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A description of rigid-body grain boundary relaxation and cleavage in tungsten is performed using a pair-wise
Morse interatomic potential in real and reciprocal spaces. Cleavage energies and grain boundary dilatation of
random grain boundaries were formulated and computed using atomic layer interaction energies. These values were
determined using a model for a relaxed random grain boundary that consists of rigid grains on either side of the
boundary plane that are allowed to float to reach the equilibrium position. Expressions are given that describe in real
space the energy of interatomic interaction on random grain boundaries with twist orientation. It was shown that
grain-boundary expansion and cleavage energies of the most widespread random grain boundaries are mainly

determined by grain boundary atomic density.

PACS: 61.16.Di; 61.72.Mm; 68.35.Bs

INTRODUCTION

Much insight into the atomic structure of grain
boundaries (GBs) has been gained in recent decades
using high-resolution methods of electron and field-ion
microscopy and computer simulation. Since computer
simulations of interfaces usually employ periodic
boundary conditions, it is very difficult to study random
(general) boundaries. These most widespread interfaces
were approximated by near coincidence site lattice
(CSL) boundaries with long periods and a high
reciprocal density of coincident sites £ (X—o0) [1]. The
most of computer simulations of grain-boundary
expansion and cleavage have been confined to CSL
boundaries with a high degree of regularity and
relatively low X. GB cleavage is a common failure
mechanism in polycrystalline materials, particularly in
the presence of embrittling elements (e.g., helium)
[1,2].

A substantial shortcoming of both experimental
microscopic techniques and mathematical modeling is
that although they make available exceptionally detailed
information about the particular GBs under examina-
tion, it is usually difficult to deduce systematic trends in
structure from one intergrain boundary to another. The
simplicity of the pair-wise interatomic potentials is such
that it allows an analytic description of the atomic
structure and energetics of GBs to be created. As was
shown in [3-5], the calculation of the GB energetics
performed in reciprocal space make it possible to analy-
tically describe the dependence of the GB energy on
atomic structure in the whole space of GB macroscopic
degrees of freedom. The GB atomic configurations can
be determined in reciprocal space on the basis of a
Fourier transform of pair-wise potentials. The first
investigation of GB structure using analytical model
was performed for pair-wise Lennard-Jones potentials
[1, 3]. This study was restricted to analyzing structure-
insensitive types of GBs, due to the divergence of the
Fourier transform of Lennard-Jones potentials at small
distances between atomic planes. In this paper, it is
shown that the atomic structure and energetics of the
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most widespread interfaces in polycrystals — the GB of
random (general) type can be described in terms of an
analytic model in the real space.

RESULTS AND DISCUSSION

Mathematical simulations were performed using
molecular statics with Morse long-range interatomic
potential. In the absence of impurities, GBs are
generally sharp interface, with the change in crystal
orientation taking place within a few atomic layers. So
the thickness of the grain boundary simulation box was
taken as 30-50 crystallographic planes, parallel to the
interface. This thickness was more than an order of
magnitude larger than the range of the Morse potential
and the GB structural length. Due to the homogeneous
tensile strain in the direction, normal to the GB plane
and the symmetry of the present cell, all the shear stress
components were negligible and can be regarded as zero.

The study in reciprocal space of the interaction
atomic layers includes determination of the Fourier
transform of the interatomic potential by the integrating
extended over two-dimensional net [1, 4]. An analytical
expression for the GB energy can be obtained using the
effective potential in form

W)= Dlefza(rfro) 3 2efa(r7r0)J’ O

where D =0.9906 ¢V, a = 1.4116 A" and = 3.032 A.
To calculate the total energy of the pair-wise atomic
interaction W, a lattice summation must be performed.
We use the orthogonal coordinate systems x-y within a
plane parallel to the GB. The lattice periods in the x and

y directions are a,, a, and ‘é‘ =/ g;%l + gim where
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and /| m are summation indices
y

locating points in the planar reciprocal lattice. Here a —
is the parameter of three-dimensional lattice. The
module of the relative translation may be expressed as

| Ty \=\/Tx§ +Ty§k’
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where p, :,/a2+g§+g}2, s G =,/b2+gf+gﬁ and

o= (axay)_l is the planar atomic density, z; is the

separation between the 2D-lattices. The position of the
atomic layers have been labelled from -25 <j, k<25.
The wave-vector numbers were in interval |/,m|<20. For
a close-packed planes, only those terms referring to
near-surface planes and having both [/|<4 and |m|<4
contribute significantly to the sum in W. So the
convergence of the series for these planes is high and
the method of simulation in reciprocal space is
computationally efficient. Random (incommensurate)
GBs were produced by a rotation of grains about
common low-indices directions. The random GB can be
obtained by a reducing the summation to the case
I=m=0.

As was shown in Ref. [6] that the discreteness of the
GB energy characteristics was rapidly destroyed with
increasing X value towards an asymptotic form, referred
to as the random-boundary limit. In this case interacting
atoms are assumed to be randomly distributed within the
crystallographic planes of the adjacent grains separated
by the distance z (Fig. 1).
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Fig. 1. Scheme of interatomic interaction in the
random-boundary limit

According to Fig. 1, the number of atoms in crystal
1 interacting with an atom of crystal 2 in the interval 7,
rt+dr is equal to 2mordr, where r*+z*=p’, z is the
distance between atomic planes. Assuming the
interatomic interaction is of the Morse type (Eq. (1)),
the energy of interaction of an atom crystal 2 with all
atoms in crystal 1 can be written in the form

w,=Do Ij [efza(pfr") —2e ¥Pn) ] rdrdp = 27[D0‘T r[eza""e_z“'p —2e"Me*” ] dr. (3)
00 0

Performing the change of the variable of integration according to Fig. 1, we obtain

w, = 27[D0‘i!(2 p[eza'r‘)e’z”“p —2e“e P ]dp =27Do iez"’"‘ﬂ T p-e“Pdp— 2e“"0T p-e“Pdp

The expression (4) gives the energy of interaction of
an atom in plane 1 with all atoms in plane 2. The energy
of interaction of all atoms in both planes is obviously
equal to:

W,=wo. ®)

By taking integral (4), in view of Eq. (5) we obtain

(1 2 .
(2+Z).e—2a<~ ") _
4\ o a . (6)

Fig.2 shows the dependence of the interaction
energy of atoms in two crystallographic planes (100) of
grains with the twist random GB, calculated by using
the reciprocal space Eq. (2) and real space calculations
using the real space Eq. (6) on GB dilatation /.
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Fig. 2. Dependence of the interaction energy of atoms
in two planes (100) of grains with the random GB,
calculated by using the reciprocal space equation (2)
(curve) and real space calculations using the real space
equation (6) (shown by circles) on dilatation
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At last, the full interaction energy W in all
crystallographic planes (100) of grains with the twist
random GB, calculated by using the real space
calculations using the real space equation (6) can be
written in the form:
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where z;; is the distance between j u & plains of both
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Fig. 3. Dependence of the interaction energy of atoms
in all crystallographic planes of both grains with the
twist random GB, calculated for the (110) (a) and (100)
(b) GB by using the reciprocal space equation and the
real space equation (7)

The values shown in Figs. 3—5 were calculated using
a model for a relaxed random grain boundary that
consists of rigid grains on either side of the boundary
plane that are allowed to float to reach the equilibrium
position. Both methods in real and reciprocal spaces
give the same values of the adhesion energy (or
cleavage energy): 13.25 J/m* for the (110) random GB
and 9.04 J/m? for the (100) random GB. In both cases
the minimum energy corresponds to the grain boundary
dilatation of 0.19 A for the (110) random GB and
0.68 A for the (100) random GB. The grain-boundary
expansion and cleavage energies of the most widespread
random grain boundaries are mainly determined by
grain boundary atomic density ¢ according to Eq. (7).
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Fig. 4. Grain boundary dilatation calculated for atomic
planes with different x-coordinates, calculated for fully
relaxed configuration in reciprocal space (1)
and for rigid relaxation calculated in real space (2)
for the (110) random GB
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Fig. 5. Grain boundary dilatation calculated for atomic
planes with different x-coordinates, calculated for fully
relaxed configuration in reciprocal space (1)
and for rigid relaxation calculated in real space (2)
for the (211) random GB

CONCLUSIONS

Expressions are given that describe in real space the
energy of interatomic interaction on random grain
boundaries with twist orientation. Cleavage energies
and grain boundary dilatation of random grain
boundaries were particularly easy to formulate and
compute using atomic layer interaction energies in real
space. By comparison with full atomic relaxations
calculated in reciprocal space for random grain
boundaries we have shown that derived expressions that
describe in real space the energy of interatomic
interaction on random grain boundaries with twist
orientation give an adequate description of the grain
boundary dilatation. It was shown that the grain-
boundary expansion and cleavage energies of the most
widespread random grain boundaries are mainly
determined by grain boundary atomic density.
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AHAJIMTUYECKAS MOJEJIb MEK3EPEHHOM TUJIATAIIMU U PASPYILIEHUA:
I'PAHUILBI 3EPEH ITPOU3BOJIBHOI'O THUITA

T.U. Ma3zunosa, E.B. Caoanos, O.B. /lyoka, B.A. Kcenogponmoe,
HU.B. Cmapuenxo, O.A. Beauxoonan

C wucmonp30BaHMEM MAapHOTO MEXATOMHOTO IMMOTeHIwaia Mop3a mpu pacdyerax B peaJbHOM H OOpaTHOM
MPOCTPAHCTBAX IIOJNyYEHO OIUCAHWE J>KECTKOW 3€PHOTPAHHMYHOM pETaKCalud M pa3pylIeHHS B BoJb(pame.
CdopmynupoBaHa MoOZedb B3aUMOJCHCTBHMS aTOMHBIX CJIOEB Ha TpaHHLAX 3€peH, Ha OCHOBaHUHM KOTOPOH
paccUMTaHbl 3HEPTUHM pa3pyLIeHHs M MeX3epeHHas AWIaTalys TPaHUI[ 3epeH IPOU3BOJIBHOTO Tuma. JlaHHBIE
BEIMYMHBI MOJTYy4YEHBl C HCIOJB30BAaHMEM MOJIENN pellaKCallud MPOU3BOJIBHBIX TPaHMI], AOIMYCKAIOIIeH >KECTKHE
CMEIIEHNsI 3epeH M0 00e CTOPOHBI OT T'PaHMIBI C IENbI0 JOCTIKEHHS PaBHOBECHOTO moiioxeHus. [IpuBeneHsb
BBIPDOKEHUSI [UISI DHEPTUM MEXATOMHOI'O B3aMMOIEHCTBHS B pPEaJbHOM MPOCTPAHCTBE HA TpaHULAX 3epeH
MPOU3BOJILHOTO THUIIA, OMNHCHIBAEMBIX pa3opHeHTauued KpydeHus. [lokazaHo, UTO MeK3EpeHHas AujaTalus Hu
SHEPrus pa3pymeHHUs TPAHUIl IPOU3BOIHHOTO THIA OIPEACISIIOTCS AaTOMHON TNTIOTHOCTBIO Ha TPAHHIIAX 3epPEH.

AHAJIITAYHA MOJIEJIb MIDK3EPEHHOI TUJIATAIII TA PYHHYBAHHS:
ME’KHU 3EPEH JOBIJIBHOI'O THUITY

T.1. Ma3zinosa, €.B. Caoanos, O.B. /lyoka, B.O. Kcenogponmos,
LB. Cmapuenko, 0.0. Benuxoona

3 BHKOPHCTaHHAM NapHOTO MiKaTOMHOTO MOTEHIiaxy Mop3a MmpH po3paxyHKax y peallbHOMY i 3BOPOTHOMY
MPOCTOPax OTPHMAHO OIUC KOPCTKOI 3epHOMEXEBOI pernakcamii i pyiiHyBaHHS y Boibdpami. CopMymroBaHO
MOJZIeNb B3a€MOJii aTOMHHMX IIapiB Ha MeXax 3€peH, Ha IijAcTaBi sKoi po3paxoBaHI €Heprii pyHHyBaHHS i
MDK3EpeHHa [IWIaTallisi MEX 3€peH HOBIIBbHOTO THITy. JlaHi BEIMYMHHM OTPUMAaHi 3 BHUKOPHCTAHHSIM MOJENI
penmakcarmii TOBUTPHHX MEX, IO OIyCKAae KOPCTKI 3MIIICHHS 3€peH MO OOWABI CTOPOHM Big MEXi 3 METOIO
JOCSITHEHHSI PIBHOBAYKHOTO TOJIOXKEHHs. HaBeneHo Bupasu it eHeprii MiKaTOMHOI B3a€EMOJii B pealbHOMY
MPOCTOPI Ha MeXaxX 3epeH NOBUJIHLHOIO THITY, ONMUCYBaHUX PO30OpieHTalicl0 KpydeHHs. [lokasaHo, 1m0 MikK3epeHHa
JUJIaTallis i eHepris pyHHyBaHHS MEX JOBUIBHOIO TUIY BU3HAYAIOThCSI aTOMHOIO TYCTHHOIO Ha MEKax 3epeH.

20 ISSN 1562-6016. BAHT. 2014. Ne2(90)



