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ABSTRACT

The analysis of the initial stages and trends in the process of interdiffusion of Al in the UMo
solid solution as a function of Mo concentration is made using the BFS method for alloys. The
approach presented in this work helps to understand the exchange mechanism between adatoms
and substrate atoms in the binary systems, leading to the behavior observed in the ternary Al-U-
Mo system. While in Al/U Al atoms show a noticeable tendency to interdiffusion in the bulk, in
Al/Mo the same atoms show a tendency to layer-by-layer growth and the formation of structures
in the overlayer. In the case of Al/U-Mo, the two competing behaviors observed for Al/Mo and
Al/U, translate into the role of regions rich in Mo acting as interdiffusion barriers, in excellent
agreement with experimental evidence.

1. INTRODUCTION

The development of high density U-alloys with an increased concentration of U is one of the key
problems for developing high neutron flux research reactors with low enrichment uranium fuel [1]. The U-
Mo alloy system is one of the possible candidates because a solid solution of Mo in bce-U has acceptable
irradiation properties for reactor fuels. However, several basic issues must be addressed in order to have a
better understanding of the fundamental behavior of this fuel. In this sense, the processes involved in the
interaction between the aluminum matrix and the UMo solid solution are of particular importance, as
interdiffusion or interfacial reaction in the Al/lUMo composite, with considerable volume increase for low
Mo composition, has been found. This process can impact the performance of nuclear fuel materials.
Other basic questions relate to the role of new additives in the stability of the bcc phase as well as in the
improvement of the thermal compatibility with the Al matrix.

The answers to these questions could arise from experiment, theory, or from a combination of both
approaches. The method for developing or improving specific alloys has been mostly based on extensive
experimental trial and error work, which is both expensive and time-consuming. Recently, however, the
increasing role of computational modeling in the development of structural materials has become a
valuable tool to aid the experimental work. If theoretical modelling could also be included in the
development of nuclear fuels, then the experimental process could be better oriented and, as a
consequence, the number of experiments could be reduced to specific ones needed to verify the theoretical
predictions. While the virtual design of new materials through complex computer simulations is still many
years away, its success will depend on the availability of a unified approach that provides the same level
of simplicity and accuracy for any possible application, whether it is directed to surface and/or bulk
analysis. Although first-principles approaches provide the most accurate framework for such studies, the
complexity of the problems at hand and their substantial computational requirements impose limitations
that still prevent these approaches from becoming economical predictive tools. In fact, the theoretical
description of actinide metals and their alloys poses a severe challenge to modern electronic-structure
theory [2] and has eluded accurate treatment by semiempirical or quantum approximate methods (QAM’s)



as well. As a consequence, theoretical modelling efforts to describe the complex behavior observed
experimentally in these systems have been limited, both in number and scope.

The tendency to incorporate atomistic simulations as a standard tool in the analysis of complex
systems has imposed high expectations on the range of applicability of theoretical methods and QAM’s,
their computational efficiency, their ease of implementation, and the type of output that they provide. The
purpose of the QAM’s is to provide an efficient and accurate way to compute the total energy of arbitrary
atomic systems in term of their geometrical configuration. Almost independently of their foundation and
formulation, these methods rely on simplifications which, as a result, inevitably require the introduction of
parameters. The recent trend of combining first-principles with QAM’s has created new possibilities in the
field of atomistic simulations, as they provide accurate and valuable input for the determination of these
parameters when experiments are not available. In most cases, the existing QAM’s are restricted to a few
systems for which a specific (and therefore nontransferable) parameterization is developed, thus limiting
their use. Additional restrictions generally apply, resulting in limitations on the efficiency or accuracy of
the method in terms of type of lattice structure, number and type of element. One of these QAM’s, the
Bozzolo-Ferrante-Smith (BFS) method for alloys [3], is built on the basis of completely transferable
parameters and can deal with complex systems and geometries, as it has no theoretical constraints
regarding the type and number of elements, or on the number or type of phases it can handle. This method
has been proven to be highly effective to study multicomponent systems [4] or surface alloys [5] but has
never been applied to the study of an actinide-based multicomponent alloy.

The purpose of this work is to introduce atomistic modelling to understand the interdiffusion of Al
along the grain boundaries of the U-Mo solid solution. We present preliminary results of a modelling
effort dealing with the interdiffusion of Al in the (100) and (110) surfaces of a bce-based U-Mo solid
solution. The method was applied first to the deposition of Al in the (100) and (110) surfaces of Mo and U
substrates. The results for the ternary system are discussed within the framework of the results obtained
for the binary cases, Al/Mo and Al/U. Besides the fundamental features identified in these cases, the full
ternary Al-U-Mo system is analyzed and its behavior compared with the experimental observations [6].

2. THE BFS METHOD

The BFS method has been applied to a variety of problems, ranging from bulk properties of solid
solution fcc alloys [7] and the defect structure in ordered bec alloys [8,9], to more specific applications
including detailed studies of the structure and composition of alloy surfaces and surface alloys [5] or the
determination of site subsitution preference in ordered ternary, quaternary and pentalloy B2 phase based
compounds [4,10].

The BFS method overcomes the difficulties shared by other QAM’s mentioned previously simply
because of its interpretation and modelling of the alloy formation process [3]. In this method, any given
system, regardless of its composition and structure, is always modelled in terms of two independent virtual
processes which, properly coupled, are meant to result in the final state that is being studied. One of these
virtual processes relates to the structural changes in the environment of any given atom (strain), and it
consists of defining, for every atom, a virtual (perfect) monatomic equivalent crystal of its own species in
a state of isotropic compression or expansion with respect to equilibrium. The amount of compression or
expansion is defined so that the electron density in the vicinity of the atom in the real crystal resembles, in
average, the corresponding one in the expanded or compressed perfect equivalent crystal [11]. The
availability of a universal binding energy relationship (UBER) [12] to describe such isotropic
transformations ensures an accurate and energetically correct description of the process, particularly for
small departures from equilibrium. The other virtual process accounts for changes in the chemical
environment of that same atom (chemical). Once again, another virtual perfect crystal, in a state of
isotropic compression or expansion, is assigned. To properly decouple structural and chemical effects, it is
necessary to introduce additional restrictions in the definition of these processes. In the first case, all atoms
surrounding a given reference atom are considered as being of the same atomic species as the reference
atom, thus freezing compositional degrees of freedom in the determination of the equivalent crystal
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associated with structural changes. In the second case, the surrounding atoms retain their chemical
identity, but are forced to occupy equilibrium lattice sites of a lattice characteristic of the reference atom.
Both processes share one particular feature: any system is described in the same way, i.e., by means of
virtual, ideal bulk crystals. As a result, whether the system involves the presence of surfaces or other
extended defects, or a varying chemical composition, etc., the modelling of the formation process is done
by means of these virtual crystals which, in their definition (their composition and structure), account for
the particular features of the real system that they represent. Thus, the environment seen by an atom in the
real crystal is translated into an equivalent, perfect crystal. The parameters used in the BFS method
describe the virtual processes and the properties of these virtual crystals. As such, they are somewhat blind
to the otherwise different systems that they describe, as they are always applied to the energetics of
perfect, virtual, bulk crystals. In all cases they describe deviations from an equilibrium state of the
equivalent crystal, thus eliminating a direct correlation with the nature of the actual situation which they
are meant to represent. For example, the formation of a single vacancy is, in terms of the parameters used,
no different from the substitution of a neighboring atom for one of a different species, or a surface defect.
Therefore, it is expected that if the theory allows for an unequivocal definition of these virtual crystals,
properly endowed with the necessary information on the real crystals that they represent, the parameters
will then have the same level of reliability, or be able to extract the same amount and quality of
information via the equations of the method, in any kind of situation.

It is also worth noting that the parameterization of the BFS method implies a somewhat different
approach for the interaction between different atoms. In general, most approaches deal with this issue by
introducing some sort of interaction potential with any parameter describing each constituent remaining
unchanged. In BFS, it is precisely the set of parameters describing the pure element what is perturbed in
order to account for the distortions introduced by the nearby presence of a different element or defect. In
doing so, an additional advantage is thus introduced in the methodology, as the number of parameters is
reduced to a minimum and their transferability is therefore guaranteed. It is, however, an additional burden
on the method, as too much critical information must then be carried by a very small number of
parameters. From a practical standpoint, however, it is obviously a matter of balance between the
advantages and disadvantages that ultimately translates into an efficient and accurate method with a
maximum range of applicability.

Basically, the BFS method provides a simple algorithm for the calculation of the energy of formation
AH of an arbitrary alloy (the difference between the energy of the alloy and that of its individual
constituents). In this method, the energy of formation is written as the superposition of elemental
contributions of all the atoms in the alloy

AH=Zgi (1

For each atom, we partition the energy into two parts: a strain energy, €, and a chemical energy, &°,
contribution. By definition, the BFS strain and chemical energy contributions take into account different
effects, i.e., geometry and composition, computing them as isolated effects. A coupling function, g,
restores the relationship between the two terms. This factor is defined in such a way as to properly
consider the asymptotic behavior of the chemical energy, where chemical effects are negligible for large
separations between dissimilar atoms. A reference chemical energy, &°, is also included to insure a
complete decoupling of structural and chemical features. Summarizing, the contribution to the energy of
formation of atom i is then

6= & +g(e -&"°) @)

In what follows, we provide the basic operational equations needed to compute each one of the terms
introduced above. The BFS strain energy, &.°, differs from the commonly defined strain energy in that the
actual chemical environment is replaced by that of a monatomic crystal. Its calculation is then
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straightforward, even amenable to first-principles techniques. In this work we use Equivalent Crystal
Theory (ECT) [11] for its computation due to its proven ability to provide accurate and computationally
economical answers to most general situations. In all cases considered in this work, a rigorous application
of ECT is reduced to that of its two leading terms, which describe average density contributions and bond-
compression anisotropy. We neglect the three- and four-body terms dealing with the bond angle and face-
diagonal anisotropies. The BFS strain energy contribution, &, is obtained by solving the ECT perturbation
equation

NR{)i eXp_aiR1+MRgi eXp—(aﬁl/ki)Rz _ erpj eXp—(aj+S(rj))rj 3)
j

where N and M are the number of nearest- and next-nearest neighbors at distances R1 and R2,
respectively, and where p, /, aoand A are ECT parameters that describe element i (see Ref. 11 for
definitions and details), » denotes the distance between the reference atom and its neighbors, S(7) describes
a screening function and the sum runs over nearest- and next-nearest-neighbors. This equation determines
the lattice parameter ;° of a perfect crystal where the reference atom i has the same energy as it has in the
geometrical environment of the alloy under study.

Once the lattice parameters of the (strain) equivalent crystal, a;°, is determined, the BFS strain energy
contribution is computed using the universal binding energy relation of Rose et al. [12], which contains all
the relevant information concerning a single-component system:

S S 4
e =11 o Joupla”) @
where E;€ is the cohesive energy of atom i and where the scaled lattice parameter a;° is given by

a” =q(al.S —aie)/li )

1

where q is the ratio between the equilibrium Wigner-Seitz radius and the equilibrium lattice parameter a; .

The BFS chemical energy is obtained by a similar procedure. As opposed to the strain energy term,
the surrounding atoms retain their chemical identity, but are forced to be in equilibrium lattice sites of an
equilibrium crystal i. The BFS equation for the chemical energy is given by

NR{’I eXp_aiRl + MRgl exp—((xi*'l/ki)Rz — Z(Nikrl ie_aikrl + Mikrzie—(akﬁ'l/ki)rz) (6)

J

where Nj and M, are the number of nearest- and next-nearest-neighbors of species & of atom i.
The chemical environment surrounding atom i is reflected in the parameter A, given by

Qik = O + Ay 7

where the BFS parameter Ay ( a perturbation on the single-element ECT parameter a;) describe the
changes of the wave function in the overlap region between atoms i and k. Once Eq. (6) is solved for the
equivalent chemical lattice parameter g;°, the BFS chemical energy is then

e¢ =E¢(1-(1+a” Jexpl-a)) ®)
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where y;=1if 4 >0andy;= -1if 4 <0, and the scaled chemical lattice parameter is given by
a. :q(al.C —af)/li ©)

Finally, as mentioned above, the BFS strain and chemical energy contributions are linked by a
coupling function g;, which describes the influence of the geometrical distribution of the surrounding
atoms in relation to the chemical effects and is given by

o, ool

The computation of & and &°, using ECT [11], involves three pure element properties for atoms of
species i: cohesive energy, lattice parameter and bulk modulus. The chemical energy, &°, includes two
BEFS perturbative parameters (Ay; and Ay, with i, k= Al, U, Mo). In this work, all the necessary parameters
were determined using the linearized augmented plane wave method (LAPW) [13], by computing the
equilibrium properties of Al, Mo, and U in the bcc phase, as well as the equilibrium properties of AlMo,
UMo and AlU ordered alloys in the B2 phase. All the calculations for pure elements and their alloys were
performed using the generalized gradient approximation (GGA) for the exchange-correlation energy
functional [14]. Table I lists the single element parameters. Table II lists the BFS parameters needed for
applying the BFS method to the Al-U-Mo system.

Lattice Cohesive Bulk
parameter energy Modulus | p a( A7) I(A) MA)

(4) (eV) (GPa)
Al 3.2381 3.44 69.14 4 1.7639 1.7639 1.0232
Mo 3.1616 6.67 260.61 8 3.4773 0.2641 0.7422
U 3.4501 5.55 141.40 12 4.8689 0.3132 0.8801

Table I: LAPW results for the lattice parameter, cohesive energy, and bulk modulus for the bee phases of Al, Mo,

and U. The resulting ECT [11] parameters p, o,/ and A are also listed (see text for their definition).

i/j Al Mo U
Al -0.03351 0.15351

Mo 0.10065 -0.06189
U -0.03909 0.09261

Table II: BFS parameters A; (in A™) for all the binary combinations (i,/) of Al, Mo, and U.

3. RESULTS AND DISCUSSION

The BFS-based methodology, used to provide detailed insight on different aspects of bulk or surface
alloys properties, assumes no a priori information on the system at hand and none of the experimental
information is used in the formulation and application of the method. The only input necessary consists of
the basic parameterization of the participating elements and lattice structures.

The basic procedure is based on the idea of generating catalogues of possible configurations suited to
answer specific questions regarding the process of bulk or surface alloy formation. Then, the energy of
these configurations is computed using the BFS method for alloys and plotted in the form of an energy
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Al/Mo (100) Al/Mo(110)
level spectrum. Each level in the spectrum is

labelled by its difference in energy AE with /
respect to the lowest state in the set and by a : [AL (2b) +M0 (0) I /

shorthand notation indicating the type of Z (12 (0 1

structure that it represents. X(O) denotes an 20 - —_—
atom of species X in the overlayer O, X(S) in

the surface, X(1b) one plane below the <

surface, X(2b) two planes below, etc. A 1

subindex n(near) or f(far) denotes the distance — MmO

between two atoms. A subindex [hkl] indicates __— (RS Ho(O) e

the growing direction chosen by the atoms R L

preceding the subindex. For simplicity, in this Fig. 1: Energy level spectrum for Al deposition on Mo. The
work we restrict our calculations to zero figure shows results for the Nj; =1 case listing, for each

temperature and we disallow individual or configuration and for each Mo crystal face, the difference in
energy (in eV/atom) with respect to the lowest energy state

collective relaxation.s. While it is true that the (bottom). The adatom can either be located in the
system at T = 0 K will reach the lowest energy overlayer (0), in a surface site (S), in the first layer(1b) below
states, it is also true that metastable states will the surface and two layers (2b) below the surface.

have a role in determining the behavior of the

system, i.e. the closer these states are to the ground state, the greater the likelihood that these states have of
appearing in the actual system at finite temperature.

The purpose of this work is to apply this approach to the study of the deposition of Al on the (100)
and (110) surfaces of the bcc-based U-Mo solid solution with the intent of not only reproducing the
experimental results, but also finding the driving mechanism for the difference in behavior observed for
different coverages in this system. While the experimental results show a large volume change for low Mo
concentration in the solid solution, no significant dimensional changes are observed for a concentration of
10 wt % Mo [6]. For that purpose, we will apply the basic methodology outlined above to study the low
coverage deposition of Al on the surface (100) and (110) of Mo and U, and Mo deposition on the same
faces of U. Later, we will concentrate in the ternary system, i.e., the deposition of Al on the (100) and
(110) surfaces of the U-Mo solid solution, to study the influence of the Mo atoms in the behaviors
identified in the deposition of Al in the U(100) and U(110) slabs.

3.1. Al deposition on Mo(100) and Mo(110)

Auger electron spectroscopy (AES), low energy electron diffraction (LEED), and electron energy loss
spectroscopy (EELS) experiments [15] show that a layer-by-layer growth mechanism of the adsorbate is
primary at room temperature in the Al/Mo(110) system. For coverage lower than 0.34 ML, the adsorbate
forms as a two-dimensional gas on the surface. Al atoms occupy random positions on the surface, a
behavior which is probably responsible for the appearance of the (1x1) pattern of the substrate. Most
probably no surface alloys are formed though the possibility is not fully excluded [15].

The theoretical description of the deposition of Al on a Mo substrate can be easily studied by
considering a few basic configurations where the Al atom occupies sites in the overlayer, surface, or
planes immediately below the surface plane. Fig. 1 shows the results for such configurations, plotted as a
function of increasing difference in energy with respect to the lowest energy state in the set. For
Al/Mo(100), the sequence starts with the Al atom in the overlayer (Al(O)), followed by states describing
the penetration of Al into the Mo slab: [AI(S)+Mo(O)];, where the ejected Mo(O) atom locates itself far
from the surface Al atom Al(S); [AI(S)+*Mo(O)],, where they locate themselves in nearest-neighbor sites;
[Al(1b)+Mo(O)],, where the Al atom goes to a site in the first layer below the surface (1b) and the Mo(O)
atom remains close, followed by a similar configuration where Mo(O) migrates somewhere else on the
surface ([Al(1b)+Mo(O)];), and lastly, [Al(2b)+Mo(O)]s, where the Al atom interdiffuses to the second
layer below the surface (2b) in the Mo substrate. Fig. 1 also lists the corresponding results for Al
deposition on Mo(110), which are essentially identical to the Mo(100) case. From the onset, it is clear that
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there is no penetration or formation of an Al/Mo surface alloy. BFS results indicate that the formation of a
surface alloy is more likely on the (100) than in the (110) face, due to the larger energy gap between states
with Al(O) and AI(S) in the second case. In order to understand the type of Al growth in the overlayer we
study the deposition of two Al atoms in Mo(100) and Mo(110). The corresponding energy spectra, with
energies referenced to the lowest energy state, are shown in Figs. 2 and 3, respectively. The lowest energy
state, in both surfaces, corresponds to one where the Al atoms locates themselves initiating a chain in
overlayer sites along the compact direction (i.e., [100] for the (100) face and [111] for the (110) face). The
fact that the first excited state corresponds to Al dispersed randomly in the overlayer could explain the
appearance of the (1x1) pattern observed experimentally. We conclude the analysis for this coverage
noting that the spectra shown in Figs. 2 and 3 still indicates that the formation of a surface alloy is clearly
unfavorable, mainly for the (110) surface. As the coverage increases, the calculations show the same basic
features observed for low coverage: the formation of Al(O) chains along the close-packed direction both
for Mo(100) and Mo(110), in agreement with experimental results.

Al/Mo(110)
Al/Mo (100) 1.5} [AL (S) +AL (S) +Mo (0) +Mo (0) 1.
0.1 | = [AL(S)+A1(S)+Mo(0) +Mo (0) ],
1t
83
< m
0.05p = [AL(S)+Al(8)+2Mo (0) ], <
= [A1(0)+Al(0)], T 2Al(0) 4,
0.5r
— [AL(0)+AL(0)],
ot 2n1 (OIIIUOI
ot — 281 (0) 1131y
Fig. 2. Energy level spectrum for N, =2 deposited on Fig. 3: Energy level spectrum for Nj; =2 deposited on
Mo(100) substrate. AE is the difference between the Mo(110) substrate. AE is the difference between the energy
energy of formation per adatom (in eV/Atom) of each of formation per adatom (in eV/Atom) of each configuration
configuration and the lowest state. and the lowest state.

3.2. Al deposition on U(100) and U(110)

In contrast with the behavior observed in Al/Mo, experimental observations indicate that there is
strong interdiffusion of Al and intermetallic formation with different stoichiometry [6,16-18]. Fig. 4
summarizes the theoretical results for deposition of one single Al atom on a U(100) or U(110) slab. In
both cases, the lowest energy state corresponds to Al in the bulk. The energy of the computational cell
increases steadily as the Al atom approaches the surface, clearly indicating that Al has high solubility in U.
Similar results are observed for two Al atoms, where the lowest energy state consists of two Al atoms in
solution in the U bulk. There is, however, a close low energy state (0.03 eV/atom above the lowest energy
configuration) where the two Al atoms are located at third neighbor distance. This can be seen as an
emerging trend for ordering with increasing Al concentration. Further analysis of this feature, beyond the
scope of this paper, will be performed in future efforts. As one last note on the Al/U system, it is
interesting to point out that the (110) face of U inhibits the interdiffusion to deeper layers due to the large
energy barrier (0.66 eV/atom) when an Al atom occupies a surface site. Once this energy barrier is
overcome, the lowest energy state is again the configuration with the Al atom in the bulk.
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A1/U(100) Al/U(110) Mo/U(100) Mo/U(110)

1.5 / Al (0)
— (Mo (s)+T(0) ],

= [AL(S)+U(O)] I \ Mo (5) +U(0) ],
1f —/m/m/m

-

Mo (O
[AL(S)+U(0) 1, ot

AE

[AL (1b)+U(Q) ]f 0.5k
[Al (1b)+U(0) ],
(AL (20) +0.(0) ], \ _— [Mo (2b) +U (0] 1,
Al (bulk) \ \
Mo (1b)+U(0)} g e
Fig. 4: Energy level spectrum for Al deposition on U for the Fig. 5: Energy level spectrum for Mo deposition on U for the
(100) and (110) surfaces of U. The diagram shows the (100) and (110) surfaces of U. The diagram shows the

difference in energy (in eV/atom) with respect to the lowest difference in energy (in eV/atom) with respect to the lowest
energy state (bottom). energy state (bottom)

m
W\

oL

3.3. Mo deposition on Mo(100) and Mo(110)

The deposition of Mo on U is, compared to the previous two cases, slightly more complex. The
lowest energy state corresponds to the [Mo(1b)+U(O)]; case, followed by [Mo(2b)+U(O)]s. These results,
shown in Fig. 5, are consistent with the existence of a U-Mo solid solution, indicated by the preference of
Mo for an U bulk-like environment. For U(100), the presence of a surface, however, triggers a segregation
process by which the Mo atom migrates to layers in the sub-surface, but not to the actual surface plane, for
which it has to overcome a small energy barrier (0.02 eV/atom). No such barrier exists in the U(110) case.
Besides this single effect, there are minimal differences between the computed behavior in the (100) and
(110) face of U.

3.4. Al deposition on the U-Mo solid solution

The results shown in Figs. 1-5 are, in all cases, in agreement with experiment. This is indicative of
the robustness of the BFS parameters used to describe the interactions between the different pair
combinations. Having raised the necessary confidence on this set of BFS parameters, we now apply them
to the study of the ternary Al-U-Mo system

The experimental results show that the U 2 wt% Mo/Al dispersions increase in volume by 26% at 400
C after 2000 h. This large volume change is mainly due to the formation of voids and cracks resulting
from nearly complete interdiffusion of U-Mo and Al. No significant dimensional change occurs in the U
10 wt% Mo/Al dispersions. Interdiffusion between U 10 wt% Mo and aluminum is found to be minimal.
The different diffusion behavior is primarily due to the fact that U 10 wt% Mo particles are supersaturated
with substitutional molybdenum, more so than with U 2 wt% Mo particles. Al diffuses into the U 2
wt% Mo particles relatively rapidly along grain boundary with nearly pure U forming UAl; almost fully
throughout the 2000 h anneal, whereas the Mo supersaturated in the U 10 wt% Mo particles inhibit the
diffusion of Al atoms [6].
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We will model now the deposition of Al
on a U-Mo substrate following the
methodology applied to the binary systems.
We first examine the deposition of a single
Al atom on a U-Mo(100) substrate as a
function of the distance between Al and Mo
and as a function of the location of the Mo
atom. For completeness, the corresponding
results for U-Mo(110) are also shown.

The first case studied corresponds to the
Mo atom located in a surface site: Mo(S).
The results are shown in Fig. 6. In all cases
the ejected U atom is deposited far from the
Al or Mo atom. The lowest energy state for
both crystal faces is [Al(2b)+Mo(S)]. This is
true both for the case in which Mo(S) is
close to or far from the deposited Al atom.
Clearly, the presence of a single Mo atom,
regardless of its location relative to the Al
atom, does not change the trend observed for
Al/U(100) or Al/U(110), where Al
interdiffusion dominates. In the case when

Al/U-Mo (100) Al/U-Mo (110)

= [AL(0)4Ma(S) ],

0.6
—_? [AL(0) +Ma (S} ],
\ [AL(5)+Mo ()]
[M[SI+H0(SJ]n

0.4
T [AL(1b)eMo(8)]

AE

0.2

T [AL(1b)4Mo(S)]

[Al (2b) Mo (S) ],
o —— [AL (2b)}+Mo (S) ], ba
Fig. 6: Energy level spectra for Al deposition on a U slab in the
presence of a Mo atom in a surface site. The configurations are
ordered, top to bottom, in terms of decreasing difference in
energy with the lowest energy state.

the Mo atom is located in a 1b site, [Mo(1b)+U(O)] [see Fig. 7], once again the lowest energy states are
those where Al interdiffuses in the substrate with the Al and Mo atoms far from each other. The BFS
results show that for the (110) face there is an energy barrier (0.34 eV/atom) that probably affects the
interdiffusion of Al to deeper layers while no such barrier exists in the (100) face. Besides this effect, there
are no substantial differences between the computed behavior in the (100) and (110) faces of the U-Mo

solid solution.

Al/U-Mo (100) Al/U-Mo(110)

\ [AL (0} +Mo (1b) ],

— [AL (0) +Mo (1b) ],

—X [AL(5)+Mo (1b) ],

[AL(S)4Me (1B) ]

0.2
[AL (2b) +Mo (1b} ],
_/ [AL (1b) #Mo (1b) ]
% [AL (1b) +M0 (15) ],

0 [A1 (2b) 4o (1b) ],

AE

|

Al/U-Mo (100) Al/U-Mo(110)

0.6 [AL (0) 4o (2B) ],

ﬁ [AL(0) +Mo (2b) ],
=\\ [A.'l(s)mlo[z}::]E

[AL (S)4Mo (2b) ] |

[44]
=1
[AL (1b) +¥o (2b) ] =
0.2
——— [Al(letm(Zb)]‘
/ [Al(zh]ﬂ{otzb)]n
0 = — [Al(2b)#Mo(2B)]), =~ —

Fig. 7: Energy level spectra for Al deposition on a U slab in Fig. 8: Energy level spectra for Al deposition on a U slab
the presence of a Mo atom located in the plane below the in the presence of a Mo atom located in two planes below
surface (1b). The configurations are ordered, top to bottom, the surface (2b). The configurations are ordered, top to
in terms of decreasing difference in energy with the lowest bottom, in terms of decreasing difference in energy with
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Fig. 9: Top view of different configurations showing an Al atom
(black disk) in different overlayer (left column), surface (center
column) and subsurface sites (right column) in the vicinity of a
cluster of Mo atoms (gray disks) in an U substrate. Ejected U
atoms are denoted with an open circle. Each configuration is
labeled by the difference in energy (in eV/atom) with the
reference state in which an Al adatom is located away from the
Mo patch (top left corner). The horizontal or vertical arrows
indicate those transitions that are energetically favored.

energy state. the lowest energy state.

The results in Fig. 6 to Fig. 8 show that Al diffuses into the U-Mo substrate for both substrate
terminations, in spite of the presence of an energy barrier when Al occupies surface sites, as seen in the
(110) surface. However, a close examination of the magnitude of the energy gaps between the
configurations whose ordering lead to this conclusion indicates that the interdiffusion of Al is facilitated in
regions with low Mo concentration. In summary, the presence of Mo affects, but does not inhibit, Al
interdiffusion in the bulk of U-Mo solid solution for this level of coverage, i.e., in the very dilute limit.

A better understanding of this behavior can be obtained by analyzing a set of configurations that
model the penetration of Al into subsurface layers in regions of high Mo surface concentration. The fifteen
configurations displayed in Fig. 9 describe the process in different ways: a) from top to bottom, showing
the evolution of an Al atom in the overlayer (left column), surface layer (center column) and 1b layer
(right column), in the presence of a cluster of Mo(S) atoms, and b) from left to right, showing the
evolution of the Al atom as it moves from the overlayer site, to the surface site, and to the 1b layer. This is
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shown for different locations of Al relative to the Mo(S) patch: far from the patch (top row), as a
nearest-neighbor of a ‘corner’ Mo(S) atom (second row), with two, three and four (third, fourth and fifth
row, respectively) nearest-neighbors in the Mo patch.

The top row indicates that the penetration of Al (when deposited far from the Mo patch) in subsurface
layers is energetically favored, an effect that is less pronounced as Al(O) approaches the Mo patch: the
second row indicates that the process is still possible if Al(O) connects to the Mo(S) patch via one Mo(S)
atom, but unlikely when the number of Al(O)-Mo(S) bonds increases (third, fourth, and fifth row).
However, regardless of their proximity to the patch, Al atoms tend to migrate to Mo-rich regions. All three
columns in Fig. 8 represent, from top to bottom, the process of Al diffusion towards the Mo patch. In all
three cases, whether Al is in an overlayer, surface or 1b site, the lowest energy state is characterized by
maximum coordination between the Al atom, the Mo patch and the surrounding U environment. This
analysis shows that, in agreement with experiment, Al interdiffusion is prevalent in Mo-defficient regions
of the U-Mo substrate.

4. CONCLUSIONS

In this work, the BFS method for alloys was applied to the atomistic modelling of Al interdiffusion in
U-Mo as a function of Mo concentration. The simple BFS-based methodology presented in this work
assumes no a priori information on the system at hand. The only input necessary consists of the basic
parametrization of the participating elements and lattice structures. As a consequence, a much needed
freedom in the analysis of nuclear materials is thus achieved. The method was applied first to the
deposition of Al in the (100) and (110) surfaces of Mo and U substrates. Two opposite behaviors were
found: while in Al/U Al atoms show a noticeable tendency to interdiffusion in the bulk, in Al/Mo the same
atoms show a tendency to layer-by-layer growth and the formation of structures in the overlayer. In
excellent agreement with experimental evidence, the atomistic modelling results show that these two
opposite behaviors translate in the ternary system Al/U-Mo to Mo-rich regions acting as an interdiffusion
barrier for Al atoms.
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