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INTRODUCTION

Structural materials of a fusion power system will be exposed to high concentrations of He produced from
nuclear transmutation reactions. Helium is essentially insoluble in metals so there is a strong tendency
for it to form bubbles that can significantly degrade mechanical properties. A strategy to effectively
manage He is to provide a high-density of internal interfaces to serve as He bubble nucleation sites and
vacancy-interstitial recombination centers. Nanostructured ferritic alloys are being developed to provide
improved creep strength and He management capability compared to conventional steels. A key
characteristic of these materials is the high-density (~ 10% m'3) of nanometer-scale (~ 3 nm diameter) Y-
Ti-O clusters. We describe molecular dynamics simulations to assess the interaction of He atoms,
vacancies and He-vacancy complexes with coherent Cu nanoclusters in Fe. The potentials employed
here were adjusted to explore the effect of nanocluster elastic properties on He trapping efficiency.

Computational Procedure

The Fe-Cu-He interatomic potential used here was constructed from various binary potentials obtained
from the literature. All of the potentials use the Finnis-Sinclair formalism. Ackland et al. [1] have
previously described the development of the Fe-Fe, Cu-Cu, and Fe-Cu potentials in detail. The Fe-He
and He-He interactions have also been described previously [2]. For the Cu-He interaction the Wilson-
Johnson potential was used in this work [3]. Table 1 lists important physical properties calculated from
the Fe-Cu-He potential along with comparisons to experimentally measured values. The calculated
properties for the bcc phase of Cu are also presented in Table 1. It should be noted that the lattice
parameter of bcc Cu is ~ 3.3% larger than bcc Fe so coherent Cu nanoclusters in a Fe matrix are positive
misfit particles. It is also evident from Table 1 that coherent Cu nanoclusters are elastically stiffer than
Fe. Such features are considered to be representative of the physical and mechanical characteristics of
Y-Ti-O nanoclusters.

To explore the effect of nanocluster elastic properties on He trapping efficiency the Cu-Cu and Fe-Cu
potentials were modified so that the lattice parameter and cohesive energy for the modified fcc phase
were the same as for real Cu, but the elastic constants were decreased to c; = 100 GPa, ¢4, = 75.4 GPa
and c44 = 35.3 GPa. Following an approach similar to the derivation of the original Cu potential, cubic
splines were used to describe the potential functions. The form of the spline functions for the pair
interaction and electron density, respectively, are as follows:
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where H is the Heaviside step function, and r is the distance between atoms. Table 2 gives the lattice
parameter and elastic constants for the new fcc and bcc phases of the modified Cu potential. The bcc
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lattice parameter produced by the present potential is slightly larger than that given by the Ackland et al.
potential, i.e., 0.304 nm as compared with 0.296 nm. It is evident that the elastic constants for the bcc
phase are much smaller than those given by the Ackland potential, which is consistent with the general
tendency of fcc Cu, as shown in Table 2.

Table 1. Physical properties of Fe-Cu-He Finnis-Sinclair potential

BCC Fe FCC Cu BCC Cu

Property Calc. Expt. Calc. Expt. Calc.
Lattice parameter, nm 0.2867 0.2867 [4] | 0.3615 0.3615[5] | 0.2961
Atomic volume, nm® 0.0118 0.0118 0.0118 0.0118 0.0130
cq1, GPa 243 230 [6] 169 169 [6] 290
Ci2, GPa 145 135 [6] 122 122 [6] 192
C44, GPa 116 117 [6] 76 75 [6] 147
Cohesive energy, eV 4.316 4.28 [7] 3.519 3.49[7] 3.496
Point defect formation energies
Vacancy, eV 1.70 Eé?ﬁjz 1.19 [11'1:] ﬁ 1.32
Di-vacancy (1nn), eV 3.26 - 2.21 - 242
Di-vacancy (2nn), eV 3.22 - 2.42 - 2.55
Substitutional He, eV 3.25 - 2.75 - 2.54
He,V, complex (1nn), eV 4.49 - 3.60 - 3.42
He,V, complex (2nn), eV 4.76 - 3.98 - 3.73

Table 2. Physical properties of the modified Cu potential

Property FCC Phase BCC Phase

Lattice parameter, nm 0.3615 0.3041
Atomic volume, nm® 0.0472 0.0281
ci1, GPa 100 198
C12, GPa 75.4 103
C44, GPa 35.3 66.1
Cohesive energy, eV 3.519 3.599
Point defect formation energies

Vacancy, eV 1.00 1.67
Di-vacancy (1nn), eV 1.88 3.13
Di-vacancy (2nn), eV 2.00 3.19
Substitutional He, eV 2.68 2.67
He,V, complex (1nn), eV 3.41 3.97
He,V, complex (2nn), eV 3.69 4.15

For the Fe-Cu interaction, the many-body part of the cross potential is taken as the geometric mean of the
elemental values, as described in detail by Ackland and Vitek [15], i.e., @as=(@an®ss)"’>. The pair
component was fit to the unrelaxed single substitutional impurity (SSI) energy, and the cohesive energies
and lattice parameters of fictitious Ly, compounds, Fe;Cu and CuzFe. Based on experimental data, the
heat of solution per atom can be easily calculated from the solubility limit [1], which gives the SSI energy
of Cu in Fe and Fe in Cu to be 0.317 eV. Ackland et al. [1] generated the properties of the fictitious Fe;Cu
and CuzFe compounds from electronic structure calculations. The cohesive energy for the present fitting
is taken to be -3.9917 and -3.616 eV for Fe;Cu and CusFe, respectively, while the lattice parameter is
taken to be 0.36795 and 0.36493 nm. The cohesive energy and lattice parameter of these two
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compounds, along with the experimental SSI energies, provide sufficient data for the fit of the pair
component of the new cross potential.

Coherent Cu clusters embedded in a Fe matrix were used to explore how positive misfit nanodispersiods
or precipitates may trap He. A 3D periodic computational cell was employed consisting of ~ 250,000
atoms. Cu nanoclusters 1-4 nm in diameter were placed at the origin of the model. Since the lattice
parameter of bcc Cu is larger than Fe the Cu cluster seeks to expand, but is constrained by the
surrounding Fe matrix. Consequently, models were prestrained close to the expected volume expansion
of the system, estimated from AV/V=N¢,(Qc,-Qre) Where AV/V is the volume strain, N, was the number
of Cu atoms in the cluster, and Qc¢,, Qr. are the atomic volumes of Cu and Fe, respectively. Various
HenV, complexes (m = 1, n = 1,2) were inserted at various distances from the Fe/Cu interface to explore
the spatial dependence of the He.V, complex interaction with the Cu cluster. A conjugate gradient
relaxation scheme was used to relax the model. The cell volume was adjusted during the relaxation to
achieve zero pressure.

Results

Figure 1 shows the interaction energy between either a single vacancy (V,) or a substitutional He atom
(He4V4) as a function of their distance from a 2 nm diameter coherent bcc Cu cluster. The dependence of
vacancy and He binding on interface character was explored by placing mono-vacancies or a
substitutional He atom at different distances from either the {100} or {101} face of the Cu cluster. In this
case the elastic properties of the bcc Cu nanocluster were stiffer than bcc Fe as given in Table 1. The
calculated binding energies for mono-vacancies and substitutional He at the interface were nearly the
same at ~ 0.58 eV. The distance dependence of the interaction energy for both types of point defects
was also nearly the same, and no significant effect of interface character was found. To a first
approximation the binding energies are roughly equal to the defect formation energy in bcc Fe minus the
defect formation energy in bcc Cu. From Table 1 the predicted binding energies for a mono-vacancy and
a substitutional He atom are 0.38 eV and 0.71 eV, respectively. It should be noted the defect formation
energies given in Table 1 are computed for the pure metals at zero temperature and pressure, hence, the
defect formation energies in the Cu nanocluster and in Fe near the nanocluster will be different due to the
compressive stress state that exists in these regions.

Figure 2 presents the defect-nanocluster interaction energy results for both di-vacancies (V,) and He/di-
vacancy complexes (He,V,) in the vicinity of a 2 nm coherent Cu nanocluster that was stiffer than Fe.
Both first nearest neighbor (1nn) and second nearest neighbor (2nn) di-vacancy configurations were
considered. The dependence of binding energy on interface character was also examined and found not
to be significant. The binding energies of di-vacancies and He/di-vacancy complexes were nearly the
same at ~ 0.85 eV near the interface. Similar to the mono-vacancy and substitutional He, the binding
energy for di-vacancies and He/di-vacancy complexes can be predicted from the difference in their defect
formation energies in Fe and Cu. For 1nn V, and He,V, defects the binding energies predicted from the
data in Table 1 are 0.84 and 1.07 eV, respectively. Similarly, for 2nn V, and He,V, defects the predicted
binding energies are 0.67 and 1.03 eV, respectively. The predicted binding energies are fairly close to
the calculated value, which is somewhat unexpected given that these defects simultaneously reside in
both the Cu nanocluster and in the Fe matrix.
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Fig. 1. The interaction energy between a single vacancy (V) or a substitutional He atom (He,V,) and
a 2 nm coherent bcc Cu cluster in Fe as a function of the distance from either the {100} or {101} face of
the Cu cluster. The Cu cluster is elastically stiffer than Fe.
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Fig. 2. The interaction energy between a di-vacancy (V,) or a He/di-vacancy (He,V,) complex as a
function of distance from a 2 nm coherent bcc Cu cluster in Fe. Di-vacancy configurations are either first
nearest neighbor (1nn) or second nearest neighbor (2nn). The Cu cluster is elastically stiffer than Fe.
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The dependence of the 1nn He{V, complex binding energy on nanocluster size was examined. The
He{V, complex was more weakly bound to a 1 nm diameter nanocluster (~ 0.55 eV) than to clusters
ranging from 2—4 nm. The binding energy was approximately the same for 2—4 nm diameter clusters (~
0.85 eV). It is not surprising that the He{V, complex is more weakly bound to the 1 nm cluster since this
nanoparticle consists of only 59 Cu atoms. Most of the Cu atoms in the nanocluster have Fe atoms for
neighbors consequently the properties of defects near the nanocluster will be dominated by the defect
properties of Fe.

Figures 3 and 4 display results analogous to those shown in Figs. 1 and 2 except that the interatomic
potentials were modified to produce a bcc phase that has about the same lattice parameter as bcc Cu but
with elastic properties softer than Fe. Note the cohesive energy for the modified fcc phase is the same as
fcc Cu, but the cohesive energy of the modified bcc phase is about 0.1 eV greater than the original bcc
Cu. The larger cohesive energy may partially account for the 0.35 eV increase in the mono-vacancy
formation energy. The results clearly show that vacancies and He-vacancy complexes are more weakly
bound to the modified bcc nanoclusters. In addition, mono-vacancy binding energies (0.28-0.35 eV)
were lower than substitutional He binding energies (0.39-0.49 eV). The defect formation energy data
given in Tables 1 and 2 suggest this trend. The vacancy formation energy in the modified bcc phase is
only 0.03 eV smaller than bcc Fe, so weaker binding of mono-vacancies is expected. Similarly, the
substitutional He formation energy in the modified bcc phase is 0.13 eV greater than in bcc Cu, so weaker
binding would be anticipated. Further, the differences in defect formation energies suggest that
substitutional He atoms would be bound more strongly than single vacancies to the modified bcc phase
as shown in Fig. 3. Di-vacancies and He V, complexes were also more weakly bound to the modified bcc
phase, which results from the increased defect formation energies in the modified bcc phase relative to
bce Cu (see Tables 1 and 2). Differences in defect formation energy predict that di-vacancies should be
more weakly bound to the nanocluster than He,V, complexes, but the results displayed in Fig. 4 indicate
the opposite was observed.
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Fig. 3. The interaction energy between a single vacancy (V,) or a substitutional He atom (He,V,) as a
function of distance from a 2 nm cluster in Fe. The interatomic potential for Cu was modified to make the
nanocluster elastically softer than the Fe matrix.
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Fig. 4. The interaction energy between a di-vacancy (V,) or a He/di-vacancy (He,V,) complex as a
function of distance from a 2 nm Cu cluster in Fe. Di-vacancy configurations are either first nearest
neighbor (1nn) or second nearest neighbor (2nn). The interatomic potential for Cu was modified to make
the nanocluster elastically softer than the Fe matrix.

Conclusions

Atomistic computer simulations were used to explore the effectiveness of coherent nanoclusters for
trapping He in a Fe matrix. All point defect complexes considered in this study were bound to 2 nm Cu
clusters with binding energies ranging from 0.50-0.58 eV for single vacancies and substitutional He
atoms. Di-vacancies and He/di-vacancy complexes were more strongly bound with binding energies of ~
0.85 eV. He/di-vacancy complex binding energy increases with cluster size and reaches a maximum of ~
0.85 eV for clusters = 2 nm in diameter. Point defects were not as strongly bound to nanoclusters
elastically softer than Fe when compared to binding energies to nanoclusters elastically stiffer than Fe.
Differences in point defect formation energies were likely responsible for the different binding energies
observed rather than the specific elastic properties of the nanoclusters. The point defect “capture radius”
for 2 nm Cu clusters was about 0.4 nm, independent of defect formation energy differences or
nanocluster elastic properties.
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