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Abstract—The efficiency of linear sinks for self-point defects (SPDs) elastically interacting (dislocations)
and not interacting with sinks with the density of 3 x 10'* m~2 is calculated for BCC (Fe, V) and FCC (Cu)
crystals at the temperature 293 K using the object kinetic Monte Carlo technique, depending on type and
value of applied mechanical load (up to 200 MPa) and types of linear sinks. Full straight dislocations in slip

systems [111](110), [111](112), [100](001), and [100](011) for Fe and Vand [100](001) for Cu are considered
for dislocation sinks (DSs). Orientations of noninteracting linear sinks (NILSs) coincide with those of DSs.
Interaction of SPDs with internal (dislocation) and external stress fields is calculated within the framework
of anisotropic linear theory of elasticity. Relative changes in efficiency of different co-directional linear sinks
(either interacting or not interacting with SPDs) under action of applied stress are approximately identical
under low stress. Radiation creep rates are calculated for the considered crystals under uniaxial stress in the
stationary regime of Frenkel pairs generation. The creep rate strongly depends on the loading direction and
Burgers vector of dislocations in Fe and V, and it is almost independent of these parameters in Cu. At the same
generation rate of Frenkel pairs, the radiation creep rate averaged over all loading directions is significantly
higher in BCC (Fe, V) crystals containing dislocations with the Burgers vector a/2(111) than in FCC (Cu)
crystals.
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INTRODUCTION symmetry, since these mechanisms of radiation-
induced deformation of a crystal are determined by
anisotropic effects. An analytical solution for effi-
ciency of DSs interacting with SPDs is absent, and

numerical simulation should be used for its finding.

In [1], different mechanisms of crystal deformation
caused by radiation impact under stress were consid-
ered, and it was shown that the strongest effect has
stress-induced diffusion anisotropy of radiation point
defects. This diffusion anisotropy of defects causes a
dependence of efficiency of dislocation sinks (DSs) for

The purpose of the present work is to establish the
dependence of DSs on applied external loads for

radiation defects on applied external loads, which
results in redistribution of the balance of flows of self-
interstitial atoms (SIAs) and vacancies to dislocations
differently oriented with respect to external load and
in a consequent dislocation climb. In order to estimate
the radiation-induced deformation rate of a crystal
under given external load determined by climb of edge
dislocations, it is necessary to know the dependence of
efficiency of DSs of radiation defects on applied exter-
nal loads within the framework of anisotropic diffu-
sion of self-point defects (SPDs), which was not done
in [1].

When calculating the dependences, it is necessary
to use methods and approaches sensitive to real crystal

anisotropic BCC (Fe, V) and FCC (Cu) crystals using
the object kinetic Monte Carlo method [2, 3].

The efficiency of linear sinks for diffusing SPDs not
interacting with the sinks and absorbed, if captured, by
a sink core with a certain absorption radius (NILSs,
noninteracting linear sinks) will be calculated for
comparison. Directions, densities, and absorption
radii of NILSs correspond to DSs interacting with
SPDs.

Interaction of SPDs, considered as elastic dipoles,
with dislocations and external stress fields is calculated
within the framework of anisotropic linear theory of
elasticity [4, 5]. In this case, the crystallographic
(right) coordinate system was used; indices “+” or “—”
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were added to a name of a value designating its associ-
ation with an SIA or a vacancy, respectively.

COMPUTER MODEL
Self- Point Defects

The characteristics of SPDs (formation energy and
dipole tensor of the SPDs for stable and saddle-point
configurations) for BCC (Fe, V) and FCC (Cu) crys-
tals used for the calculations in this work were
obtained in [7, 8] using molecular statics simulation.
Though molecular dynamics modeling [9, 10] with the
use of the same potentials of interatomic interaction as
in [7, 8] has shown that diffusion of SIAs and vacan-
cies can proceed via different mechanisms, in this
work in modeling of SPDs with the object kinetic
Monte Carlo method, only basic diffusion mecha-
nisms were taken into account:

—in the case of SIAs, a jump of (110) dumbbell to
the nearest site with rotation of the dumbbell axis by
60° for BCC (Fe, V) crystals and a jump of (100)
dumbbell to the nearest site with rotation of the dumb-
bell by 90° for FCC (Cu) crystal;

—for vacancies, a jump of atom from a lattice site
to the nearest vacant site.

DSs and NILSs

For BCC crystals, straight full edge and screw dis-
locations, EDs and SDs, with Burgers vectors
a/2[111] and a[100] (where a is the lattice parameter)

are considered in the slip systems [111](110),

[111](112), [100](001), and [100](011).

For the FCC Cu crystal, a straight full ED with
Burgers vector a/2[110] is considered in the slip sys-
tem [110](001).

Also, NILSs lying in the crystallographic directions
(100), (110), (111), and (112} are considered for BCC
and FCC crystals.

External Loading

Six different types of loading are used for calcula-
tion of efficiency of SPD sinks: one of six independent
components of the external stress tensor assumes the
value o; the other five are zero. For convenience here-
inafter, the respective type of loading will be desig-
nated as a nonzero component of a stress tensor, for
example, c,,. For FCC crystals, all six types of loading
were calculated, and for BCC, only three, 6,,, 6,3, and
G,3, since diagonal components of the stress tensor do
not cause anisotropy of SPD diffusion and, therefore,
have no impact on efficiency of the sinks in BCC crys-
tals because of special features of symmetry of the
BCC lattice (loading axes G, 05, and G, lie along the
4-fold symmetry axis) and diffusion mechanisms
(SPD jump is along the 3-fold symmetry axis). The
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calculations were performed for o values of 40, 80,
+120, £160, and £200 MPa.

Interaction of SPDs with Sinks
and External Stress Fields

Interaction energy of SPDs in stable and saddle-
point configurations with dislocations and external
stress fields was calculated within the framework of
anisotropic theory of elasticity [4, 5, 11]:

int d

E" = —PyS1(Ci + O1r)s ()
where P is the dipole tensor of SPDs, Sy, is the elastic
compliance tensor, GZ, and G,, are the tensors of dislo-

cation and external stress fields, and summation is
performed over repeated indices (i, j, k, [ = 1, 2, 3).
The same values of elastic constants (¢;;, ¢3, ¢14) and
the lattice parameter were used as in [7, 8].

Comparison of the results of calculation of interac-
tion energy between SPDs and dislocation and external
stress fields using molecular statics and anisotropic the-
ory of elasticity has shown their good agreement [9, 12].

Sinks Efficiency

Calculation of sinks efficiency & = k?/p,, where k?
is the sink strength (k' is diffusion length before
absorption at a sink) and p, is the density of DSs or
NILSs, was performed by object kinetic Monte Carlo
method following [8, 9, 13].

In a model crystal, there is only one SPD and one
type of sink (in this work, either DS or NILS of a def-
inite type). The starting positions of SPDs were ran-
domly given in a crystallite. The model crystal is a
right-angle prism of infinite length, which has a square
with the side length L as a base. The DS or NILS was
in the center of the prism. Periodic boundary condi-
tions were imposed on the lateral faces of the prism: in
the case where the SPD left the crystallite, it was
returned from the opposite face of the crystallite.
Thus, a crystal for modeling contained square net of
parallel linear sinks spaced at a distance L, which cor-
responds to the density of sinks L=2. The value L was
chosen to be 200a and 160a for BCC and FCC crys-
tals, respectively. Therefore, the density of sinks is
~3 x 10 m~2, which corresponds to a typical value of
dislocation density in deformed and irradiated metals.
The trajectory of an SPD was calculated until a defect
was absorbed by a sink (approaching to a distance
smaller than r, to a sink). After that, an SPD of the
same type was inserted into the model crystal. The sink
efficiency & is expressed by the relation [8, 9, 13]

2
g = 2L ®)
(N
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Efficiency of NILSs in the absence of external loads, §0i (0) (“+” for SIAs, “—” for vacancies), in BCC and FCC crystals
with density of linear sinks of (200a)~2 and (160a) 2, respectively. Relative error is less than 0.05%

Efficiency of NILSs in crystals
Noninteracting linear sink BCC FCC
& (0) g (0) & (0) g, (0)
NILS (100) 2.104 2.107 2.104 2.106
NILS (110) 2.101 2.106 2.098 2.100
NILS(111) 2.094 2.098 2.106 2.107
NILS (112) 2.100 2.106 2.104 2.105

where /s the length of a jump equal to a 32 and a 2/
in BCC and FCC lattices, respectively; (N) is the aver-
age number of jumps of an SPD before absorption at a
sink; and d = 3 is the dimensionality of motion.

For BCC crystals, r, is chosen to be 2.4a, in order
to reach geometrical similarity of the model for BCC
and FCC crystals, i.e., so that the ratio L/r, would not
depend on choice of material. Some ambiguity in the
criterion of choice of the r, value does not have a con-
siderable effect on the calculated values of DS effi-
ciencies, since field interaction between SPDs and
dislocations makes the determining contribution to
the & value [14].

The effect of splitting of a full dislocation into two
partial Shockley dislocations on DS efficiency in Cu
was not taken into account [13].

Accuracy of the Calculations

To obtain statistically reliable data on the effect of
loading on sink efficiency, such a number of trajecto-
ries was calculated as to make the statistical error of
the result no more than 0.3% (the confidence proba-
bility was taken as 99%). This accuracy was provided
by modeling over 10® SPD trajectories. Since relative
changes in efficiency of DSs and NILSs under loading
were compared, estimates of efficiencies of the sinks
without loading were even more exact: 0.1% and
0.05% for DSs and NILSs, respectively. In some cases,
symmetry of the considered problem led to the same
change in efficiency of a sink under action of different
applied loading types. In these cases, the accuracy of
the calculations increased additionally.

RESULTS
Sink Efficiencies without Applied External Loads

The DSs efficiencies in BCC and FCC crystals cal-
culated by the object kinetic Monte Carlo method in
the absence of external loads are presented in [8, 9,
13, 14]. In the case of NILSs, the results (table) are
determined only by symmetry of a crystal (for the con-
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sidered diffusion mechanisms of SPDs), since the
interaction energy between an SPD and a sink, which
determines the specifics of a particular material, is
zero. Therefore, in table, the results are separated only
by symmetry of a crystal without mentioning a partic-
ular material.

The Effect of Applied Loads on Sink Efficiencies

The effect of external loading on the efficiency of
DSsand NILSsin BCC (Fe, V) and FCC (Cu) crystals
was calculated for all types of sinks and external
stresses considered in the work. Since the results are
numerous, Fig. 1 shows typical examples of the effi-
ciency of sinks for the considered crystals. For the
approximations used (frequencies of SPD jumps are
determined by Arrhenius type dependences, and it is
assumed that the pre-exponential factor does not
depend on external stress field [8, 9, 13]), the NILSs
efficiency depends only on the ratio between the load
o and absolute temperature 7, therefore, an additional
x axis is added in Fig. 1 for the /7T parameter.

Also, the results of calculations of the NILSs effi-
ciencies obtained with Saralidze’s analytic solution [1, 6]
are shown for comparison:

Ei(oy) _ 3D,
&(0)  TrDy
where £i(c;) is the NILSs efficiency under applied
external stress field, £,(0) is the NILSs efficiency in
the absence of external stress field, TrDj is the trace of
the SPD diffusion tensor, and D, is the average diffusion
coefficient in the plane normal to NILS orientation.
Figure 1 considers types of loading at which only
one component of the external stresses tensor 6 is
nonzero. For the sinks considered in Figs. 1a and 1b,
the loading types o, and o,; are crystallographic
equivalents; in Figs. 1c and 1d, the crystallographic
equivalents are 63 and G,3; in Figs. le and 1f, they are
o, and 65, and also 63 and G,;.
In the linear approach for the aforementioned dif-
fusion mechanisms of SIA (+) and vacancy (—) in
BCC crystals, the effect of external stresses on the

, 3)
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form of the D; tensor can be written as (no summing

over repeated indices):

+
3D;

Pi
= 5,+ 2 Lo,(1-5,), 4)

+
TrD; Caq
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where §; is the Kronecker symbol, P~ = P},, P* =

(P}, + P}; +P3;)/3, P; isthe dipole tensor of SPD in
a saddle-point configuration responding to a jump in
the [111] direction, B = (kg7)~!, and kg is the Boltz-
mann constant.
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Fig. 2. Temperature dependence of stationary concentrations of thermal Cyand radiation C: (a) SIAs, (b) vacancies in Fe, V, and

Cu at the Frenkel pair formation rate (per atom) 1077571

For FCC crystals, the similar relationship is (no
summing over repeated indices)

+ +
& = 61‘/' + %Gij(l - 81’/’)
Ter Cay
. 5)
N P;B (G“_ Trcij)&’
Ci—Cn ! 3 /

where P, = P1y/2, P; =9(P}, — Pi;)/16, P; =(P;, —

P;)/2, and P; is the dipole tensor of SPD in the sad-

dle-point configuration corresponding to jump in
[110] direction.

Saralidze’s solution [1, 6] describes NILSs efficiency
with accuracy no worse than 1% at |5/7] < 0.34 MPa/K
(here, o is the maximum component of the stress ten-
sor) for all types of loadings and NILSs in the consid-
ered Fe, V, and Cu crystals.

Comparison of the object kinetic Monte Carlo data
for efficiencies of DSs and co-directional NILSs leads
to a conclusion that their relative changes under load
are approximately coincident:

&(oy) , Soloy) (6)
€(0)  &(0)

Therefore, to describe changes in DS efficiencies,
it is also possible to use Saralidze’s solution. The range
of its validity is narrower than for NILSs: accuracy no
worse than 1% at |o/7T|<0.27 MPa/K at T=293 K. As
the temperature increases, the range of validity of
Saralidze’s solution for DSs determined by the |o/T|
ratio tends to the range of validity of Saralidze’s solu-
tion for NILSs. Thus, at 7= 1000 K, Saralidze’s solu-
tion can be applied for DSs at |6] < ~300 MPa, which
covers the working range of external loadings for struc-
tural materials of the cores of nuclear fission and
fusion reactors.

INORGANIC MATERIALS: APPLIED RESEARCH Vol. 6  No. 5

and dislocation density 3 x 1044 m

-2

The DSs efficiency in BCC crystals does not
depend on diagonal elements of the external stress
tensor, owing to specifics of the lattice symmetry and
diffusion mechanisms of SPDs.

DISCUSSION

The obtained dependences of DSs efficiency on
external loading values make it possible to calculate
the radiation creep rate governed by climbing of edge
dislocations.

We shall consider a case where radiation provides
stationary concentrations of SIAs and vacancies which
surpass considerably the equilibrium concentrations.
Figure 2 shows the calculated temperature depen-
dences of stationary concentrations of radiation and
thermal SPDs.

The stationary concentrations of radiation SPDs
were calculated neglecting recombination as follows:

G
= , 7
DQEp, @
where G = 1077 s~! is the Frenkel pair generation rate
(number of Frenkel pairs per atom per second), Q is
the atomic volume, p, = 3 x 10'* m~2, D are the diffu-
sion coefficients of SPDs (the values are taken from
[9, 10, and 15] for Fe, V, and Cu, respectively), and &
is DSs efficiency (ED (111){110} for Fe and V,
ED (110){001} for Cu). At the mentioned values of the
parameters, the consideration for recombination
results in changes in C values within 5% from the val-
ues calculated by Eq. (7) at 7> 400 K.
The thermal concentration of SPDs was derived
from the formula

Cr = exp(-E'B), ()
where EF is the formation energy of SPDs. The contri-
bution from the formation entropy of SPDs to the
thermal concentration (additional entropy factor
exp(S7/kg) in the right part of Eq. (8)) was not taken
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into account. The value S*/kg for vacancies, according
to different estimates, is mainly in the range from 0 to
4 [15—17]; for SIAs, the spread is wider: from —2 to 10
[15,17—19];i.e., real values of thermal concentrations
can differ from those presented in the figure by two
orders of magnitude for vacancies and by four orders of
magnitude for SIAs.

It is seen from Fig. 2 that, for the considered con-
ditions, the relation C; <€ C is satisfied for SIAs up to
1000 K for Fe, V, and Cu; for vacancies, it is satisfied
up to 600, 800, and 1000 K for Cu, Fe, and V, respec-
tively.

The deformation rate of a crystal in the Burgers
vector direction of climbing dislocations of the family
iis[1]

& = pgbivi = Qpa’,i(lr_ri)a 9)

where v; is the climbing rate of dislocations i and I,-i
are the SPD flows per unit length of dislocation i:

+ At 1t

Iy = & D°C. (10)
If the recombination is small,
" -1
DC = G[QZ&?de , (1)

i=1
where # is the number of dislocation families.

If there is no texture in a crystal (p,; = py, = ...=
Pa.n = Pa/n), substitution of (10) and (11) into (9) gives
an expression for the contribution from the dislocation
family i to the deformation rate:

. G(mmj (12)
E(0) & (0)

BCC Fe and V Crystals

In the case where there are only dislocations with
b=a/2(111) in a crystal, use of (3)—(6) and (12) gives
the following expressions for deformation rates in the
uniaxial loading directions (111), (110}, and (100):

. _ GPoP - P
iy = 7 P
: _ GBcP — P
foo =56 e,
é<100> = 0

At uniaxial loading of 100 MPa in the (111) direc-
tion and 7= 600 K, the creep rate in the loading direc-
tion is 3.6 x 102 G and 3.8 x 1073 G for Fe and V,
respectively.

If there are only dislocations with b = a(100), the
radiation creep rate is zero for any type of loading.

INORGANIC MATERIALS: APPLIED RESEARCH Mol. 6
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FCC Cu Crystal

In the case where a crystal contains only disloca-
tions with b = a/2(110), use of (3)—(6) and (12) gives
for the deformation rates in the uniaxial directions
(111}, {110}, and (100) the following expressions:

. _ GBoP, - P,
€y = 36 P

: ZGBG(P;—P;_'_ P;-P,
o 48 Cas 6(ciy—cp)’
GBoPi—P,

72 ¢ —cpy

Under uniaxial load of 100 MPa in the (111) and
(100) directions at 7' = 600 K, the creep rate in the
loading direction is 1.1 x 103 G and 1.4 x 1073 G,
respectively: the creep rate depends only slightly on
loading direction in a FCC Cu crystal.

On average, in all loading directions, the creep rate
is lower by a factor of two in FCC Cu crystal contain-
ing dislocations with b = a/2(110) than in BCC Fe and
V crystals containing dislocations with b = a/2(111) at
the same Frenkel pair generation rate.

é<100> =

CONCLUSIONS

1. The efficiencies of linear sinks for radiation point
defects interacting (dislocations) or not interacting
with such sinks at the temperature of 293 K in BCC
(Fe and V) and FCC (Cu) crystals with the sink den-
sity of ~3 x 10'* m~2 under action of external loading
of different types and values (up to 200 M Pa) were cal-
culated by the object kinetic Monte Carlo method.
The energies of interaction between SPDs and exter-
nal or dislocation stress fields were calculated within
the framework of anisotropic linear theory of elasticity.

2. The relative changes in efficiencies of dislocation
and noninteracting linear sinks under applied load
coincide at relatively small loads, which substantiates
using analytical solution (3) for NILS, accurately
describing the obtained data as functions of tempera-
tures and loads in the calculated ranges, for descrip-
tion of the effect of external loading on efficiency of
dislocation sinks.

3. BCC symmetry of a crystal lattice results in spe-
cifics of the obtained dependences of sinks efficiency
on applied loads:

—Dislocations sinks efficiency does not depend
on diagonal elements of tensors of external stresses.

—Dislocations sinks efficiency depends slightly on
any type of external loads if dislocations lie in (100)
directions.

4. Radiation creep rates for the considered BCC
and FCC crystals owing to edge dislocation climb (of
dislocations uniformly distributed in all slip systems)
are obtained at a stationary rate of Frenkel pair forma-
tion for some particular cases, and it is shown that
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—in a crystal class, numerical results for radiation
creep rate differ insignificantly for different BCC
materials (Fe and V);

—in the BCC crystal containing only dislocations
with b = a(100), the creep rate is zero at any type of
external loads;

—the creep rate depends strongly on uniaxial load-
ing direction in BCC (Fe, V) (for example, it is zero
under uniaxial load in the (100) direction) and is
almost independent of it in FCC Cu crystal;

—the creep rate averaged over all directions in
FCC Cu crystal containing dislocations with b = a/2(110)
is half that in BCC crystals (Fe and V) containing dis-
locations with b = a/2(111).
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