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The objective of this research is to explore the formation/binding energetics and length scales
associated with the interaction between He,V clusters and grain boundaries in bcc o-Fe. In this
work, we calculated formation/binding energies for 1-8 He atoms in a monovacancy at all potential
grain boundary (GB) sites within 15A of the ten grain boundaries selected (122106 simulations
total). The present results provide detailed information about the interaction energies and length
scales of 1-8 He atoms with grain boundaries for the structures examined. A number of interesting
new findings emerge from the present study. First, the X3(112) “twin” GB has significantly lower
binding energies for all He, V clusters than all other boundaries in this study. For all grain boundary
sites, the effect of the local environment surrounding each site on the He,V formation and binding
energies decreases with an increasing number of He atoms in the He,V cluster. Based on the
calculated dataset, we formulated a model to capture the evolution of the formation and binding
energy of He,V clusters as a function of distance from the GB center, utilizing only constants
related to the maximum binding energy and the length scale. © 2014 AIP Publishing LLC.

@ CrossMark
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. INTRODUCTION

The ability to predict the mechanical behavior of current
and future nuclear power reactors necessitates understanding
the atomic interactions associated both with radiation dam-
age phenomena and grain boundaries in polycrystalline nu-
clear materials.' In particular, future fusion reactors will
produce a much larger amount of both He and H as com-
pared to fission reactors, hence the microstructure of the
structural materials used in fusion reactors will be much
more sensitive to interactions with He defects.”” In terms of
radiation damage, the production of helium through (n, «)
transmutation reactions causes both microstructure evolution
and drastic property changes in the first-wall and blanket
structural materials of fusion reactors. The production of sin-
gle helium atoms and small He clusters in the metal lattice is
inherently a problem that occurs at the nanoscale. The subse-
quent diffusion of He and He clusters results in the nuclea-
tion and growth of He bubbles on grain boundaries and
within the lattice, which lead to a macroscopic deterioration
of material properties including void swelling, surface
roughening and blistering, and high temperature intergranu-
lar embrittlement [e.g., Refs. 1-9]. While the production and
diffusion of He occurs at the nanoscale, these other processes
develop at larger length scales over long time scales, which
necessitates developing predictive multiscale models for ma-
terial behavior under irradiation conditions that couples mul-
tiple simulation methods at different length and time scales.
Developing this predictive capability will require an under-
standing of the mechanisms associated with radiation
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damage phenomena, of the He interaction with microstruc-
tures and of the associated uncertainties.

It is well known that He interactions in Fe play an im-
portant role in the mechanical behavior of steel alloys. There
have been a number of quantum mechanics and molecular
dynamics simulations that have examined how He and He
clusters affect single crystal lattice properties and physical
properties in o-Fe.'® For instance, density functional
theory (DFT) simulations have been used to show that inter-
stitial He atoms strongly interact with vacancies and can also
be trapped by interstitial atoms (binding energy of 0.3eV).'?
Ventelon, Wirth, and Domain®* probed the interactions
between He and self-interstitial atoms (SIAs) in o-Fe and
found strong binding behavior between interstitial He and
SIA clusters, which corresponded with the SIA defect strain
field. Other atomistic studies have examined how He and H
interact within the single crystal lattice to form complex
He-H clusters®’ or how He impacts the production of
irradiation-induced point defects in an Fe—Cr matrix.”®
Stewart et al.”>° recently used several Fe—He potentials®® "
to show the effect of the interatomic potential on the result-
ing dynamics of He transport and He clustering in Fe.
Ascertaining the reactions that occur and quantifying their
energetics are important for a fundamental understanding of
how point defects, impurities, substitutional atoms, and he-
lium atoms interact in the single crystal lattice of o-Fe.
Furthermore, this information is useful for models that
explore the kinetics of He diffusion, trapping (clustering),
and detrapping (emission), such as rate theory models,**>°
kinetic Monte Carlo models,*®>’ and/or phase field
models.***

The grain boundary itself and its atomic configuration
within these alloy systems plays a significant role in trapping

© 2014 AIP Publishing LLC
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point defects and various atomic species. There have been a
number of recent studies using both first principles and mo-
lecular dynamic simulations that have examined how solutes
and impurities segregate to grain boundaries within bcc
metals.**7 Despite this fact, there have been relatively few
studies that have focused on He interactions with grain
boundaries.**® These prior works have been significant for
understanding the migration paths and mechanisms of He for
a few boundaries using the dimer method,“g’5 ! understanding
migration of interstitial He in different grain boundaries
using molecular dynamics,”” understanding how the grain
boundary strength is affected by He >>* or He bubbles,” or
understanding the diffusion and stability of He defects in
grain boundaries using first principles.’®>’ For instance,
Kurtz and Heinisch®® used a Finnis—Sinclair potential
(detailed in Morishita er al.'*) to show that interstitial He
was more strongly bound to the grain boundary core than
substitutional He. Kurtz and Heinisch also found that the
maximum He binding energy increases linearly with the
grain boundary excess free volume, similar to prior work in
fcc nickel.® In subsequent studies, Gao, Heinisch, and
Kurtz*® found a relationship between the maximum binding
energy and grain boundary energy as well. Additionally, Gao
et al. started to detail the diffusion trajectories of interstitial
and substitutional He atoms along a X3 and X11 grain
boundary and found that the dimensionality of migration of
interstitial He may depend on temperature (e.g., in the
23(112) boundary). Some recent work has utilized first prin-
ciples to quantify binding strengths of He and He-vacancy
clusters at the X5(310) symmetric tilt grain boundary
(STGB).”” There are still a number of unresolved issues
relating to how He interacts with grain boundaries, though.
For instance, these studies often focus on one He atom in in-
terstitial or substitutional sites, but often do not extend to
multiple He atoms interacting with grain boundary sites.
Also, atomistic studies often have not examined a wide range
of grain boundary structures to understand the influence of
macroscopic variables on He interactions. Moreover, while
the highly non-uniform He binding energies in the grain
boundary core have been previously pointed out,*® relating
these to per-atom metrics based on the grain boundary local
environment has not been pursued as frequently.
Additionally, while there is an increasing awareness of
interatomic potential effects, many of the interatomic poten-
tials used previously for some of these grain boundary stud-
ies have been improved upon with updated interatomic
potential formulations'>**®" and/or more recent quantum
mechanics results showing how magnetism affects He
defects in o-Fe.'>%3¢!

It has been well established that the presence of He and
vacancies at the grain boundary leads to the formation/nu-
cleation of He bubbles, both computationally and experimen-
tally. Single helium atoms created initially are very mobile
and can be easily trapped by microstructure features (e.g.,
grain boundaries and dislocations) forming small He clusters
or He—V clusters. Furthermore, it has been shown that the
mobility of He atoms trapped in a monovacancy decreases
significantly and diffusion can only occur by an often ener-
getically unfavorable dissociation mechanism. Hence, these

J. Appl. Phys. 115, 233501 (2014)

small clusters inevitably result in the growth of large helium
bubbles in GBs, as has been observed in experiments. Thus,
it is important to gain the basic knowledge of their binding
properties to GBs and their migration behavior within GBs.
Since He-vacancy clusters and interactions are a complex
issue, the present study provides initial results for future
more comparative studies at higher scales, which may allow
for a quantitative understanding of experimental results. In
this study, it is expected that a general trend of the binding
properties of He—V clusters can be established, which can be
used in mesoscale simulation of He bubble nucleation and
growth.

Therefore, in the present work, we have focused on how
the local grain boundary structure interacts with He atoms
and how the local atomic environment at the boundary influ-
ences the binding energetics of He,V clusters with up to 8
He atoms inside a monovacancy. Recently, Tschopp and col-
leagues utilized an iterative approach to systematically quan-
tify the interactions between point defects, carbon, hydrogen,
and helium with Fe grain boundaries.*®*"3%-6%%3 Herein, this
approach is applied along with using multiple different start-
ing positions, or instantiations, about each site to more pre-
cisely probe the formation and binding energy landscape
about ten grain boundaries. In this paper, we present this
approach for eight He,V clusters and we explore how the
grain boundary structure interacts with He,V clusters using
molecular static calculations. Moreover, we have also
explored how different per-atom local environment metrics
compare with the calculated energies for the different He,V
clusters and the energetics of incorporating additional inter-
stitial He atoms into the He, V clusters. A number of interest-
ing new findings emerge from the present study. First, the
23(112) “twin” GB has significantly lower binding energies
for all He,V clusters than all other boundaries in this study.
For all grain boundary sites, the effect of the local environ-
ment surrounding each site on the He,V formation and bind-
ing energies decreases with an increasing number of He
atoms in the He,V cluster. Based on the calculated dataset,
we formulated a model to capture the evolution of the forma-
tion and binding energy of He, V clusters as a function of dis-
tance from the GB center, utilizing only constants related to
the maximum binding energy and the length scale. This
work significantly enhances our understanding of the ener-
getics involved with how the grain boundary structure inter-
acts with He, V clusters and how ultimately this may affect
He (re-)combination and embrittlement near grain bounda-
ries in polycrystalline steels.

II. METHODOLOGY
A. Grain boundaries

The interaction between helium—vacancy clusters and
iron grain boundaries was investigated by using ten different
grain boundaries and multiple different He,V clusters
(n=1-8) for multiple sites (866 total sites) within 15A of
the boundary (122106 simulations total). Table I lists the ten
grain boundaries studied, their dimensions in terms of lattice
units, the number of atoms and the interfacial energy. These
grain boundaries represent the ten low coincident site lattice
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TABLE I. Dimensions of the bicrystalline simulation cells used in this work along with the X value of the boundary, the grain boundary plane (normal to the
y-direction), the misorientation angle 6 about the corresponding tilt axis (z-direction), the grain boundary energy, and the number of atoms. The cell dimensions
were chosen to ensure convergence of the formation and binding energies of the inserted He,,V clusters.

Sigma and GB plane GB tilt direction o) GB energy (mJ m?) X (A) y (nm) z (A) Number of atoms Free volume (10\3/A2)
23(111) (110) 109.47 1308 21.0 24.8 16.2 7200 0.35
23(112) (110) 70.53 260 14.8 25.2 16.2 5184 0.01
25(210) (100) 53.13 1113 19.2 24.5 14.3 5730 0.35
25(310) (100) 36.87 1008 18.1 25.3 14.3 5600 0.30
29(221) (110) 141.06 1172 17.1 24.2 16.2 5728 0.19
29(114) (110) 38.94 1286 24.2 25.5 16.2 8576 0.35
Z11(113) (110) 50.48 1113 26.8 24.7 16.2 9152 0.26
211(332) (110) 129.52 1020 18.9 24.1 16.2 6336 0.21
213(510) (100) 22.62 1005 14.6 26.1 14.3 4660 0.27
213(320) (100) 67.38 1108 20.6 24.7 14.3 6220 0.23

(CSL) boundaries (X< 13) within the (100) and (110)
STGB systems. This is a subset of those boundaries used in
prior studies of point defect absorption (vacancies and
self-interstitial atoms) by a large range of grain boundary
structures in pure o-Fe®>% and is identical to those used in
our previous study of 1-2 atom He defect interactions with
grain boundaries.>®

The current set of boundaries includes four (100)
STGBs (X5, X£13) and six (110) STGBs (X3, X9, XI11).
Recent experimental characterization of steels has shown
that several of these symmetric tilt grain boundaries are
observed at a concentration higher than random grain boun-
daries.®*®> For example, Beladi and Rollett quantified that
the 23(112) symmetric tilt grain boundary is observed at
>10 multiples of a random distribution (MRD) of grain
boundaries,**% i.e., much larger than would be expected.
While the experimental observation of (100) symmetric tilt
grain boundaries (X5, X13 GBs) is below 1 MRD, these
grain boundaries are commonly used in DFT studies due to
the low periodic distances required in the grain boundary
plane. The present set of boundaries is smaller than those
previously explored®*®® for two reasons. First, since we
explored multiple starting configurations for the He,V clus-
ters in this study, a larger number of simulations were
required for each grain boundary than for the point defect
studies, which only considered a single vacancy or
self-interstitial atom. Second, our prior study®® found that
aside from a few boundaries (e.g., the X3(112) STGB,
included herein), most grain boundaries had similar charac-
teristics with respect to point defect interactions. These
results suggest that the ten boundaries explored within can
supply ample information about the interaction of He defects
with low-X grain boundaries, and perhaps shed insight on
general high angle grain boundaries as well.

The simulation cell consisted of a 3D periodic bicrystal-
line structure with two periodic grain boundaries, similar to
prior grain boundary studies.®®®® The two mirror-image
grain boundaries are separated by a minimum distance of
12nm to eliminate any effects on energies due to the pres-
ence of the second boundary. While the grain boundaries
were generated using the minimum periodic length in the
grain boundary period direction and the grain boundary tilt
direction (x- and z- directions, respectively), it was found

that the formation energies for the defects were influenced
for periodic lengths below 4a. That is, the periodic image of
the defect and/or its influence on the surrounding lattice can
significantly affect the defect’s formation energy. Hence,
multiple replications in the grain boundary tilt direction and
the grain boundary period direction were used. For instance,
the final dimensions for the 25(210) GB resulted in a va-
cancy formation energy far away from the boundary that was
within 0.015% of that within a 2000-atom bcc single crystal
(i.e., 10 ag per side). This criteria resulted in simulation cell
sizes on the order of 4660-9152 atoms (X13(510) and
211(113), respectively). All of the simulations were per-
formed with a modified version of the MOLDY code.®*~"!
Table T also lists several properties of the ten grain
boundaries. First, notice that the grain boundary energies
range from 260 to 1308 mJ m ™2, although the majority of the
CSL boundaries have energies >1000 mJ m 2. Also, all
boundaries are high angle grain boundaries, based on a 15°
Brandon criterion for low/high angle grain boundaries.
Additionally, note that while the misorientation angles
0 refer to the conventional misorientation angle-energy rela-
tionships (e.g., in Ref. 63), the disorientation angle, or mini-
mum angle to rotate lattice A to lattice B, is the same for the
two instances of each 2 boundary. The misorientation angles
are based on deviation from the (100) planes in the (100)
and (110) STGB systems. The grain boundary energies are
similar to those previously calculated (e.g., 25(310) and
213(320) GBs are within 2% and 7%, respectively, of a prior
study’?). The grain boundary structures vary for the ten grain
boundaries. Further details on the grain boundary structure
are given in Tschopp et al.%®> The grain boundary structures
have been compared with computed structures using quan-
tum mechanics, when possible. For instance, Bhattacharya
et al. used DFT to calculate grain boundary structures for
$3(111) and £11(332) GBs,”” which are identical to those
computed in the present work. Moreover, the relationship
between the grain boundary energies and excess free volume
for the 23(111) and 2£11(332) GBs also agrees with previous
studies,*®”*"* as well as with other studies that have found
that the 23(112) GB has a much lower grain boundary
energy and excess free volume in comparison to the X3(111)
GB.®*7* Additionally, the £5(310) and £9(114) GB struc-
tures also agree with previously calculated first principles
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TABLE II. Previously calculated formation energies for the Fe—He empiri-
cal potential (EP)'® used in the present work compared to other empirical
lg)otentials‘w’79 and DFT (VASP and SIESTA) results.!'+12:23:30:01

Cluster HeV (eV)  Hepe (€V) Hew (eV) HesV (eV)  Hes (eV)
VASP*®  4.08 (3.73)* 4.60 437 6.63 8.72
VASP? 434 475 4.40

SIESTA!! 422 4.58 439

EP” 3.87 4.57 4.45
EP* 3.75 4.57 426 6.46 9.37
EP'S 3.76° 4.47 438 6.87 8.49

“The data in parentheses were adjusted by Seletskaia et al.* for their empiri-

cal potential fitting.

"The calculated He formation energies are in agreement with previous
15

results.

structures.>®>” Also included in this table is the excess free
volume, which was calculated using a previous methodology
for calculating excess volume’>’® whereby the volume occu-
pied by the bicrystal simulation cell is compared to an equiv-
alent volume of a perfect single crystal lattice and divided by
the total grain boundary area.

B. Interatomic potential

The Fe—He interatomic potential fitted by Gao et al." to
ab initio calculations using an s-band model was used in the
present atomistic modeling. This interatomic potential is
based on the electronic hybridization between Fe d-electrons
and He s-electrons to describe the Fe—He interaction. The
single element potentials utilized in the formulation of this
potential are the Ackland and Mendelev (AM) potential for
the Fe-Fe interactions’’ and the Aziz et al. Hartree—Fock-
dispersion pair potential (Aziz-potential)’® for the He—He
interactions. The atomic configurations and formation ener-
gies of both single He defects (substitutional, tetrahedral,
and octahedral He) and small interstitial He clusters (He,V,
He;V, and He-He di-interstitial) were utilized in the fitting
process. Calculations using this interatomic potential show
that both tetrahedral and octahedral interstitials are stable,
with tetrahedral He being the most stable interstitial configu-
ration,'”” which agrees with previous ab initio calcula-
tions.”>%! The binding properties of the He,V and He,
interstitial clusters are in reasonable agreement with ab initio
and previous potential results. This potential has been previ-
ously used to investigate the emission of self-interstitial
atoms from small He clusters in the o-Fe matrix and to show
the dissociation of a di-interstitial He cluster at temperatures
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>400 K. The aforementioned potential is deemed appropri-
ate for studying the He interaction with grain boundaries in
this work. In addition, the recent first principles calculations
of energetic landscape and diffusion of He in o-Fe grain
boundaries demonstrate that the potentials used in the pres-
ent study satisfactorily describe the He behavior at the
GBs.”® In fact, this study has shown that there is good agree-
ment between the vacancy formation energies for n vacan-
cies (n<4) in the 23(111) GB between DFT results and the
present empirical potential (EP).”® Furthermore, the present
interatomic potential has shown good agreement with DFT
results for interstitial and substitutional formation energies
for multiple layers and multiple boundaries (Table II).”°

Previous calculations for He defects with 1-2 atoms’®
have also been compared to recent DFT formation/binding
energies for the X5(310) GB.>**7 For instance, Table III
compares the minimum formation energy, mean binding
energy, and maximum binding energy calculated herein with
those from Zhang et al>*’ The trend of the data with
respect to the ordering of formation energies for different He
defects agrees well between the Fe—He interatomic potential
and DFT. The minimum formation energies for the 25(310)
GB are within 12.5% of each other, with a larger discrepancy
in the binding energies. The largest E}'** deviation is for the
He |V cluster (—43%), with the other He defects falling
within 30% of DFT values. The difference does not appear
random; formation energies are consistently higher for the
Fe—He potential and binding energies are consistently lower.
Hence, the present Fe—He interatomic potential'® qualita-
tively agrees with previous DFT calculations®>>” and both
formation/binding energies agree with DFT within the calcu-
lated differences.

C. Helium clusters

There are eight different He clusters explored in the
present study. These eight He, V clusters correspond to 1-8
He atoms in a monovacancy, which are denoted as He,V,
He,V, HesV,..., HegV. These He,V clusters result from
removing an Fe atom and placing either a single He atom or
multiple He atoms nearby the now-vacant site. For a single
He atom in a monovacancy (He,V), the He atom was simply
added in the exact location of the removed Fe atom.

For multiple atoms, a slightly different methodology
was used. In the case of He,V, the two atoms were placed in
opposite directions along a randomly oriented vector ema-
nating from the vacant site with equal distances to the vacant
site and a total distance >1 A. Since a single instance may

TABLE III. Comparison of Fe—He interatomic potential'® and DFT**%7 formation energies and binding energies (same defect, binding between bulk lattice

and GB sites) of various He defects in the X5(310) GB.

Substitutional He (He;V)

Interstitial He

He atoms Model EP'™ (eV) E, (eV) Ep (eV) EP™ (eV) E, (eV) Ep™ (eV)

1 MD" 3.08 Eyean =0.33 0.68 3.17 Eyean = 0.68 1.21
DFT> 2.93 {0.64, 1.20, 0.58, 0.28) 1.20 2.98 {1.29,0.71, 1.43} 1.43

2 MDY 5.52 Ejyen = 0.88 1.35 6.32 Eyean = 1.24 2.17
DFTY’ 5.08 {1.88, 1.45) 1.88 5.62 {2.78) 2.78
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TABLE IV. Bulk formation energies, £//"" "

, standard deviation of formation energies, std(E;

J. Appl. Phys. 115, 233501 (2014)

HeiV-bulky " and the binding energies of an additional interstitial

He atom to various He, V clusters, EH‘W eV (all ineV).

Cluster He,V He,V HesV He,V HesV HegV He,V HegV
Effert it 3.707 6.793 9.885 12.856 16.024 18.946 22.012 25.144
std( Effen ’7“") +0.0001 +0.012 +0.015 +0.020 +0.064 +0.105 +0.092
e Hent bulk 1.294 1.288 1.409 1.212 1.458 1.314 1.248

not obtain the minimum energy dumbbell, twenty different
instances of the starting configurations were used for each
potential site for the He,V clusters. For higher numbers of
He atoms, multiple locations were randomly chosen for the
He atoms, given the constraint that any two He atoms could
not be closer than 1 A. Again, 20 different starting positions
were used. This number of instances (20) was sufficient to
obtain a near constant mean formation energy for interstitial
He atom (maximum deviation of 0.4% of bulk value, mean
deviation of 0.03% of bulk value) in the bulk region far
away from the grain boundary.’® To examine whether 20 dif-
ferent starting instantiations is sufficient to locate a minimum
energy He,V cluster, we used the previously described meth-
odology to create 100 different minimized He, V clusters for
n=1-8 in a 2000-atom bcc single crystal lattice. The forma-
tion energies and their standard deviations are presented in
Table IV. First, the standard deviation of the formation (and
binding) energies is small; even if the obtained minimum
energy He,V clusters are different, the energy difference is
minor. Second, based on randomly drawing 20 energies from
these distributions 1000000 times, the minimum formation
energy of the 20 samples are within 0.25% of the minimum
formation from the 100 samples 100% of the time, i.e., 20
samples should give a reasonable approximation of the
“global” minimum energy He,V cluster configuration.
Figure 1 shows the minimum energy He,V clusters sur-
rounding the central atom site in the bce unit cell, where the
blue atoms represent the initial position of Fe atoms in the
bece unit cell to indicate the scale of the He,V cluster dimen-
sions. First, despite the randomly oriented starting

configuration, the He,V cluster forms the He, dumbbell in
the (100) direction in all 100 cases with a formation energy
of 6.7934eV +1.4243x 10 *eV and a distance of
1.6304 A = 8.8 x 107> A. These results are in agreement
with DFT results and provide confidence that the minimiza-
tion technique is able to obtain the minimum energy configu-
rations. The subsequent He,V cluster configurations
minimize to a number of different configurations, whereby
the number of configurations increases with the number of
He atoms in the monovacancy. Interestingly, the He,V clus-
ter configurations are characterized by a balance of (i) He
atoms trying to be close to low energy tetrahedral and/or
octahedral sites and (ii) maintain an optimal distance from
each other and symmetry, if possible. For instance, the He;V
cluster is similar to the He,V cluster, whereby two He atoms
are very similar to the He, (100) dumbbell with a third He
atom close to a low energy octahedral site. The minimum
energy configuration for the HegV cluster is highly symmet-
ric with all 6 He atoms located near the octahedral sites.
Again, also interesting is that the He;V cluster has two cen-
tral He atoms in a He, (100) dumbbell with five He atoms in
a pentagonal configuration (fivefold symmetry) whereby the
five atoms are near to low energy tetrahedral (e.g., top two
He atoms) and octahedral (e.g., bottom He atom) sites.
While the exact geometry of the He clusters at the grain
boundary is not explored in the present study, in part due to
the complexity of the local neighborhoods, the single crystal
configurations suggest that the individual He atoms of the
He,V clusters will be located near low energy interstitial
sites within the grain boundary region.

¢ &f &€ 00‘4&0

00000000

a) He, V ) HeaV c) HesV

S, 66
K44

2) He; V ) HegV ) HerV

ALY

FIG. 1. The minimum energy (from
100 different instantiations) He,V
cluster configurations for n=1-8 He
(red atoms) in a 2000-atom bce Fe sim-
ulation cell (blue atoms shown in
undeformed lattice positions to indi-
cate scale). The shaded polygon for
n >4 indicates the convex hull of the
configurations.

) HeaV

) HesV
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D. Formation and binding energies

The formation energies for the He,V clusters can then
be calculated as a function of spatial location of sites and
their proximity to the grain boundary. The formation energy
for a He,V cluster containing n He atoms in a monovacancy
at site o of a grain boundary configuration is given by

BV = (B < (EE). )
Here, ng”w is the total energy of the grain boundary config-
uration with the He, V cluster at site o, ES® is the total energy
of the grain boundary without any defects, and E'* is the co-
hesive energy of bcec Fe (Ef¢ =4.013eV). The cohesive
energy of He is negligible and not included in Eq. (1). The
formation energies of various He, V clusters in the bulk, cal-
culated from atom sites far from the boundary, are given in
Table IV.

The binding energy of He atoms and He,V clusters to
each other and to the grain boundary is also of interest. The
binding energy uses the formation energies to compute
whether there is an energetic advantage to two defects being
in near proximity to one another or an energetic penalty
based on their proximity. In the following paragraphs, two
different binding energies are presented: (1) He binding to a
He,V cluster at site a, E;MWH""W (Eq. (2)), and (2) a He,V
cluster binding to the grain boundary at site o, E,f’e”w
(Eq. (3)). The binding energy of an additional He atom to a
He,V cluster is presented in the single crystal only
(Table 1V), while the remainder of this work focuses on the
binding energy between the He,V cluster and the grain
boundary.

First, the binding energy of a He,V with an additional
interstitial He atom is of interest. For instance, in this sce-
nario, we would like to know if a He atom in an interstitial
location is either attracted to or repelled from the He,V clus-
ter. An interstitial He atom is chosen instead of a low energy
substitutional He atom, because substitutional He atom can
be considered as a trapped He interstitial in a vacancy
whereas, in contrast, interstitial He atoms are highly mobile
and more likely to bind with He,V clusters. This binding
energy is given by

B — (g ) e, )

where E]’?“y is the formation energy of an interstitial He atom
at site « in the absence of the He,V cluster. For the purposes
of this work, the bulk formation energy of interstitial He is
used (E}i ¢ = 4.38eV) to show the relative binding energy to
a He,V cluster in the single crystal lattice as a function of n.
Future work will explore how Eq. (2) changes as a function
of position near the grain boundary (i.e., changing site o);
this calculation is more complex as it involves the binding
energy of interstitial He and He, V to the grain boundary as
well as with each other. Table IV lists the binding energy of
attracting an additional He to the He,V cluster in the bulk,
e.g., an interstitial He binding to a He,V cluster to produce a
He3V cluster will decrease the system energy by 1.288eV.
Adding an interstitial He atom to a monovacancy to make
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He,V is slightly different from Eq. (2), but uses the forma-
tion energy of a vacancy (E; = 1.72¢V in bulk) at site o
instead. It is noted that using substitutional He as a reference
state for Eq. (2) instead of interstitial He will only shift the
values; the general trend will be the same. Interestingly,
while E¢HeV" generally falls within the range of
1.2-1.5¢eV for n=1-8, there are slightly higher £ /"
values for He;V and HesV; that is, there is an even stronger
binding energy for an interstitial to form He,V and HeqV
(perhaps due to symmetry, e.g., see HegV in Fig. 1).

Second, the binding energy of a He,V cluster with the
grain boundary is of interest and is the primary focus of this
work. The total binding energy of a He, V cluster interacting
with the GB can be directly calculated from the formation
energies of the He, V cluster in the bulk and the He,V cluster
at the GB. For instance, the binding energy for a He,V clus-
ter at site o is given by

E{;Ie,,\/’ _ E}I;Ie,,V,bulk _ E}I;{e,,V"’ (3)
where E are the formation energies of a
He,V cluster either in the bulk or at site «, respectively. It
can be seen that a positive binding energy represents that it
is energetically favorable for the He,V cluster to segregate
to the GB, while a negative binding energy represents that
the He,V cluster does not want to segregate to the GB. In
this work, for He,V clusters (n>2), the formation energy
used for a particular He,V cluster at site o is the “minimum”
formation energy from the twenty different instantiations
(and the binding energy is maximum at site «), i.e.,

H. ; o
e,V ,bulk and E;IE"V

E;le"w = min (E;-{e”vx), EbHe”w = max (Efe"vy). 4)

Previous work explored the extreme values (minimum Ey or
maximum FEj), mean, and standard deviation of the forma-
tion/binding energies from 20 instantiations of He atom-
s/clusters and utilized the mean formation energy to better
capture the stochastic variation of these values as a function
of spatial position. However, as the number of He atoms in
the He,V cluster increases, the number of different possible
minimum energy configurations also increases, some of
which have much higher energies than the most energetically
stable He, V cluster. Therefore, the remainder of the analysis
will focus on the minimum formation energies and maxi-
mum binding energies of the 20 different instantiations.

lll. RESULTS AND DISCUSSION
A. Spatial distribution of binding energies

Figure 2 displays the spatial distribution of binding ener-
gies for HesV clusters in the (110) symmetric tilt grain
boundary system. Recall that the binding energies corre-
spond to the maximum binding energies for all 20 instantia-
tions. The grain boundaries in this figure are arranged in
order of increasing misorientation angle. In Figure 2, each
atom represents a site where a He,V cluster was placed and
the binding energy was calculated (i.e., each atom is a differ-
ent simulation). The minimum periodic length for each grain
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boundary is shown along the horizontal axis and the length
from top to bottom is 30 A, with the grain boundary plane
centered in the vertical direction. The binding energy scale
shown to the right of Figure 2 ranges from 0 eV (bulk lattice)
to the maximum calculated binding energy (3.64 eV for the
213(320) GB) from all ten boundaries. The atoms far away
from the boundary are white (binding energy of 0eV), indi-
cating that there is no energy difference over the bulk lattice.
As the HeyV cluster gets closer to the grain boundary, there
is a GB-affected region with an increased binding energy for
the He,V clusters. The largest binding energies tend to be
along the center of the grain boundary plane or along the 1st
layer from the GB plane. Furthermore, there is a noticeable
symmetry to the binding energies about the grain boundary
plane due to the symmetric nature of the grain boundary
structure. In terms of variations due to GB structure, the
23(112) “twin” grain boundary has a much smaller binding
energy in the GB region than all other boundaries in the
(100) and (110) STGB systems. Interestingly, the X3(112)
GB has the same disorientation angle, tilt direction, and CSL
value as the 23(111) GB, but has a very different behavior in
terms of the binding behavior with He,V clusters. Also
notice that the X3 GBs have the lowest and highest GB ener-
gies in the present study, which can explain their difference
in binding energy behavior. For instance, in a prior study
with point defects in Fe,%® it was found that the formation
energies (and consequently, binding energies) for each
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FIG. 2. The binding energies of He,V
clusters in various sites for the six
(110) symmetric tilt grain boundaries.
The 23(112) grain boundary has much
lower binding energies with the He,V
clusters than the other boundaries.

%9(221)
141.06°

particular grain boundary was related to the grain boundary
energy. The other nine grain boundaries showed very similar
maximum binding energies and binding energy behavior
within the grain boundary region, which may be more typical
of general high angle grain boundaries. A similar spatial dis-
tribution of binding energies is observed for GBs in the
(100) symmetric tilt grain boundary system.

The relative binding energy of the He,V clusters with
respect to the grain boundary structure is also of interest. For
instance, Figure 3 shows the spatial distribution of binding
energies for four He,V clusters investigated in the present
study for a representative high angle STGB: the X11(113)
GB. The contour bar for each He,V cluster is scaled from
0eV to the maximum binding energy among all 10 GBs for
that particular He,V cluster. Therefore, the represented val-
ues are a relative measure with respect to the maximum
binding energy for each He,V cluster to facilitate compari-
son with respect to the number of He atoms 7 in the cluster.
In many respects, the binding behavior is very similar
between the different He,V clusters. The sites with the larg-
est binding energies appears to stay consistent even as the
number of He atoms in a monovacancy increase. However,
there are a few subtle differences that are also apparent in
Figure 3. First, the interaction length scale of the grain
boundary increases as the number of He atoms in the He,V
cluster increases. For instance, there are sites that are several
layers away from the GB center with a relatively low relative

FIG. 3. The binding energies of the
eight different He, V clusters in various
sites for a representative high angle
grain boundary (X11(113) GB). The
grain boundary length scale for inter-
action with He,V clusters increases
with increasing 7.
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binding energy for He,V, but have a much higher relative
binding energy for the HegV cluster. Second, focusing on the
atoms within the grain boundary plane, there is less anisot-
ropy in the relative binding energies as the number of He
atoms in the He,V cluster increases. Hence, while the grain
boundary structure may have a strong influence on the for-
mation and binding energy of He clusters (or even solute
atoms and impurities, for that matter) with only a few atoms,
this effect may be less pronounced as the size of the cluster
binding with the grain boundary increases. In this case, the
binding behavior may be more strongly influenced by the
reduction in the grain boundary energy.

The behavior in Figure 3 may indicate that the formation
and binding energies of lower order clusters may actually be
an adequate predictor of the formation energies of higher
order clusters. The linear correlation coefficient R is used to
compare the degree of correlation between the various for-
mation/binding energies of the He,V clusters, where R =1
indicates a perfect positive correlation and R = —1 indicates
a perfect negative correlation. In previous work for He
defects with <2 He atoms,5 8 the linear correlation coefficient
R showed that all the He clusters were correlated with
R > 0.9, thus suggesting that the local environment strongly
influences the He cluster formation energies and that these
energies are not independent of one another. Hence, a hy-
pothesis would be that lower order He,V clusters can be
used to predict the formation energies of higher order He,V
clusters. However, this does not appear to be the case. For
instance, Table V lists R values for different combinations of
He,,V clusters. This table shows that R decreases as the num-
ber of He atoms between the two He,V clusters increases.
This result is as one might expect. As the size of the He,V
cluster increases, the interaction volume of the cluster
increases (dilatation) and this results in a lower dependence
on the immediate local environment (e.g., shifting behavior
from predominantly first nearest neighbors to including sec-
ond nearest neighbors and beyond). For instance, generally
R? values above 0.9 are a sign of high correlation; hence the
formation (binding) energies of He,V are not good indicators
of the formation (binding) energies of HegV (R =0.737), but
the formation (binding) energies of He;V are (R =0.988).
Last, the positive values indicate positive linear correlation
(e.g., as the formation/binding energy for one He,V cluster
increases, the formation/binding energy for a second He,,V
cluster [m#n] increases as well); also, it should be noted

TABLE V. Linear correlation coefficients R for the formation and binding
energies of various He, V clusters with each other.

Cluster He;V  He,V HesV He4sV HesV HegV He,V  HegV
He,;V 1.000 0926 0.891 0.804 0.816 0.784 0.752 0.737
He,V 1.000 0985 0.957 0917 0.888 0.852 0.832
HesV 1.000 0.981 0.948 0.921 0.887 0.865
He,V .. . . 1.000  0.981 0.962 0.932 0.909
HesV .. . . e 1.000 0.987 0.965 0.945
HegV 1.000 0.984 0.966
He,V 1.000  0.988
HegV 1.000

J. Appl. Phys. 115, 233501 (2014)

that shifting all energies by a scalar and/or multiplying by a
scalar, as in the case of formation and binding energies, does
not change the value of R.

B. Influence of local GB structure

The local environment surrounding each atom changes
as due to interactions with neighboring atoms, which in turn
affects the cohesive energy and other per-atom properties. In
this subsection, we will analyze several metrics used to char-
acterize the local environment surrounding each atom and
compare with the previously calculated formation and bind-
ing energies for the different He, V clusters. In this work, six
per-atom metrics are examined: the cohesive energy E.,,
the hydrostatic stress gy, the Voronoi volume Vy,,,,, the cen-
trosymmetry parameter, CS,* the common neighbor analy-
sis, CNA,gl*83 and the coordination number, CN. The
per-atom virial stress components were used to calculate o
utilizing the Voronoi volume consistent with the bulk bcc
o-Fe lattice. The per-atom Voronoi volume is also defined
from a Voronoi tessellation of the space of the Fe atoms in a
clean GB. Previous studies have shown a good correlation
between the Voronoi volume and the formation energies of
He defects.”®>8 Moreover, DFT studies have shown that
increased Voronoi volumes lead to enhanced magnetic
moments, higher local energies, and tensile stresses.”> For
CNA and CN, a cutoff distance of 3.5 A was used and eight
nearest neighbors were used to calculate the CSP. Over all
GBs, CNA classifies the sites as 85.7% bcc and 14.3%
unknown (866 sites total for 10 GBs). The coordination num-
bers for these sites are 1.2% 11 CN, 2.5% 12 CN, 4.0% 13
CN, 91.0% 14 CN (perfect bec lattice), 0.6% 15 CN, and
0.7% CN. Hence, there are more undercoordinated sites than
overcoordinated sites, as would be expected at the grain
boundary (i.e., positive free volume). Furthermore, the
per-atom vacancy binding energies Ej from Tschopp
et al.®*% will be compared as part of this analysis, which
may be relevant since the He,V clusters involve a
monovacancy.

The per-atom metrics were tabulated for all grain boun-
daries and compared with the He,V clusters to find out
which local environmental metrics are correlated. The linear
correlation coefficient R is again used to compare the degree
of correlation between the local metrics and the binding
energies (R =1 indicates a perfect positive correlation and
R = —1 indicates a perfect negative correlation). The results
are shown in Table VI along with results for interstitial He
and He,.>® The binding energies are used instead of forma-
tion energies; realize that to change the correlation coeffi-
cient R from binding energies E,, to formation energies Ef, a
factor of —1 can be applied to all R values in Table VI. The
CNA, CSP, and E,,, have the highest positive correlation
with the binding energies of the He,V clusters (e.g.,
R=0.85, R=0.77, and R=0.76 for the He,V cluster,
respectively). The hydrostatic stress oy and CN have the
lowest correlation with the He,V cluster binding energies.
All metrics have a positive correlation with the binding ener-
gies of the He, V clusters except for the coordination number,
where undercoordinated atoms have higher binding energies
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TABLE VI. Linear correlation coefficients R for the local per-atom metrics,
Ej, and the He, V binding energies.

Cluster E,, Ej} E.on oy Vworo CSP CNA CN

EfaV 0.67 076 020 063 077 085 046
ENeY 054 060 032 068 075 082  —034
EfleV 051 057 034 067 073 079 032
EfleaV 052 057 031 062 070 077  —031
ENeY 049 055 028 057 065 073  —031
EjesY 049 054 025 053 061 070  —0.30
EfY 050 053 022 049 057 067  —030
EflesV 050 053 020 047 055 065  —0.30
Effelna 057 063 028 065 077 082  —036
Efleinta 056 063 028 063 075 080 —0.34

“Interstitial He and He, binding energies are taken from Ref. 58.

and vice versa. Several metrics have slightly higher correla-
tions for £, of He,V as well, indicating that as the degree of
correlation decreases as the complexity of the He,V cluster
increases. In particular, as the number of He atoms in the
He,V cluster increases, there is less of a linear correlation
with the per-atom local environmental metrics. This result is
as expected. The per-atom metrics refer to the unstrained
environment prior to inserting the He,V cluster; with an
increasing number of He atoms in a monovacancy, the local
environment is under a much larger volumetric strain than in
the reference environment.

C. Statistical GB description

The formation energies of the eight He,V clusters can be
plotted against the distance from the grain boundary to quan-
tify the evolution of the formation energies (and binding ener-
gies) near the GB and to quantify the length scale associated
with the He,V clusters. Figure 4 is an example of one such
plot for the HegV cluster at various sites at the X3(112) GB

and X11(332) GB. In this plot, the formation energies E)f’ef’vi
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of each of the twenty different HeqV instantiations were first
calculated for each site o and the minimum formation energy
E_;ieév was subsequently calculated from these values. Next,
a grain boundary region was defined to compare the different
He,V clusters and the different GBs examined in the current
work. This grain boundary region was subsequently used to
quantify three parameters: the segregation length scale /g3,
the mean binding energy ]::Zwan, and the maximum binding
energy EZW. The length scale parameter /p is calculated by
first defining a subset /5 of all sites o based on deviation of
formation energies from the bulk formation energys, i.e.,

B = {alBf"" < 0.90mM |, 5)
and then calculating the bounds of the grain boundary
affected region, i.e.,

Xnin = min(x” ),

(6)

Xpmax = max (x” ),

IGB = Xmax — Xmin,

where f is a subset of all sites « where the above condition is
met and x” is the vector containing the coordinates of all sites
f in the direction perpendicular to the grain boundary plane.
In the subsequent plots and analysis, the coordinate for the
grain boundary plane was shifted such that x=0 is the
center of the grain boundary and there is an equal distance to
the bounds of the grain boundary affected region, x,,, and
Xmax- Then, to calculate the average binding properties of
the grain boundary affected region, a subset y that contains
all sites within the grain boundary affected region is defined,
1.e.,

V= {fx|xmin Z X“ Z xmax}- (7)
Note that y and f are not necessarily equivalent sets since y
includes all sites within the grain boundary region and f3
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included only those sites with formation energies that were dif-
ferent from the bulk (< O.99E}’“”‘). The mean and maximum
binding energies to the grain boundary from the bcc Fe single
crystal lattice for a particular He, V cluster are now given by

- 1 s e,V
-5 ®

7 =1

and

ax

E}T " = max (Elee”vv), 9)

where the summation sign in Eq. (8) operates over the num-
ber of 7 sites n, within the specified length scale /5. Hence,
the following steps were also utilized to remove any bias due
to simulation cell size or differences between different grain
boundaries. First, the difference between the He,,V formation
energies at distances >10 A from the boundary and the He,V
formation energy calculated in a 2000 atom single crystal
unit cell (Table IV) was calculated for each boundary to
remove any bias. Prior simulations testing for convergence
of formation energies as a function of simulation cell size
show that this bias was associated with the simulation cell
size. The simulation cell sizes given in Table I produced a
bias on the order of 0.01E7" or less. The GB-affected region
(Eq. (6)) is shaded light gray in Fig. 4 and is bounded by the
coordinates X, and X, which corresponds to sites where
the formation energies first deviate by more than 0.01Ep"*
from the bulk formation energy EJ’Z””‘ (0.99E;’-“”" is one of the
dashed lines in Figure 4). The minimum length that encom-
passes all these GB sites is /5. Next, the formation energies
were converted to binding energies for each He,V
cluster/GB combination to compare the energy gained by
each defect segregating to the boundary as opposed to the
bulk lattice. Both the mean and maximum binding energies
(Egmn and E:m in Egs. (8) and (9), respectively) for this
region are then calculated. To illustrate the percent differ-
ence from the bulk formation energy, increments of
0.05E7¥, or 5% of the bulk formation energy, are indicated
by dotted lines in Figure 4. For instance, in the 211(332)
GB, the maximum binding energy is ~20% of the bulk for-
mation energy (i.e., ~0.80E7*") and lies towards the center
of the grain boundary region. This technique for identifying
three parameters for He segregation was subsequently
applied to all 10 GBs for all He,,V clusters.

The length scale I;p, mean binding energy ENZWM, and
maximum binding energy E~Zw for all eight He,V clusters to
the ten grain boundaries examined in the current study is tabu-
lated in Tables VII-IX, respectively. It is immediately appa-
rent that the 23(112) twin boundary has a smaller length scale
and smaller binding energies than the other boundaries. As
observed in Table I, this boundary has both the lowest energy
and lowest free volume, which supports that these macroscale
GB parameters may indicate lower binding energies with He
defects (e.g., as suggested by Kurtz er al.**). The other boun-
daries have very similar length scales (typically between 8A
to 12 A) and binding energies (sensitive to He defect type),
with a few instances where one boundary has an interaction
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TABLE VII. Length scale /g for various He,V clusters for the ten grain
boundaries (all values are in A), as calculated using a 1% E;?"”" criterion.

GB Type He;V He,V He;V HesV HesV HesV He,V HegV

23(111) 7.0 8.5 8.5 85 135 135 135 160
23(112) 35 35 3.5 3.5 3.5 35 35 59
25(210) 80 105 112 105 124 124 124 144
25(310) 7.5 5.8 5.8 5.8 7.5 7.5 8.4 9.4
29(221) 83 106 106 106 116 126 149 154
X9(114) 6.4 9.1 104 104 11.8 11.8 11.8 13.1
Z11(113) 80 106 106 115 115 115 115 140
211(332) 8.2 9.3 93 11.7 117 142 142 16.6
213(510) 7.5 8.7 103 92 109 109 109 109
213(320) 13.1 172 172 189 189 200 200 212

TABLE VIII. Mean binding energy EZIW to the grain boundary from the
bee Fe single crystal lattice for various He,,V clusters for the ten grain boun-
daries (all values are in eV), as calculated using a 1% E}’"”‘ criterion.

GB Type He,V He,V He;V HesV HesV HesV He;V HegV

23(111) 041 126 208 252 245 310 4.05 4.04
X3(112) 0.07 010 020 028 041 044 047 0.68
X5(210) 037 075 124 1.69 227 275 3.64 3.87
25(310) 033 1.03 168 228 277 331 3.69 474
29(221) 035 081 128 175 236 282 3.03 379
29(114) 045 084 123 1.67 217 283 3.66 4.15
z11(113) 031 062 1.07 150 215 271 359 387
>11(332) 029 070 1.13 127 193 203 258 288
X13(510) 035 075 1.03 1.67 218 260 338 429
>13(320) 0.19 041 070 086 133 1.61 208 2.68

TABLE IX. Maximum binding energy E;:m to the grain boundary from the
bee Fe single crystal lattice for various He,,V clusters for the ten grain boun-
daries (all values are in eV), as calculated using a 1% E}’"”‘ criterion.

GB Type He,V He,V He;V HesV HesV HeqV He;V HegV

23(111) 079 149 265 3.02 423 489 635 7172
23(112) 0.13 017 031 042 058 064 072 088
X5(210) 075 1.69 244 299 410 494 6.02 697
X5(310) 068 135 227 276 342 401 484 6.20
29(221) 079 156 241 283 434 491 6.3 711
29(114) 071 154 237 3.00 405 460 573 6.73
Z11(113) 075 176 271 343 428 489 544 642
211(332) 049 122 192 223 300 356 445 5.64
X13(510) 0.79 1.86 291 3.63 442 517 635 741
X13(320) 0.83 1.78 2.63 348 460 561 725 876

length scale or binding energies different from the rest (e.g.,
the X13(320) GB consistently has the largest GB-affected
region). As a general trend, the length scale /;5 increases with
increasing number of He atoms n for the He,V cluster types
(Table VII). Moreover, both the mean and maximum binding
energies (Tables VIII and IX) also increase with increasing 7.

D. Atomistically informed model for binding energy
distribution

The change in binding energies of He,V clusters as a
function of distance from the GB center can also be analyzed
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by binning the energies and calculating the statistics associ-
ated with each bin (Figure 5). Due to the symmetric nature
of the GB formation and binding energies as a function of
distance (e.g., Figure 4), the absolute value of the distance
from the GB center was used to provide more data points for
the statistical analysis. Furthermore, the energies are split
into 1 A bins to characterize the distributions and compute
statistics for sites at a given distance from the GB. For exam-
ple, the 0 A bin would contain all binding energies for sites
within —0.5A to + 0.5 A from the GB center and then sev-
eral statistics are calculated from these binding energy distri-
butions. A boxplot (Figure 5) is used to represent the binding
energy distribution in each bin, i.e., the minimum, 25% per-
centile, median, 75% percentile, and maximum binding ener-
gies. In the boxplot, the red line in the box is the median,
while the bottom and top edges of the blue boxes represent
the 25% and 75% quartiles (as shown to the right of each
plot). The whiskers extending from the boxes cover the re-
mainder of the range of energies for each bin, and the ends
of the whiskers denote the maximum and minimum values
of the binding energies for each bin. The mean value of the
binding energies in each bin is also plotted in green.
Boxplots can be very useful for visualizing any asymmetry
in the distribution of energies.

The box plots in Figure 5 encompass all the binding
energy data for all He,V clusters from the nine representa-
tive GBs (excluding the 23(112)). The mean binding
energy is largest for sites close to the GB (0 and 1 A bins),
as shown in Figure 5, and it approaches the normalized
bulk value of zero as sites are located farther from the
boundary. The mean and median values of the binding ener-
gies trend together. Similar to the trends found in Table
VII, there is a definite length scale associated with He,V

J. Appl. Phys. 115, 233501 (2014)

clusters binding to the grain boundary that is on the order
of 4-6 A from the GB center. For binding energies within
the GB region, the distribution of binding energy is slightly
skewed (for a symmetric distribution, the red line lies
exactly in the middle of the box) with a large degree of var-
iability, as can be seen from both the difference between
the minimum and maximum values as well as the magni-
tude of the interquartile range (height of the boxes, denot-
ing the binding energies associated with the 25% and 75%
percentiles). At distances >7 A, the binding energy distri-
bution trends towards zero, indicating that the overwhelm-
ing majority of atomic sites display a binding energy
similar to the bulk value.

A model was formulated to capture the formation energy
and binding energy distribution evolution as a function of
distance for the different He,V clusters. As the general
behavior is symmetric about zero and approaches zero at
large distances, an exponential formulation is used to
describe the change in the mean p and standard deviation &
of the binding energy distribution as a function of distance
from the grain boundary x

E} 7 (x) = crexp —(ﬁ) , (10)

(&)

where ¢, ¢,, and c¢3 are model constants. Notice that c3 =2
will give a form similar to a normal distribution curve,
whereby c¢; modifies the height of the normal distribution
and ¢, modifies the width of the normal distribution. The
c¢3 term modifies the slope of the transition region (i.e., dif-
fuse or sharp transition). This normal distribution is a very
simple analogy to the He,V cluster—grain boundary inter-
action. The ¢, term describing the height of the normal
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FIG. 5. Boxplots of binding energy as a function of distance from the grain boundary for the nine representative GBs (excluding the X£3(112)) for various
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ues. The mean binding energy is also plotted in green.
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distribution is related to the maximum binding energy (or
minimum formation energy) at the center of the grain
boundary. The ¢, term describing the width is related to
the length scale. Other model formulations could be used.
For instance, a simple linear form could be used. However,
even this form would require two constants and it would
not capture the actual behavior nearly as well as the pres-
ent model (based on R? analysis). More complicated for-
mulations may better capture this relationship, but at
the expense of more constants. For a model with more
constants, it may be even less apparent which constants
relate to each property. Hence, the present model was cho-
sen as a natural combination of both its simplicity and a
direct relationship with the He,V binding energies and
length scales.

Based on an initial nonlinear fit of the data, c; =2 was

chosen for Ej}(x) and ¢3=4 was chosen for Ej(x); these
values were kept constant to better assess the change in the
constant ¢,. Then, a fit of ¢; and ¢, to the mean (in Figure
5) and standard deviation (not shown) curves leads to the
values given in Table X for all He,V clusters. Interestingly,
the constant ¢ is related to the mean and maximum binding

energy (Ezwn and EZW in Tables VIII and X, respectively)
and the constant ¢, is related to the length scale /gp
(Table VII). The root mean square error (RMSE) in
Table X increases with an increasing number of He atoms n
in the monovacancy and roughly correlates with the con-
stant ¢; (the ratio RMSE/c; is shown in parenthesis). The
coefficient of determination R* for the model given by
Eq. (10) tends to decrease with increasing n, but most
R? values are above 0.90. While additional terms can be
added to improve the model agreement, this simple model
does show the same trends with ¢; and ¢, as was shown ear-
lier with Ezm and Igp; the length scale increases with
increasing n as does the maximum binding energy.
Additionally, the present model can be modified to obtain

the variation in formation energies for He,V clusters, i.e.,
a

Filt u FiH FO 5 Sl
Ef (x)~: Ej’f ik —FE,(x) and Ef (x) = E,(x), where Ef (%)
and Ejf(x) are the mean and standard deviation of the for-
mation energy distribution with distance from the GB. Such
analytical models can capture segregation and binding in-

formation from atomistic or quantum simulations for inclu-
sion in higher scale simulations.
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IV. CONCLUSIONS

The formation/binding energetics and length scales associ-
ated with the interaction between He,V clusters and grain
boundaries in bcc a-Fe were explored. Ten different low X
grain boundaries from the (100) and (110) symmetric tilt grain
boundary systems were used (Table I) along with an Fe-He
interatomic potential fit to ab initio calculations'® (Table II). In
this work, we then calculated formation/binding energies for
1-8 He atoms in a monovacancy (He;V-HegV) at all potential
grain boundary sites within 15 A of the boundary (122106 sim-
ulations total). To account for the potential variability in He,V
cluster configurations, 20 different random starting positions
for the He, atoms about each monovacancy were simulated
(Figure 1). The present results provide detailed information
about the interaction energies and length scales of 1-8 He
atoms with grain boundaries for the structures examined. The
following conclusions can be drawn about this work:

* The local atomic structure and spatial location within the
boundary affects the magnitude of the formation/binding
energies for all He,V clusters (Figs. 2 and 3). In general,
grain boundary sites have much lower formation energies
and higher binding energies than in the bulk, indicating an
energetic driving force for He, V clusters to reside in grain
boundary sites, as would be expected based on the insolu-
bility of He atoms in the Fe lattice and their affinity for
vacancies and/or free volume within the grain boundary.
This GB affected region visibly extends several planes
from the GB center. The maximum binding energy (to the
GB) for the He,V clusters increases with an increasing
number of He atoms in the monovacancy (Table IX).
Furthermore, the 23(112) GB has significantly lower bind-
ing energies than all other GBs in this study, in agreement
with previous results for interstitial He and He,.>®

* The relative binding energy behavior was examined with
respect to grain boundary structure (e.g., Figure 3). As n
increases, the length scale of the GB-affected region
increases and there is less variability in the binding energies
with GB structure. In fact, while the binding energy behav-
ior between the He,,V clusters is linearly correlated in a pos-
itive sense, this correlation decreases as the number of He
atoms between two He,V clusters increases. Metrics for
quantifying or classifying the local structure of each atom
site were also compared to the formation/binding energies

TABLE X. Parameters for binding energy as a function of distance (Eq. (10)) for all boundaries except the X£3(112) GB.

E(x),c3 =2 Ep(x),c3 =4

He,V

cluster 1 (eV) e (A) RMSE (eV) R? 1 (V) e (A) RMSE (eV) R?
He,V 0.58 2.78 0.011 (0.02) 0.997 0.20 4.07 0.010 (0.05) 0.986
He,V 1.28 342 0.036 (0.03) 0.994 0.39 5.21 0.033 (0.09) 0.962
He;V 2.01 3.65 0.073 (0.04) 0.991 0.61 5.52 0.078 (0.13) 0.921
He,V 2.64 3.89 0.153 (0.06) 0.977 0.68 6.00 0.076 (0.11) 0.940
HesV 3.59 424 0.254 (0.07) 0.967 0.79 7.28 0.100 (0.13) 0.927
HegV 4.18 451 0.280 (0.07) 0.971 0.94 727 0.207 (0.22) 0.807
He,V 5.09 4.89 0.373 (0.07) 0.967 1.11 7.56 0.256 (0.23) 0.792
HegV 6.22 5.13 0.449 (0.07) 0.968 1.26 8.29 0.180 (0.14) 0.908
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of He clusters. Trends in per-atom metrics with the He,V
cluster energies were tabulated in the form of linear correla-
tion coefficients (Table VII). While CNA, CSP, cohesive
energy E.,,, vacancy binding energy E}, and Voronoi vol-
ume Vy,,, all positively correlated with He,, cluster binding
energies (with R as high as 0.85, respectively), this correla-
tion generally decreased with increasing n and was never
highly correlated (R > 0.90).

* The change in formation and binding energies as a func-
tion of spatial position (Figure 4) was used to identify a
GB affected region and to assess a corresponding length
scale, mean binding energy, and maximum binding energy
for this region (Tables VIII-X). These plots were addition-
ally reduced via symmetry about the GB plane (Figure 5)
to show the evolution of the binding energy distribution as
a function of distance from the GB plane for the various
He,V clusters. Based on these results, we formulated a
model to capture the evolution of the formation and bind-
ing energy of He,V clusters as a function of distance from
the GB center, utilizing only constants related to the maxi-
mum binding energy and the length scale.

This work significantly enhances our understanding of
the energetics involved with how the grain boundary struc-
ture interacts with He,V clusters and how ultimately this
affects He (re-)combination and embrittlement near grain
boundaries in polycrystalline steels.
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