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Abstract

Formation of intermetallic compounds of lanthanide fission products within uranium-based
metallic fuels with added dopant(s) has been proposed to arrest fission products within
the metallic-matrix, before lanthanides chemically react with cladding materials, leading
to degradation of the cladding. Unlike previous trial-and-error approach, here we present
ab-initio based generic alloy-design principles to identify dopant(s) for a given lanthanide to
form dopant-lanthanide intermetallic. Our approach correctly identifies previously known
dopant like Pd, as well as predict novel dopants (As and Se) which can bind fission product
Nd within U-matrix. Formation of our predicted NdAs intermetallic within the U-matrix
has been confirmed experimentally.
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Design of alloy composition often has competing objectives depending on the application
of alloys. While in the case of high-entropy alloys (HEAs) formation of intermetallic com-
pounds is typically avoided [1], intermetallic precipitates of lanthanides fission products and
dopants are desired in metallic fuel for fast reactors [2]. In the latter case, a formation of
such intermetallic helps to arrest lanthanides within the metallic matrix, before lanthanides
chemically react with cladding materials, leading to degradation of the cladding [2, 3, 4, 5].

However, appropriate choice of dopants to immobilize fission products is a non-trivial task
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as a range of fission products are known to form (e.g., fuel after 8 % burnup was found to
compose of 1.17% of Nd, 0.71 % of Ce, 0.35 % of Pr and other elements [2]). Further, one or
more dopants may be required to arrest individual lanthanide fission product [6]. Choosing
appropriate dopant(s) for targeted precipitation is a challenging task for materials scientist
in general and not limited to U-based fuel.

Previous attempts to choose potential dopants based on lanthanide-dopant binary phase
diagrams, and macroscopically measured thermodynamic properties (e.g., melting point)
3, 2] had limited success in arresting lanthanides (Ln), plausibly due to the lack of under-
standing of chemical and electronic interaction between elements as well as lack of compre-
hensive list of U-Ln-dopant ternary phase diagrams. Alternatively, ab-initio calculations
can be adapted to predict novel dopants as they provide fundamental understanding regard-
ing the electronic structure and chemical interactions between elements, without particular
need for their binary and ternary phase diagrams [7]. In this work, we present a combined
ab-initio calculation and experimental approach on screening dopants to immobilize Nd, the
primary lanthanide fission product. We show that dopants can be screened based on readily
available features such as electronic configuration, electronegativity, and covalent radius of
dopants. Our approach correctly identifies previously known dopants like Pd [8, 9], as well
as predict novel dopants (As and Se) which can bind with fission product Nd within the
U-matrix.

All the calculations were performed using the Vienna Ab initio Simulation Package
(VASP) [10] with the Perdew-Burke-Ernzerhof (PBE) functional [11] within projected aug-
mented plane wave method [12]. The internal atomic positions were optimized with a Hell-
manFeynman force convergence threshold of 0.05 eV/A. A cut off energy of 450 eV and 6
x 3 x 3 Monkhorst Pack grid were used during optimization. The system was modeled as
follows: a U atom was substituted with a Nd atom on fully optimized 3 x 3 x 3 supercell
of a-U, Cmem (orthorhombic) structure. Within the positions optimized Nd-U system a U
atom at the first nearest neighbor position to the Nd atom was substituted with the dopant
(X) and the atomic positions were re-optimized.

The enthalpy of mixing of different dopants in Nd-U system was calculated as follows
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[13]:
AE}mixing = E(Um—2NdX) + E(U) - E(Um—lNd) _ E(X)’ (1)

in which E(U,,_oNdX) is the total energy of (m — 2)U atoms, and one atom of Nd and
dopant (X) in a simulation cell of m sites; E(U,,—1Nd) is the total energy of (m —1)U atoms
and one Nd in a simulation cell of m sites. E(X) and E(U) are the total energy per atom
for X and U, respectively. In our scheme, negative enthalpy indicates attractive interaction
between elements, implying ease of formation of the stable compounds [1, 14]. We later
arc melt cast two U-Nd-As alloys with different weight %, namely alloyl (92U-4Nd-4As)
and alloy2 (94U-4Nd-2As). Alloyl and alloy2 has Nd:As an atomic ratio of 1:2 and 1:1,
respectively. The alloys were later characterized by scanning electron microscopy (SEM),
energy dispersive x-ray spectroscopy (EDS) and X-ray diffraction (XRD), in order to verify
the formation of Nd-As compound(s) as tendency of which was predicted by our ab-initio
calculations. More details on computational and experimental methods are presented in
Supplemental Information.

To understand the linkage between dopants electronic structure and its inherent tendency
to form Nd-dopant intermetallic compound, we inspect the valence electronic configurations
of previously successful dopant like Pd (nd'?), and Sb (np?), and unsuccessful elements like
T1 (np') to form intermetallic with Nd. Based on our initial inspection, we hypothesized that
dopants with relatively more stable electronic configurations (half-filled and filled orbitals),
should exhibit a higher tendency to form an intermetallic compound with Nd compared
to dopants with partially filled orbitals. Further, commonly used empirical Hume-Rothery
rules [15] implies that the propensity to form dopant-Nd intermetallic compound increases
with the increase in the difference of electronegativity and covalent radius between dopant
and Nd. To test our hypothesis on relative compound forming tendency, we calculated the
enthalpy of mixing for several possible dopants as a function of electronegativity (Figure
1(a)) and covalent radius (Figure 1(b)) of the dopants. Dopants were selected based on
electronic configuration (e.g., As, (np®), half-filled orbitals), and their electronegativity and

covalent radius. For reference, Nd has a covalent radius of 201 pm and electronegativity of



1.14 on the Pauling scale [16]. It is notable that, dopant As and Se (np?) were never tried
before as a potential dopant.

Overall, in Figure 1, we found that mixing enthalpy decreases and increases with the
increase in electronegativity and covalent radius of the dopants, respectively. The large
negative values of mixing enthalpy of As and Se suggest the strong tendency to form stable
compounds with Nd. Dopants such as Sb, Te, Ga, and Pd expected to exhibit intermediate
tendency, while TI is the least favorable in forming a stable compound with Nd. Our
prediction is in agreement with the previous findings, where Tl was found to be the least
effective [4], and Sb [4, 17] and Pd [8, 9] were more effective in immobilizing lanthanides.
Further, to understand the nature of chemical interactions between the dopant and Nd, we
plotted the charge density difference (CDD) at each atomic position between the Nd-U-X
and Nd-U structures. Two distinct trends were observed in CDD. Strongly electronegative
dopants such as As, Se and Pd exhibit strong ionic interaction with a significant amount
of charge transferred (shown by yellow isosurface) from Nd to the dopant compared to less
electronegative dopants such as In, and T1 (Figure 1(c-h)). Our Bader charge analysis also
provide secondary evidence of such charge transfer (see Supplemental Information).

To gain a further understanding of the electronic interactions between Nd and dopants,
we have plotted partial DOS of dopant and Nd in Nd-U-X systems as shown in Fig. 2(a)-
(f). Similar to CDD, the partial DOS plots also show two distinct patterns. Unlike the
case for Ga, In and T1, Figure 2(d)-(f) shows that localized Nd 4 f orbitals (located between
-5 to -4 eV) interacts with dopants via valence electrons, namely, p electrons in As, Se,
and d electrons in Pd (shown by shaded region, Figure 2(a)-(c)). This overlap of orbitals
indicates possible orbitals hybridization between Nd and dopants As, Se, and Pd. Such
orbital hybridization resulted in a significant sharing of charge between Nd and the dopant
As, Se and Pd atoms (Figure 2)(g)-(i). Given the position of overlap in the energy with
respect to the Fermi level, this interaction is not expected to be very strong. However, this
may act as another factor for the binding between Nd and dopants As, Se and Pd in addition
to the strong ionic interaction caused by electronegativity difference. Combined covalent

and strong ionic interactions between dopants As, Se and Pd with Nd, may facilitates the
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Figure 1: (a) The correlation between mixing enthalpy and the electronegativity of dopant. (b) The correla-

tion between mixing enthalpy and covalent radius of dopant. The electronegativity and the covalent radius

are from the Ref. [16]. (c)-(h) The charge density difference (CDD) between Nd-U-X and Nd-U systems; Nd

represents charge deficit.

gives charge to dopants for their binding. The yellow isosurface represents excess charge, and blue isosurface



formation of dopant-Nd intermetallic compounds.
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Figure 2: Orbital resolved DOS for Nd-U-X systems, where X=As (a), Se (b), Pd (¢), Ga (d), In (e), or T1
(f). The vertical dashed line represents the Fermi level. The states in negative and positive vertical axis
represent down and up spin components, respectively. U-DOS remain more or less similar in all systems,
The charge density plotted for the slice of energy that includes overlap between Nd 4 f orbital with p orbitals
for As (g), Se (h) and d orbitals for Pd (i). Color code, red = dopants(X), golden = Nd, cyan = U and the

yellow represents the isosurface of charge.

Another interesting observation is that all dopants that exhibit less tendency in forming
stable compounds with Nd, the outermost orbitals always have less than the half-filled of
maximum number of electrons, i.e., np* (In and T1) and np? (Sn). It follows that the ele-
ments that have a relatively more stable electronic configuration filled or half-filled compared

to the partially filled appear to be more effective in tendency of forming a stable compound
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with Nd with Se (np?) as an exception. However, Se has strong difference in electronega-
tivity and covalent radius with Nd. We conclude that the intrinsic tendency of a dopant to
form intermetallic compound with Nd is governed by three factors (a) difference in dopant-
Nd electronegativity; (b) difference in dopant-Nd covalent radius and (c¢) dopants electronic
configuration. Among the dopants T1 least satisfies these criteria and is expected to ex-
hibit least tendency to form intermetallic compounds with Nd, which has been confirmed
previously [4]. On the contrary As (np3, half-filled orbitals) satisfies all the three criteria
exhibit highest negative enthalpy of mixing and hence should be able to form intermetallic
compound with Nd which we will experimentally verify in the next section. In the case of
Ga in the Pauling scale has an electronegativity of 1.81, which is close to the value for In
(1.81) and Sn (1.96). However, the smaller covalent radius of Ga (np') compared to In (144
pm), and Sn (141 pm) may have resulted in highly negative enthalpy of mixing. This implies
there could be competition between the effects of covalent radius versus electronegativity on
the enthalpy of mixing. The modern machine learning tools, such as principal component
analysis [18], may help to determine the relative importance of individual factors.

Overall, the uniqueness of our alloy design criteria listed above is its simplicity. The
tendency of a dopant to form intermetallic within a metallic matrix can be predicted sim-
ply based on readily available elemental features without creating complicated binary and
ternary phase diagrams. Our work emphasizes the need to understand electronic config-
urations of elements for effective alloy design, a criterion not explicitly included within
Hume-Rothery rules or Darken-Gurry map [19]. Further, based on the enthalpy of mixing,
our work provides a quantitative estimate of the tendency of dopant to form intermetallic
with Nd. This is unlike the Hume-Rothery rule or Darken-Gurry map, which only provides
a qualitative estimate for the dopant-Nd intermetallic compound formation tendency.

In-reactor condition, fission product Nd is continuously generated within the U-matrix.
In order to verify the formation of ab-initio predicted Nd-As intermetallic and its stability
within the U-matrix, we cast two alloys. Alloy1, representing initial stages of the formation
of fission products when the externally added concentration of dopant As is higher than Nd

(Nd:As atomic ratio of 1:2) and alloy2 with equal atomic ratio of As to Nd (Nd:As atomic ra-
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tio of 1:1) representing later stage of the formation of fission product. Backscattered electron
SEM images (Figure 3(a-b)) of these U-Nd-As alloys reveals the formation of two precip-
itated phases within the matrix, dark-grey and light-grey precipitates. The precipitated
phases are observed to be evenly distributed throughout the microstructure and range in
size between 5 to 20 um. EDS point chemical analysis was conducted on several precipitates
of interest in both the alloys; selected points are shown in Figure 3(a-b); the corresponding
compositions of each analysis point are listed in Table 1. The dark-grey precipitates are
found to be consisted of Nd and As at roughly a 1:1 atomic ratio; indicating that they are
likely the NdAs phase. The light-grey precipitates consisting of U and As and are observed
to bind at an atomic ratio of roughly 3:4 (or possibly 1:1), which would correspond to the
UsAsy (or UAs) phase. Based on our ab-initio calculated negative enthalpy of mixing for
As in the a-U matrix is & -1eV, as compared to greater negative mixing enthalpy of As in
Nd-U matrix (-4.26 eV), it is intuitive that in alloyl any excess As remains after binding
with Nd may form compound with U matrix. For the same reason no U-As compound is
observed in alloy2, which has a lower As content than Nd, Table 1. Overall, the presence
of the NdAs precipitates in both these alloys indicate its formation is more favorable within
the U matrix. Based on the results of mixing enthalpy and the experimental observations
in both alloyl and alloy2, we suggest that for in-reactor applications, U-based alloys should
have excess As compared to the expected Nd generated at maximum burnup. From ther-
modynamic consideration it is expected that as Nd is continuously generated within the
matrix, As would be released from the U and bind with Nd, as seen from the preference
of As for Nd over U from our calculated enthalpy of mixing of As in U and Nd-U matrix.
Finally, it should be pointed out that NdAs, UsAs,, and UAs phases are stable, equilibrium
phases as found in their corresponding binary phase diagrams [20, 21].

For accurate identification of the phases formed in these U-Nd-As alloys (Figure 3(c
and d)) XRD was performed. Beside confirming the EDS point chemical analysis predicted
formation of NdAs phase, diffraction data confirms that the U-As precipitates observed in
the alloyl sample are actually comprised of the UAs phase (1:1 atomic ratio) with peaks

indexed at of 260 angles of 30.8° and 44.0°. In analyzing the diffraction pattern of the
8
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Figure 3: Backscattered electron SEM image indicating locations of EDS point analysis (a) alloyl (92U-
4ANd-4As, wt.%) (b) alloy2 (94U-4Nd-2As, wt.%). XRD patterns of (c) alloyl and (d) alloy2 samples.

Table 1: EDS point analysis compositions of precipitates (atom %) in reference to Fig. 3 (a) alloyl (92U-

4ANd-4As, wt.%) and (b) alloy2 (94U-4Nd-2As, wt.%).

Alloys Pt # Precipitate U Nd As Suggested Phase
1 dark grey 4 45 50 NdAs
2 dark grey 5 45 50 NdAs
alloy1
3 light grey 43 2 55 UAs
4 light grey 44 1 55 UszAsy or UAs
1 dark grey 4 52 45 NdAs
alloy2 2 dark grey 0 57 43 NdAs
3 dark grey 1 59 40 NdAs




alloy2, a peak is identified for the NdAs phase at the 20 angles of 29.8° which is better
observed in the inset of Fig. 3(d). Due to their proximity, the NdAs peak could not to be
completely deconvoluted from the a-U peak, which is at 30.3°; nevertheless, its existence
can still be discerned. Overall, the formation of NdAs intermetallic compound in both these
alloys is further verified by our elemental EDS mapping as presented in the Supplementary
Information. It should be pointed out that SEM image of alloy2 (Figure 3(b) also indicates
numerous sub-micron sized round precipitates. Our elemental EDS maps of Nd and As reveal
that these sub-micron precipitates have only high concentration of Nd and no As. Given
our ab-initio calculated positive enthalpy of mixing (4.26 eV) of Nd in U, no Nd-U phase
is expected to form. However, higher resolution analysis techniques would be necessary to
infer the elemental compositions of such precipitates accurately.

In this study, using ab-initio calculations, we have developed simple alloy design prin-
ciples primarily based on electronic configurations, electronegativities and covalent radius
of elements involved. These principles were used to demonstrate the tendency of externally
added dopants to form intermetallic within a metallic matrix in a more comprehensive man-
ner than typically used thermodynamic approaches such as Hume-Rothery rules or Darken-
Gurry map. The uniqueness of our guiding principles is that they are based on readily
available elemental features without creating complicated binary/ternary phase-diagrams,
as previously needed. We showed that our proposed principles are successful in correctly
identifying previously known effective dopants such as Pd, Sb and less effective ones such
as Tl to form intermetallic within the U-matrix. Also, guided by the same principles we
identified two highly effective novel dopants, namely, As and Se as potential dopants and

experimentally verified the compound forming tendency of Nd with As inside the U-matrix.
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