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1. Introduction responsible for significant changes of their properties. To predict
the lifetime of nuclear power plant components, one should un-

Defects produced in materials by radiation damage are derstand the mechanisms of these changes. In particular, the for-
mation and growth of voids and bubbles are of high interest for

material performance in radiation environments [1—5]. Funda-

_— . o mental understanding of the void growth mechanism and kinetics

* Corresponding author. National Research Nuclear University MEPhI, (Moscow .. . . . . . .

is important for predicting the swelling kinetics of irradiated ma-

Engineering Physics Institute), 31, Kashirskoe shosse, 115409, Moscow, Russia. | R ;
E-mail address: avn46@mail.ru (A.V. Nazarov). terials and changes of the materials strength properties [1—6]. In

https://doi.org/10.1016/j.jnucmat.2020.152067
0022-3115/© 2020 Elsevier B.V. All rights reserved.


mailto:avn46@mail.ru
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2020.152067&domain=pdf
www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat
https://doi.org/10.1016/j.jnucmat.2020.152067
https://doi.org/10.1016/j.jnucmat.2020.152067

2 A.V. Nazarov et al. / Journal of Nuclear Materials 532 (2020) 152067

this work we focus on the void shape. Voids usually exhibit a well-
defined, non-spherical shape [3—5,7]. Sometimes the cavities were
first in the form of spheres, and later are transformed into to cubes
bounded by {100}-facets [7]. Experimentally, voids in metals and
alloys both with bcc [5,7] and fcc [7—9] and hep [10] structure have
non-spherical shape. In the numerous experiments during past
three decades, the evolution of void morphologies during irradia-
tion or post-irradiation annealing in various materials was studied
[3—5,7—13]. However, a systematic study on the void shapes
considering the different factors is still missing [7]. There are
several influencing factors for the void shape development and its
change during irradiation- in particular, surface energy anisotropy,
growth anisotropy of void surfaces, a preferential adsorption of
atoms at certain void surfaces [3] and diffusion anisotropy in metals
[10]. In this paper we study the influence of another factor on the
void growth anisotropy: the effect of an elastic field in the vicinity
of voids on diffusion fluxes of vacancies and a shift of the void
surface elements for various crystallographic directions.

Generally, displacement fields near spherical voids are deter-
mined by the equations of isotropic elasticity theory [14]. Solutions
of these equations [14] show that the elastic field in the vicinity of
voids does not contribute to the diffusion of vacancies [1] and does
not affect the growth rate of the voids. Therefore, the voids are
called neutral sinks for defects [1].

In the work, we first use the recently developed model [14] to
study the structure in the vicinity of spherical nanovoids in bcc iron.
After this, we study the vacancy diffusion near spherical voids and
shifting rate anisotropy of the nanovoid surface element. Moreover,
we believe that the anisotropy of the vacancy flux and void growth
are conditioned by the anisotropy of the displacement field in the
vicinity of the voids and discreteness of atomic structure in metals.

The paper consists of several sections: a model for simulation of
an atomic structure in the region near nanovoids is described and
summarized in Section 2; results are presented in Section 3;
equations for the shift rate of the void surface elements for various
crystallographic directions are derived in Section 4; the shifting
rate calculations of the void surface elements are presented and
discussed in more detail in Section 5 before conclusions are drawn
in Section 6.

2. Molecular statics model. New approach

In this section we describe the main features of the model that
distinguish it from those generally used in the Molecular Statics
method. The equilibrium positions of atoms in the main compu-
tational cell are simulated using a variational procedure, which is
usually employed in the molecular statics method [18]. At the same
time, we take into account interactions with atoms embedded in an
elastic medium surrounding the main computational cell. In
contrast to the previously developed model [19], we apply iterative
algorithm of the self-consistent atomic coordinates calculation in
the main cell and the calculated displacement field characteristics
in the elastic medium [20—23].

The computational cell (zone I, Fig. 1) is a sphere (Rs) containing
more than 300000 atoms. It is surrounded by atoms embedded into
an elastic medium (zone II, Fig. 1). The displacements u of these
atoms, generated by a void, are based on the first term of the static
isotropic elastic equation solution [14,18,21]:

C1r

The constant C; is calculated according to Eq. (1) by using the
results of atomic displacements simulation in the computational
cell for the atoms that are located in a spherical layer. The constant

C; calculated at the previous step of the iterative procedure is used
to determine atomic displacements of the elastic medium II. Then,
the relaxation of the atoms of zone I is carried out anew, and the
constant C; is calculated again. Our model in all have been
described in detail [22,23].

The model allows one to obtain not only the energy of formation
and migration of defects, but also the characteristics that determine
the effect of pressure on the concentration of point defects and
their migration rate [20—23]. Our model also simulates the atomic
structure in the vicinity of vacancy complexes [24], clusters [25 and
voids [26]. The next section presents the simulation results for
voids of two sizes in the bcc iron that are used further in the shifting
rate calculations of the void surface elements.

3. Results of MS simulation

Simulations are performed using a well-examined embedded-
atom method interatomic potential for bcciron [27]. The simulation
results for displacements of atoms in the vicinity of voids of the
radius R = 9.4 A and size R = 14.3 A in the directions <100>, <110>,
<111> are presented on Fig. 2 and Fig. 3.

The data shown in the figures, as well as previously obtained for
voids of other sizes [26], show that the atom displacements near
nanovoids differ sufficiently from the elasticity theory solution and
in addition, the displacements significantly differ for various crys-
tallographic directions. Moreover, the displacements in the crys-
tallographic directions <100> are positive at rather large distances
from the surface of the voids.

Apparently, for the first time, a qualitatively analogous character
of atomic displacements was discovered by modeling a structure in
the vicinity of a vacancy in BCC iron in Ref. [18]. Similar results for
vacancies in iron and other BCC metals are found in publications
[20—23]. Also, in Ref. [25] we find similar structural features for
symmetric clusters of vacancies. In the case of vacancies, these
structural features significantly affect the estimations of the for-
mation energy and migration energy, as well as the values of the
formation volumes and migration volumes [22,23]. We assume that
the mentioned features of the displacements are a consequence of
the system discreteness with a bcc structure.

We further study how this feature that is become apparent in
the simulation of spherical voids, affects the shifting rate of the void
surface elements. Vacancy flux on the void surface determines
growth rate of the voids [1,15,17]. In the traditional approach, it is
assumed [1,17] that the contribution to the diffusion vacancy flux of
the elastic field can be found using the solution of equations from
the classical theory of elasticity in the vicinity of the void. Since in
this case [15,17].

VSpe =0, 2)

there is no stress influence on flux of vacancies [15,17].

3.1. Obtained results show that

VSpe+0, (3)
and a kinetics “equation for the growth rate of voids must contain
the additional terms conditioned by strains, arising from voids”
[15].

4. Void growth rates for different directions

As it was done in Lifshitz-Slezov [LS] theory [17], the growth of
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Fig. 1. An illustration of the simulation cell and the main steps of the iterative algorithm.
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Fig. 2. The atom displacements for various crystallographic directions in bcc iron for
nanovoid (R = 9.4 A).

the voids is considered by using the mean-field approximation and
steady-state solution of the diffusion equation around each void.
The growth rate of the void in the general case is determined by the
equation [17]:

Z_‘:: - //(nvj) ClS, (4)

where V is the volume of the void, n = {ny, ny, n;} is the unit vector

that is normal to the void surface, j = {jx,jy.jz} is the diffusion flux

vector, (n,j) is the scalar product, and ds is the surface element.
After differentiation of the left-hand side of Eq (4), one obtains:

2
kAR ) as (5)

It can be shown by a way that is similar to one applied by us
earlier [28], that we can use the next equation for the shifting rate

Fig. 3. The atom displacements for various crystallographic directions in bcc iron for
nanovoid (R = 14.3 A).

of a void surface element in a certain direction:

dR .
dr = - (n,]). (6)

The x component of the vacancy flux in the zero approximation
of the field effect, according to the results of [16] has the form:

) doc KV aSpe
Jx= _DV{&_CW—GX :|’ (7)

where c is the vacancy concentration, Dy is the vacancy diffusion
coefficient in the perfect (unstrained) system and

1 fou; Oy
€”§<a_>cj+a_;ci (8)

is the strain tensor (i, j = 1,2,3), Spe is the trace of the tensor,
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< ks)
, 9
;1;5 Rks aRks ,‘(/ ( )

Xk» Yk» Zk are the coordinates of the atom k that can belong to zone I
only (see Fig. 1), Xks = Xk - Xs, Yks = Yk - Vs» Zks = Zk - Zs, K#S, X5, Vs, Zs are
the coordinates of the atom s that can belong to zone I and zone II,
under atom structure simulations near the vacancy [16]. Ry =
Iy —rs| = /X2 +y% + 22 for all atoms k. The distances Ry, are
calculated using the coordinates of the system configuration
including vacancy. It should be emphasized that the energy of the
system E (see Eq. (9)) depends on the distances R, and does not
depend on external elastic fields.

In order to evaluate the effect of the elastic field on the vacancy
flux in region near void and obtain analytical solutions, we use the
method of successive approximations. And as the zero™ approxi-
mation, we choose the solution of the diffusion equation that does
not take into account the effect of the field, as it was done in
Ref. [17]. The concentration of vacancies inside a spherical layer
having an internal radius R and outer radius R in the steady-state
approximation has the form:

(10)

RRg(cm —cp) 1
.

where r is the distance from the center of the void cg =
¢(R), ¢m =c(Rg)and

2yVf
CR = Ceq€XP (IZTR) , (11)

where c,q is the equilibrium concentration of the vacancies for a flat
interface, v is the surface energy and V/ is the formation volume of
the vacancy.

The growth rate of the void in Ref. [17] is isotropic and is
described by the following equation:

dR R¢ 2yVf
E—Cquv {R RR<A+1—exp<kTR (12)

where A = = is the supersaturation of the vacancies.

Now we evaluate shifting rate of the nanovoid surface element
in the different directions taking into account the elastic field near
the void.

4.1. The shifting rate of void surface in the direction <100>

There is one component of the diffusion flux vector for this
crystallographic direction in the coordinate system, associated with
the crystallographic axes:

ac KV 9Spe
Jx= =Dy {ax kT ox } (13)
and the scalar product in Eq. (6) has only one terms:
(n,j) =Jx- (14)

The derivatives of the concentrations (see Eq. (10)) at each point
of the spherical layer depend on the radius r and coordinates in this
point:

0c RRg(cm— CR)X oc RRG(cm—cR)y oc RRG(cm—cR)z

ox Rc—-R 1 a  Rc—-R 130 Rc-R 1
(15)

As a result, the concentration derivative takes the form:

2yVf
A+lexp<k7mﬂ (16)

The concentration derivative at the pore surface at x =R, r=Ris
described by the equation:

2yVf
A+1—ep<ITR>] (17)
After mathematical transformations, we obtain a kinetic equa-

tion for shifting rate of the void surface element in directions
<100>:

dR Rg 2yVf
dtCquV{R RR<A+1exp<kTR>

KY 2yVF\ aSpe
x> —ﬁexp<—kTR> x| (18)

dc_ CeqRRG X
aX_RG —R T'3

%7 CeqRG 1
9x Rc—RR

4.2. The shifting rate of void surface in the direction <110>

It is necessary to calculate the scalar product of the flux vector
by a unit vector orthogonal to the void surface to obtain an equation
for the shifting rate of void surface in the direction <110>. As the
flux vector is given by:

j={ixdy. 0}, (19)
the unit normal vector to the void surface has the form:
1 1
n=q——0;, 20
{5sY (20)
and the scalar product in Eq. (6) has two terms:

Jy
f V2 1

At the void surfacex =& y=2L~
. V2 V2
account Eq. (15) we obtain:

(n.j)=

r = R, and if we take into

%+§ Rg(cm — cg) V2 (22)
ox oy Rc—R R

If we use Egs. (11) and (22), then after mathematical trans-
formations the kinetic equation for shifting rate of the void surface
element in the directions <110> takes the form:

f v f
dR_cegDy [ R V2 () e[ 2N} KV o (21Y
d~ V2 |Rc-R R kTR KT KTR

0Spe  0Spe
. ( ox oy )}

(23)
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Fig. 4. The void growth rates for different directions at some values of supersaturation.
R = 0.94 nm.

4.3. The shifting rate of void surface in the direction <111>
Now it is necessary to calculate the scalar product of the flux
vector by a unit vector orthogonal to the void surface to calculate

the shifting rate of void surface in the direction <111>. As the flux
vector is given by:

§={ixodyodz ) (24)

the unit normal vector to the void surface has the form:

1 1 1
=N & = A 25
e (29)
and the scalar product in Eq. (6) has three terms:
. jX jy jZ
nj)="—"c+"=+"2 (26)
RV BV RV
At the void surface x=&  y==R  z_— % =R, and if we

V3
take into account Eq. (15) we obtam

dc ac dc_Rg(cm —cr) V3

ax ay 'az Rc—-R R (27)

If we use Egs. (11) and (27), then the kinetic equation for shifting
rate of the void surface element in the directions <111> takes the
form:

dR ceqDy | Rc V3 2yVf KY 2yVF
@i 3 |Re-R R \AT1%\%ar ) ) ~ % &P\ TR
o 0Spe 0Spe 0Spe
0x ay oz )|’

(28)

Note that the Eqgs. (18), (23) and (28) allow us to estimate the
effect of the surface energy anisotropy on the shift rate of the void
surface elements. Moreover, it is easy to see that similar expo-
nential dependences on this parameter are present in the first and
second terms in square brackets. However, for now we will not take
into account this effect, since it is more rational to do this in the
framework of a more complete model, the main features of which
are outlined at the end of the next section.

5. Results and discussion

Then after the polynomial approximation of the components of
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Fig. 6. The void growth rates for different directions at some values of supersaturation.
R =143 nm.

the atom displacement vectors for the selected crystallographic
directions obtained in the simulation we calculate the corre-
sponding components of the strain tensor and coordinate de-
rivatives of the strain tensor trace. It allows to calculate the
dependences of the shifting rate of the void surface elements for
selected crystallographic directions from temperature for different
values of supersaturations with help the Eqs. 18 and 23 and Eq. (28).
We used the values of V/ and KV that were previously calculated in
our work [23].

Fig. 4 and Fig. 6 show the above-mentioned dependences
normalized to the product of the vacancy equilibrium concentra-
tion and the vacancy diffusion coefficient at the corresponding
temperature. In addition Figs. 5 and 7 show the ratios of the
calculated dependences to analogous ones, but without taking into
account the influence of the elastic field in the vicinity of the voids
[117].

These data show, that in the case of nano-sized voids the
displacement asymmetry of atoms in the vicinity of voids in bcc
iron significantly slows down the shift rate of the surface elements
in directions that coincide with the crystallographic <100> type, or
close to them.

Thus, the effect found in this work is very likely to be one of the
reasons for the appearance of voids having a non-spherical but
cuboid form. These voids were repeatedly observed in the experi-
ments in irradiated materials with a bcc structure [5,12].
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Note that in work [15] we used generalized diffusion equations
for vacancy flux [16] that takes into account the influence of the
elastic field on atomic configurations of the defect environments
when the atom arrives to the saddle point. These equations allow to
describe the influence of elastic strain near the voids more accu-
rately. As result a kinetic equation for the growth rate of voids
contains additional terms due to strains arising near voids. This
feature distinguishes the kinetic equation from one that is known
in Lifshitz and Slezov (LS) theory [17] and changes the kinetic of
void growth. Thus, elastic strain in the vicinity of the nanovoids
affect both the void growth rate and their shape change.

Recall that we proceeded on the assumption that at the initial
instant of time the void has a spherical shape. It is clear that the
complete model of void growth must take into account consistently
all stages and proceed from an agreed system of equations or
models:

1. At the first we have to solve the diffusion equation numerically,
taking into account the influence of the elastic field.

2. Then it is necessary to calculate the rates of the shifting of the
void surface elements.

3. At this stage it is necessary to calculate the change in the shape
of the void in a short interval of time At on the basis of the rates
of surface element shifting.

4. Finally, we must simulate the atomic structure in vicinity of the
void knowing its shape.

After that we must go to step 1.

By executing this sequence, one can obtain a picture of the
change in the shape of the void with time for given external pa-
rameters (primarily supersaturation and temperature).

6. Conclusions

e New model for determining atomic structure in the vicinity of
nanovoids is presented.

e The obtained fields of displacements for nanovoids are suffi-
ciently different from the elasticity theory solution.

e Also, the displacements are significantly different for various
crystallographic directions in metals with bcc structure.

e The shift rate equations of the void surface elements are ob-
tained for various crystallographic directions

e The shift rate of the void surface elements is calculated for
various crystallographic directions in a wide range of
temperatures.

e Consideration of the asymmetric elastic field effect in the vi-
cinity of the pore leads to the conclusion that the strain field

significantly slows down the shift rate of the pore surface ele-
ments in the direction coinciding with and close to <100>
crystallographic one.

This effect should lead to a change in the shape of the initially
spherical void and, probably, gradually makes the shape closer
to the cuboid type.
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