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Abstract

Fission product lanthanides in metallic fuels are known to cause adverse fuel-cladding
chemical interaction (FCCI). Tin (Sn) and palladium (Pd) are being explored as the potential
additives to reduce or mitigate lanthanide-induced FCCI by forming stable Sn-Ln and Pd-Ln
compounds. The current study is an investigation of the fuel alloys, U-4Sn, U-4Sn-4Ln, U-4Pd,
and U-4Pd-4Ln (wt. %), and their diffusion behaviors with Fe. Microstructural analysis was
performed using scanning electron microscopy (SEM). The binary phases in the UPd and USn
alloys are identified as UPd; and suspected U,Sn, where U,Sn is unknown in the literature. The
binary phases in the UPdLn alloy are identified as PdLn and Pd-rich Pd-Ln (Pd4Ln; and Pd;Ln,),
and in the USnLn alloy is SnLn. Diffusion of Fe with these binary phases is insignificant
compared to the diffusion with U. The Ln-induced FCCI can be mitigated by the additives.
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1. Introduction

The metallic fuels U-Zr and U-Pu-Zr performed well under irradiation during the
Experimental Breeder Reactor I (EBR-II) [1] and Fast Flux Test Facility (FFTF) [2] programs,
and they have promising application due to the high thermal conductivity, potential high burn-
up, and inherent recyclability Bl A notable fuel application issue is fuel-cladding chemical
interaction (FCCI), primarily induced by fission product lanthanides that migrate to the fuel
periphery and react with the cladding [5].

An additive approach that would bind free lanthanides by forming stable compounds has
been investigated, with two promising candidates being Sn [6][7][8] and Pd
[9][10][11][12][13][14]. These additives are also fission products, naturally generated by
irradiation '), though they are produced in small amounts and therefore have to be artificially
supplemented. Accordingly, the additive approach is to add enough elements to bind lanthanides
produced for some initial burnup, and hence to extend fuel lifetime.

During irradiation, the fission products, including lanthanides, noble gases, and alkali metals
are generated. The existing U-Zr and U-Pu-Zr fuel pin systems are complicated due to multiple
fuel constituents and fission products, and using an additive in the fuel further complicates this
system. Characterizing the phases present and chemical interactions (in the fuel and with
cladding, i.e. FCCI) out-of-pile is the first step towards understanding the fuel’s behavior during
irradiation.
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To this end, the out-of-pile microstructure and FCCI have been investigated for the U-Sn/Pd
and U-Sn/Pd-Ln systems. Specific compositions of the alloys are listed in Table 1. The four most
prevalent lanthanides (Nd, Ce, Pr, La), as determined for an EBR-II irradiated U-10Zr fuel pin
[14], are used to represent the lanthanides present during irradiation. Both the as-cast (as the
alloy would be when first inserted into a reactor) and annealed microstructures are presented.
Interactions with Fe have been investigated for each alloy using diffusion couples. Scanning
electron microscopy (SEM) was used to characterize the microstructure for both the alloys and
the diffusion couples.

Table 1. Alloy compositions.

Alloy wt. % at. %

UPd 96U-4Pd 91.5U-8.5Pd
UPdLn* 92U-4Pd-4Ln 85.5U-8.3Pd-6.2Ln

USn 96U-4Sn 92.3U-7.7Sn
USnLn* 92U-4Sn-4Ln 86.3U-7.5Sn-6.2Ln

* Ln = 53Nd-25Ce-16Pr-6La wt. % (52.3Nd-25.4Ce-16.2Pr-6.1La at. %)

2. Experiment

Table 1 provides the compositions of the four alloys prepared. The alloys contain Sn/Pd
without lanthanides are intended to exhibit the behavior of fresh fuel prior to irradiation. The Ln
is a mix of four most prevalent lanthanide fission products found in an EBR-II U-10Zr fuel pin
[14], Nd, Ce, Pr, and La, with a composition of 53Nd-25Ce-16Pr-6La wt. %. The lanthanides
content corresponds to approximately 20 % burnup. All materials except U were obtained from
Alfa Aesar and used as received. The lanthanides were obtained as rods, packaged in mylar
under argon.

All casting operations were carried out in an arc-melter, with a tungsten electrode, within
an argon atmosphere glovebox with high purity argon as a cover gas. After adding each element,
the resulting cast button was flipped and re-melted three times to ensure homogeneity. To
prepare USn and UPd alloys, the appropriate amounts of U and Sn or Pd were arc-melted
together. Sn and U have significantly different melting points (1135 °C for U and 232 °C for Sn),
with the melting point of Sn being very low. This does not present any difficulties when arc
melting these elements, though, since the boiling point for Sn is high, and the vapor pressure is
low. To prepare USnLn and UPdLn alloys, pre-alloy buttons of U-Sn and U-Pd were prepared,
followed by the addition of Ln mix. The Ln mix was prepared by arc melting the appropriate
amount of each lanthanide together in one step. The buttons were cast into 5-mm diameter pins.

Approximately 3 mm from each pin was cut for annealing. The samples were wrapped in
tantalum (Ta) foil, then sealed in quartz tubes under vacuum. The quartz tube was placed in a
furnace at 873 K for 504 hours, based on a typical fuel-cladding interface temperature. After the
heat treatment, the samples were quenched in water. The samples were then cut to expose a fresh
surface for analysis.

Approximately 3 mm from each pin was cut for the diffusion couple. To prepare samples
for diffusion couple, the surface was ground flat using SiC grinding paper, followed by polishing
with 9 um, 3 pm, and 1 um polycrystalline diamond suspensions. The initial polishing steps
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were performed in air, while the 3 um and 1 um steps were performed in an argon glovebox.
Approximately 3 mm of a 5 mm Fe rod, with purity of 99.995 % obtained from Alfa Aesar, was
prepared in the same manner. The samples were then placed together with polished surfaces in
contact and surrounded by Ta foil, in a Kovar alloy diffusion couple jig. The jigs were sealed in
quartz tubes under vacuum. The diffusion couples were heated at 873 K for 504 hours. After the
heat treatment, the diffusion couples were quenched in water and removed from the jig for
analysis.

Scanning electron microscopy (SEM) was performed on the as-cast, annealed and diffusion
couple samples. The samples were mounted in a 31.8 mm diameter phenolic metallographic
mount filled with epoxy. Samples were polished by grinding surfaces flat with SiC grinding
paper followed by polishing with polycrystalline diamond suspensions, starting with 9 um, then
3 um, and finally 1 um. The polished samples were analyzed with a sputtered coating of
approximately 10 nm gold or 15 nm carbon to minimize charging of the metallographic mount.

A JEOL JSM-IT500HR SEM equipped with an Oxford Instruments X-Max 20 silicon drift
energy dispersive X-ray spectrometer (EDS) was used for analysis. The EDS is controlled by
Oxford AZtec software, which also provides image acquisition capabilities. The SEM was
operated at an accelerating voltage of 20 keV and a nominal beam current of approximately 14
nA (which can vary somewhat with column conditions) for these analyses. All the X-ray spectra
were accumulated for 45 live seconds. Spectra were collected over an energy range of 0 — 20
keV, which covers characteristic X-ray energies from all analytes. Spectra were quantified using
so-called “standardless” analysis, which uses a stored library of reference spectra to quantify
unknown spectra rather than physical standards. This method is generally accurate to a few at./at.
% range, depending on sample and microscope (observation) conditions.

3. Results
3.1. UPd
3.1.1. Alloy microstructure

The microstructure and elemental distribution of as-cast UPd alloy is shown in Figure 1, with
EDS data listed in 7able 2. The microstructure contains light grey, dark grey, and black regions.
The composition of grey regions is 95-97 at. % U and 3-5 at. % Pd, with no significant
difference in the compositions between the light and dark grey regions. The intergranular region
is black, and is rich in Pd, as shown in the EDS maps in Figure 1c. EDS maps are used to
indicate the composition of the intergranular region. Due to the small size, quantitative EDS i1s
not possible with SEM due to the large interaction volume. U-oxide precipitates were observed,
indicated by red arrows in Figure 1b, and indicated by the EDS mapping of O shown in Figure
Ic.

After annealing, the microstructure is similar, shown in Figure 2, with EDS data provided in
Table 2. The light and dark grey phases are spinodal-like and coexisting in the grain. The EDS
data, boxes 1 and 2 in Figure 2b and Table 2, indicate compositions of these phases are the same
as in the as-cast. In addition, the black phase at grain interface is thicker and less continuous.
Being slightly larger intergranular deposits than in the as-cast sample, quantitative EDS analysis
was performed, indicating this phase contains 26 at. % U and 74 at. % Pd (points 3 and 4), which
is the composition of the known phase UPd;, based on the U-Pd binary phase diagram [16]. The

composition of the UPd alloy (91.5U-8.5Pd at. %) is located between UPd; and a-U, based on



the phase diagram. Therefore, it is reasonable that UPd; and U are the phases present.

Nanometer-sized Pd-precipitates, i.e., grey precipitates in the grains as shown in Figure 1b
and Figure 2b, are dispersed in the UPd alloy matrix. They are transformed from the solid solute
Pd in U when the alloy is cooled from elevated temperatures after melting. The solid solubility of
Pdin Uisup to 5 at. % at elevated temperature, and almost 0 at. % at room temperature, based
on the U-Pd binary phase diagram [16]. The EDS date, listed in Table 2, support that the alloy
matrix contains roughly 5 at. % Pd, which is in accordance with the solid solubility of Pd in U at

elevated temperature.
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Figure 1. SEM backscattered electron (BSE) images of as-cast UPd. The red rectangle in Figure
la indicates the location of the magnified image shown in Figure 1b. The red arrows in Figure 1b
indicate U-oxide. EDS maps of U, Pd, and O for Figure 1b are shown in Figure Ic.
Corresponding EDS data are listed in Table 2.



Flgure 2. SEM BSE i 1mages of annealed UPd. The red rectangle in Flgure 2a 1nd1cates the
location of the magnified image shown in Figure 2b. The red arrow in Figure 2b indicates U-
oxide. Corresponding EDS data are provided in Table 2.

Table 2. EDS data for the points and boxes shown in Figure 1b and Figure 2b. Values in at. %.

U Pd Phase®
Figure 1b
1 97 3 o-U
2 96 4 o-U
3 95 5 o-U
4 95 5 o-U
Figure 2b
1 95 5 o-U
2 95 5 o-U
3 26 75 UPd;
4 26 74 UPd;

2 Suggested phase based on the SEM EDS analysis.

3.1.2. Diffusion between UPd and Fe

The diffusion interface between the UPd alloy and Fe is shown in Figure 3, with EDS data
provided in Table 3. The EDS line spectrum, indicated by the red arrow in Figure 3a, shown in
Figure 3c, indicates the Fe diffusion roughly 20 um into the UPd alloy, forming a dark grey layer
(at a distance of 30-50 um). The Fe content in the diffusion layer decreases with the diffusion
depth. Nevertheless, diffusion from the UPd alloy into Fe was not observed. The interface
between UPd and Fe, shown in Figure 3a and 3b, is flat and straight, which indicates the original
contact surface. On the Fe side, there is no U or Pd observed, so UPd alloy did not diffuse toward
Fe.

Small, nanometer-sized precipitates are observed in the UPd side of the diffusion couple,
around the intergranular boundaries. There are several peaks around 35 um in the line scan
indicating an increase in Pd and a decrease in U. As Fe diffuses into the U matrix, Pd is coming
out of the intergranular boundaries and reacting with Fe. The size of these particles prevents
quantitative EDS analysis to determine composition, though. The line scan, shown in Figure 3c,
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indicates the particles are Fe-rich, although that doesn’t match known Pd-Fe intermetallics based
on the Pd-Fe phase diagram [17]. Identifying equilibrium structures in the diffusion zone is not
always possible, though, since the diffusion zone is not in equilibrium.

Pd

0 3
0 10 20 30 40 50 60 70 80 90
el Distance (um)

Figure 3. (a) SEM BSE image of the UPd/Fe interface. The box indicates the magnified image
present in Figure 3b. The red arrow in Figure 3a indicates the EDS line spectrum, shown in
Figure 3c. The EDS point data are provided in Table 3.

Table 3. SEM EDS data for the points and boxes in Figure 3b. Values in at. %.

U Pd Fe Phase?
1 85 5 9 a-U
2 89 3 9 a-U
3 96 1 3 a-U
4 97 1 3 a-U
5 25 74 2 UPd;

 Suggested phase based on the SEM EDS analysis.

3.2. UPdLn
3.2.1. Alloy microstructure



The microstructure of as-cast UPdLn alloy is shown in Figure 4, with corresponding EDS
data listed in Table 4. A large precipitate was observed in the alloy, comprised of 50 at. % Pd
and 50 at. % Ln (points 1-3 in Figure 4b and Table 4), which is a ratio of the known 1:1 PdLn
binary phase in the Pd-Ln system. Other, smaller precipitates contain 50 at. % Pd, 43 at. % Ln,
and 7 at. % U (points 7-8). There is a slight excess of Pd over Ln in the alloy, so these small
precipitates are tentatively identified as Pd4L.n; with solid solubility for U. It is also possible that
the small precipitates are PdLn, but the EDS values might be affected by the beam interaction
volume. The fuel matrix contains 97 at. % U and 3 at. % Pd (box 4), as was observed for the UPd
alloy. Some grey precipitates are randomly dispersed in the matrix (points 5-6) that have the
same composition as the matrix. The reason for the slighter darker contrast in these is not known.
If it’s impurities, oxygen, or some other reason, it is below the detection limits of the SEM.

The microstructure of annealed UPdLn alloy is shown in Figure 5, with EDS data provided in
Table 5. The larger precipitate in Figure 5b has two different contrast regions. The prominent,
darker region is Pd-rich, with some lanthanides present, while the lighter region matched the
smaller precipitates scattered throughout the microstructure, with a composition of
~57Pd-37Ln-6U at.% that roughly corresponds to Pd;Ln, (57Pd:37Ln) with U from the
surrounding matrix contributed to the X-ray counts, or PdsL.n; with solid solubility for U
(approximately 6 at.%), although this is uncertain. The Pd;Ln, type phase does not exist in the
phase diagram, but a previous transmission electron microscope (TEM) study has observed the
composition with a diffraction pattern that could not be indexed [13]. The fuel matrix has light
grey and grey regions with the same compositions, 99 at. % U and 1 at. % Pd (points 8-10), as
was also observed in UPd, although the Pd content is lower. The Pd-Ln precipitates apparently
consumed some of the Pd located in the matrix. The darker grey regions may contain more Pd,
causing the contrast difference. If so, the EDS analysis is not able to differentiate the Pd content.

Figure 4. SEM BSE images of as-cast UPdLn. The red rectangle in Figure 4a indicates the
location of the magnified image shown in Figure 4b. Corresponding EDS data are listed in Table
4.

Table 4. EDS data for the points and boxes shown in Figure 4b. Values in at. %.
U Pd Nd Ce Pr La Phase?

1 2 50 25 12 8 3 PdLn
2 49 26 12 8 3 PdLn
3 2 50 25 12 8 3 PdLn
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location of the magnified image shown in Figure 5b. The magnified image for fuel matrix is
shown in Figure 5c. EDS data are listed in Table 5.

Table 5. EDS data for the points shown in Figure 5. Values in at. %.

U Pd Nd Ce Pr La Phase?
1 6 56 17 14 6 1 Pd;Lny/Pd,Ln
2 7 57 13 18 5 1 Pd3Ln23/Pd4Ln
3 7 57 14 16 5 1 Pd3Ln23/Pd4Ln
4 6 57 14 17 5 1 Pd3Ln23/Pd4Ln
3




3

6 8 79 5 6 2 1
7 8 82 4 4 1 0
8 99 1 0 0 0 0 o-U
9 99 1 0 0 0 0 a-U
10 99 1 0 0 0 0 o-U

8 Suggested phase based on the SEM EDS analysis.

3.2.2. Diffusion between UPdLn and Fe

The diffusion interface between the UPdLn alloy and Fe is shown in Figure 6, with EDS data
listed in Table 6. The interface with the alloy matrix and Pd-Ln precipitates are shown in Figure
6b and Figure 6¢, respectively.

The EDS line spectrum, indicated by the arrow in Figure 6b and shown in Figure 6d,
indicates the Fe diffusion roughly 20 pm into the UPdLn alloy matrix, forming two diffusion
regions and decreasing with diffusion depth. The first diffusion region is dark grey, at a distance
of 10-20 um. The Fe content decreases from 14 at. % to 5 at. % with the diffusion depth, shown
in the EDS line spectrum in Figure 6d. The Pd in this region is only 1-2 at. % (points 1-4 in
Figure 6b and Table 6). Nanostructures/precipitates, as in the UPd diffusion region shown in
Figure 3, are also present in this region. There appears to be a thin layer (points 3-4) above the
bottom layer (points 1-2) in the region. The compositions between the two layers do not exhibit
any differences, based on the EDS analysis.

The second diffusion region is at the distance of 20-30 um with less Fe, while the
composition of U and Pd (points 5-6 in Figure 6b and Table 6) is almost the same as the matrix.
The diffusion region has fewer grey phases than the alloy matrix, which are indicated by red
arrows in Figure 6b.

Between the two diffusion regions are black precipitates, comprised of ~ 48U-48Pd-4Fe at.
%, based on the EDS analysis (points 5-6 in Figure 6b and Table 6). The composition is likely to
be UPd. However, UPd is a high temperature compound and forms above 1242 K [16], so it
should not be present in this diffusion couple run at 873 K. Note that the black precipitates are
extremely small (roughly 1 um), U from the surrounding matrix could contribute to the X-ray
counts, artificially raising the measured content of U. Therefore, the precipitates are more likely
to be UPd3

The diffusion of UPdLn into the Fe was not observed. The interface between UPdLn and Fe,
as shown in Figure 6b, is flat and straight, which indicates the original contact surface. On the Fe
side, there is no U, Pd, or Ln observed, and thus UPdLn did not diffuse into Fe.

A Pd-Ln precipitate is shown at the interface in Figure 6¢. There is no indicator of any Pd or
Ln diffusion into Fe. The precipitate is comprised of ~ 17Pd-70Ln-8U-5Fe at. %, based on the
EDS analysis (point 1 in Figure 6¢ and 7able 6). There is slightly less Fe in the precipitate than
was found in the diffusion region shown in Figure 6b, which has 7-8 at. % Fe (points 1-4 in
Figure 6b). The other Pd-Ln precipitates that are 10-20 um away from the interface contain
much less Fe, only 1-2 at. % (points 2-4 in Figure 6¢ and Table 6). Diffusion of Fe appears to be
slightly more favorable towards the alloy matrix as opposed to diffusion into the precipitates.
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Figure 6. (a) SEM image of the UPdLn/Fe interface. The yellow rectangle b indicates the

magnification present in Figure 6b, and the yellow rectangle ¢ indicates the magnification

present in Figure 6¢. The yellow arrow in Figure 6b indicates the EDS line spectrum in Figure
6d. The EDS point data are listed in Table 6.

Table 6. SEM EDS data for the points shown in Figure 6. Values in at. %.
U Pd Nd Ce Pr La Fe Phase®

Figure 6b
1 87 1 0 3 1 2 7
2 92 1 0 0 0 0 8
3 92 1 0 1 1 0 5
4 92 2 1 0 0 0 5
5 48 48 0 0 0 0 4
6 52 42 1 1 1 1 3
7 91 3 0 1 2 0 4
8 96 2 0 0 1 0 0
Figure 6¢
1 8 17 26 32 11 2 5
6 59 13 16 5 0 1 Pd;Ln,/P
2
d4Ln3
6 54 16 14 8 1 2 Pd;Ln,/P
3
d4Ll’l3
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4 8 56 15 13 5 2 1 Pd;Ln,/P
d4Ln3

5 85 4 2 3 2 0 3

6 94 0 0 1 1 0 3

4 Suggested phase based on the SEM EDS analysis.

3.3. USn
3.3.1. Alloy microstructure

The microstructures of as-cast and annealed USn are shown in Figure 7 and Figure 8,
respectively. The alloy matrix is U, and almost free of Sn. The 2-3 at. % Sn in the matrix, as
indicated by the EDS data points 5-7 for Figure 7 and points 1-2 for Figure 8, is possibly due to
the EDS quantification uncertainty. A representative EDS energy spectrum of the alloy is shown
in Figure 8c. Note that the X-ray emission peaks of U and Sn are 3.356 and 3.443 keV,
respectively. These energy peak shoulders are overlapped, thus resulting in the uncertainty of
EDS quantification. In addition, the uncertainty of the Sn-containing alloy is greater than the Pd-
containing alloy because the main X-ray emission peak of Pd is 2.838 keV, which is well
separated from U.

Precipitates are randomly dispersed in the alloy matrix, and the microstructure is not
changed after annealing. The precipitate distribution is not perfectly uniform over the sample, as
shown in Figure 8a, due to element distribution and solidification after casting. Although the
button was re-melted three times to enhance element homogeneity, it cannot be ensured. The
density of the phases formed, the miscibility of the phases with U, and the cooling rate of the
alloy after casting the pin all contribute to the homogeneity of the final alloy. The heterogeneity
present is not significant and does not affect the microstructure analysis, though. EDS data for
both the as-cast and annealed structures are listed in Table 7. The precipitate composition in as-
cast USn alloy is 67U-33Sn at. %, and does not change after annealing. The composition
indicates the ratio of U-to-Sn is 2, which is not a ratio of any known compound based on the
phase diagram between U and Sn [18]. Although the U from the surrounding matrix may raise
the X-ray counts of U, it is not the case for U-Sn precipitates due to the relatively large size
(above 5 um). The consistent EDS data for the precipitates indicate an unknown intermetallic
compound of U,Sn. Although as mentioned the energy peak shoulders of U and Sn are
overlapped, the effect on the precipitates is less significant than the fuel matrix owing to the fact
that larger amounts of Sn are in the precipitates.




Figure 7. SEM BSE images of as-cast USn. The red rectangle in Figure 7a indicates the location
of the magnified image shown in Figure 7b. The red circle in Figure 7b highlights the fine
structure present in the microstructure. EDS data are listed in Table 7.

cps/eV

cps/eV

10 15 20

Figure 8. SEM BSE images of annealed USn. The red rectangle in Figure 8a indicates the
location of the magnified image shown in Figure 8b. EDS data are listed in Table 7. Figure 8c
shows the overlap in the U and Sn energy peaks.

Table 7. EDS data for the points and boxes shown in Figure 7b and Figure 8b. Values in at. %.

Figure 7b Figure 8b
U Sn Phase? U Sn Phase?

1 68 32 U,Sn 1 98 2

2 67 33 U,Sn 2 97 3
3 67 33 U,Sn 3 66 34 U,Sn
4 62 38 U,Sn 4 69 31 U,Sn
5 98 2 a-U 5 67 34 U,Sn
6 98 3 a-U 6 66 34 U,Sn

 Suggested phase based on the SEM EDS analysis.
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3.3.2. Diffusion between USn and Fe

The diffusion interface between USn and Fe is shown in Figure 9, with EDS data listed in
Table 8. The EDS line spectrum, shown in Figure 9c, indicates the Fe diffusion roughly 60 pm
into the USn matrix, forming a dark grey layer (at the distance 30-90 um). The Fe content in the
diffusion layer decreases with the diffusion depth. Conversely, the diffusion of USn into the Fe
was not observed. As shown in Figure 9a and b, the interface between USn and Fe is straight
which indicates the original contact surface. On the Fe side, there is no U or Sn observed, so
diffusion is only from Fe into the USn alloy.

The EDS line spectrum, at the distance 80-90 um, together with the EDS map of Sn (inset of
Figure 9b), indicate Sn is enriched at the interface between the diffusion region and USn matrix,
while the bulk of the diffusion region contains only trace amounts of Sn. Although the U-Sn
precipitates are evenly distributed throughout the matrix, none are observed in the diffusion
region. This indicates that the interaction between U and Fe is more favorable than that between
U and Sn, so the U-Sn precipitates are decomposing, with Sn being pushed along the diffusion
front.

Based on the EDS data listed in Table &, the diffusion zone contains about 93 at. % U and 5
at. % Fe. Such a composition does not match any known intermetallic compound in the U-Fe
binary system [19]. The previous study has revealed the U-rich compound, UgFe, could form on
the fuel side [9], however it was not observed in the diffusion zone of the present result. It
indicates, the reaction condition, i.e., the time and temperature, is insufficient for the formation
of U-Fe phases. The reaction between U and Fe forming U-Fe phases has not yet occurred.
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Figure 9. SEM BSE images of USn/Fe interface. The red rectangle in Figure 9a indicates the
location of magnified image shown in Figure 9b. The EDS map of Sn is present, in Figure 9b, to
show the distribution of Sn. The red arrow in Figure 9b indicates the EDS line spectrum in
Figure 9¢c. The EDS data are listed in Table 8.

Table 8. EDS data for the points in Figure 9b. Values in at. %.

U Sn Fe
1 93 2 5
2 93 3 4
3 92 2 5
4 61 37 2
5 0 0 100
6 0 0 100
34. USnLn

3.4.1. Alloy microstructure

The microstructures of as-cast and annealed USnLn alloy are shown in Figure 10 and Figure
11, with EDS data provided in Table 9, respectively. Precipitates are randomly dispersed in the
alloy matrix, and their microstructure and composition did not change after annealing. The fuel
matrix, points 9-10 in Figure 10 and points 5-6 in Figure 11, contains ~98 at. % U and 2 at. %
Sn, which is the same as the USn alloy matrix. The dark grey phase/precipitates, points 1-2 and 4
in Figure 10 and points 1-4 in Figure 11, contain ~ 45 Sn, 45 Ln and 10 U in at. %. Such a
composition indicates the SnLn phase, which is a known binary phase in the Sn-Nd/Ce/Pr/La
systems. The measured U content, 10 at. % U, may be dissolved U in the phase or U from the
surrounding matrix contributed to the X-ray counts. In the SnLn phase, the lanthanide
composition, roughly 24Nd-11Ce-7Pr-3La at. % based on the EDS analysis, is consistent with
the Ln composition cast into the alloy, i.e., 52.3Nd-25.4Ce-16.2Pr-6.1La at. %. This result
indicates Sn has the same preference binding each lanthanide in the ratio of 1:1.

The smaller precipitates in grey, points 5-8 in Figure 10 and arrows 7-8 in Figure 11, roughly
contain 80 U and 20 Sn in at. %. Analyzed by EDS, the compositions of these precipitates are
consistent, so they are likely to be a U-Sn binary phase. However, this composition is not one of
the known phases in the U-Sn system, so it could be an unknown U-rich U-Sn phase. In addition,
this composition might be affected by the SEM-EDS limitation as the grey precipitates are
smaller than the interaction volume from the beam. The U from the surrounding matrix
contributes to the X-ray counts and artificially raises the U content. It’s possible the precipitates
are in the composition of U,Sn as observed in the USn alloy. As mentioned in Section 2, the
alloy composition is 86.3U-7.5Sn-6.2Ln at. %. The EDS results indicates the Sn and Ln combine
and form the 1:1 phase and the extra Sn remains in the fuel matrix, forming a U-Sn phase.
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Figure 10. SEM BSE images of as-cast USnLn. The red rectangles in Figure 10a indicate the
location of the magnified image shown in Figure 10b and c. EDS data are listed in Table 9. The
image contrast and brightness in Figure 10c are set differently than others to discern the small
randomly dispersed precipitates in the fuel matrix (points 5-8).

sl

Figure 11. SEM BSE images of annealed USnLn. The red rectangles in Figure 11a indicate the
location of the magnified images shown in Figure 11b and c. EDS data are listed in Table 9. The
arrows 7-8 point at the small precipitates in the fuel matrix.

Table 9. EDS data for the points and arrows shown in Figure 10 and Figure 11. Values in at. %
U Sn Nd Ce Pr La Phase?
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Figure 10

1 7 48 24 11 7 3 SnLn
2 8 47 24 11 7 3 SnLn
3 96 2 1 0 1 0

4 9 49 22 11 7 2 SnLn
5 79 21 0 0 0 0

6 85 15 0 0 0 0

7 79 21 0 0 0 0

8 75 25 0 0 0 0

9 98 2 0 0 0 0
10 98 2 0 0 0 0

Figure 11

1 9 46 24 11 7 3 SnLn
2 9 45 24 12 8 2 SnLn
3 10 45 23 11 7 4 SnLn
4 11 44 24 11 8 2 SnLn
5 96 1 0 1 1 1

6 98 1 0 1 0 0

7 83 16 0 1 0 0

8 81 18 0 0 1 0

4 Suggested phase based on the SEM EDS analysis.

3.4.2. Diffusion between USnLn and Fe

The diffusion interface between USnLn and Fe is shown in Figure 12, with line scan
locations indicated by the red arrows. The EDS line spectrum across the USnLn matrix, indicated
by the red arrow b in Figure 12a and shown in Figure 12b, illustrates the Fe diffusion more than
30 um into the matrix (at the distance 10-40 pum), with the Fe content in the diffusion zone
decreasing with the diffusion depth. At the distance 11-12 um in Figure 12b, the Fe content
slightly increases due to the formation of the grey layer at interface. On the other hand, the
diffusion of USnLn into Fe was not observed. The interface between USnLn and Fe is flat and
straight, which indicates the original contact surface. Since there is no U, Sn, or Ln observed on
the Fe side, USnLn did not diffuse into the Fe. The other EDS line spectrum, across the Sn-Ln
precipitates, indicated by the red arrow c in Figure 12a and shown in Figure 12c, shows Fe
slightly decreases at the Sn-Ln precipitate (at the distance 14 um). It is not zero as the
surrounding Fe contributed to the X-ray counts. The Sn-Ln precipitates did not diffuse toward Fe
as Sn and Ln were not observed on the Fe side.
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Figure 12. SEM BSE image with EDS line spectra showing the diffusion interface between
USnLn and Fe. Figure 12b is the EDS line spectrum of matrix-Fe diffusion showing the
distribution of Fe, U, Sn, and Nd. The magnified spectrum showing the distribution of Fe, U, and
Sn within the distance 8-14 um is embedded. Figurel2c is the EDS line spectrum of precipitate-
Fe diffusion showing the distribution of Fe, U, Sn, Nd, and Ce. The magnified spectrum showing
the distribution of Fe, Sn, and Nd within the distance 11-17 um is embedded. The contents of Pr
and La in the precipitate are not zero, but too small to display in the spectrum.

4. Discussion
4.1 Phases in UPd and USn alloys

Based on EDS analysis, UPd; is the binary phase in the UPd alloy. The result is consistent
with the U-Pd binary phase diagram [16], where the alloy composition falls between UPd; and U
phases at the investigated temperature. U,Sn is the suspected binary phase in the USn alloy.
U,Sn has not been reported in the literature, and the crystal structure and thermodynamic
properties are unknown. Further investigation of this possible phase is in progress.

Nanometer-sized Pd-precipitates are present in the UPd and UPdLn alloy matrixes. They are
transformed from the solid solute Pd in U when the alloy is cooled from the elevated temperature
after melting. The solid solubility of Pd in U is up to 5 at. % at elevated temperature, and almost
0 at. % at room temperature, based on the U-Pd binary phase diagram [16]. When the alloy is
cooled the solid solution is not able to hold all the Pd atoms that are dissolved in U, so the Pd
atoms precipitate. The EDS date, listed in Table 2 and Table 4, support that the alloy matrix
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contains roughly 2-5 at. % Pd. However, the USn and USnLn alloys exhibit trace amounts of Sn-
precipitates in the matrix. The solid solubility of Sn in U is negligible at all temperatures, based
on the U-Sn binary phase diagram [18]. The EDS data, provided in Table 7, indicate 2-3 at. % Sn
in the alloy matrix; although the Sn energy peak overlaps with the U peak, so the Sn content is
artificially raised. The actual Sn content in the matrixes for USn and USnLn alloys is much less
than that of Pd for UPd and UPdLn alloys.

4.2. Phases in UPdLn and USnLn alloys

The UPdLn alloy (85.5U-8.3Pd-6.2Ln at. %) contains more Pd than Ln. The observed binary
phases are LnPd and Pd-rich phases Pd,Ln; or Pd;Ln, based on the EDS composition. The
formation of the Pd-rich phases is due to the excess of Pd over Ln. The result is consist with the
previous study [13] on the 61.9U-24.5Zr-7.0Pd-6.6Ln at. % alloy, in which the main Pd-Ln
phase is LnPd. Note that Pd4L.n; is a known phase in the phase diagrams [20][21][22], however
the Pd;Ln;, type phase is not known. Nevertheless, a previous TEM study has observed the
composition for Pd;Ln, with a diffraction pattern that could not be indexed [13]. That result
indicates the existence of a Pd-rich Pd-Ln phase that has not been characterized and is not
included in the current phase diagram. Fully characterizing this phase is outside the present
scope.

The USnLn alloy (86.3U-7.5Sn-6.2Ln at. %) contains 1:1 SnLn phase. As with the UPdLn
alloy, the additive, in this case Sn, is in excess of lanthanides. However, the extra Sn does not
form Sn-rich Sn-Ln phases, but instead binds with U forming the suspected U-rich U-Sn phase.
The previous study [8] on the 65.4U-21.1Zr-7.0Sn-6.5Ln at. % alloy also reveals that the
resulting phases are Ln-rich Ln-Sn and Zr-rich Zr-Sn. On the Sn-Nd/Ce/Pr/La phase diagrams
[23][24][25][26], the maximum melting temperature phases are on the lanthanide-rich side.
Therefore, only the higher melting, so presumably more stable, Sn-Ln compounds are forming.
This qualitatively indicates that the U-Sn phase has a stability between the Sn-rich Sn-Ln phases
and the observed phase (SnLn). This is advantageous, since the excess Sn still bound to U is
available for further Ln loading. This raises the question in UPdLn alloy, will the Pd-rich Pd-Ln
phases decompose to accommodate more Ln loading, or has the capacity of the additive been
reached? This would imply that anytime there is an excess of Pd present, i.e. as lanthanides are
produced during irradiation, Pd-rich compounds will form, decreasing the loading capacity of the
additive.

4.3. Diffusion behavior

The diffusion regions observed in these diffusion couple samples are mainly formed by the
diffusion between U and Fe. The result is in accordance with previous isothermal diffusion
couple tests of the fuel-cladding system which are dominated by U-Fe diffusion [9][27].
Generally, such a diffusion would form FeUg and Fe,U on the fuel and cladding sides,
separately. The enthalpies of formation of FeUs and Fe,U are negative, and Gibbs free energies
of formation are more negative, as listed in Table 10. Despite the strong driving force for
formation, FeUy and Fe,U were rarely observed in the current work. However, previous studies
[27][28] have observed FeUg and Fe,U forming under similar condition as the present work,
indicating that Fe diffusion into U was hindered by the Pd- or Sn-bearing precipitates dispersed
in the U-Pd and U-Sn alloys.

The nanometer-sized Pd-precipitates present in the UPd and UPdLn alloys matrix slowed
down Fe diffusion. The Pd-precipitates might diffuse and react with the Fe, due to the negative
Gibbs free energy of formation of Fe-Pd compounds at 873 K [17], as listed in Table 10.
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However, the free energy is greater than Fe-U compounds’ free energy at the same temperature.
In other words, the Fe-U compounds are more thermodynamically stable than Fe-Pd compounds,
so Fe prefers to combine with U over Pd. The Pd-precipitates therefore offer some resistance to
Fe diffusion into the alloy matrix.

The UPd; and U-Sn compounds in the UPd and USn alloys also preclude Fe diffusion. The
SEM images and EDS line spectra, shown in Figure 3 and Figure 9, indicate the compounds are
stable toward Fe. The UPd; and U-Sn compounds are more thermodynamically stable than Fe-U
compounds. Despite of the fact that thermodynamic data of U-Pd and U-Sn compounds are
lacking, indications are available based on the limited thermodynamic data in the literature. The
suspected U,Sn compound, instead of USn;, was observed in the USn alloy, which indicates
U,Sn is more stable than USn;. The enthalpy of formation for USn; is equal to that of Fe,U and
more negative than FeUg as listed in Table 10. These two factors justify the suspected U,Sn is
even more stable than Fe,U and FeUs. In addition, the enthalpy of formation for UPd; is more
negative than Fe,U and FeUs, indicating a higher thermodynamic stability. Such stable phases
are not likely to diffuse or react with Fe. Therefore, they offer a barrier, though discontinuous, to
Fe diffusion.

Fe diffusion into the UPd and UPdLn matrixes are both roughly 20 um in depth shown in
Figure 3 and Figure 6, respectively; however, the microstructures of the diffusion regions appear
different. The dark UPd; intergranular precipitates in UPd alloy mitigated Fe diffusion. The
intergranular structure is an interface between diffusion and non-diffusion regions as shown in
Figure 3; in other words, the UPd; intergranular precipitates hinder Fe diffusion. This
phenomenon was not observed in the UPdLn diffusion couple owing to the fact that UPd;
compounds are not present in the alloy.

Dark nanostructures/precipitates are in the diffusion regions for both UPd and UPdLn alloys.
These nanostructures may be Pd-Fe compound; however, they cannot be identified by EDS with
SEM due to their small size. The concentration of the dark nanostructures is higher closer to the
interface and decreases the further away from the interface due to a decreasing Fe content along
the diffusion path. In the UPdLn diffusion couple, the dark precipitates (points 5-6 in Figure 6b),
suspect to be UPd;, were the Pd-precipitates pushed away from the interface due to the diffusion
of Fe and combined with U, forming the suspected UPd; phase. Similar phenomenon has been
observed in the USn alloy (see Figure 9b) where U-Sn precipitates decomposed due to the
diffusion of Fe, with Sn pushed along the diffusion front. In both cases, the additive element, Sn
or Pd, is pushed against their concentration gradient, away from the interface. The formation of
thermodynamically stable U-Fe intermetallics is likely the driving force. The need to push these
elements away from the diffusion zone maybe hindering Fe diffusion into the fuel.

Regarding the USnLn and UPdLn alloys, Fe diffusion with the Sn-Ln and Pd-Ln phases is
minor, in comparison with the diffusion of alloy matrix, U. It is well known Fe diffusion with Ln
is significant, which is of importance to the adverse lanthanide-induced FCCI. However, in this
work, the diffusion is negligible owing to the dopants, Sn and Pd, added into the fuel alloys.

Table 10. Summary of the thermodynamic data available in the literature (unit: kJ/g-atom).

Phase UPd; USn; Fe,U FeUg  FePd FePd; FeSn FeSn, NdPd Ir:Id5 S
3

Enthalpy of formation -61 -23 -23 -13 -13.7 -22 -28 -23 -67° -74

at 298 K [29] [30] [31] [31] [17] [17] [32] [32] [33] [34]
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Gibbs free energy of N/A N/A -59 -59 -13 -19 -9 -7

formation at 873 K? [31] [31] [17] [17] [32] 132] N/A N/A

a. Standard reference state for each pure element of the phase.
b. 640 K.

5. Conclusion

The microstructure and diffusion behavior of UPd, UPdLn, USn, and USnLn were analyzed
with SEM and EDS analysis. The following conclusions can be drawn from this work:

e UPd; compound forms in the UPd alloy. The UPd; intergranular precipitates were
observed to hinder Fe diffusion. The U-Sn compound is suspected to be U,Sn, but this
phase is unknown in the literature. Study of this phase is in progress.

e Inthe UPdLn and USnLn alloys, additives Pd and Sn are in excess of Ln. PdLn
compound and Pd-rich compounds (Pd4Ln; and Pd;Ln,) are present in the UPdLn alloy.
SnLn and suspected U,Sn are present in the USnLn alloy. The excess Sn still bound to U
allows further Ln loading, while Pd-rich compounds may decrease the loading capacity
of Pd. Therefore, Sn is a more promising additive.

e The diffusion of Fe could push the nanometer-sized Pd-precipitates and the Sn that is
decomposed from the U-Sn precipitates away from the interface, forming suspected UPd;
and U,Sn at the diffusion front of Fe.

e The diffusion regions are primarily formed by the diffusion between U and Fe. The
compounds diffusion is insignificant. Therefore, it’s deduced the lanthanide-induced
FCCI would be mitigated as Pd and Sn could stabilize the lanthanides produced for
burnup.
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