CuNb metallic interfaces as a future material with Helium trapping ability in
emerging nuclear systems
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Abstract
A challenging goal for nanoscience is to contribute to the design and control of
radiation impervious materials for its use in emerging nuclear reactors. A very well
known problem in nuclear materials science is related with Helium diffusion and void
filling, which finally can evolve to a material embrittlement. Especially interesting is
the role of the interfaces generated in Nanoscale Metallic Multilayer Composites
(NMMCs) like Cu-Nb, that exhibit enhanced radiation damage resistance, since they
could be structured to act as efficient sinks for irradiation-induced vacancy-interstitial
pairs, leading to their recombination and in so doing, restoring part of the material to
its undamaged state. It has been also postulated that this kind of immiscible alloys
interfaces, may be efficient in the process of trapping and avoiding diffusion of He
atoms. Molecular dynamics simulations allowed us to get a deeper insight into the
structural, dynamic and energetic factors that govern He trapping ability of the
hetero-interface Cu-Nb. Moreover, the simulations here reported enable a fruitful
discussion about the helium aggregation and bubble formation within the interface at
particular attraction centers arising from undercoordination sites close to the
intersection points of the misfit dislocations. The obtained results have been useful to
identify and characterize the process of the helium adsorption and damage over the
material performance, what is required to efficiently design and monitor future
nuclear materials based on immiscible alloys.

Introduction

Next incoming generation of nuclear reactors is expected to require a new class of materials
based in radically different approaches relying on nanoscale strategies in order to mitigate
severe damage and to ensure long term safe operation under extreme conditions of neutron
irradiation and helium production. In particular, the design and control of nanostructures and
complex defect structures can create self-healing materials for radiation-induced defects and
impurities that can yield radiation impervious materials.
Radiation damage arising from neutron induced cascades of atomic displacements at the
level of the crystal structure, and helium bubble formation resulting from neutron capture
reactions in materials such as ferritic–martensitic and austenitic steels is known to lead to
severe embrittlement and cracking, which results on a major challenge for the next generation
of nuclear plants [1-3]. For instance, magnetic confined fusion reactors like DEMO, will share
a primordial objective in defining materials that will be capable of reliable performance under
severe burning plasma conditions, which will require the development of grade materials with
suitable microstructure and mechanical properties. Key elements, like the divertor, will have
to face intense neutron, helium and hydrogen isotopes irradiations [4-5]. In the case of firstwall/blanket structural materials He will be produced in ferritic/martensitic steels at
concentrations approaching 1800 appm at end-of-life doses of 170 dpa [6].
Recently, an extremely promising heterophase interface design approach was proposed,
where interfaces could be structured so as to act as efficient sinks for irradiation-induced
vacancy-interstitial (Frenkel) pairs, leading to their enhanced recombination, and, in so doing,
restoring part of the material to its undamaged state. The combination of such interfaces with
a multilaminate material design concept was shown to produce nanostructured materials
exhibiting ultra-high strengths and enhanced radiation damage tolerance [7]
In the last years, research results point out that Nanoscale Metallic Multilayer
Composites (NMMCs) exhibit enhanced radiation damage resistance. For instance, in the case
of Cu-Nb system, it has been shown that, due to the particularly dense concentration of misfit
dislocations on the interface, point defects delocalize into kink-jog dislocation pairs which interact
over a much longer range than the compact form of these point-defects in the bulk, enhancing the
annihilation of displacement damage [8]. Furthermore, NMMCs show promising properties in the
sequestration and arrest of He bubble growth [9], positioning them as one of the most promising
candidates for future nuclear systems.
Currently, some of the most critical limitations to design NMMCs with optimum tailored
properties are the lack of predictive modelling tools for understanding the mechanisms underlying
the radiation-induced damage resistance, the He diffusion and trapping, as well as the mechanical
behaviour of undamaged and damaged NMMCs. Helium is essentially insoluble in metals and tends
to aggregate at internal defects such as vacancy clusters, voids, dislocations, grain boundaries, lath
boundaries and particle–matrix interfaces, degrading the creep-rupture and fracture properties,
thus, in order to achieve an optimal design of helium-resistant interfaces, it is essential to develop a
detailed picture of He transport and fate in NMMCs.
One of the most useful computational tools that can be used to analyze and understand the

detailed mechanisms at the level of the atomic structure of an interface that enable a
nanocomposite to be stable under high concentration of helium in a material under irradiation is
Molecular Dynamics (MD) [10-13]. MD is a simulation technique that models the interaction between
atoms or molecules. Using some rules expressed by an empiric ‘interatomic potential’, a MD process
can follow the trajectory and evaluate the energetic values of each individual element of the system.
It is also capable of simulate the evolution of computational probes formed by millions of atoms
along time.
In this work we communicate new insights on the He trapping ability of model Cu-Nb interfaces
by means of Molecular Dynamics simulations. A new possible stable interface structure of lower
energy than previous successfully predicted [14] is reported. Such an interface structure shows
potential ability for He trapping at minimum energy patches of undercoordination, or misfit
dislocation intersections (MDI) between the adjoining crystals. Our study suggests a clear He
adsorption saturation limit at the Cu-Nb interface highly dependent on the interface atomic
geometry. This factor can be of possible use to define up-scaling design parameters making CuNb
NMMCs as materials applicable in future nuclear engineering designs.
Results
CuNb Interface stability and lowest energy structure
CuNb interface structure is still over controversy, since it can present either a disordered structure,
or an ordered interface structure, which is supposed to be the origin of the exhibited self-healing
mechanism against radiation damage [8]. To date, experimental and modelling studies on Cu/Nb
interfaces have carried on Kurdjumov-Sachs (KS) or Nishiyama-Wasserman (NW) orientation
relationships (see Figure 1) being the KS structures the most studied.
Figure 1. Main interfaces structures considered in our study for CuNb multilayers. (Left) CuNb
Nishiyama-Wassermann. (Right) KS1 CuNb created by simply joining Cu and Nb in the KS OR.

Kurdjumov-Sachs (KS) interface [15-16], follows the traditionally observed KS orientation
relation (OR): {111}fcc
{110}bcc, with ⟨110⟩fcc ⟨111⟩bcc at the interface. The other type of
interface also forms in the KS OR, but differs in the orientation of the habit plane, {112}fcc

{112}bcc, while retaining ⟨110⟩fcc ⟨111⟩bcc at the interface, for convenience sake termed {112}
interface. This interface was recently found in severely plastic deformed (SPD) fcc-bcc composites.
One important difference between these two interfaces is that in the KS interfaces, point defects are
strongly delocalized (with core size of defects approximately 3 nm in diameter) while in the {112}
interface, point defects absorbed remain compact. Thus in KS2, as predicted and detailed by
Demkowicz et al [8,14] the atomic layer of Cu immediately adjacent to Nb is homogeneously strained
and rotated with respect to a perfect Cu {111} plane, reducing its areal density by aprox. 0.5%.
Furthermore, a derivation of KS called KSmin has been also reported [8] resulting on a slightly lower
interfacial energy. KSmin has 5% vacancies in the Cu layer adjacent to the interface compared to KS1.
Importantly, the atomic configuration proposed for the KS interface between Cu and Nb is
characterized by misfit dislocation intersections (MDI) between the adjoining crystals. These MDIs
appear in the proximity of locations where an interface Cu and Nb atom are positioned nearly ‘on
top’ of each other. They are also called patches of undercoordination (see Figure 2) and it is believed
that they are the major responsible of the capability to acts as defect sinks [17].
Figure 2. Visualization of the KS1 interface configuration looking normal to the interface plane
reveals the presence of patches of undercoordination. These patches are identified by circled
regions in and occur in the proximity of locations where an interface Cu and Nb atom are
positioned nearly ‘on top’ of each other.

On the other hand, the Nishiyama-Wassermann (NW) orientation aligns the close-packed ⟨110⟩
rows of the fcc overlayer (or equivalently, the ⟨1120⟩ rows of the hcp overlayer) to the ⟨100⟩ rows of
the bcc substrate [18].
In this work, we have decided to explore the most probable (minimum energy) degeneration of
the interface structure based KS1, in order to find the best guess of a relaxed interface and test its
ability to trap He atoms. To achieve such a conformational space exploration we have run canonical
Molecular Dynamics trajectories at high temperatures (from 700K up to full melting), and used an
empirical embedded-atom method (EAM) potential developed by Demkowicz and Hoagland and
validated in previous works [19]. Our process started from the KS1 structure and then underwent
through long processes of energy dissipation by means of Langevin dissipative dynamics, ending with
an energy minimization stage.

Noteworthy, all the temperature trajectories lead after minimization and dissipation to the
same stable derivation of the KS1 structure, that we have denominated KS1’. This new CuNb
interface structure (see Figure 3) shows a clear ordered structure with low energy undercoordinated
centers aligned in stripes. Strikingly the global energy of the structure is accounted as -284277,05 eV,
while the relaxed KS1 structure predicted in [8] accounts for a slightly higher energy -284188,08 eV.
Figure 3. Visualization of the KS1’ interface configuration looking normal to the interface plane.
Interface at left is coloured according to the atomic potential energy scale shown. The structure is
organized as a degeneration of KS1’, underlining the preservation of patches of undercoordination
aligned in stripes. Strikingly the global energy of K1’ is lower than previously reported KS1
structure [8] (right).

Confirmed mechanism of He trapping ability by CuNb interfaces
Once we have explored the most suitable prediction of interfacial structure for a CuNb model bilayer, we will try to demonstrate its ability in adsorbing He atoms in time. To that end, Helium atoms
were introduced in the Cu/Nb KS1’ multilayer composite following a step-by-step procedure which
reproduces a torrent of helium atoms. The main goal of this procedure was to minimize the helium
bubble and aggregation formation in the bulk and, as consequence, to maximize the diffusion of He
atoms from the bulk to the interface speeding up the time sampling of an hypothetical situation of
He flux and saturation at the interface.
Saturation by means of He insertion was modelled in steps, running continuous molecular
dynamics trajectories at fixed temperature (500K) after inserting He atoms in the bulk central region.
Each 2.5ns of trajectory production phase defines a step in which a random insertion of a fixed
number of helium atoms is carried out. Note that the insertion mechanism is designed far enough
from the interface in order to do not influence the natural interfacial trapping of He. Moreover, at
each random He distribution generated for insertion, a removal of previous bulk He atoms resulting
from old steps but not migrated to the interface is imposed, in order to avoid the formation and
coalescence of big helium bubbles in the bulk, that could make difficult the ‘He aging process at the
interface’.
After 50ns of simulation of helium saturation aging process, a detailed analysis provided us useful
information concerning saturation phenomena of the interface as well as the behaviour of helium

atoms in a Cu/Nb compound when a high number of helium atoms is present in the system. The
overall behaviour of the Cu/Nb interface is depicted in figure 4.
Figure 4. Views of the relaxed Cu-Nb KS1’ interface looking normal to the interface plane are
showed. Dashed lines and circles are used to highlight the position of the stripes and the patches
of undercoordination presents in the KS1’ structure. Helium atoms (green) accommodated at the
Cu/Nb interface (red and blue respectively) in the endpoint of the most representative steps of a
MD simulation: a) step 1 (2,5 ns), b) step 5 (12,5 ns), c) step 10 (25 ns). d) A collection of spheres
centered in the characteristic patches of undercoordination of relaxed KS1’ interface were
constructed. The percentage of these spheres that contain helium atoms was computed and
averaged at each step for all the MD trajectories. The corresponding curve was smoothed.

a)

b)

c)

d)

Figure 4 shows views of the relaxed KS1’ interface configuration looking normal to the interface
plane at the endpoint of steps 1 (2,5ns), 5 (12,5 ns), 10 (25 ns) of a MD full trajectory. Visual
inspection reveals that at step 1 (see figure 4(a)), He atoms diffusing from the niobium bulk are
trapped at the KS1’ interface structure. They are preferentially located near of the patches of
undercoordination presents in the KS1’ interface model. Moreover, location along the stripes that
connect the different patches by diagonal is preferred than other locations at unspecific positions.
From step 1 to 5 (see figure 4(a) and 4(b)), the number of the occupied patches of undercoordination

(from now called ‘centers of adsorption’) increases as well as the population of helium atoms in the
mentioned centers. From step 5 to step 10 (see figure 4(b) and 4(c)), both the number and the
population of the occupied centers of adsorption increases until that, at step 10, the major part of
the centers are already engaged. Incoming helium populates the stripes or the already occupied
centers of adsorption. Movements from stripes to specific centers are also detected.
These results suggest the existence of two stages for the helium accommodation in the Cu/Nb
interface model. At the first stage, the helium atoms start occupying the centers at the interface until
the major part of the adsorption centers are already occupied. In this stage, the population at each
center increases by the formation of helium platelets. In the second stage, the number of occupied
centers remains essentially constant but the helium population at each center increases by the
helium bubbling formation. Furthermore, the transition from one stage to another seems to be
related with the number of occupied centers.
As a result of the whole modelled process, a saturation mechanism in preferential sites have
been identified as also clearly reflects Figure 4 d). Virtual spheres of 3 and 6 A of diameter were
defined around each adsorbing center and the number of helium atoms inside them accounted. The
built in graph, Figure 4 d), depicts the averaged He saturation evolution of the adsorption centers for
the different MD trajectories sampled. The ability of the CuNb interface to trap and harbor helium
atoms is not only confirmed, but also defined to be strongly dependent on the surface density of
adsorption centers.
The reported adsorption mechanism certainly leads to a saturation process of helium bubble
formation at particular locations in the interface, thus suggesting a possible design strategy in
NMMCs to maximize helium arresting. On the other hand, it must be also noted that a selective
spatial adsorption may influence and strain the network of misfit dislocations resulting both on
different mechanical properties and limiting the radiation resistance properties of the interface
[15,17,19].
Computational methods
Molecular Dynamics trajectories and computational experiments where generated using LAMMPS
code [20]. Data were visualized using OVITO [21]. The Cu-Nb multilayer material was modelled by two
crystalline blocks: the copper layer is modelled by 21 {111} fcc planes with 27048 atoms in total and
the niobium layer is modelled by 26 {110} bcc planes with 25350 atoms in total. These layers were
brought into contact from above and below, forming two interfaces with a Kurdjumov-Sachs (KS)
orientation relationship. The simulation cell was periodic in all directions so that there were two
equivalents KS1 interfaces.
KS1’ structure exploration was accomplished by several cycles of heating using both isobaricisothermal ensemble (NPT) and heating in the canonical ensemble (NVT), followed by relaxation and
annealing using Langevin dissipative molecular dynamics [22]. Relaxed dimensions of the simulation
cell after thermalization were 101.84x 71.58 x 104.52 Ǻ.
The Cu–Nb interactions were modelled via the empirical embedded-atom method (EAM)
potential of Demkowicz and Hoagland [19]. The Cu–He and Nb–He interactions are modelled by the
empirical pair potentials of Kashinath and Demkowicz [23].
Conclusion and future perspectives

Our work brings on the desk important conclusions and raises the need of further studies in order to
understand the suitability of NMMCs, and particularly Cu-Nb, as a nuclear material of possible
application in next generation of emerging nuclear systems.
The structural details at the interface of NMMCs are still a subject of strong debate in the
community, and since the spatial arrangement and order of atoms at the interface is what defines
their properties, further insights on the design of interfaces with controlled misfit dislocation patterns
by tailoring interface crystallography and composition is needed. Such a knowledge would allow the
design and prediction of composite materials with exceptional properties, such as radiation
resistance, extreme thermo-mechanical stability, or high strength and ductility. Our work not only
confirms previous studies about the interface structure of Cu-Nb [8], but also reports a new possible
structure for such an interface of the KS1 type.
On the other hand, Cu-Nb model interfaces have been reported to exhibit an effective radiation
damage recombination mechanism [8,19], as well as serving as good mechanisms to arrest and
adsorb helium atoms [7], being both properties promising for a nuclear material. One of the aims of
this study was to probe the effectiveness and mechanisms underlying the interaction of helium atoms
with a CuNb interface.
Our results not only confirm the ability of Cu-Nb interfaces to attract and trap helium atoms, but
also contribute to a deeper understanding of the mechanisms of Cu-Nb adsorption. A clear
preference for helium adsorption at undercoordination sites of lower energy has been reported, what
brings two important conclusions: (1) there should be a limit in the adsorption of helium imposed by
the spatial distribution of ‘adsorption centers’ generated at the interface. These centers constitute a
well localized mosaic saturated in helium, and create further points of helium bubble nucleation. (2)
Such an effect can be used as a design factor and strategy for looking into more effective helium
trapping interfaces.
However, a possible drawback has been also identified thanks to our results, suggesting the need
of further investigations. Since the helium is massively adsorbed in the sites close to the location of
the misfit dislocation intersections, known to be the responsible of the defect recombination
mechanisms and the superb mechanical properties of NMMCs, a clear local structural distortion is
expected, resulting in a possible detriment on the exhibited self-healing properties of this kind of
materials, and possibly imposing a limit, not yet clear, in their use as a nuclear material.
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