while UFes is formed by inward diffusion of

Fe into the fuel alloy. According to the map, no binary phase between Fe and Sb was found, neither
the ternary phase between Fe, U, and Sb was found.

Layer-I Layer-Il Layer-Ill
| Fe | UFe, | UgFe |

100
3 804
B 604 —Uu
c —5h
£ 0 —Fe
3 204
0 F———— ' ¢ t
0 10 20 30 40 50

Distance (um)

(b)

Figure 7. (a) U-4Sb/Fe interface, (b) elemental distribution corresponding to the scan line, (c)~(e)
are elemental maps of Fe, U, Sb for (a).

Table 6. EDS data for points in Figure 7 (a) (at. %)
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Point U Sb Fe

1 62.4 37.3 0.3
2 63.9 34.4 1.7
3 60.0 38.9 1.1
4 60.5 38.5 1.0

For the U-4Sb/HT9 interface, there is a crack found between two alloys, it is probably due to the
quenching. The sudden temperature drop could result in the change of sample shape, the crack
could take place as the thermal expansion of U-4Sb alloy and HT9 are different. The crack,
however, should not affect the chemical composition of the reaction layer. U is the matrix
composition in U-4Sb alloy, Fe and Cr are the two major compositions in HT9. Per our analysis,
the reactions between U-4Sb alloy and HT9 are taken place between those three elements. As
marked in Figure 8 (a), the inter-diffusion layers are U(Fe,Cr), at HT9 side and UsFe at U-4Sb
alloy side. The diffusion pattern for U-4Sb/HT9 is analogous to U-4Sb/Fe, except for the
composition in layer-II. To the best of our knowledge, there is no available data for U/HT9
diffusion couple tests, because when people started investigating HT9 as cladding for metallic fuel,
they already consider U-10wt.%Zr as a driven fuel option [42]. However, the most relevant
reference could be referred to U vs. Fe-15wt.%Cr [43] in which the author labeled the layer
between UsFe and Fe-15wt.%Cr as UFe2, but actually it does contain 12~20 at. % Cr. In this study,
we denote this layer as U(Fe,Cr)z. The results in this work, therefore, could provide an intuitive
reference for the diffusion layers that could possibly formed between U and HT9. From Figure 8
(e), Cr is found to be enriched at the interface between HT9 and U(Fe,Cr)a, this is resulted from
faster diffusion of Fe into U (Cr was left behind) [43]. A line scan was performed in Figure 8 (a),
and the data is shown in Figure 8 (f). According to the plot, layer-II or layer-III is found to be
discontinued. It should be due to the vertical displacement of the fuel alloy and HT9 cladding at
the interface. As mentioned above, a crack was formed due to the quenching. The fuel alloy and
HT9 were separated, so they are not necessarily at the original place.

For U-Sb precipitates, they are similar to the Fe side. U-Sb precipitates are “kept” in UsFe, the
point data indicates that Fe fraction in U-Sb precipitate is significantly drop to less than 1 at. %
which could be treated as noise, therefore it is believed that Fe does not diffuse into those
precipitates. Also, there is no Sb reactant found in HT9.
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Figure 8. (a) U-4Sb/HT9 interface, (b)~(e) are elemental maps of U, Sb, Fe, and Cr for (a), (f) is
the data of the line scan in (a).

3.2.2 U-4Sb-4Ce/cladding

Figure 9 (a) shows the BSE image of Fe/U-4Sb-4Ce, layer-11 is UFes, layer-III contains UsFe
(bright matrix), U-Sb and Ce-Sb precipitates. A round Ce-Sb precipitation circled out in Figure 9
(a) is zoomed in Figure 9 (b) at magnification of 25000%. The EDS point indicates the Ce-Sb
precipitate being pointed at contains 33.7 % Ce, 36.0 % Sb, 28.5 % U, and 1.8 % Fe (atom percent).
The ratio of Ce to Sb suggests that it could be CeSb phase, as mentioned in section 3.1.2. Since
the Ce-Sb precipitate is around 1 pm (which is also equal to the EDS resolution), it is believed that
the quantified point data are perturbed by the surrounding UgFe phase, resulting in the present of
the U and Fe fraction. From the elemental map of Fe (Figure 9f), it is found that Fe is depleted in
the CeSb phase. Further analysis is performed in UsFe layer, and the results are shown in Figure
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10. The line scan is going across the U-Sb and Ce-Sb precipitates, and the Fe fraction drop close
to zero when the line passes the Sb-precipitates, suggesting that Fe does not diffuse inside.

Layer-I Layer-II
Fe UF62
¥

Layer-lll
U.Fe

Fe depleted at Ce-
Sb precipitate
2 pym

(© (d) (@) ®
Figure 9. (a) U-4Sb-4Ce/Fe interface, (b) larger magnification of the area around Ce-Sb
precipitation inside UsFe layer, (c)~(f) are elemental maps of U, Sb, Ce, and Fe for (b).
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Figure 10. (a) BSE image showing Sb-precipitates inside the UsFe reaction layer from U-4Sb-
4Ce/Fe interface, (b) elemental distribution corresponding to the scan line.

For HT9 side, because HT9 was separated from the coupled surface, two interfaces’ cross sections
are shown separately. One is U-4Sb-4Ce interface that was originally contacted with HT9 in Figure
11 (a), the other is HT9 interface that was originally contacted with U-4Sb-4Ce in Figure 11 (b).
Layer-1II are the laves phases U(Fe,Cr), which is the same to the case presented in Figure 8. In
layer-III the region contains Ce-Sb precipitates is enlarged in Figure 11 (¢) and the corresponding
maps are shown in Figure 11 (d) - (g). According to the Fe map, the Fe-depletion is found on those
Ce-Sb precipitates, which is similar to that in Figure 9. Due to the limitation of the EDS spatial
resolution, the point or line scan analysis on the Ce-Sb precipitates were not performed. Because
this reaction layer is UgFe, the results could be analogues to that of U-4Sb-4Ce/Fe interface.
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Figure 11. (a) U-4Sb-4Ce surface that was originally contacted with HT9, (b) HT9 surface that
was originally contacted with U-4Sb-4Ce, (c) larger magnification of the area around Ce-Sb
precipitation inside UsFe layer, (d)~(g) are elemental maps of U, Sb, Ce, and Fe for (¢).

4. Conclusion

In the present study, U-4Sb and U-4Sb-4Ce alloys were analyzed using SEM/EDS. No free Sb
metal was observed in both alloys. In U-4Sb alloys, Sb is in the form of precipitates with uranium.
However, with Ce presented (i.e., U-4Sb-4Ce alloy), U-Sb precipitation decomposed, and Ce was
bound by Sb to precipitate out. This suggests Sb could have higher affinity to Ce over U. Heat
exposure tests do not change the morphologies of the precipitates.

19



Diffusion couple tests of U-4Sb/cladding and U-4Sb-4Ce/cladding were conducted and the
interfaces were analyzed. The inter-diffusion behavior between USb alloys (U-4Sb or U-4Sb-4Ce)
and cladding materials (Fe or HT9) suggests that the reaction layers are analogous to the U/Fe
system. For U/ HT9 system the it is found that U(Fe, Cr), is formed adjacent to HT9 and UgFe is
formed adjacent to USb alloy. Reaction between Sb-precipitations and the cladding material (Fe
or HT9) is not found. Sb-precipitations (U-Sb or Ce-Sb) are found in layer UsFe, they are stable,
that they are not affected by the U-Fe reaction. By the diffusion behavior, it is suggested the laves
phase (UFe, or U(Fe,Cr),) is formed by outward diffusion of uranium, while UFes is formed by
inward diffusion of Fe into the fuel alloy.

Sb is considered to be a promising additive for mitigating FCCI, this work is a supplementary
material to illustrate the Sb function in pure U region of UZr fuel, it can also provide a pioneering
view for Zr-free alloys as proposed in BN-type fast reactor. The in-pile tests are recommended in
the future.
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