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The relation between the potential energy of grain boundaries of general type and the value of dilatation of grain
boundaries was determined by method of mathematical modeling in reciprocal space in tungsten. It is shown, that
the electron density at the center of grain boundaries depended on the equilibrium grain boundary dilatation and the
atomic density on boundary plane. The energy of solution of helium atom at the different twist boundaries of general

type was obtained.

INTRODUCTION

Helium is an wunavoidable by-product of the
irradiation of reactor materials with energetic neutrons.
The neutron irradiation in the fusion reaction
encourages helium production by nuclear transmutation
and defects creation in the first-wall material [1]. In
fusion reactor devices, helium may accumulate at a rate
of several hundred atomic parts per million per year.
Accumulation of helium in metals in the form of the
inert lattice gas, leads to their “helium swelling” and
embrittlement. Tungsten is regarded as a potential
plasma facing material in the future nuclear fusion
reactors including both first wall and divertor plate
because of its low sputtering erosion and high melting
temperature [2, 3]. Facing materials suffer heavily
bombardment of helium atoms and ions with energies
from few tens of eV to several keV. Chemical inertia
determines the helium behavior in the irradiated
structural materials of nuclear reactors, where He is
formed in substantial amounts due to nuclear fission
reactions. Helium atoms play an important role in the
microstructural response of tungsten to irradiation.
Helium segregation at grain boundaries (GBs) results
substantial embrittlement at low temperatures [2-4].

Helium is an insoluble inert gas typically produced
to levels of a few tenths appm/dpa in fast reactor
irradiations and to levels of up to tens of appm/dpa in
fusion reactor environments. Formed helium atoms
rapidly diffuse through the crystal lattice. The energy of
solution of helium atoms in solids is large and, because
helium does not form chemical composites with its host,
it tends to accumulate at pre-existing or radiation-
induced crystal defects, first of all, grain boundaries and
vacancies, creating substitutional He atoms. Ab-initio
calculations of energies of various He defect
configurations showed that the energy of solution of a
helium atom in metals is about or exceeds the formation
energy of a self-interstitial atom. The calculated binding
energy of a He-V complex for tungsten is 4,77 eV [2].
The aim of such researches is to develop an
understanding of the mechanisms by which helium
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atoms alter physical and mechanical properties of
metals. While up to now  microstructural
characterization forms a large part of this effort,
development of a fundamental understanding of
mechanisms is the major pursuit. An integrated
theoretical and experimental approach is brought to bear
on major problem areas. The grain structure can be
destabilized if the stored energy associated with helium
atoms accumulated at boundaries becomes greater than
the energy required to make all the boundaries become
free surfaces. In this case the grain boundaries split
apart and the material fails. The energy of solution of a
helium atom at grain boundaries is usually
approximated by the energy of solution for a helium
atom at a substitutional position in an ideal crystal
lattice [2].

While the energy of solution of helium atoms was
calculated for different atomic configurations in a
perfect lattice for many metals [2], there are no
theoretical calculations or experimental determinations
of the solution energy of a helium atom at GBs. In the
research that is reported here, we determined the energy
of solution of a helium atom at GBs of general type
[5, 6] in bce-W using the reciprocal-space variational
method [7, 8].

METHODOLOGY

The details pertaining to the methodology used in
calculating the atomic structure and energetics of grain
boundaries have been described elsewhere [6-8] and
only an outline of the methodology is provided here.
The Gerasimenko et al [9] method was used to
determine local electron charge density due to
surrounding atoms at the grain boundaries. The method
involves calculating the energy of the atomic block as a
function of lattice displacements for a particular wave
vector.

Since mathematical simulations of GBs almost
always employ periodic boundary conditions, it is very
complicated to model incommensurate (general)
boundaries, or GB of general type [5]. These GBs were
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approximated by special boundaries with long periods.
While many atomic simulations of GB failure have been
performed, they have usually been confined to special
boundaries with a high degree of symmetry. In this
paper atomistic computer simulations were performed
using molecular statics with conventional Morse
potential. The thickness of the grain boundary interface
model is taken as 31...40 atomic layers. This thickness
is more than ten times larger than the range of the
interatomic potential (0,65 nm) corresponding to 1,6 %
of the well-depth for the Morse potential. Due to the
homogeneous tensile force and the symmetry of the
used cell, all the shear stress components were
negligible. Constraints are placed on atoms located on
these boundaries to stipulate that these interfaces remain
planar and parallel during energy minimization. In this
test, the tensile deformation was introduced by
incrementally stretching the bicrystal in GB region a bit
along the normal to the GB. These -calculations
correspond to local tensile destabilization due to the
stored energy associated with helium atoms
accumulated at boundaries at zero temperature.

The analysis of the interaction between planar
atomic nets includes analytical determination of the
Fourier transform of the potential. In such an analytical
treatment has no need to limit the range of the pair
potential by forcing it to vanish at relatively small
separations. To obtain an analytical expression for the

v(G,zy) = 27[2(,6’ PrDy

In order to compute the total energy of the pair-wise
atomic interaction W a lattice summation was
performed. Within each plane parallel to the grain
boundary we use the orthogonal coordinate systems x-y.
The lattice periods in the x and y directions are a,, a,
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atomic density.

In our computer modelling the position of the rigid
atomic planes have been labelled from —20 <,k < 20.
GBs of general type were produced by a rotation of
grains about low-indices directions. The random
(incommensurate) boundary can be obtained by a

reducing the sets {GJ} and {G"} to G/ =G*=0
(I=m =10). The grain boundary dilatations were the
main parameters determining the local electron density
and helium energetic in the GB regions.

RESULTS AND DISCUSSION

Grain-boundary  energetics are fundamentally
described by the relation between the potential energy
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energy of interface, the effective pair potential was used
in form

v(r)=>"D,exp(=f,r), (1)
P

where r is the distance between atoms, D, and f, are
adjustable parameters. The potential parameters were
corresponding to the parameters of the classical Morse
potential for tungsten [8].

It is assumed that the energy of the bicrystal is
represented by a sum of pair interactions of atoms in j
and k planar atomic layers. The lattice sites in these
planes are denoted by the sets {/\7./ } and {Xk} and

corresponding sets of the reciprocal lattice vectors are
{Gi } and {Gk } The energy of interaction between two

rigid parallel atomic layers per unit area is expressed as
follows:

Ex=3 LSRGz expiG Ty,
k G¢

where A; and 4 are the areas of the primitive unit cells,

zy is the separation between the lattices, G is a
common reciprocal lattice vector, fk denotes an
J

arbitrary relative translation, V is two-dimensional
Fourier transform of the pair-wise potential:

(524 Gry I+ GOz, + G, G)

and /, m are summation indices locating points in the
planar reciprocal lattice. Here @ — is the parameter of
three-dimensional lattice. The module of the relative

translation may be expressed as ‘ T, ik ‘ =T + T 2

Combining (2) and (3), we have

2D exp(=q,,|z ) cos(g,, T cos(g,, T . @)

and an appropriate intergrain separation (grain-
boundary dilatation). Such energy-distance correlation
cannot be acquired for GBs with use of recent
experimental techniques. In this paper GBs of general
type were constructed using the reciprocal-space
method [6-8] by a rotation of grains about low-indices
directions by the angle corresponding to Y —o. As a
result the twist GBs of general type oriented along the
(100), (110), (111), and (211) crystallographic planes
were acquired.

In Fig. 1 the grain-boundary binding energies as a
function of separation of grains parting by the GB of
general type with Y —oo, where ) is the reciprocal
density of coincident sites [5]. It is apparent that there
are considerable variations in shape and depth of these
curves and grain-boundary dilatations / corresponding to
the energy minimums.
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Fig. 1. Grain-boundary binding energy for tungsten vs the separation of grains on the twist grain boundaries
of general type

Fig. 2 shows the dependence of the equilibrium GB
dilatation / on the GB atomic density. The GB dilatation
monotonically decreased with increasing of the GB
atomic density.

1.2¢

O.IZI.O O.I12 0.I14
DA

Fig. 2. Dependence of the equilibrium grain-boundary

dilatation [ on the GB atomic density for the low-index

grain boundaries
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Let us introduce a GB between two grains in the
form of a gap in a homogeneous positive background
(Fig. 3). The helium atoms are uniformly distributed in
the plane z = //2.
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Fig. 3. Electron density n(z) in the vicinity of separated
grains, [ is the grain boundary dilatation
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Helium in the host metal interacts mainly with the
electron gas; the direct interaction of helium atoms with
the screened metal ions is insignificant. The energy
variation associated with the introduction of helium at
the boundary depends only on the local electron density.
The energy shift of the electron ground state of the
metal with the introduction of a helium atom is equal to
[9]

E, =an(zl), ()
where o= 5,51 in atomic units (h = e = m =1); the unite
of length is the Bohr radius a, equal to the most
probable distance between the proton and electron in a
hydrogen atom in its ground state; the unite of energy is
e’/ag =272 eV.

As was shown by Gerasimenko et al [9] the total
electron density at the center of the gap is equal to

n(l) = ny expl—q,l/2:1- 1), ©)
where
A=1/7K, (7
and
qo=-|4K, /7 . (8)

Here K is the Fermi wave vector.

It should be noted that Eq. (6) is valid for small
separations. On the other hand this equation is satisfied
if the variation of the electron density over a distance
equal to the diameter of the helium atom is small, but
this condition is possible only for a gap of finite
dimensions. Fig. 4 shows the profile of the electron
density at the center of grain boundary calculated using
Eqgs. (6) — (8).

Using the data shown in Fig. 4 and Eq. (5), we can
obtain the dependence of the energy of solution of a
helium atom at grain boundaries of general type

(Fig. 5).
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Fig. 4. Dependence of the electron density at the center
of grain boundary on the grain boundary dilatation

As one can see that the energy of solution varies in
the wide range of 1,809...6,334eV. It is worth
emphasizing that to the best of our knowledge, up to
now, there are neither theoretical nor experimental data
on the energy of solution of a helium atom at grain
boundaries.
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Fig. 5. Energy of solution of a helium atom at grain
boundaries of general type. The dot line corresponds to
the energy of solution for a helium atom at a
substitutional position in an ideal crystal lattice [2]

For comparison, it can be used the theoretical data
on the energy of solution for a helium atom at a
substitutional position in an ideal crystal lattice. As was
shown recently by Gilbert et al [2], whereas it is
“conceivable that at certain boundaries, corresponding
to particular orientations of neighbouring grains, the
configuration adopted by He atoms may be more
favourable than in the grain bulk, it is likely that our
estimate for the energy of solution, evaluated using
electronic-structure based methods for helium atoms
occupying vacancy sites in a lattice, are fairly close to
the energy of solution of helium atoms at grain
boundaries”. The energy of solution for a helium atom
at a substitutional position in an ideal crystal lattice of
tungsten is equal to 4,77 eV [2] (the dot line in Fig. 5).
This value is really very close to the average of the
energy of solution of helium atoms at grain boundaries
shown in Fig. 5. Our studies provide insight concerning
the behavior of polycrystalline radiation materials under
reactor conditions at high helium levels and also will
provide valuable theoretical data for continued
modeling efforts of the radiation response.
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CONCLUSIONS

1. The relation between the potential energy and an
intergrain separation (grain-boundary dilatation) was
determined by method of mathematical modeling in
reciprocal space.

2. The dependence of the equilibrium GB dilatation
on the GB atomic density was determined. The GB
dilatation monotonically decreased with increasing of
the GB atomic density.

3. Dependence of the electron density at the center
of grain boundary on the grain boundary dilatation was
used to obtain the dependence of the energy of solution
of a helium atom at grain boundaries of general type.
The average of the energy of solution of helium atoms
at grain boundaries is close to the energy of solution for
a helium atom at a substitutional position in an ideal
crystal lattice of tungsten.
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OINNPEJAEJIEHUE DOHEPT'UN PACTBOPEHUS ATOMOB I'EJIUA B I'PAHUIIAX 3EPEH
OBIIEI'O THUITA

T.U. Ma3zunosa, E.B. Caoanos, B.H. Boesooun, O.B. /Iyoxa, A.A. Ma3unoe, .M. Muxaiinoecxkuii

MeTtomoM MaTeMaTHYeCKOTO MOJEIHUPOBAHHS B OOpPAaTHOM IPOCTPAHCTBE ONPEAEICHA CBS3b IMOTEHIIMAIBHON
SHEPTUH TPaHUIl 3epeH OOINero THIa ¢ 3ePHOTPAHWYHON Awnaranuel B Bonb(pame. [Toka3aHo, 9TO 31EKTPOHHASL
IUIOTHOCTh B LIEHTPE TPAHMIBI 3aBHCHUT OT PAaBHOBECHOW 3€pHOTPAaHMYHON AWJIATAIIMH M aTOMHOW IUIOTHOCTH B

TUTOCKOCTH TpaHunbl. OnpeneneHa SHEPrus pacTBOPEHUS aTOMOB T'elTUs B Pa3IMUHBIX TPaHULAX KPYUIEeHHUS 00IIiero
THUIIA.

BU3HAUEHHS EHEPT'Ti PO3UMHEHHS ATOMIB T'EJITIO B MEXKAX 3EPEH
3AT'AJIBHOT'O TUITY

T.1. Maszinoea, €.B. Caoanos, B.M. Bocsodin, O.B. /Iyoka, 0.0. Ma3zinos, I. M. Muxaiinoecokuii

MeTtomoM MaTeMaTHYHOTO MOJETIOBAaHHSA B 3BOPOTHOMY IPOCTOPI BU3HAUEHO 3B'S30K IMOTEHIIIITHOT eHeprii Mex
3epeH 3arajlbHOrO THITY i 36pPHOMEKEBOIO IrUiaTamicio y Boiab(pami. [TokazaHo, mo eneKTpoHHA TyCTHHA B HEHTPI
MEXi 3aJeXKHUTh BiJI PiIBHOBa)XHOI 3€PHOMEKEBOi AWMJIATAIll Ta aTOMHOI TYCTHHH B IUIOIIMHI MeXi. BusHaueHa
€Hepris PO3YMHEHHS aTOMIB T'ellifo B PI3HUX MEXax KPy4eHHs 3araJibHOTO THITY.

ISSN 1562-6016. BAHT. 2013. Ne5(87) 15



