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ABSTRACT

We investigate the influence of elastic properties of point defects on dislocation climb under stress and
irradiation. For this purpose, elastic dipole tensors and diaelastic polarizabilities are evaluated in alu-
minum for vacancies and self-interstitial atoms in their stable and saddle configurations, using density
functional theory calculations. These parameters are introduced in an object kinetic Monte-Carlo code
and a continuous diffusion model to estimate the stress dependence of dislocation climb, using a dipole
of straight dislocations. We show that both parameters have an influence on absorption of point defects
under stress, in agreement with previous analytical models. However, the effect of dipole tensor is found
only 5 times larger than polarizability, whereas models predict a factor up to 30. In addition, includ-
ing polarizability reverses the stress angular dependence when a uniaxial stress is applied orthogonal to
the dislocation line, so in general polarizability cannot be ignored for simulations under applied stress.
Further comparison with analytical models shows that they give a good description of angular depen-
dence, provided saddle point configuration of point defects is not too anisotropic. For vacancies, which
are strongly anisotropic in their saddle configuration, models fail to reproduce quantitatively lattice ef-
fects on stress angular dependence observed in simulations. Calculations show that dislocation climb
velocity under irradiation is expected to be the highest if the stress is approximately orthogonal to the
dislocation line, especially along the Burgers vector, and the lowest if the stress is applied close to the
(100) direction with the largest projection on the dislocation line.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

based on climb-assisted glide of dislocations, whose anisotropic
character may also come from the dependence of climb velocity

Under irradiation and applied stress, metallic alloys exhibit a
specific deformation process known as irradiation creep [1,2]. The
associated strain rate, which may be much larger than the one
associated to thermal creep, is related to anisotropic microstruc-
tural changes. Among them, anisotropic formation and growth of
dislocation loops, resulting from the agglomeration of point de-
fects (self-interstitial atoms, vacancies), have been observed [3-
8]. These processes have been explained by the reorientation of
small clusters under stress [9] and/or the preferred absorption
of self-interstitial atoms (SIAs) and vacancies by some dislocation
loops, depending on their orientation with respect to the applied
stress [10]. Other mechanisms have also been proposed. They are
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on stress [11].

Two main models have been developed to explain the preferen-
tial climb of some dislocation types under applied stress and irra-
diation. These two models finely depend on the elastic properties
of point defects, which couple to the internal and applied strain
fields and result in preferential absorption of point defects at some
dislocations. They both describe a point defect through its elas-
tic dipole, a tensor which describes how the point defect energy
varies in a strain field. The first model, known as stress induced
preferred absorption due to anisotropic diffusion (SIPA-AD)! [14-
17], relies on the anisotropy of dipole tensors of point defects in

T In some references it is called SIPA-SAPSE (stress induced preferred absorp-
tion due to saddle-point shape effect) [12,13]. This name has the clear advantage
to identify the physical quantity responsible for the anisotropic behavior, since
anisotropic diffusion (AD) can come from various physical quantities. However,
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their saddle configuration [18]. Due to this anisotropy and to the
lowering of crystal symmetry by an applied stress, diffusion be-
comes anisotropic [19,20]. This anisotropic diffusion is responsible
for different absorption “cross-sections” by dislocations and thus
for preferred absorption. The second model is the stress induced
preferred absorption due to inhomogeneity interaction (SIPA-I). It
is also often simply called SIPA, as it was developed first and re-
mains very popular [8,21-23]. It relies on the dependence of dipole
tensor on local stress, a phenomenon known as diaelastic polariz-
ability [24].

It is customary to quantify the effect of stress on absorption
rate of defects by dislocations by calculating absorption efficien-
cies, which are key quantities in rate theory models. Previous an-
alytical and numerical calculations have shown that in iron and
copper, absorption efficiencies under stress exhibit a higher de-
pendence on elastic dipole anisotropy than on polarizability, so
that SIPA-AD could be more than one order of magnitude larger
than SIPA-I [12,14,16]. This estimate relies on dipole tensors calcu-
lated by interatomic potentials, which can differ substantially from
dipole tensors evaluated by ab initio methods [25]. Several approx-
imations are made for the polarizability of the elastic dipole to
make analytical calculations tractable: the four-rank tensors char-
acterizing this polarizability are assumed to be isotropic and iden-
tical for defects at stable and saddle positions. In addition, it is un-
clear what consequences approximations made in analytical mod-
els may have on the absorption rates of point defects [16]. For
all these reasons, it appears important to evaluate more precisely
the amplitudes of SIPA-AD and SIPA-], i.e. the role of elastic dipole
anisotropy and diaelastic polarizabilities on absorption efficiencies
of point defects by dislocations under stress.

In the present work, we use two simulation methods to eval-
uate these absorption efficiencies in aluminum. The first one is
an object kinetic Monte-Carlo (OKMC) approach, which has al-
ready been used to determine absorption efficiencies without ap-
plied stress [26]. The second one is a continuous diffusion model
(CDM) [27]. Both methods take into account point defect proper-
ties at stable and saddle positions. To obtain a precise value of ab-
sorption efficiencies, dipole and polarizability tensors are extracted
from density functional theory (DFT) calculations. Aluminum is
chosen because it is nearly elastically isotropic, so that isotropic
elasticity can be used conveniently to predict absorption efficien-
cies [26].

This article is organized as follows. In Section 2 diffusion of
point defects under stress is discussed and the existing models
of absorption efficiency under stress are shortly reviewed. Dipole
tensors and diaelastic polarizabilities are calculated in Section 3.
Absorption efficiencies of point defects by dislocations are deter-
mined by OKMC and CDM and compared to existing models in
Section 4.

2. Diffusion of point defects under stress and existing models
of point defect absorption efficiency

2.1. Diffusion under stress

The migration of point defects to dislocations depends on their
interaction with the elastic field created by dislocations and the
applied stress. A point defect can be adequately described as an
elastic dipole IT;; [28,29], which depends on the local strain field
if it is polarizable (summation over repeated indexes is implied):

I1; (&) = Pj + ajjucu (1

SIPA-AD seems to be more widely used in the literature, so we keep this name
here.
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where B;; = IT;;(0) is the elastic dipole without any effect of stress,
@;j the diaelastic polarizability and ¢;; the local strain field at the
position of the point defect. The associated interaction energy can
be expressed as [30]:
E = —Pjg;j — %&jaijklgkl- (2)
Elastic dipoles and polarizabilities are in general different at stable
and saddle positions. In the following, superscript “s” means that
a quantity is taken at saddle position.

Dederichs and Schroeder have shown that the point defect flux
can be written as a function of a renormalized diffusion ten-
sor [20]

- 1 P Esh(r
Dij (l‘) = ZDO Zhihj exp <_ kB'(T )>’ (3)
h

where ESP(r) is the interaction energy as given by Eq. (2) for a
point defect initially located at r and performing a jump h with as-
sociated unit vector 1, Dy is the diffusion coefficient without stress,
kg the Boltzmann constant and T the temperature. The strain field
in the interaction energy is taken at the location of the saddle
point, which in the present case is r + h/2. The summation is per-
formed on all nearest neighbors. The stress free diffusion coeffi-
cient is Dg = K vpa? exp (—EJ"/kgT), where « =1 for a vacancy and
Kk =2/3 for a (100)-split dumbbell SIA. In this expression, a is the
lattice parameter of the fcc matrix, vy and Ef the attempt fre-
quency and migration energy, respectively.

Using a Taylor expansion to second order in strain of the diffu-
sion coefficient, Woo has clearly shown that different terms con-
tribute to stress induced preferential absorption [16]. Even though
in the present work this expansion is not used, it is useful to re-
call it to make the link with existing models. Let ¢;; be the sum
of an applied strain ¢, and an internal strain sidj due to a dislo-
cation, which is assumed to weakly vary over distance a, so that
efj(r+h/2) ~ ef'j(r). Inserting (2) into (3) leads to
Dod;; +ip L > hihyPsted r)

\r’U/ 4 I(BT - RNkl “kl

1 - stress free diffusion

Dij(r) ~

2 - EID, first order

1 1 —_
+ zPopt S hihpstes,
h

3 - elastodiffusion, SIPA-AD (Woo0)

1.1 i h 1 shpsh d
+ ZDOkgiT Xh:hihj( alilmn + mplfl Prfm )Sladgmn(r)

4-SIPAT 5 Sipa-aD (Dederichs)

1 1 Al 11

+ ZDOkTT Zhi j(iai;';m + imﬂfihpﬁiz?)ggz (&g (1)
h

6 - EID, second order

Tege(1oan (11 o
+3P0%T Zhihf(gaiimn + 3 kT ki Pﬁin>8ﬂz8ﬁm~ (4)
h

7 - elastodiffusion, second order

The first term corresponds to the diffusion tensor in the absence
of stress. The second term, which is related to the elastic interac-
tion difference (EID) for SIAs and vacancies, is responsible for the
dislocation bias [31] to first order (second order is the sixth term,
it is always neglected). The third term is the classical elastodiffu-
sion term [20]. It has been identified by Woo as the main contribu-
tion to SIPA [13,16], called SIPA-AD. The fourth and fifth terms cou-
ple the dislocation and applied strains and thus also lead to SIPA.
The contribution of polarizability corresponds to SIPA-I effect [21-
23], whereas the product of dipole tensors is the SIPA-AD effect
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as initially considered by Dederichs and Schroeder [20]. In numer-
ical simulations based on dipole tensor anisotropy, both the third
and fifth terms are included since the diffusion coefficient is kept
in its initial form (3) [15]. Finally, the sixth and seventh terms are
second order terms for EID and elastodiffusion. Although the latter
can in principle contribute to SIPA, it has been ignored in previous
studies based on polarizabilities, which all relied on analytical de-
velopments. Only the fourth term was considered. However, here
again, the second part of this term is present in numerical studies
using anisotropic dipole tensors.

2.2. Models of point defect absorption efficiency under stress

In the framework of rate theory, the effect of stress on point
defect absorption rate by dislocations is quantified by the so-
called “absorption efficiencies”. These quantities relate the absorp-
tion rate of point defects to their average concentration in the ma-
trix. They are obtained by solving the diffusion problem around a
sink, usually at stationary state [32-36]. Analytical expressions of
absorption efficiencies can be obtained only with simple geome-
tries and simplified description of point defect properties. Taking
into account the full complexity of Eq. (4) necessarily requires nu-
merical simulations, as those performed in the present work.

Heald and Speight have given an expression for the absorption
efficiency of defects by dislocations under a tensile stress of mag-
nitude o, if among terms 3 to 7 in Eq. (4) only the fourth one is
taken into account (SIPA-I) [23]. They assume that the polarizabil-
ity tensor is the same at stable and saddle points and that it is
isotropic, i.e.

2
Qjji = (011( - §01“)5ij3k1 + Ol”(fsikaﬁ + 3i18jk)s (5)

where of and o* are the bulk and shear polarizabilities [37]. This
approximation amounts to considering the defect as an isotropic
inhomogeneous Eshelby inclusion in the matrix. The dipole tensor
is also assumed to be the same at stable and saddle points and
is considered isotropic, ie. F;j = P§;j. Woo has shown that the ex-
pression of Heald and Speight can be cast under the following form
(HSW model) [38]:

AZ!
Z(0) = 2° (1 + Zg")), 6)
with
AZ\(o)  Z° 8L(o) )
20 " 2m IO
70 = _ (8)
Mﬁ)
o_Pol-2v 1
L_an—v kT ®)

SL(c) o (1 —-2v)aX
O~ u| 20 +v)P

a#
*t3a —2v)P(

(note that the 2w factor in Eq. (7) is missing in the expression
of Woo). Z9 is the absorption efficiency without applied stress. In
Egs. (8)-(10), v is the Poisson’s ratio, p is the shear modulus, b is
the Burgers vector (b = |b|), I is the dislocation line direction, y is
the Euler’s constant (y ~ 0.577) and R is the half-distance between
dislocations, calculated as R = (1 pq)~1/2 with py the dislocation
density. The uniaxial stress is applied along s, so that oj; = os;s;.

1+ 4306 D236 b)) (10)
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Egs. (6) to (10) are often given with different notations, consider-
ing the defect as an Eshelby inhomogenous inclusion. The link be-
tween the two formalisms is recalled in Appendix A. For the sake
of completeness, we note that an expression with a similar depen-
dence on stress orientation, in (s-I)2 and (s - b)2, was obtained by
Wolfer and Ashkin [37].

With this model, the stress direction leading to the highest ab-
sorption efficiency depends on the sign of a*/P (Eq. (10)). For an
SIA in fcc metals, it is known that in its stable position, o > 0
and P > 0 [39], so the model predicts that SIAs are more absorbed
by a dislocation if the tensile stress is along the Burgers vector. For
a vacancy, it is assumed in the literature that o* > 0 [22,23], but
P < 0, so the reverse behavior is expected.

Later, SIPA due to elastodiffusion (SIPA-AD) was investigated an-
alytically by Skinner and Woo [13], Woo [16], and Borodin and
Ryazanov [17]. The most general formula was derived by Borodin
and Ryazanov. They showed that if only the three first terms in
Eq. (4) are retained, and if the deviatoric part of the dipole tensor
at saddle point is small, the absorption efficiency of a defect can
be written as

AZAD'O AzAD,hydro o AzAD,dev o
ZAD(G):ZO<1+ o+ = ( )+ =5 @) . (11)

Contrary to the SIPA-I model described above, in this model, here-
after called B&R model, the defect has different properties at stable
and saddle positions. The absorption efficiency Z9 is still defined by
Eqgs. (8) and (9), but P is now related to saddle point properties,
ie. P=PS=Tr(P%)/3. Z0 thus corresponds to the absorption of an
isotropic defect at saddle point. Saddle point anisotropy can have
an influence on absorption efficiency even in the absence of ap-
plied stress [13,15,17,26,40,41], this is taken into account through
AZAD-O The effect of stress on absorption efficiency can be de-
composed into an hydrostatic term AZAPhdro depending only on
Tr (o), and a deviatoric term AZAP4eV Qnly the latter is of inter-
est here, as we focus on the difference of absorption efficiencies
for different orientations of applied stress. For a uniaxial stress, it
reads [17,42]

A ZAD,dev ( 0’)

Z0 40 kgT

3
< {d@)[(s.z)z - %] +d9 Y[ e (e )7 - %] } (12)
p=1

where e, (p=1,2,3) are the unit vectors along the crystallo-
graphic axes. Factors d® and d®) are related to the components of
dipole tensors at saddle point. In an fcc structure, the dipole tensor
of a defect jumping along [110] is of the form

Py Py 0
P=(p, P 0] (13)
0 0 P

We then have d® = P§,/PS and d® = (P}, — P;)/(2P) — P5, /PS.

It appears from Eq. (12) that the absorption efficiency does not
depend on the orientation of uniaxial stress with respect to the
Burgers vector, unlike SIPA-L It is generally accepted that what is
important for SIPA-AD is the orientation of stress with respect to
the dislocation line direction I, as shown in the simplified model
of Woo [16]:

AZM4V (g) 30 PS P , 1
e LR [s-02-5]: (14)

o Ps

This expression corresponds to Eq. (12) if I = e, for a given p, ex-
cept that P§; in Eq. (12) is replaced by the eigenvalue P} associated
to the eigenvector along the jump direction (in practice P§; and
P} are very close, since P§ = P}, + P}, and P}, <« P};). For vacancies,
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P> <0 and Pj/P° > 1 [26,43], so a tensile stress applied along the
dislocation line increases the absorption efficiency. For SIAs, PS > 0
and P;/P* > 1, so the reverse behavior is expected. We note how-
ever that in the general case (Eq. (12)), it is clear that the orien-
tation of stress with respect to crystallographic axes also plays a
role.

Expressions for SIPA-AD and SIPA-I use only some terms in
Eq. (4). In reality, all terms from 3 to 7 contribute to absorp-
tion efficiency modification under stress. As shown by Savino and
Tomé [14], the third term, as a first-order term, should give the
highest contribution. However, their results were obtained with
crude estimates of polarizabilities and values of dipole tensors cal-
culated by interatomic potentials. In addition, as shown in the
previous paragraphs, various approximations underlie the analyt-
ical derivations. That is why, in the following, we evaluate the
dipole tensors and polarizabilities for both stable and saddle con-
figurations by DFT and introduce them into an OKMC code and a
CDM model, which take into account the full complexity of diffu-
sion under stress. We determine the relative importance of dipole
anisotropy and polarizability by comparing these calculations to
calculations without polarizability. The validity of expressions (7)-
(10) and (12) is discussed, based on our simulation results.

3. Point defect properties
3.1. Method

Point defect properties can be calculated by atomistic simula-
tions, from the energy difference between two simulation boxes
containing a point defect, one with applied homogeneous deforma-
tion & and the other one without deformation. Following Eq. (2), it
reads, for a box of volume V [29,44],

AE(e) = %&jcijkﬁklv — Bjeij — %&jaijklekr (15)
The first term corresponds to the homogeneous deformation of
the perfect crystal. It can be calculated separately with a ded-
icated simulation of a box without defect and subtracted from
AE to retain only the contribution of the point defect. By fit-
ting Eq. (15) without bulk contribution on calculations performed
at different deformation levels, for different deformation types
(shear, isotropic dilatation, etc.), it is possible to extract point de-
fect dipole and polarizability tensors.

Another method consists in using the average residual stress on
the simulation box [29,44]:

1 dAE

1
V de, = Gjuién — *(Pij + aijklgkl)v (16)

oij(e) = v

Elastic dipoles are readily obtained from simulations with zero ap-
plied deformation [45], after subtracting the spurious stress in the
perfect simulation box [29]. Polarizabilities can be extracted from a
linear fit of the stress as a function of the deformation level, after
subtraction of the contribution of the perfect crystal. If the dipole
component is also deducted, the quantity Acjj(e) = —a;j€n/V is
obtained.

To evaluate point defect properties in aluminum, DFT calcu-
lations are performed with VASP code [46-49] using the projec-
tor augmented-wave (PAW) method [50,51]. Calculations are per-
formed including the s states [Ne]3s23p!. The exchange correla-
tion energy is evaluated using the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA). The plane wave energy
cutoff is set to 400 eV. Brillouin zone integration is performed
with a Methfessel-Paxton broadening of 0.4 eV. Supercells with
an SIA or a vacancy contain 256 + 1 atoms. With such simula-
tion cells, a dense shifted Monkhorst-Pack k-point mesh grid of
8 x 8 x 8 points is necessary to obtain converged results, in agree-
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ment with previous results [52]. Each configuration is relaxed us-
ing the conjugate gradient technique. The climbing image nudged
elastic band method (CI-NEB) [53] using 7 images is used in or-
der to find saddle points. A calculation is considered as converged
when the forces on each atom are lower than 0.002 eV/A.

In the present study, dipole tensors are calculated with the
stress method (Eq. (16)). Simulations with interatomic potentials
with different supercell sizes, reported in supplementary material,
show that the error on dipole tensor components due to the in-
teraction between the point defect and its periodic images [25] is
less than 1% (Fig. S1 and Table S1). Both energy and stress methods
were tested to determine polarizabilities. The convergence with
the number of k-points turned out to be faster with the stress
method, in agreement with previous observations [54]. In addi-
tion, the stress method requires fewer deformation types to extract
polarizabilities, since the different stress components are related
to different combinations of «;j, coefficients. For these two rea-
sons the stress method is used. A list of the deformation types,
with the corresponding values of —VAgj;(€) = atjjxé, is given
in Appendix B. Although the first deformation is not necessary to
determine coefficients for cubic and tetragonal symmetries, it is
calculated in order to check consistency of coefficients calculated
by different deformations. It also gives an estimate of the error on
the coefficients, which can roughly be estimated to a few eV. An
additional source of error comes from the interaction of the point
defect with its periodic images [55]. Simulations with interatomic
potentials show that the error on polarizability tensor components
with supercells of 256 atoms is less than 10 %, except one compo-
nent for which it reaches 17 % (Fig. S2 and Table S1). Calculation
of polarizabilities at saddle points is computationally demanding,
since a NEB calculation must be performed for each deformation
level of each deformation type. At least 5 deformation levels are
used to perform the fit.

3.2. Results

Dipole and polarizability tensors are given in Table 1. Dipole
tensor values are slightly different from a previous DFT study [26],
due to different DFT settings and in particular denser k-point
meshes used here. They are in good agreement with recent DFT
calculations performed on the vacancy [56]. The relaxation vol-
umes, deduced from the dipole tensor values through

_Te
T 3K

where K = (Cy; +2Cy2)/3 is the bulk modulus, are also presented
in Table 1. Altogether the values agree reasonably well with ex-
periments, although the absolute value of the relaxation volume
of the vacancy in its stable configuration is larger than the ex-
perimental value measured at 4 K. The tetragonal deviation from
a cubic dipole tensor for the SIA in its stable configuration is in
excellent agreement with the experimental value Pj; — Py = 1.1+
0.3 eV [57].

As can be seen from Eq. (15), introducing polarizable point de-
fects in a material leads to a variation of its elastic constants:

AVT (17)

X
AGjy = — g Yiiki- (18)

where x is the atomic fraction of defects and 2 the atomic volume.
This can be written under the more convenient form:

ACw _ 1
= ——Qjjii-
xCijiy QGji

(19)

Although «;j; has a tetragonal symmetry for SIAs, it is not possible
to measure all components of the tensor experimentally. Assuming
that SIA variants are equally distributed in the material, only data
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Fig. 1. System simulated containing a dipole of straight dislocations. A tensile stress o is applied along s, given by the two angles (6, ¢).

related to cubic symmetry can be extracted. Therefore it is possible
to measure two shear polarizabilities

1
Ay = §(0544 + 2055) (20)
1/an—opp  apn—op | On—03
s __
@ = 3( . e ) 21)

and a bulk polarizability

K= %(%(0511 +2(¥12)+%((¥22+C¥12 +0523))- (22)
From Eq. (19) it is then possible to compute the influence of de-
fects on Cqq, C' = (C41 — C12)/2 and K. DFT results in Tab. 1 show
that SIAs contribute much more to the change of elastic constants
than vacancies, in agreement with experimental results [58]. Va-
cancies make the material more compliant in compression and
in shear, while SIAs are compliant in shear and stiff in compres-
sion. These variations are consistent with trends inferred from
simple arguments in early works on SIPA-I [23]. The fact that
SIAs are compliant in shear, which is not so intuitive, was proved
with analytical models and atomistic calculations [59]. Experimen-
tal measurements also support this result. The variation in the
two shear moduli, C44 and C’, was measured in aluminum after
electron irradiation at low temperature, where only Frenkel pairs
are created (Tab. 1). Negative values were obtained, in agreement
with present results. We note also that |ACy/xCas| > |AC' /xC'|,
which has been shown to be typical of fcc metals containing 100-
dumbbells [58,59]. Finally and perhaps most importantly, the mag-
nitude of the change of shear moduli due to both vacancies and
SIAs agrees well with experimental results. The change in bulk
modulus upon introduction of point defects has not been mea-
sured in aluminum but it is expected to be small, following results
obtained in Cu [60,61]. This is confirmed by our calculations.

We end this section with a comment on the calculation
of polarizabilities with interatomic potentials. Early calculations
were made with simple pair potentials for stable [59] and sad-
dle [30,62] configurations. The obtained polarizabilities were found
consistent with the variation of elastic constants measured experi-
mentally [30,59]. However, later simulations in Cu with more phys-
ical potentials were shown to produce results at variance with
experiments [55], with values of opposite signs. We encountered
similar problems with potentials in aluminum, which highlights
the need for DFT calculations to evaluate polarizabilities.

4. Effect of stress orientation on point defect absorption by
dislocations

4.1. Methods
In this part, we evaluate the absorption efficiencies of point

defects by dislocations in the configuration shown in Fig. 1. The
system contains two dislocations of opposite Burgers vectors b =

+a/2[101] and line direction I = 1/+/6[121]. The vector normal to
the glide plane is n = 1/+/3[111]. The lattice is rotated to align the
dislocations along the direction u, of the orthorhombic box and
the Burgers vectors along uy. The dimension of the system is d
along y and 2d along x, with d = 100 nm, and the dislocations are
located at d/2 and 3d/2 along x. This corresponds to a disloca-
tion density pq = 10" m~2, which is typical of steady state dis-
location densities of irradiated microstructures [68]. Along z, the
system consists of a thin slab of 1 nm. Periodic boundary condi-
tions are used in the three directions. This arrangement of dis-
locations was used in a previous study [26], it ensures a proper
convergence of the strain field when the contribution of disloca-
tions in periodic replica is taken into account [69], if the strain
field is evaluated with isotropic elasticity. It has been checked pre-
viously that in aluminum, using isotropic elasticity has a negligible
effect on absorption efficiencies [26], so we use this approximation
here. This also permits to increase the computational efficiency of
OKMC simulations. The shear modulus is @ = 26 GPa and the Pois-
son’s ratio is v = 0.35 [26]. Other dislocation arrangements could
have been chosen; with such dislocation densities they would give
slightly different values of absorption efficiencies [35]. However,
the dependence of absorption efficiencies on stress orientation is
expected to be the same.

To determine absorption efficiencies, vacancies and SIAs are
considered separately. Point defects are uniformly generated in the
system and they are absorbed if they reach one of the cylinders
of radius r. = 2b centered on dislocations. The mean field equa-
tion describing the evolution of point defect average concentration
Cis
% =G —ZpygDoC, (23)
where G is the creation rate. The absorption efficiency is deduced
at steady state from the measurement of C:

Z= ¢ =, (24)
PaDoC

A convenient method to determine C is object kinetic Monte-
Carlo [26]. Point defects are introduced at a constant rate in the
simulation box. They perform atomic jumps until they are ab-
sorbed by one of the dislocations. For a point defect located at r,
jump frequencies are calculated for each jump h, using the follow-
ing expression:

(25)

I'(r) = voexp <_E(r>n +E(r+h/2) —Ee(r)),

kgT

where, as in Section 2, vy and Ef* are the attempt frequency and
the migration energy without elastic interactions, E¢ and ES are
the interaction energies with the local strain field at stable and
saddle points, respectively (Eq. (2)). Events (defect jumps and cre-
ation of point defects) are chosen following the residence time al-
gorithm [70,71]. Transition of SIAs to (110) crowdion configuration,
highlighted recently in copper under high local shear strain [72], is
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Table 1
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Dipole and polarizability tensors of vacancies and SIAs in their stable and saddle configurations. Entries which are not filled are zero by
symmetry. Relaxation volumes and change of elastic constants due to defects, deduced from dipole tensors and polarizabilities, respectively,
are compared to experimental values. Elastic constants determined by DFT are C; = 111.4 GPa, G, = 60.7 GPa and C44 = 33.1 GPa.

vacancy (stable) vacancy (saddle) SIA (stable) SIA (saddle)
([100] — [010]) ([100]) ([100] — [010])
Py (eV) —-2.49 -2.15 18.71 18.57
Py, (eV) =Py =Py 17.80 =Py
Ps3 (eV) =Py 1.96 =Py 18.40
Py (eV) -0.22 1.45
oy (eV) 23 41 -10 4
o33 (eV) =aq -3 -13 -8
44 (eV) 4 7 103 73
ass (eV) =044 =Q4a 41 =44
s (eV) =044 15 = Us5 62
36 (EV) 9 0
a6 (eV) -1 -12
ays (eV) 10 25
a (eV) =an =ap —45 =ap
a3 (eV) =1 2 =y —-56
oy (eV) 13 19 —60 -71
AV'/Q (sim.) -0.31 -0.10 2.27
AVT/Q —0.05 £ 0.05° —0.19¢ 1.94+0.23¢
(exp.) —0.36"
ﬁ (sim.) -1.2 -18.1
X%4
44 .
2%’4 (exp.) -23+£2
KCC// (sim.) -1.9 -8.2
< (exp.)® -13+2
A—% (sim.) -2 5
xK

2 Measurement at 4 K, Reference [63].
Measurement at 700 K, Reference [64].
Reference [65].

b
C
d Reference [66], using formation volume of Ref. [64].
e

After subtraction of the anharmonic effect due to volume expansion [58]. This value corresponds to the sum of SIA and vacancy con-

tributions, but it is often considered that vacancy contribution is small [39,58], which is confirmed by measurements on quenched sam-

ples [67].

not considered. More details on OKMC simulations can be found in
Ref. [26].

For a given creation rate, it is possible to determine Z by calcu-
lating the average number of point defects in the simulation box
at steady state (Eq. (24)). The physical time of the simulations is
chosen to ensure the convergence of Z. To provide a confidence in-
terval, the standard deviation is computed with a block-averaging
procedure [73]. On all graphs, the error bars in figures correspond
to the standard deviation.

An alternative to OKMC is the continuous diffusion model
(CDM), as described in Ref. [27]. This approach has been shown to
produce results in close agreement with reference OKMC simula-
tions; in particular, it can properly handle the interaction of point
defects with sinks in their stable and saddle positions, as explicitly
done in OKMC. The equation to be solved is based on the expres-
sion of the renormalized diffusion tensor given in Eq. (3):

G-V.J=0, (26)
with
J(@) = -D(r)Vu(r). (27)

In this equation, u is a renormalized concentration, which accounts
for the concentrations of the different configurations of defects in
their stable position (for SIAs) [20,27]. Contrary to OKMC, CDM is
a local approach, ie. it amounts to taking ES in Eq. (25) at r in-
stead of r+ h/2. In practice, for weakly varying elastic fields, this
approximation is valid. CDM calculations are similar to phase field
calculations in this context [41].

Since it is deterministic in nature, CDM produces results which
are free of statistical error. However, the finite element solving

of the continuity equation (26) may be quite CPU and memory
demanding for large three-dimensional systems, as fine meshing
is required near the sink where concentrations and elastic fields
vary steeply. Therefore, this method is especially useful for sys-
tems which are invariant along at least one direction. This is the
case of the configuration shown in Fig. 1, which is invariant along
z. Although absorption efficiencies can be obtained with a two-
dimensional system, we use a thin slab of 1 nm along z and im-
pose periodic boundary conditions, as in OKMC.

In the following, simulations are performed at T = 300 K. A uni-
axial tensile stress of 100 MPa is applied along (6, ¢) (Fig. 1). Al-
though this value is rather high for aluminum (the yield stress of
very large grained pure aluminum is around 10 MPa), it permits
to obtain a better convergence with OKMC. We have checked, by
varying the stress amplitude, that at such levels of stress the ab-
sorption efficiency is linear in o. So the results can easily be ex-
trapolated to lower values of stress. The effect of elastodiffusion is
investigated with OKMC, which is our reference method. We check
that in this case, CDM produces results in agreement with OKMC.
To determine the effect of polarizability, we subtract the absorp-
tion efficiencies obtained with and without polarizability. As we
need very high accuracy on the absorption efficiencies to perform
the subtraction, CDM is used in this case.

4.2. Results

4.2.1. SIPA-AD

As explained above, for SIPA-AD the interaction energy of point
defects is based solely on elastic dipoles. To evaluate this first
mechanism, we start with OKMC simulations. A 3D map represent-
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Fig. 2. Difference of absorption efficiency AZAP (see text for the definition) of a straight dislocation dipole in relation to the tensile stress orientation, represented on a unit
sphere by a color scale for SIPA-AD mechanism when only P; is accountfd for in the interaction energy. A tensile stress of 100 MPa is applied, scanning space with a 10°
step. The dislocation is along [121] and the Burgers vector is along £[101]. The SIA results are presented in (a) and (b) and the vacancy results in (c) and (d). For the sake

of clarity only one dislocation is schematically represented.

ing the influence of tensile stress orientation on absorption effi-
ciency is shown in Fig. 2. We represent the difference of absorp-
tion efficiencies for a uniaxial stress of magnitude o and a hydro-
static stress with the same value of Tr (o), called AZ{‘D for SIAs
and AZAP for vacancies. This quantity corresponds to AZAPdev ip
the decomposition shown in Eq. (11). From Fig. 2 we see that va-
cancy absorption is increased if the stress is applied close to a di-
rection (6 = 30°, ¢ = 90°). Directions that favor SIA absorption are
more or less spread on a strip tilted with respect to the plane or-
thogonal to the line direction.

To provide a more quantitative representation and facilitate the
comparison with CDM and B&R model (Eq. (12)), AZAD is plotted
in Figs. 3 and 4 as a function of 6, for ¢ =0° (in the slip plane
(1, b)) and ¢ = 90° (in the climb plane (I, n)). Results obtained with
CDM are in very good agreement with OKMC, which validates CDM
to calculate sink strengths in this configuration. B&R model is able
to qualitatively reproduce the effect of stress on absorption effi-
ciency. In particular, the dependence on ¢ is correctly taken into
account, unlike the model of Woo which only depends on 6 (not
shown). However, the amplitude of AZAD is underestimated with
B&R model, especially for the vacancy with a factor up to 3 at
6 = 30° and ¢ = 90°, where the absorption efficiency is maximum.

4.2.2. SIPA-I

To determine the effect of polarizability, absorption efficiencies
obtained with dipole tensors only are subtracted from those ob-
tained with both dipole and polarizability tensors taken into ac-
count. These quantities are noted AZ'. As discussed above, CDM is
used for the two calculations to obtain results free from statistical
errors.

Absorption efficiencies of SIAs and vacancies are the highest
along two different specific directions of applied stress (Fig. 5).
Absorption of SIAs is more efficient if the stress is applied along
the Burgers vector, in agreement with early estimates of SIPA-
I [21,23,38]. The influence of polarizability on vacancy absorption

under stress is more surprising. It appears quite similar to the ef-
fect of dipole tensor anisotropy, with a direction of preferential ab-
sorption along (6 = 30°, ¢ = 90°). With the existing SIPA-I model,
one expects a low absorption rate if the stress is applied along the
Burgers vector and a higher absorption rate for other stress orien-
tations.

To provide a more quantitative comparison with HSW model
(Egs. (7)-(10)), which assumes that point defects have the same
isotropic properties at stable and saddle positions, the values of
dipole tensor P and polarizabilities * and «X are deduced from
properties of defects in Tab. 1 taken at stable position. P, calcu-
lated as Tr (P)/3, is equal to 18.10 eV for SIAs and —2.49 eV for
vacancies. Shear polarizability can be expressed as a Voigt average

at = %o@ + %a’*, (28)
where o, and «’* are given by Eqs. (20) and (21) respectively.
We have a# = 45.6 eV for SIAs and a# = 4.4 eV for vacancies. Bulk
polarizability, as calculated with Eq. (22), is oKX = —40.7 eV for SIAs
and X = 16.3 eV for vacancies.

The effect of SIPA-I is usually discussed for a tensile stress or-
thogonal to the dislocation line (6 = 90°), either along the Burg-
ers vector (¢ = 0°) or orthogonal to it (¢ = 90°) [23]. The variation
of absorption efficiency with ¢, with 6 =90°, is shown in Figs. 6
and 7 for SIAs and vacancies, respectively. Some terms are dropped
in Eq. (6), which may explain why results are shifted with respect
to CDM. This shift is not relevant to our purpose. Leaving this as-
pect aside, the agreement between CDM results and HSW model
for 6 = 90° is remarkable for the two defects. Results for 6 = 30°,
including the direction where AZ! is maximum, are also reported
in these figures. The analytical solution departs appreciably from
CDM, especially for the vacancy. The amplitude of SIPA-I for the
vacancy is lower than the result from CDM by more than a factor
two.
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Fig. 3. Difference of absorption efficiency AZAP (see text for the definition) of a straight dislocation dipole for SIAs as a function of 6 (angle between tensile stress and
dislocation line I) for SIPA-AD mechanism, with only P; accounted for in the interaction energy. Results obtained by OKMC and CDM are compared. The analytical B&R
model of Eq. (12) is shown in dashed lines. The absorption efficiency is presented for two values of ¢: ¢ = 0°, i.e. in a plane containing I and b and ¢ = 90°, i.e. in a plane

containing I and n.
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Fig. 4. Difference of absorption efficiency AZAP (see text for the definition) of a straight dislocation dipole for vacancies as a function of 6 (angle between tensile stress
and dislocation line I) for SIPA-AD mechanism, with only P; accounted for in the interaction energy. Results obtained by OKMC and CDM are compared. The analytical B&R
model of Eq. (12) is shown in dashed lines. The absorption efficiency is presented for two values of ¢: ¢ = 0°, i.e. in a plane containing I and b and ¢ = 90°, i.e. in a plane

containing I and n.

4.3. Discussion

4.3.1. SIPA-AD

The contribution of intrinsic dipole anisotropy at saddle con-
figuration to SIPA (SIPA-AD) has been discussed by several au-
thors [13,15-17,19,20]. It was shown that the absorption efficiency
is mostly dependent on the direction of uniaxial stress with re-
spect to the dislocation line [13,15]. Under stress, the diffusion ten-
sor becomes anisotropic, owing to saddle point anisotropy. A dis-
location orthogonal to the direction of fastest diffusion will cap-
ture more point defects than a dislocation collinear to it, because
its “cross section” for defect absorption is higher (the term “cross-
section” is only strictly valid for purely 1D diffusion, i.e. for an in-
finitely large effect of stress). Directions of fast diffusion depend on
the values of dipole tensor at saddle configuration. Vacancies dif-
fuse preferentially in a plane orthogonal to the applied stress [74],
which explains why vacancy absorption is enhanced when the ten-

sile direction is collinear to the dislocation line. The behavior of
SIAs is explained with the same reasoning [16].

We have seen in Fig. 2 that our simulations and B&R model are
in qualitative agreement with these conclusions. However, the di-
rection of maximum absorption of vacancies is shifted by about
30° with respect to the line direction in the plane defined by (I, n)
(¢ =90°). Likewise, the strip of maximum absorption for SIAs is
tilted, with a maximum at around 6 = 70° in the plane (I,n) and
6 =90° in the plane (I, b) (p = 0°). These discrepancies can be ex-
plained by lattice effects, which are not all taken into account in
Woo’s approach (Eq. (14)), unlike B&R model (Eq. (12)).

To explain these results, we consider a uniaxial stress oj; =
o'sisj, with sy = sina cos 8, s, = sina sin 8, s3 = cos 8 the three di-
rection cosines of s in the basis ([100],[010],/001]). We have

o

Eij = E(Sisj(l + U) - U(S,‘j), (29)
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Fig. 5. Absorption efficiency increment AZ! of point defects by a straight dislocation dipole in relation to the tensile stress orientation, represented on a unit sphere by a
color scale, due to polarizability «;jy (SIPA-1). Values are obtained by CDM. They result from the difference between absorption efficiencies with P; and oy considered and
with only P; included. A tensile stress of 100 MPa is applied, scanning space with a 10° step. The dislocation is along [121] and the Burgers vector is along +[101]. The SIA

results are presented in (a) and (b) and the vacancy results in (c) and (d).
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Fig. 6. Increment of absorption efficiency AZ! due to polarizability of SIAs, as a function of ¢, for two values of # (30° and 90°). Results are obtained with CDM and

compared to HSW model given by Eqgs. (7)-(10).

with E =2u(1 +v) Young’s modulus. We consider a jump along
[110], for which the dipole tensor at saddle position is given by
Eq. (13). Neglecting the polarizability, the saddle point energy
reads

ES = —%(PH (1+v)sin®a — 2vPy + Py (1 + v) cos® @ — vPs3
+P(1+v) sin® a sin2). (30)

Given the signs of the dipole tensor components of a vacancy
(see Tab. 1), it is clear that the energy is minimum for o = 0°, i.e.
for a stress applied along [001]. For the SIA, since P;; > 0, we must

have B = 45°. In addition, with P; + Pj; > P33 the energy is mini-
mum for o = 90°. This means the stress must be applied along the
jump direction to minimize the saddle point energy.

As already discussed, to obtain the maximum absorption effi-
ciency by a dislocation, one must favor the jumps which are as
orthogonal as possible to this dislocation. For a dislocation along
1=[121]/+/6, there are two jumps which are orthogonal to the
dislocation line, highlighted in red in Fig. 8-(a). These jumps are
favored if the stress is applied along [010]. This configuration cor-
responds to 6 = 35°, in close agreement with our OKMC and CDM
results (6 ~ 33°) and B&R results (6 = 29°). The absorption rate of
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Fig. 7. Increment of absorption efficiency AZ) due to polarizability of vacancies, as a function of ¢, for two values of 6 (30° and 90°). Results are obtained with CDM and

compared to HSW model given by Eqs. (7)-(10).

(a) vacancy

b " N 0\’ 1
I = s
[001] \\( /\ M.
[010] \
100}

(b) SIA
by A .'\ ! s(p = 90°)
I é/(/\\\/;/’ _—
\ ] N
[001] ~ .
[010] \
100}

Fig. 8. Orientation of uniaxial stress s leading to maximum absorption of point defects by a dislocation of line direction I =[121]/+/6 and Burgers vector b =[101]/v2
(n=[111]/+/3), and associated jumps responsible for this high absorption rate. (a) Absorption of vacancies (b) Absorption of SIAs; here we give the orientation of stress if it
is applied in the planes defined by (I,b) (¢ = 0°) and (I, n) (¢ = 90°). The maximum absorption rate is obtained in this latest case, with four jumps contributing significantly

to the absorption of SIAs.

SIAs should be large if the stress is applied along the direction
of the two jumps orthogonal to the line direction, represented in
green in Fig. 8-(b). The jump direction is along b, and it can be
seen in Fig. 2 that indeed, this direction is located in the strip of
high absorption rates. It is actually the direction of highest absorp-
tion rate in the plane (I,b) (¢ = 0°). From Fig. 2 it appears that
maximum absorption rates are obtained in a plane (I, n) (¢ = 90°).
For a stress applied in this plane, the projection of s on the jumps
represented in red in Fig. 8-(b) is the highest for 6 = 71°; these
four jumps are not orthogonal to the dislocation, but their projec-
tion on I is small. The fact that four jumps contribute to SIA dif-
fusion enhancement in this case explains why the absorption rate
is even higher than for s along b. The value of 6 found is very
close to OKMC and CDM results (6 = 76°, Fig. 3) and B&R results
(6 = 76°). The variation of 8 from 90° to 71° as ¢ varies from 0° to
90° explains the tilted strip in Fig. 2. Finally, we note that in this
discussion, the strain field of the dislocation has not been consid-
ered. This validates the assumption of Woo to neglect the disloca-
tion field in the analytical treatment [16]. Fully considering lattice
effects as in B&R model appears necessary to obtain a good agree-
ment with OKMC and CDM. We note that although second order

10

terms in Eq. (4) (fifth term and second part of seventh term) can
in principle also contribute to SIPA-AD, they certainly have a very
small impact as they are included in OKMC and CDM but not in
B&R model.

Even though B&R model successfully reproduces lattice effects,
the magnitude of AZAP is significantly different from our calcu-
lations for both defects. This is especially the case for the va-
cancy. In the direction of applied stress where the absorption ef-
ficiency is the highest, the discrepancy reaches a factor of around
3. For this direction, the effects of anisotropy of dipole tensor
at saddle configuration are the highest. In the model developed
by Borodin and Ryazanov, the deviatoric part of the dipole ten-
sor is assumed to be small compared to the hydrostatic part.
This is not true for the vacancy, so it is not surprising that the
model cannot quantitatively reproduce the values of AZAP when
the dipole anisotropy contributes significantly to the absorption
efficiency.

4.3.2. SIPA-I
Contrary to SIPA-AD, the dislocation strain field is an essen-
tial ingredient in SIPA-I. The fourth term in Eq. (4), which in-
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duces a coupling between the applied field and the dislocation
field, gives rise to preferential diffusion of point defects to some
dislocations. Usually, one considers that SIAs are the main contrib-
utors to SIPA-I, due to their large polarizability [14,38,75-77]. HSW
model (Eqgs. (7)-(10)) predicts that SIAs will be absorbed prefer-
entially by dislocations whose Burgers vector is aligned with the
applied stress [22,23,38].

Our DFT calculations confirm that SIAs are much more polariz-
able than vacancies (Tab. 1). Shear polarizabilities of SIAs and va-
cancies at stable point, which are used in the analytical model, are
found to differ by around one order of magnitude. However, the
effect of vacancies on SIPA-I is not completely negligible (Fig. 5):
the amplitude of the effect is only three times smaller than for
SIAs. This is essentially due to the high absorption efficiency of va-
cancies when the stress is applied in the plane (I, n), for 6 = 25°,
close to the direction corresponding to a maximum of absorption
efficiency for SIPA-AD (6 = 33°). This behavior is not captured by
HSW model. Additional calculations (not shown) performed with
CDM and using isotropic and identical properties at stable and sad-
dle points led to results in close agreement with HSW model. We
can conclude that this model is accurate in its framework and that
the discrepancy observed here is certainly due to lattice effects.
On the contrary, the agreement between the model and CDM is
rather satisfactory for SIAs, although some discrepancies appear if
the stress is not normal to the dislocation line. This shows that
in general, since polarizabilities induce second order contributions,
they should not be considered without taking into account the
first order contributions, i.e. of dipole anisotropy. To our knowl-
edge, our simulations are the first estimations of SIPA-I based
on full account of first order terms and polarizabilities at saddle
configurations.

As for SIPA-AD, other terms potentially contributing to SIPA are
included in CDM but not in the model. The first part of the seventh
term in Eq. (4) leads to anisotropic diffusion, so to SIPA. However,
for applied strains of the order of 10~ as those considered here,
this term can be safely neglected.

4.3.3. Relative contributions of SIPA-AD and SIPA-I to dislocation
climb under stress

From analytical expressions as (6) and (11), it has been sug-
gested that SIPA-AD is up to thirty times larger than SIPA-
I [12,14,16]. It is interesting to see whether the present calcula-
tions, with more accurate values of dipole tensors and polarizabil-
ities, confirm this conclusion. Indeed, considering polarizabilities
induces additional complexity in kinetic codes, so it is useful to as-
sess the relevance of including them. From Figs. 2 and 5, one sees
that the amplitude of absorption efficiencies considering intrinsic
dipole anisotropy only (SIPA-AD) is around five times larger than
the one due to polarizability (SIPA-I), whatever the defect. How-
ever, as shown in Fig. 9, for a stress applied in a plane normal to
the dislocation line, polarizability reverses the directions of favored
absorption of SIAs. The reason for this is the low effect of dipole
anisotropy in this plane, at variance with polarizability. This sug-
gests that polarizabilities cannot be disregarded for studies under
stress.

Including intrinsic dipole anisotropy and polarizability in the
calculations permits to conclude about the directions of applied
stress which favor SIA or vacancy absorption. From the present
results it can be concluded that if the stress is approximately or-
thogonal to the dislocation line, and in particular along the Burg-
ers vector, the net absorption rate of SIAs should be the highest.
On the contrary, a uniaxial stress applied close the (100) direction
with the largest projection on the dislocation line should minimize
the net absorption rate of SIAs. Since climb velocity under irradia-
tion is generally driven by an excess of absorbed SIAs due to EID,

1
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Fig. 9. Difference of absorption efficiency of SIAs AZ; as a function of ¢, calculated
with CDM for 6 = 90°. The reference calculation which is subtracted corresponds to
a hydrostatic stress with only P; taken into account. The dashed curve shows the
evolution of AZ; if only P; is taken into account and the solid curve corresponds to
the case where P; and a;j are considered.

the climb velocity is expected to increase in the first configuration
and to decrease in the second one.

5. Conclusion

In this study we have investigated the effect of an applied uni-
axial stress on point defect absorption by straight dislocations in
aluminum. Elastic dipoles and diaelastic polarizabilities of vacan-
cies and SIAs have been calculated by DFT at stable and saddle
points. These parameters have been used in an OKMC code and
a CDM model to evaluate absorption efficiencies under stress. Our
results confirm that the amplitude of SIPA-I, due to polarizability, is
lower than the one of SIPA-AD, due to dipole anisotropy, by a fac-
tor of around five. However, the correct behavior of the absorption
efficiency in a plane orthogonal to the dislocation line can only be
obtained if polarizability is considered, so neglecting polarizability
in studies under stress may not be appropriate.

Simulation results have been compared to analytical expres-
sions of SIPA-AD and SIPA-I. For SIAs, models are shown to be
in reasonable agreement with simulations. Vacancies are very
anisotropic in their saddle configuration, which induces strong lat-
tice effects on the diffusion under stress. In this case the pre-
dictions of the models are not very accurate. The expression of
Borodin and Ryazanov (B&R) for SIPA-AD includes lattice effects
but it is assumed that defects are weakly anisotropic in their sad-
dle configuration. It correctly predicts a maximum absorption rate
of vacancies if the stress is applied along the (100) direction with
the largest projection on the dislocation line. However, the ampli-
tude of SIPA-AD is underestimated by a factor 3. The expression
for SIPA-I given by Woo (HSW model) relies on a simple isotropic
description of defects and is unable to reproduce the angular
dependence of absorption efficiency, which is similar to that of
SIPA-AD.

Our results show that dislocation climb velocity under irradi-
ation is expected to be the highest if the stress is approximately
orthogonal to the dislocation line, especially along the Burgers vec-
tor, and the lowest if the stress is applied close to the (100) direc-
tion with the largest projection on the dislocation line. The depen-
dence of these results on the symmetries of point defects in their
saddle configuration makes these conclusions likely transferable to
other fcc metals. The methodology used in this work can be ap-
plied to Frank dislocation loops. It would be interesting to com-
pare the obtained results to experimental measurements of loop
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growth rates under stress [7], to better assess irradiation creep
mechanisms.
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Appendix A. Modelling point defects as inhomogeneous
inclusions

SIPA-I expressions (6)-(10) are more often given with notations
related to Eshelby inhomogenous inclusions. In this framework,
a defect is considered as a spherical inhomogeneity of bulk and
shear moduli K* and u*, respectively, with a misfit correspond-

ing to the transformation strain e;‘j. It is convenient to consider

an equivalent homogeneous inclusion of transformation strain el.T.,
which depends on ej; and on the local external strain field (sum of
the dislocation and applied strain fields), as well as on the elastic
moduli of the inclusion and of the matrix [78]. The elastic dipole

is related to the equivalent transformation strain through [29]

P” = QCUMEEI, (Al)
with

2
Giju = (K - §M)5u5kl + 1 (8adji + 8udj). (A2)

In SIPA-I models, the defect is considered as isotropic, so eL =
8,€7/3. We obtain

P,] = QKGT&']' = P(S,‘j, (AB)

Table B.2
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where P is the quantity used in Eqgs. (6)-(10). It is customary to
use the strain within the inclusion in the absence of external field,
e?j, related to eiTj by [78]

el = Sijuey, (A4)
where S;ji is the Eshelby tensor for a spherical inclusion:

5v0-1 4-5v
Sii = Toer ) 000k F5 gy (Bidi + Budie). (A-)

The strain within the inclusion can be written as e = 8,,e%/3, with

o0 1+v o — 1+v P
T3(1-v) T 3(1-v) QK

We note that owing to Eqs. (17) and (A.3), e is the normalized
relaxation volume in a finite medium AV'/, whereas € is the
normalized relaxation volume in an infinite medium AV>/<, the
deformation being localized at the position of the point defect [79].

By comparing the expressions of the interaction energy given
by Eshelby [78] and the one obtained from Eqs. (2) and (5), the
following expressions are obtained:

B 3(1-v)AK
T30 - vK+ (1 +v)AK

(A.6)

K

o (A.7)

15(1-v)Au
151 -v)u+24 -5v)Au’
with AK =K* —K and Ap = pu* — .

ot =—puQ (A.8)

Appendix B. Set of deformation types to calculate polarizability
tensors

The structure of the polarizability tensors of vacancies and SIAs
in their stable and saddle configurations depend on their symme-
tries. They are given in Table B.2. To determine all coefficients,
we consider several deformation types (Tab. B.3). Since both ini-
tial ([100]) and final ([010]) configurations must be relaxed under
applied strain in order to calculate the saddle position, the results
concerning the final configurations can also be exploited to obtain
additional data about coefficients of the polarizability tensor.

Figures B.10 and B.11 show the variation of energy due to polar-
izability, called E® (see Tab. B.3) extracted from DFT simulations
(solid lines) and calculated with the elastic model using polariz-
abilities deduced from residual stress (in dashed lines). The vari-
ation of residual stress due to polarizability, -V Aojj = &;j €, is
also shown. These two deformations (1 and 3, see Tab. B.3) corre-
spond to dilatation/compression and (100) shear.

Structure of polarizability tensors of vacancies and SIAs in their stable and saddle configurations.

Stable configuration

Saddle configuration

Cubic symmetry

an o o 0 0
ap an o 0 0
a0 on 0 0
Vacancy 0 0 0 an 0
0 0 0 0 44
0 0 0 0 0
Tetragonal symmetry
For [100] configuration
an o ap 0 0
oy o 03 0 0
A Q3 Ay 0 0
SIA 0 0 0 [0 7V} 0
0 0 0 0 W55
0 0 0 0 0

Orthorhombic symmetry
For [100] to [010] jump

an o o 0 0 a6
ap an o 0 0 213
o3 Q13 o33 0 0 as6
0 0 0 Ogq Oys 0
0 0 0 Olys5 044 0
Qi O O3 0 0 66
Orthorhombic symmetry
For [100] to [010] jump
o o A 0 0 35
o QO3 0 0 30
a3 o3 o33 0 0 ase
0 0 0 [0 7V) Olys5 0
0 0 0 Olgs 044 0
Qi O O3 0 0 66
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Table B.3
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Strain tensors and related variation in energies and dipole tensors due to polarizability. Tetragonal and orthorhombic symmetries refer to polarizability tensors given in
Table B.2 ([100] orientation for the SIA and [100] to [010] jump respectively), unless specified.

strain matrix cubic symmetry

tetragonal symmetry

orthorhombic symmetry

— 3 i Eij€x VAo = ajjutn — 3 EijEn VAo = ajjutn — Y Eij€x -V Aoi; = ajjucu
& 0 0
e=|0 ¢ 0 =3 (an +2012)6? -VAoy = — 1 (oy + 200 + -1 Qo + 2012 +
0 0 ¢ (o +2ap3)e 4agy + 2a3)€? a33 +4dog3)e?
3 0 0
e&=|0 0 0 —gane? —toy €2
0 0 0
0 0 0
e3=10 0 & —26{4482 —V A0y = 200448 —20{4482
0 e 0
0 ¢ 0
es=1|¢e 0 0 Equivalent to &3 Equivalent to &3 on final configuration —206662
0 0 0

@) On final configuration (SIA oriented along [010])

—*— energy from DFT

AN === from fit of stress

0.003

0.002

E@ (eV)

0.001

0.0001

—~
o
N

0.50

~VAg;; (eV)
(=] (=]
1=} 1N}
S

—0.257

—0.501

0.0 0.1 0.2

e (%)

-04 -03 -02 0.1

Fig. B.10. Deformation 1 (dilatation/compression): (a) Variation of energy due to
polarizability, extracted from DFT simulations (symbols with fit in solid lines) and
calculated with the elastic model using polarizabilities extracted from residual
stress (dashed lines). (b) Variation of residual stress (i. e. change in dipole tensors)
due to polarizability, which is fitted with a linear function to extract polarizabilities.

(@)

—0.0011
3
= -0.0021
m

—*— energy from DFT
~0.003{ * —===-from fit of stress >
—0.4 -0.3 -0.2 —0.1 0.0 0.1 0.2 0.3 0.4
e (%)
(b)
0.51 —+— o093

— ¥ o013

z

& 0.01

<

=

|

—0.57
—0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
e (%)

Fig. B.11. Deformation 3 ((100) shear): (a) Variation of energy due to polarizability,
extracted from DFT simulations (symbols with fit in solid lines) and calculated with
the elastic model using polarizabilities extracted from residual stress (dashed lines).
(b) Variation of residual stress (i. e. change in dipole tensors) due to polarizability,
which is fitted with a linear function to extract polarizabilities.
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Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.actamat.2022.118431.
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