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Abstract

We investigate the influence of elastic properties of point defects on disloca-
tion climb under stress and irradiation. For this purpose, elastic dipole tensors
and diaelastic polarizabilities are evaluated in aluminum for vacancies and self-
interstitial atoms in their stable and saddle configurations, using density func-
tional theory calculations. These parameters are introduced in an object kinetic
Monte-Carlo code and a continuous diffusion model to estimate the stress depen-
dence 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, including polarizability reverses the stress angu-
lar 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 dependence, 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 effects
on stress angular dependence observed in simulations. Calculations show that

dislocation climb velocity under irradiation is expected to be the highest if the
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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.

Keywords: Diffusion, Object kinetic Monte-Carlo, Irradiation creep,

Dislocation climb, SIPA

1. Introduction

Under irradiation and applied stress, metallic alloys exhibit a specific defor-
mation process known as irradiation creep [I} [2]. The associated strain rate,
which may be much larger than the one associated to thermal creep, is related
to anisotropic microstructural 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, 4, [B] 6 [7, []].
These processes have been explained by the reorientation of small clusters un-
der 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 based on climb-assisted glide of dislocations, whose anisotropic char-
acter may also come from the dependence of climb velocity on stress [I1].

Two main models have been developed to explain the preferential climb of
some dislocation types under applied stress and irradiation. 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
elastic 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)E [14, [15, [16l [I7], relies on the anisotropy

of dipole tensors of point defects in their saddle configuration [I§]. Due to

Tn some references it is called SIPA-SAPSE (stress induced preferred absorption due to

saddle-point shape effect) [12} [I3]. This name has the clear advantage to identify the physical
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this anisotropy and to the lowering of crystal symmetry by an applied stress,
diffusion becomes 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-T). It is also often simply called SIPA, as
it was developed first and remains very popular [21] 22] 23] [8]. It relies on the
dependence of dipole tensor on local stress, a phenomenon known as diaelastic
polarizability [24].

It is customary to quantify the effect of stress on absorption rate of defects
by dislocations by calculating absorption efficiencies, which are key quantities in
rate theory models. Previous analytical 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 STPA-AD
could be more than one order of magnitude larger than SIPA-I [14] 12| [T6]. This
estimate relies on dipole tensors calculated by interatomic potentials, which can
differ substantially from dipole tensors evaluated by ab initio methods [25]. Sev-
eral approximations are made for the polarizability of the elastic dipole to make
analytical calculations tractable: the four-rank tensors characterizing this polar-
izability are assumed to be isotropic and identical for defects at stable and saddle
positions. In addition, it is unclear what consequences approximations made in
analytical models may have on the absorption rates of point defects [16]. For all
these reasons, it appears important to evaluate more precisely the amplitudes
of STPA-AD and SIPA-I, 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 evaluate these ab-

sorption efficiencies in aluminum. The first one is an object kinetic Monte-Carlo

quantity responsible for the anisotropic behavior, since anisotropic diffusion (AD) can come
from various physical quantities. However, SIPA-AD seems to be more widely used in the

literature, so we keep this name here.
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(OKMC) approach, which has already been used to determine absorption effi-
ciencies without applied stress [26]. The second one is a continuous diffusion
model (CDM) [27]. Both methods take into account point defect properties
at stable and saddle positions. To obtain a precise value of absorption effi-
ciencies, 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 absorp-
tion efficiencies [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 cal-
culated in section [3] Absorption efficiencies of point defects by dislocations are

determined 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 de-
fect 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):
IL;j(e) = Pyj + cijuient, (1)
where P;; = Hij(O) is the elastic dipole without any effect of stress, o the
diaelastic polarizability and €;; the local strain field at the position of the point

defect. The associated interaction energy can be expressed as [30]:

1
E = —Pijzfij — 551‘]‘04”*;9[6“. (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.
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Dederichs and Schroeder have shown that the point defect flux can be written

as a function of a renormalized diffusion tensor [20]
- 1 A ESh(r)
Do(r) = 100 Sy exp (5. ®)

where E5"(r) is the interaction energy as given by Eq. for a point defect
initially located at r and performing a jump h with associated unit vector h, Dy
is the diffusion coefficient without stress, kg the Boltzmann constant and 7" the
temperature. The strain field in the interaction energy is taken at the location
of the saddle point, which in the present case is » + h/2. The summation
is performed on all nearest neighbors. The stress free diffusion coefficient is
Dy = kvpa® exp (—ER /kgT), where k = 1 for a vacancy and k = 2/3 for a
(100)-split dumbbell STA. In this expression, a is the lattice parameter of the
fce matrix, vp and Ef* the attempt frequency and migration energy, respectively.

Using a Taylor expansion to second order in strain of the diffusion coeffi-
cient, Woo has clearly shown that different terms contribute to stress induced
preferential absorption [16]. Even though in the present work this expansion is
not used, it is useful to recall it to make the link with existing models. Let €;; be
the sum of an applied strain ¢f; and an internal strain s?j due to a dislocation,

which is assumed to weakly vary over distance a, so that ;(r + h/2) ~ i (r).



s Inserting into leads to

~ 1 s.h
Dij(r) = Dy 1Pt TZhh Prieiy(r)

1 - stress free diffusion

2 - EID, first order

+ *DOkBTZthl €%

3 - elastodiffusion, SIPA-AD (Woo)

1 1 r 2 s,h 1 s,h ps a
+ 7D0 Z hih’j( Oék7lmn + k TPk:l Pm'rf: )6kl€?nn(r)
h N—— B

5 - SIPA-AD (Dederichs)

1 1 s (1 gh 11 sn d
Dy > hihy S, —_phps
+ 4 OkBT - J (2aklmn +35 9 k T > <r':kl( )gmn(r)

6 - EID, second order

1 1 77 1 s,h 11 s,h ps,h a _a
+ZDOI€]37Tzh:hlh] (2 klmn+2k TPkl Pmn €ki€mn - (4)

7 - elastodiffusion, second order

1o The first term corresponds to the diffusion tensor in the absence of stress. The
o second term, which is related to the elastic interaction difference (EID) for
ut STAs and vacancies, is responsible for the dislocation bias [31] to first order
2 (second order is the sixth term, it is always neglected). The third term is the
us  classical elastodiffusion term [20]. It has been identified by Woo as the main
us  contribution to SIPA [I3|[16], called SIPA-AD. The fourth and fifth terms couple
us  the dislocation and applied strains and thus also lead to STPA. The contribution
us  of polarizability corresponds to SIPA-T effect [21 22] 23], whereas the product
uz of dipole tensors is the STPA-AD effect as initially considered by Dederichs and
us  Schroeder [20]. In numerical simulations based on dipole tensor anisotropy, both
no the third and fifth terms are included since the diffusion coefficient is kept in its
0 initial form [15]. Finally, the sixth and seventh terms are second order terms
= for EID and elastodiffusion. Although the latter can in principle contribute to
122 SIPA, it has been ignored in previous studies based on polarizabilities, which
3 all relied on analytical developments. Only the fourth term was considered.

12« However, here again, the second part of this term is present in numerical studies
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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 absorp-
tion rate by dislocations is quantified by the so-called “absorption efficiencies”.
These quantities relate the absorption rate of point defects to their average con-
centration in the matrix. They are obtained by solving the diffusion problem
around a sink, usually at stationary state [32, B3, B4, B5] [36]. Analytical ex-
pressions of absorption efficiencies can be obtained only with simple geometries
and simplified description of point defect properties. Taking into account the
full complexity of Eq. necessarily requires numerical 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 magnitude o, if among terms 3
to 7 in Eq. only the fourth one is taken into account (SIPA-I) [23]. They
assume that the polarizability tensor is the same at stable and saddle points

and that it is isotropic, i.e.
2
Qi = (CVK - 30”) 030k + a* (8651 + 6w, (5)

where o and o# are the bulk and shear polarizabilities [37]. This approxima-
tion 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, i.e. F;; = Pd;;. Woo has
shown that the expression of Heald and Speight can be cast under the following
form (HSW model) [3§]:

Z\(o) = 20 (1 . AZ;E‘”) , (6)
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AZNo)  Z°6L(o)
Z0 T 2w LD (")

70 _ 2 (8)

4R
In ()
o Pb1—2v 1

T2 1—v kgT (9)
g g — VaK ot
51}/(0 ) = " [(;(142—3)P + 50— 20)P (—(1+v)+3v(s-1)*>+3(s- b)?)

(10)

(note that the 27 factor in Eq. is missing in the expression of Woo). Z°
is the absorption efficiency without applied stress. In Egs. —, v is the
Poisson’s ratio, u is the shear modulus, b is the Burgers vector (b = |b|), 1 is
the dislocation line direction, v is the Euler’s constant (y ~ 0.577) and R is
the half-distance between dislocations, calculated as R = (wpgq)~'/? with pq the
dislocation density. The uniaxial stress is applied along s, so that o;; = os;s;.
Egs. @ to are often given with different notations, considering the defect
as an Eshelby inhomogenous inclusion. The link between the two formalisms is
recalled in[Appendix A] For the sake of completeness, we note that an expression
with a similar dependence on stress orientation, in (s -1)? and (s - b)?, was
obtained by Wolfer and Ashkin [37].

With this model, the stress direction leading to the highest absorption ef-
ficiency depends on the sign of a*/P (Eq. (10)). For an SIA in fcc metals,
it is known that in its stable position, a* > 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
a* >0 [23, 22], but P < 0, so the reverse behavior is expected.

Later, SIPA due to elastodiffusion (SIPA-AD) was investigated analytically
by Skinner and Woo [13], Woo [16], and Borodin and Ryazanov [I7]. The most
general formula was derived by Borodin and Ryazanov. They showed that if
only the three first terms in Eq. are retained, and if the deviatoric part of

the dipole tensor at saddle point is small, the absorption efficiency of a defect
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can be written as

(11)

AZAD’O AZAD’hydro(a') AZAD’deV(O')
ZAP(a) = 2° <1 +—F— + =5 + =5 > .

Contrary to the SIPA-I model described above, in this model, hereafter called
B&R model, the defect has different properties at stable and saddle positions.
The absorption efficiency Z° is still defined by Egs. and (@, but P is now re-
lated to saddle point properties, i.e. P = PS = Tr (P%)/3. Z° 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 applied
stress [15, [40, [13] [17, 26l [41], this is taken into account through AZAP:0. The
effect of stress on absorption efficiency can be decomposed into an hydrostatic
term AZAPWdr depending only on Tr (o), and a deviatoric term AZAP-dev,
Only the latter is of interest here, as we focus on the difference of absorption

efficiencies for different orientations of applied stress. For a uniaxial stress, it

reads [I77, [42]
AZADdev(g) o P 1 i 1
_s = d® N A d® D3(e, - s)2 — =
70 4/1 kBT (S ) 3 + pz::l (eP ) (ep S) 9 )
(12)
where e, (p = 1,2,3) are the unit vectors along the crystallographic axes.

Factors d® and d® are related to the components of dipole tensors at saddle
point. In an fec structure, the dipole tensor of a defect jumping along [110] is

of the form

P Py 0
PP=|pP, P, 0 |. (13)
0 0 Py

We then have d?) = P§,/P® and d® = (P}, — P53)/(2P%) — P}/ Ps.

It appears from Eq. that the absorption efficiency does not depend
on the orientation of uniaxial stress with respect to the Burgers vector, unlike
SIPA-I. 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
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the simplified model of Woo [16]:

AZADAY(g) 30 P P} , 1

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

Expressions for STPA-AD and SIPA-I use only some terms in Eq. . In re-
ality, all terms from 3 to 7 contribute to absorption 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 calculated by in-
teratomic potentials. In addition, as shown in the previous paragraphs, various
approximations underlie the analytical derivations. That is why, in the follow-
ing, we evaluate the dipole tensors and polarizabilities for both stable and saddle
configurations by DFT and introduce them into an OKMC code and a CDM
model, which take into account the full complexity of diffusion under stress.
We determine the relative importance of dipole anisotropy and polarizability by
comparing these calculations to calculations without polarizability. The validity

of expressions || and (|12} is discussed, based on our simulation results.

3. Point defect properties

3.1. Method

Point defect properties can be calculated by atomistic simulations, from the

energy difference between two simulation boxes containing a point defect, one

10
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with applied homogeneous deformation £ and the other one without deforma-
tion. Following Eq. (2)), it reads, for a box of volume V' [44] 29],

1 1
AE(&) = §5ijCijk15le — Pijgij — §€¢jai]‘kl€kl. (15)

The first term corresponds to the homogeneous deformation of the perfect crys-
tal. It can be calculated separately with a dedicated simulation of a box without
defect and subtracted from AFE to retain only the contribution of the point de-
fect. By fitting Eq. without bulk contribution on calculations performed
at different deformation levels, for different deformation types (shear, isotropic
dilatation, etc.), it is possible to extract point defect dipole and polarizability
tensors.

Another method consists in using the average residual stress on the simula-
tion box [44] 29]:

1 0AFE

1
oii(e) = Vooe ~ Cijriert — = (Pij + qujricrr) - (16)
ij

Vv

Elastic dipoles are readily obtained from simulations with zero applied deforma-
tion [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 Ao;;(e) = —ajrer/V is
obtained.

To evaluate point defect properties in aluminum, DFT calculations are per-
formed with VASP code [46, [47, [48] [49] using the projector augmented-wave
(PAW) method [50, 5I]. Calculations are performed including the s states
[Ne]3s23p!. The exchange correlation 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 simulation cells, a dense shifted
Monkhorst-Pack k-point mesh grid of 8 x 8 x 8 points is necessary to obtain

converged results, in agreement with previous results [52]. Each configuration

11
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is relaxed using the conjugate gradient technique. The climbing image nudged
elastic band method (CI-NEB) [53] using 7 images is used in order 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. ) Simulations with interatomic potentials with different supercell sizes,
reported in supplementary material, show that the error on dipole tensor compo-
nents due to the interaction 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 previ-
ous observations [54]. In addition, the stress method requires fewer deformation
types to extract polarizabilities, since the different stress components are related
to different combinations of ajy; coefficients. For these two reasons the stress
method is used. A list of the deformation types, with the corresponding values of
—VAc;j(e) = aijrieri, is given in 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 [62]. Simulations
with interatomic potentials show that the error on polarizability tensor compo-
nents with supercells of 256 atoms is less than 10 %, except one component 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[I] Dipole tensor values

are slightly different from a previous DFT study [26], due to different DFT

12
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settings and in particular denser k-point meshes used here. They are in good
agreement with recent DFT calculations performed on the vacancy [55]. The
relaxation volumes, deduced from the dipole tensor values through

Tr P
AV = — 1
v (o

where K = (C11 + 2C42)/3 is the bulk modulus, are also presented in Table
Altogether the values agree reasonably well with experiments, although the
absolute value of the relaxation volume of the vacancy in its stable configuration
is larger than the experimental value measured at 4 K. The tetragonal deviation
from a cubic dipole tensor for the STA in its stable configuration is in excellent
agreement with the experimental value Py — Py = 1.1 £ 0.3 eV [56].

As can be seen from Eq. , introducing polarizable point defects in a

material leads to a variation of its elastic constants:
X
ACyjk = —q ikl (18)

where z is the atomic fraction of defects and 2 the atomic volume. This can be

written under the more convenient form:

JANOY 1
— - 19
xClij QCjk1 gt (19)

Although ok 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 related to cubic symmetry can be

extracted. Therefore it is possible to measure two shear polarizabilities

.1
0544 - g (0444 + 2@55) (20)
1 (a1 —a12 | ag —ajp | g — a3
o _ L 21
¢ 73 ( 2 2 T 2 ) (2)
and a bulk polarizability
L 1/1 2
at =3 g(an + 2aq2) + 5(0@2 + a2 + a3) | . (22)

From Eq. it is then possible to compute the influence of defects on Cyy,
C" = (011 — C12)/2 and K. DFT results in Tab. [1] show that SIAs contribute

13
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much more to the change of elastic constants than vacancies, in agreement
with experimental results [57]. Vacancies make the material more compliant
in compression and in shear, while STAs are compliant in shear and stiff in
compression. These variations are consistent with trends inferred from simple
arguments in early works on SIPA-T [23]. The fact that SIAs are compliant in
shear, which is not so intuitive, was proved with analytical models and atomistic
calculations [58]. Experimental measurements also support this result. The
variation in the two shear moduli, Cy4 and C’, was measured in aluminum after
electron irradiation at low temperature, where only Frenkel pairs are created
(Tab. . Negative values were obtained, in agreement with present results.
We note also that |AC4/xCua| > |AC'/zC'|, which has been shown to be
typical of fcc metals containing 100-dumbbells [58] [57]. Finally and perhaps
most importantly, the magnitude 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 measured in aluminum
but it is expected to be small, following results obtained in Cu [59, 60]. 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 [58] and saddle [30} [61] configurations. The obtained polar-
izabilities were found consistent with the variation of elastic constants measured
experimentally [568, B0]. However, later simulations in Cu with more physical
potentials were shown to produce results at variance with experiments [62], with
values of opposite signs. We encountered similar problems with potentials in
aluminum, which highlights the need for DFT calculations to evaluate polariz-

abilities.
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Table 1: 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 C1; = 111.4 GPa, Ci2 = 60.7 GPa and Cyq4 =
33.1 GPa.

vacancy (stable) vacancy (saddle) SIA (stable)  SIA (saddle)

([100] — [010]) ([100]) ([100] — [010])

Piy (eV) —2.49 —2.15 18.71 18.57
Py (V) =Py =Py 17.80 =Py
Pys (eV) - P, 1.96 — Py 18.40
Pys (V) ~0.22 1.45
ay (eV) 23 4 ~10 4
ags (eV) = o1 -3 —13 -8
a (eV) 4 7 103 73
ass (eV) = 04 = Oy 41 = o4
age (eV) = (4 15 = a5 62
ase (eV) 9 0
a6 (eV) -1 —12
a5 (eV) 10 25
ags (eV) =02 =03 —45 =13
ag3 (eV) = 1o 2 = Qaq2 —56
as (eV) 13 19 —60 -7

AVT/Q (sim.) ~0.31 ~0.10 2.27

—0.05 + 0.05(*) —0.19) 1.9 4+ 0.2(2)

AV*'/Q (exp.) 0,360

ggz (sim.)() —1.2 —18.1

;EAOC% (exp.)te —23+2

—— (sim.) -1.9 —8.2

K&

~ (exp.)(© —1342
j(( (sim.) -2 5

(&) Measurement at 4 K, Reference [63].

(b) Measurement at 700 K, Reference [64].

(©) Reference [65].

() Reference [66], using formation volumﬁsof Ref. [64].

(©) After subtraction of the anharmonic effect due to volume expansion [57]. This value
corresponds to the sum of STA and vacancy contributions, but it is often considered
that vacancy contribution is small [39] [67], which is confirmed by measurements on

quenched samples [67].
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4. Effect of stress orientation on point defect absorption by disloca-

tions

4.1. Methods

In this part, we evaluate the absorption efficiencies of point defects by dis-
locations in the configuration shown in Fig. The system contains two dis-
locations of opposite Burgers vectors b = =+a/2[101] and line direction ! =
1/+/6[121]. The vector normal to the glide plane is m = 1/+/3[111]. The lattice
is rotated to align the dislocations along the direction u, of the orthorhombic
box and the Burgers vectors along u,. 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 . This corresponds to a dislocation density pq = 104 m~2, which
is typical of steady state dislocation 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 dislocations was used
in a previous study [26], it ensures a proper convergence of the strain field when
the contribution of dislocations 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 per-
mits to increase the computational efficiency of OKMC simulations. The shear
modulus is 4 = 26 GPa and the Poisson’s ratio is v = 0.35 [26]. Other disloca-
tion 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 sep-
arately. Point defects are uniformly generated in the system and they are ab-
sorbed if they reach one of the cylinders of radius r. = 2b centered on disloca-

tions. The mean field equation describing the evolution of point defect average
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Figure 1: System simulated containing a dipole of straight dislocations. A tensile stress o is

applied along s, given by the two angles (6, ¢).

concentration C is ~
dC ~
5 =G~ ZpaDoC, (23)

where G is the creation rate. The absorption efficiency is deduced at steady
state from the measurement of C:

I
paDoC”

(24)

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 absorbed by one of the dislocations. For
a point defect located at 7, jump frequencies are calculated for each jump h,

using the following expression:

(25)

) — e <_ ER + E(r + h/2) - Ee(fr)>’

kT
where, as in section [2| vy and Ef* are the attempt frequency and the migra-
tion energy without elastic interactions, E° and E® are the interaction energies
with the local strain field at stable and saddle points, respectively (Eq. )
Events (defect jumps and creation of point defects) are chosen following the
residence time algorithm [70)} [7I]. Transition of SIAs to (110) crowdion config-
uration, highlighted recently in copper under high local shear strain [72], is 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 calculating the

average number of point defects in the simulation box at steady state (Eq. (24)).
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The physical time of the simulations is chosen to ensure the convergence of Z. To
provide a confidence interval, 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 de-
scribed in Ref. [27]. This approach has been shown to produce results in close
agreement with reference OKMC simulations; in particular, it can properly
handle the interaction of point defects with sinks in their stable and saddle po-
sitions, as explicitly done in OKMC. The equation to be solved is based on the

expression of the renormalized diffusion tensor given in Eq. :
G-V-J=0, (26)

with
J(r) = —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 STAs) [20, 27]. Contrary to OKMC, CDM is a local approach, i.e. it
amounts to taking E° in Eq. at 7 instead 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 equa-
tion may be quite CPU and memory demanding for large three-dimensional
systems, as fine meshing is required near the sink where concentrations and elas-
tic fields vary steeply. Therefore, this method is especially useful for systems
which are invariant along at least one direction. This is the case of the con-
figuration 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 2z and impose periodic boundary conditions, as in OKMC.

In the following, simulations are performed at T = 300 K. A uniaxial tensile

stress of 100 MPa is applied along (6, ¢) (Fig. [1)). Although this value is rather
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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
absorption efficiency is linear in o. So the results can easily be extrapolated 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 absorption 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 representing the influence of tensile stress ori-
entation on absorption efficiency is shown in Fig.[2l We represent the difference
of absorption efficiencies for a uniaxial stress of magnitude ¢ and a hydrostatic
stress with the same value of Tr (&), called AZAP for SIAs and AZAP for va-
cancies. This quantity corresponds to AZAP-4¢V in the decomposition shown in
Eq. . From Fig. [2| we see that vacancy absorption is increased if the stress
is applied close to a direction (6 = 30°,¢ = 90°). Directions that favor STA
absorption are more or less spread on a strip tilted with respect to the plane
orthogonal to the line direction.

To provide a more quantitative representation and facilitate the comparison
with CDM and B&R model (Eq. ), AZAP s plotted in Figs. [3| and [4] as a
function of 6, for ¢ = 0° (in the slip plane (I,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

efficiency. In particular, the dependence on ¢ is correctly taken into account,
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Figure 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 accounted 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.
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unlike the model of Woo which only depends on 6 (not shown). However,
the amplitude of AZAP is underestimated with B&R model, especially for the
vacancy with a factor up to 3 at § = 30° and ¢ = 90°, where the absorption

efficiency is maximum.
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Figure 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
1) 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. is shown
in dashed lines. The absorption efficiency is presented for two values of p: ¢ = 0°, i.e. in a

plane containing ! and b and ¢ = 90°, i.e. in a plane containing I and n.

4.2.2. SIPA-I

To determine the effect of polarizability, absorption efficiencies obtained with
dipole tensors only are subtracted from those obtained with both dipole and
polarizability tensors taken into account. 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 dif-

ferent specific directions of applied stress (Fig. . Absorption of SIAs is more
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Figure 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 1) 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. is shown
in dashed lines. The absorption efficiency is presented for two values of ¢: ¢ = 0°, 7.e. in a

plane containing I and b and ¢ = 90°, i.e. in a plane containing ! and n.

efficient if the stress is applied along the Burgers vector, in agreement with
early estimates of SIPA-I [2I] 23| [38]. The influence of polarizability on va-
cancy absorption under stress is more surprising. It appears quite similar to
the effect of dipole tensor anisotropy, with a direction of preferential absorption
along (6 = 30°, ¢ = 90°). With the existing STPA-T model, one expects a low
absorption rate if the stress is applied along the Burgers vector and a higher
absorption rate for other stress orientations.

To provide a more quantitative comparison with HSW model (Egs. —),
which assumes that point defects have the same isotropic properties at stable
and saddle positions, the values of dipole tensor P and polarizabilities a* and
o are deduced from properties of defects in Tab. [1|taken at stable position. P,
calculated as Tr (P)/3, is equal to 18.10 eV for STAs and —2.49 eV for vacancies.
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Figure 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 a;;x; (SIPA-I). Values are obtained by CDM. They result from the difference

between absorption efficiencies with P;; and «;jx; 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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Shear polarizability can be expressed as a Voigt average

3 * 2 *
ot = FQaat 50/ ) (28)

where o, and o* are given by Egs. and respectively. We have
at = 45.6 eV for STAs and a* = 4.4 eV for vacancies. Bulk polarizability,
as calculated with Eq. (22), is o = —40.7 eV for SIAs and o = 16.3 eV for
vacancies.

The effect of SIPA-I is usually discussed for a tensile stress orthogonal to the
dislocation line (6 = 90°), either along the Burgers vector (¢ = 0°) or orthogonal
to it (¢ =90°) [23]. The variation of absorption efficiency with ¢, with § = 90°,
is shown in Figs. [0] and [7] for SIAs and vacancies, respectively. Some terms are
dropped in Eq. @, which may explain why results are shifted with respect to
CDM. This shift is not relevant to our purpose. Leaving this aspect aside, the
agreement between CDM results and HSW model for § = 90° is remarkable
for the two defects. Results for § = 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 STPA-I for

the vacancy is lower than the result from CDM by more than a factor two.

4.8. Discussion

4.8.1. SIPA-AD

The contribution of intrinsic dipole anisotropy at saddle configuration to
STPA (SIPA-AD) has been discussed by several authors [19] 20} 15}, 13}, 16} [17].
It was shown that the absorption efficiency is mostly dependent on the direction
of uniaxial stress with respect to the dislocation line [I5, [13]. Under stress,
the diffusion tensor becomes anisotropic, owing to saddle point anisotropy. A
dislocation orthogonal to the direction of fastest diffusion will capture 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 infinitely large effect of stress). Directions of

fast diffusion depend on the values of dipole tensor at saddle configuration.
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Figure 6: Increment of absorption efficiency AZiI due to polarizability of SIAs, as a function

of ¢, for two values of 6 (30° and 90°). Results are obtained with CDM and compared to
HSW model given by Eqgs. @—.

Vacancies diffuse preferentially in a plane orthogonal to the applied stress [74],
which explains why vacancy absorption is enhanced when the tensile 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 quali-
tative agreement with these conclusions. However, the direction of maximum
absorption of vacancies is shifted by about 30° with respect to the line direc-
tion in the plane defined by (I,n) (¢ = 90°). Likewise, the strip of maximum
absorption for STAs is tilted, with a maximum at around # = 70° in the plane
(I,n) and 6 = 90° in the plane (I,b) (¢ = 0°). These discrepancies can be ex-
plained by lattice effects, which are not all taken into account in Woo’s approach
(Eq. (T4)), unlike B&R model (Eq. (12))).

To explain these results, we consider a uniaxial stress o;; = os;s;, with

s1 = sinacos B, so = sinasin 3, s3 = cos 8 the three direction cosines of s in
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Figure 7: Increment of absorption efficiency AZL 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 Egs. —.

the basis ([100], [010], [001]). We have

5 (sisi(1+v) —vdij), (29)

with £ = 2u(1 + v) Young’s modulus. We consider a jump along [110], for

Eij =

which the dipole tensor at saddle position is given by Eq. . Neglecting the
polarizability, the saddle point energy reads

B = (Pi1(1+v)sin® a — 20 Py + Pi3(1 + v) cos® o — v P33

_Z
E
+Pi2(1 +v)sin® asin2B) . (30)

Given the signs of the dipole tensor components of a vacancy (see Tab. ,

it is clear that the energy is minimum for a = 0°, i.e. for a stress applied along
[001]. For the SIA, since Pj2 > 0, we must have § = 45°. In addition, with
P11 + P13 > P33 the energy is minimum 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 efficiency by a

dislocation, one must favor the jumps which are as orthogonal as possible to
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this dislocation. For a dislocation along I = [121]/v/6, there are two jumps
which are orthogonal to the dislocation line, highlighted in red in Fig. [} (a).
These jumps are favored if the stress is applied along [010]. This configuration
corresponds to 6 = 35°, in close agreement with our OKMC and CDM results
(0 ~ 33°) and B&R results (6 = 29°). The absorption rate of 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. (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 absorption rate
in the plane (I,b) (¢ = 0°). From Fig. [2| it appears that maximum absorption
rates are obtained in a plane (I,12) (¢ = 90°). For a stress applied in this plane,
the projection of s on the jumps represented in red in Fig. (b) is the highest
for § = 71°; these four jumps are not orthogonal to the dislocation, but their
projection on I is small. The fact that four jumps contribute to SIA diffusion
enhancement in this case explains why the absorption rate is even higher than
for s along b. The value of 8 found is very close to OKMC and CDM results
(6 = 76°, Fig. [3)) and B&R results (8 = 76°). The variation of 6 from 90°
to 71° as ¢ varies from 0° to 90° explains the tilted strip in Fig. Finally,
we note that in this discussion, the strain field of the dislocation has not been
considered. This validates the assumption of Woo to neglect the dislocation
field in the analytical treatment [16]. Fully considering lattice effects as in B&R
model appears necessary to obtain a good agreement with OKMC and CDM. We
note that although second order terms in Eq. (fifth term and second part of
seventh term) can in principle also contribute to STPA-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 magni-
tude of AZAP is significantly different from our calculations for both defects.
This is especially the case for the vacancy. In the direction of applied stress
where the absorption efficiency is the highest, the discrepancy reaches a fac-

tor of around 3. For this direction, the effects of anisotropy of dipole tensor
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Figure 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]/v/2 (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.

at saddle configuration are the highest. In the model developed by Borodin
and Ryazanov, the deviatoric part of the dipole tensor 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.

4.8.2. SIPA-I

Contrary to SIPA-AD, the dislocation strain field is an essential ingredient
in SIPA-I. The fourth term in Eq. , which induces 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 STAs are the main
contributors to SIPA-I, due to their large polarizability [75] [76l B8] 14, [77].
HSW model (Egs. @—) predicts that SIAs will be absorbed preferentially by
dislocations whose Burgers vector is aligned with the applied stress [22] 23] [38].

Our DFT calculations confirm that STAs are much more polarizable than
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vacancies (Tab. . Shear polarizabilities of SIAs and vacancies 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 STPA-I is not completely neg-
ligible (Fig. : the amplitude of the effect is only three times smaller than for
SIAs. This is essentially due to the high absorption efficiency of vacancies when
the stress is applied in the plane (I,n), for § = 25°, close to the direction corre-
sponding 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
saddle points led to results in close agreement with HSW model. We can con-
clude 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 con-
tributions, i.e. of dipole anisotropy. To our knowledge, 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.
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 @ and 7 it has been suggested that STPA-

AD is up to thirty times larger than SIPA-T [14, 12} [16]. It is interesting to see

whether the present calculations, with more accurate values of dipole tensors

and polarizabilities, confirm this conclusion. Indeed, considering polarizabilities

induces additional complexity in kinetic codes, so it is useful to assess the rel-
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evance 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. However, as shown in Fig. [0] for a stress applied in a plane normal
to the dislocation line, polarizability reverses the directions of favored absorp-
tion of SIAs. The reason for this is the low effect of dipole anisotropy in this
plane, at variance with polarizability. This suggests 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 STA or
vacancy absorption. From the present results it can be concluded that if the
stress is approximately orthogonal to the dislocation line, and in particular along
the Burgers vector, the net absorption rate of STAs 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 irradiation is generally driven by an excess of
absorbed STAs due to EID, 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 uniaxial stress on
point defect absorption by straight dislocations in aluminum. Elastic dipoles and
diaelastic polarizabilities of vacancies 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 factor 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.

30



606

607

608

609

610

611

612

613

614

615

616

617

0.175 - W
0.150 A
xg 0.125 1 —--+—=- elastic dipole
< —— elastic dipole + polarizability
0.100 -
At
0.0751 AT PN
* * # *
g . * TS
0.050{ +** et s
0 90 180 270 360

v (°)

Figure 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 «;jy; are

considered.

Simulation results have been compared to analytical expressions of SIPA-
AD and SIPA-I. For STAs, models are shown to be in reasonable agreement
with simulations. Vacancies are very anisotropic in their saddle configuration,
which induces strong lattice effects on the diffusion under stress. In this case
the predictions 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 saddle 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 amplitude 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
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efficiency, which is similar to that of SIPA-AD.

Our results 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.
The dependence 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 applied to Frank dislocation
loops. It would be interesting to compare the obtained results to experimental
measurements of loop growth rates under stress [7], to better assess irradiation

creep mechanisms.

Appendix A. Modelling point defects as inhomogeneous inclusions

SIPA-I expressions @— 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 p*, respectively,
with a misfit corresponding to the transformation strain ej;. It is convenient to
consider an equivalent homogeneous inclusion of transformation strain e};, which
depends on e;; 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 = QCijkle;fl, (A1)
with
Cijii = (K - ;u) 8ij0r1 4 1 (Oindj1 + 0udjn) - (A.2)

In SIPA-I models, the defect is considered as isotropic, so e}, = de™/3. We
obtain

Pij = QK@Téij = P(Sij, (Ag)
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where P is the quantity used in Eqs. @—. It is customary to use the strain

within the inclusion in the absence of external field, e;, related to e;; by [78]

e?j = ijkle;crla (A.4)

where S;j1; is the Eshelby tensor for a spherical inclusion:

5v —1 4 — 5

m(gij(;kl + m (6ik5jl + Jil(sjk> . (A5)

Sijrl =

The strain within the inclusion can be written as e%l = §11€%/3, with

1+v 14v P

0 T

= = — A.
c 3(171/)6 3(1 —v) QK (4.6)

We note that owing to Eqgs. and (A.3), eT is the normalized relaxation
volume in a finite medium AVT/Q, whereas €° is the normalized relaxation
volume in an infinite medium AV*°/Q, 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 Egs. and , the following expressions are ob-

tained:
3(1-v)AK
K—-_KQ A.
“ 31— 0K + (1 + v)AK (A7)
o = 15(1 —v)Au (A.8)

15(1 —v)p+2(4 — 5v)Ap’

with AKX = K* — K and Ap = p* — p.

Appendix B. Set of deformation types to calculate polarizability ten-

sors

The structure of the polarizability tensors of vacancies and SIAs in their
stable and saddle configurations depend on their symmetries. They are given in
Table To determine all coefficients, we consider several deformation types
(Tab. B.3). Since both initial ([100]) and final ([010]) configurations must be

relaxed under applied strain in order to calculate the saddle position, the results
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Table B.2: Structure of polarizability tensors of vacancies and SIAs in their stable and saddle

configurations.
Stable configuration Saddle configuration

Cubic symmetry Orthorhombic symmetry

Vacancy For [100] to [010] jump
a1 a1z a0 0 0 a;; a1z aiz O 0 e
aiz ain a0 0 0 aj;g a;n aiz 0 0 i
alz a2 a;; 0 0 0 a3 aig azz 0 0 ase
0 0 0 aga O 0 0 0 0 o4 ag5 O
0 0 0 0 ag4 O 0 0 0 ag5 agq O
0 0 0 0 0 au ag aig azg 0 0 oags

Tetragonal symmetry Orthorhombic symmetry

SIA For [100] configuration For [100] to [010] jump
ain oz a0 0 0 ap;; oz aiz 0 0 e
a1z agg gz 0 0 0 a2 ann a0 0 e
a1z a3 a0 0 0 a1z a3 asz 0 0 ase
0 0 0 agqa O 0 0 0 0 au ag5 O
0 0 0 0 ass O 0 0 0 o4 agqa O

0 0 0 0 0 (671 Q16 Q36 0 0 (6731

o
Q

s

o
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concerning the final configurations can also be exploited to obtain additional
data about coefficients of the polarizability tensor.

Figures B.10] and [B.I1] show the variation of energy due to polarizability,
called E?) (see Tab. [B.3) extracted from DFT simulations (solid lines) and
calculated with the elastic model using polarizabilities deduced from residual
stress (in dashed lines). The variation of residual stress due to polarizabil-
ity, =V Aoi; = aijkieri, is also shown. These two deformations (1 and 3, see

Tab. B.3) correspond to dilatation/compression and (100) shear.

—+— energy from DFT

0.003 4 AN ---- from fit of stress

0.002 1

E@ (eV)

0.001 4

0.000 1

0.25 —¢— 033

—— 012

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

Figure B.10: Deformation 1 (dilatation/compression): (a) Variation of energy due to polariz-
ability, 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) Vari-
ation of residual stress (i. e. change in dipole tensors) due to polarizability, which is fitted

with a linear function to extract polarizabilities.

Acknowledgments

T. J. acknowledges F. Willaime for discussions about DFT calculations and

Y. Le Bouar for discussions about polarizabilities. This work was performed

using HPC resources from GENCI-CINES (Grant 2020-A0100912414).

36



(@
—0.001 -
3z
= —0.0021
=
—+*— energy from DFT
—0.0031 % ---- from fit of stress \
04 -03 -02 -01 00 01 02 03 04
& (%)
(b)
0.57 T3
i< —¥— 013
z
SEKE
<
=
|
—0.51

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

Figure B.11: Deformation 3 ((100) shear): (a) Variation of energy due to polarizability,
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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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