
HAL Id: hal-02922033
https://hal.univ-lille.fr/hal-02922033

Submitted on 18 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Phase-field calculations of sink strength in Al, Ni, and
Fe: A detailed study of elastic effects

Gabriel-Franck Bouobda Moladje, Ludovic Thuinet, Christophe Domain,
Charlotte Becquart, A. Legris

To cite this version:
Gabriel-Franck Bouobda Moladje, Ludovic Thuinet, Christophe Domain, Charlotte Becquart, A.
Legris. Phase-field calculations of sink strength in Al, Ni, and Fe: A detailed study of elas-
tic effects. Computational Materials Science, 2020, Computational Materials Science, pp.109905.
�10.1016/j.commatsci.2020.109905�. �hal-02922033�

https://hal.univ-lille.fr/hal-02922033
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Phase-field calculations of sink strength in Al, Ni, and
Fe: a detailed study of elastic effects

Gabriel Franck Bouobda Moladjea, Ludovic Thuineta,b,∗, Christophe
Domainc,b, Charlotte S. Becquarta,b, Alexandre Legrisa,b

aUniv. Lille, CNRS, INRAE, Centrale Lille, UMR 8207 - UMET - Unité Matériaux et
Transformations, F-59000 Lille, France

bLaboratoire commun EDF-CNRS Etude et Modélisation des Microstructures pour le
Vieillissement des Matériaux (EM2VM), France

cEDF-R&D, Département Matériaux et Mécanique des Composants (MMC), Les
Renardières, F-77818 Moret sur Loing Cedex, France

Abstract

The sink strength and bias of edge dislocations, low-angle symmetric tilt grain

boundaries (STGBs), and spherical cavities are calculated for Al, Ni and Fe

using a phase-field approach in this work. The interactions between point de-

fects (PDs) and sinks are incorporated in the present model. These interactions

include an elastic contribution to the total free energy of the system, and the

phenomenon of elastodiffusion which is often ignored and consists in the modi-

fication of the PD migration energy due the strain field generated by the sink.

Specific spatial schemes and new algorithms have been developed and applied

to perform the calculations due to the PD diffusion which becomes anisotropic

and spatial dependent when elastodiffusion is taken into account. The results

obtained show that the solution of Rauh and Simon systematically underesti-

mates the sink strength of edge dislocations, especially for dumbells in Ni and

Fe. STGBs with low misorientation angle and high density are biased sinks

when elasticity (with and without elastodiffusion) is taken into account. It is

also shown that taking into account the PD anisotropy at saddle point when
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the elastodiffusion is considered leads to a significant bias (> 10%) of the cavity,

which thus highlights the importance of the PD anisotropy at saddle point on

the sink strength and bias calculations.

Keywords: Phase-field, Irradiation, Sink strength, Elasticity, Elastodiffusion

1. Introduction

Predicting the microstructure evolution of structural materials of nuclear

reactors during irradiation is a crucial issue for the nuclear industry. Under

irradiation, point defects (PDs), self-interstitial atoms (SIAs) and vacancies, as

well as point defect clusters are created and diffuse towards microstructural sinks5

such as dislocations, grain boundaries (GBs) and cavities. These microstructural

defects evolve according to their ability known as sink strength to absorb PDs.

Another interesting quantity called sink bias is commonly defined, which is the

relative difference between the sink strengths for SIAs and vacancies. It allows

explaining irradiation dislocation loop growth/shrinkage[1–3], irradiation void10

swelling [4], or irradiation creep [5–7].

Different methods are used to calculate the sink strength: analytical reso-

lution of the PD diffusion equation around the considered sink [8, 9], object

kinetic Monte Carlo simulations (OKMC) [10–13], or phase field (PF) approach

[14–17]. The main advantage of the modelling techniques compared to the an-15

alytical models is the possibility to treat more complex microstructures and

to incorporate the elastic interactions between PDs and sinks which may be

addressed analytically only under simplifying conditions. This last point is im-

portant, since recent studies [12, 14] showed that elasticity has strong effects on

the dislocation sink strength computation.20

The elastic interactions between PDs and sinks induce supplementary energy

contribution which acts as a driving force for PD diffusion. Moreover, the

migration energies of PDs are also modified by the strain field generated by the
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sink. This dependence is called elastodiffusion. It can be demonstrated that

these two distinct effects are not redundant and appear when the continuum25

theory of diffusion is derived from the lattice theory of diffusion. This derivation

has been an intense area of research and has been presented in the seminal work

of [18] but also in [19, 20]. In this formalism, PDs are characterized by their

elastic dipole tensors [13]. Several studies [12, 21, 22] addressed elastodiffusion

effects on the sink strength calculations and on the role of the PD dipole tensor30

anisotropy at saddle point during PD diffusion. The analytical approach of

elastodiffusion proposed in [21] showed the increase of the edge dislocation sink

strength with the PD anisotropy at saddle point in fcc copper and bcc iron.

Furthermore, they found that the anisotropy effects of the PD dipole tensor at

saddle point were more pronounced for vacancies than SIAs in copper. More35

recently, the elastodiffusion effects on the edge dislocation sink strength were

investigated in aluminium using OKMC simulations [12] and the results were

qualitatively the same as those obtained in copper [21]. The results from [12] also

showed that the bias associated to cavities can reach values greater than 10%

by considering elastodiffusion, which means that a cavity cannot be considered40

as an unbiased sink as usually done [4]. GBs are usually considered as neutral

sinks like cavities [4], but the investigation of the symmetric tilt grain boundary

(STGB) stress field effects on its sink strength [23] revealed that STGBs with

low misorientation angle may have significantly higher sink strengths due to

elasticity effects, especially when their density is high. These results explain45

the interest of the elaboration of nanocrystalline materials for nuclear reactor

designing. Indeed, experimental studies [24, 25] showed that nanocrystalline

materials with high GB density can exhibit enhanced radiation resistance. In

[22] it was also shown that elastic interactions between PDs and semicoherent

interfaces lead to a marked enhancement of interface sink strength, especially50
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when elastodiffusion effects are taken into account.

This literature survey points out very interesting results concerning sink

strengths of dislocations, STGBs or cavities but they are either limited to one

particular material, which restricts the impact of their conclusions, or take only

partially into account the elasticity effects, elastodiffusion being ignored in most55

of the cases. As a consequence, we propose in this paper a more systematic study

of the sink strengths for these microstrutural defects for a panel of 3 materials,

fcc Al, Ni and bcc Fe with a detailed description of elasticity effects, including

elastodiffusion. This choice is driven by the fact that fcc Ni and bcc Fe are basic

elements for nuclear materials and they belong at the same time to 2 different60

crystallographic structures. Concerning Al, it has already been studied in the

literature and will be used thus as a case for comparison with the other studies.

This choice should also allow to determine if the fcc materials exhibit the same

tendencies or if significant differences are obtained between the fcc and bcc

crystals of the present study.65

The simulation technique used is based on a phase field approach since it

allows to incorporate diffusion and elastic effects in its formalism and is well

suited to treat a high diversity of microstructural defects, such as the ones

mentioned above. In particular, a phase-field model was previously used to

calculate dislocation and dislocation loop sink strengths in anisotropic materials70

such as Zr [14–16]. However, elastodiffusion was not considered in its formalism.

This paper then proposes a new algorithm taking elastodiffusion into account in

the phase field formalism. This is, to the authors’ knowledge, the first attempt

of this kind in the literature.

This paper is organized as follows. Section 2 presents the phase field method-75

ology employed to calculate the sink strength, with a particular emphasis on the

treatment of the different microstructural defects considered, as well as elastod-
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iffusion. In section 3, the sink strength is computed in pure fcc Al, Ni and

bcc metals for different sink types: edge dislocations, low-angle STGBs and

spherical cavities. The results are discussed in section 4.80

2. Phase field methodology

We consider a single cubic crystal in which one type of sink is introduced.

PDs are created by irradiation at a uniform and constant generation rate K0.

Single PDs diffuse inside the matrix and are absorbed locally by the sink. To

describe the system evolution under irradiation, the order parameters, the total85

free energy of the system and the evolution equations are defined successively,

as usually done in a PF approach.

The necessary order parameters to describe the system evolution are the

following:

i. The site fractions of PDs Xd(r) , d = I for SIAs or V for vacancies.90

ii. The elastic shape function ηs(r) associated to the sink s, which is used

to generate the corresponding stress field, if a correct eigenstrain ε0,ηs
ij is

associated to this field. Its expression depends on the type of the mi-

crostructural defect and will be established later in this section.

iii. The shape function λs(r) of the capture zone of sink s (equal to 0 inside95

the matrix and 1 in the capture zone). This parameter allows a precise

control of the absorption of PDs by the sink, which is essential to correctly

calculate the sink strength.

The PF model used in this paper has the particularity of using 2 distinct order

parameters related to the microstructural defects instead of one as usually done:100

one simulates its stress field, the other one simulates its capture zone. This
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method has already been tested in [14] and turns out to be efficient for the sink

strength calculations.

The system evolves by minimisation of the total free energy F . Strictly

speaking, this is only true close enough to equilibrium, an hypothesis that we

assume in the following. F includes the chemical free energy Fch associated to

PD and the elastic energy Fel:

F (Xd, ηs) = Fch(Xd) + Fel(Xd, ηs) (1)

Fch and Fel are respectively the chemical free energy associated to the PD and

the elastic energy. In our system description, the sink evolution due to the PD

absorption is not taken into account, and the sink is considered unchanged and

immobile. This assumption is reasonable assuming a PD mobility higher than

that of the sink, as is generally the case. In the following the self-free energy

associated to the sink is ignored in Eq. 1. The chemical free energy in the limit

of dilute solution is given by [4]:

Fch(Xd) = 1
Vat

∑
d

∫
V

EdfXd + kBT [Xd lnXd + (1−Xd) ln(1−Xd)] dV (2)

Edf is the PD formation energy, Vat the atomic volume, V the volume of the

computational domain, kB the Boltzmann constant, and T the temperature of

the system. The elastic energy is calculated via the microelasticity theory [26]

and is a function of the elastic strain which is the difference between the total

strain εij(r) and the total eigenstrain ε0,tot
ij (r) defined thereafter:

Fel = 1
2

∫
V

Cijkl[εij(r)− ε0,tot
ij (r)][εkl(r)− ε0,tot

kl (r)] dV (3)

where Cijkl are the elastic constants of the system. In this work, the system is
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considered as elastically homogeneous which means that the elastic constants

are uniform in space. The total eigenstrain is given by:

ε0,tot
ij (r) =

∑
d

ε0,Xd
ij Xd(r) + ε0,ηs

ij ηs(r) (4)

with ε0,Xd
ij and ε0,ηs

ij respectively the eigenstrain tensors associated to the PD d

in its stable equilibrium configuration and to sink s. In the elasticity theory, a

PD can be modelled through its elastic dipole tensor Pij which is related to the

PD eigenstrain or Vegard’s tensor by:

P e,d
ij = VatCijklε

0,Xd
kl (5)

P e,d
ij is the PD elastic dipole tensor at its stable state. The PD relaxation volume

Ωd is related to the Vegard coefficients through the relation:

Ωd = VatTr(ε0,Xd
kl ), Tr(ε0,Xd

kl ) =
∑

k,l(k=l)

ε0,Xd
kl (6)

Elastic equivalences between sinks and inclusions are used to determine the cor-

responding eigenstrain ε0,ηs
ij [27–29]. Edge dislocations, low-angle GBs described

as an array of edge dislocations, and spherical cavities are the sink geometries

considered in this article. Proper PF simulation of dislocations became possi-

ble by means of the equivalence established by Nabarro [27], which states that

a dislocation loop behaves elastically like a platelet inclusion with thickness d

and whose border corresponds to the dislocation line. The eigenstrain ε0,ηsij

associated to the platelet is then defined as follows:

ε0,ηs
ij = binj + bjni

2d (7)
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bi and nj are respectively the ith component of the Burgers vector and the jth

component of the unit vector normal to the habit plane of the loop. The field

ηs allows to describe the position of the platelet: it is equal to 0 inside the

matrix, and 1 inside the platelet and varies from 0 to 1 at the platelet border.

The platelet border which corresponds to the dislocation loop core is therefore

modelled as a diffuse interface of width w, typically set at 4 PF cells. In this

paper, we use the Read and Shockley model [30], in which a low angle symmetric

tilt grain boundaries (STGB) with the misorientation angle θ is described as an

array of edge dislocations, separated by a distance h given by :

h = b

2 sin(θ/2) '
b

θ
(8)

As a consequence, a pile up of platelets (in which ηs = 1) is introduced in the

PF computational domain in order to simulate pairs of STGB or equivalently

nanotwins. The same eigenstrain as in Eq. 7 can be used. Following [31] we

used the inclusion model of Eshelby [32] to determine the eigenstrain ε0,ηs
ij of a

spherical cavity, which is in the absence of any external pressure [31]:

ε0,ηs
ij = 2γ

Rcav(C1111 + 2C1122)(S1111 + 2S1122 − 1)δij (9)

where γ and Rcav are respectively the superficial tension and the radius of the

cavity. δij is the Kronecker symbol and Sijkl the Eshelby tensor [31, 32]. The105

cavity surface is modelled as a diffuse interface of width 4 PF cells.

The total strain εij(r) can be decomposed into two parts, the heterogeneous

part of the strain δεij(r) and the average strain εij :

εij(r) = εij + δεij(r) (10)
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it can be demonstrated that in elastically homogeneous systems,

εij =
∑
d

ε0,Xd
ij Xd(r) + ε0,ηs

ij ηs(r) (11)

where Xd(r) and ηs(r) are respectively the volume average values of X(r) and

ηs(r). The heterogeneous strain δεij(r) derives from the displacement field

ui(r) which is obtained by solving the mechanical equilibrium equation in the

Fourier space [26, 33–36]:

Cijkl
∂2uk(r)
∂rj∂rl

= Cijkl[
∑
d

ε0,Xd
kl

∂Xd

∂rj
(r) + ε0,ηs

kl

∂ηs
∂rj

(r)] (12)

The local PD flux Jdi (r, t) which is a linear function of driving force µd is

given by:

Jdi (r, t) = −
∑
j

Md
ij(r, t)
Vat

∇j(µd(r, t)) (13)

where µd is the local energetic potential per PD:

µd = Vat
δF

δXd
= µdchem + µdel (14)

with

µdchem = Vat
δFchem

δXd
(15)

which, in the low PD fraction approximation, is given by:

µdchem = Edf + kBT lnXd (16)

and

µdel = Vat
δFel

δXd
(17)

Md
ij(r, t) is the mobility tensor of PD d which, in the case of the free energy of

9



Eq. 2, can be written as:

Md
ij(r, t) = Xd(r, t)

kBT
Dd
ij(r) (18)

where Dd
ij(r) is the PD diffusion tensor. The PD diffusion equation is assumed

to be of the Cahn-Hilliard type [37]. The generation rate term K0 and the

absorption term Jabs
s,d (r, t) are added in this equation to simulate the PD creation

by irradiation and their local absorption by the sink. The resulting equation is

given by:

∂Xd

∂t
(r, t) =

∑
i

∇i[
∑
j

Dd
ij(r)

VatkBT
Xd(r, t)∇jµd(r, t)] +K0 − Jabs

s,d (r, t) (19)

The recombination between PDs is neglected and the PD diffusion equations are

solved independently. Jabs
s,d is defined by using the shape function λs according

to:

Jabs
s,d (r, t) = λs(r)λeff(Xd(r, t)−Xs

d) (20)

λeff is an efficiency factor taken equal to 1/δt to maintain the PD atomic fraction

inside the sink at Xs
d , δt is the time step used to evolve the kinetic equations.

Xs
d is fixed at a constant value, usually taken as the thermal equilibrium fraction

of PD. The shape function λs(r) in the expression of the absorption term Jabs
s,d110

of Eq. 20 ensures the PD absorption only inside the sink, ηs and λs are assumed

not to evolve with time since the sink is supposed to remain unchanged during

the simulation.

Due to the cubic symmetry of the crystals and the nature of the point defects

studied in this paper, the PD diffusion tensor in the unstrained system D0,d
ij is

isotropic:

D0,d
ij = D0,dδij (21)

10



However, during the diffusion of PDs towards the sink, the migration rate of

PD is modified by the strain field. This phenomenon is called elastodiffusion.

In the presence of an extended elastic strain field εkl(r) generated by the sinks,

the stable and saddle state energies Ee and Esad are modified at the first order

as follows:

Ee = Ee
0 −

∑
kl

P e
klεkl(re) (22)

Esad = Esad
0 −

∑
kl

P sad
kl (h

ξψ)εkl(rsad) (23)

where Ee
0 and Esad

0 are respectively the PD energy at stable and saddle config-

urations in the unstrained system. P e
kl and P sad

kl (h
ξψ) are respectively the elastic

dipole tensors of PD at stable and saddle point for the jump direction h and for

the initial ξ and final ψ PD orientations. Assuming that εkl(rsad) ' εkl(re), it

can be demonstrated that through an averaging procedure on all the possible

jumps of PD d, the PD diffusion tensor is given by [18, 19]:

Dd
ij(r) = 3D0,d

NZ

∑
h

∑
ξψ

uh
i u

h
j exp[ 1

kBT

∑
kl

(P sad
kl (h

ξψ)− P̄ e
kl)εkl(re)] (24)

with uh
i the ith component of the unit vector in the direction of the jump h, Z

is the number of pairs (ξ,ψ) and N the number of nearest neighbour sites, P̄ e
kl

is given by:

P̄ e
kl = 1

3Tr(P
e
kl)δkl (25)

The Pij-tensors are determined from DFT based ab initio calculations described

in section 3.1.115

The sink strength k2
s,d can be deduced from Eq. 19 when steady state is

reached. It is a function of the absorption rate Jabs
s,d and the average site fraction
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Xd [4]:

k2
s,d =

Jabs
s,d

D0,d(Xd −Xs
d)

(26)

with

Jabs
s,d = 1

V

∫
V

Jabs
s,d (r)dV, Xd = 1

V

∫
V

Xd(r)dV (27)

The sink bias Bs is defined as [38]:

Bs = 1−
k2
s,V

k2
s,I

(28)

To solve the PD evolution equations, the following dimensionless parameters

are introduced: 

r∗ = r/a0, ∇∗i = a0∇i

Dd,∗
ij = Dd

ij/D
0,d

t∗ = t/t0, t0 = a2
0/D

0,d

K∗0 = t0K0

Jabs,∗
s,d = t0J

abs
s,d

C∗ijkl = Cijkl/(kBT
Vat

), µd,∗ = µd/kBT

(29)

where a0 is the length of a unit PF cell. The dimensionless form of Eq. 19 is

then:

∂Xd

∂t∗
(r∗, t∗) =

∑
i

∇∗i [
∑
j

Dd,∗
ij (r∗)Xd∇∗jµd,∗(r∗, t∗)]+K∗0 −J

abs,∗
s,d (r∗, t∗) (30)

Eq. 24 shows that the PD diffusion tensor in strained system becomes anisotropic

and spatial dependent due to elastodiffusion whereas it is isotropic and uniform

in the unstrained system. In presence of elastodiffusion, solving the PD dif-

fusion equation is then much more complex and time consuming, and specific
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spatial schemes and new algorithms have been derived to treat Eq. 30. They120

are described in the Appendix A.

3. Results in pure fcc Al, Ni and bcc Fe

3.1. Input data

The simulations were performed at temperature T = 300 K and with the

dimensionless PD generation rate K∗0 = 3 × 10−8. For this temperature, the

thermal equilibrium fractions of PDs are generally small and thus we fixed

the PD fraction inside the sink Xs
d close at ' 0. The elastic parameters for

the simulations are given in table 1. The PD elastic dipole tensors necessary

for elastodiffusion calculations in Al are available in [12] and recalled in table

1. The elastic dipole tensors of PDs in Ni and Fe were computed by DFT

simulations using VASP [42, 43]. For this purpose, a periodic simulation cell of

volume V containing a perfect crystal with N atoms is considered and relaxed.

One PD is then introduced, the supercell vectors being kept fixed during atomic

relaxation. If the PD is a vacancy (respectively SIA), the resulting number of

atoms in the simulation supercell is N-1 (respectively N+1). The Pij-tensors

are deduced from the residual stress σij induced by the PD on the simulation

supercell through the relation [12, 13, 22]:

Pij = V (σij − σ0
ij) (31)

where σ0
ij is the residual stress on the perfect (without defect) supercell after

relaxation which can be different from zero due to convergence limitations of the125

ab initio calculations. The calculations were performed in a periodic simulation

box with 256 and 250 atoms for Ni and Fe respectively (4× 4× 4 and 5× 5× 5

unit cells). The projector augmented wave method (PAW) was used and the

exchange-correlation functional was evaluated with the Perdew-Burke-Ernzerhof

13
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Table 1: Elastic parameters for the simulations. The elastic dipole tensors are given in the
basis B0([100],[010],[001]). h is the migration direction of PD, ξ and ψ are respectively the
initial and final configuration of the dumbbell.
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(PBE) formulation. The plane wave energy cutoff was set to 350 eV for Ni and130

300 eV for Fe, and the k-point grid mesh used was 3×3×3. The most stable SIA

configuration in fcc structures is generally the <100>-dumbbell [44] and in bcc

structures the <111>-dumbbell, but in bcc iron it is the <110>-dumbbell which

is the most stable due to magnetism [45]. The dumbbell migration mechanism

is more complex than that of vacancies and the most favorable one for the [100]135

dumbbell in Al and Ni (respectively the [110] dumbbell in Fe) is a mechanism of

translation-rotation from the [100] (respectively [110]) to the [010] (respectively

[011]) orientation. The elastic dipole tensors for all the possible PD migration

directions are deduced from each other by space rotations. As shown in Fig.

1, the choice of the PF basis BPF(e1, e2, e3) is dictated by the orientation of140

the dislocations dipoles, and then does not correspond to the crystallographic

basis B0([100],[010],[001]). Therefore all the tensors must be rewritten in the

PF basis using proper space rotations in the simulations. Different cases were

chosen to investigate the elastodiffusion effects:

i. Case 1: no elastodiffusion, P sad
ij ≡ P e

ij .145

ii. Case 2: isotropic PD at saddle point, P sad
ij ≡ 1

3Tr(P
sad
ij )δij .

iii. Case 3: full elastodiffusion, real P sad
ij -tensors.

Cases 2 and 3 allows assessing the importance of the PD anisotropy at the saddle

point.

3.2. Edge dislocation150

A dipole of edge dislocations is considered as illustrated in Fig. 1-a), with

the glide systems {111}<1̄10> in fcc and {110}<1̄11> in bcc. Each dislocation

is characterised by:

a) its unit line vector: l = 1√
6 [1̄1̄2̄] (fcc), 1√

6 [1̄12̄] (bcc)
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Figure 1: Simulation box containing a) a dipole of edge dislocations (2D), b) an array of edge
dislocation dipoles (2D) or equivalently a low angle STGB, and c) a spherical cavity (3D).

b) its normal vector to the glide plane: n = 1√
3 [111̄] (fcc), 1√

2 [110] (bcc)155

c) its Burgers vector: b = ±a2 [1̄10] (fcc), ±a2 [1̄11] (bcc), a is the lattice

parameter.

The PF basis RPF corresponds to ( 1√
2 [1̄10], 1√

3 [111̄], 1√
6 [1̄1̄2̄]) in Al and Ni, and

to ( 1√
3 [1̄11], 1√

2 [110], 1√
6 [1̄12̄]) in Fe. The size of a unit PF cell a0 was taken

equal to the length of the Burgers vector b. The dislocation density ρ depends160

on the simulation box dimensions according to ρ = 2
N1N2a2

0
(see Fig. 1-a)). The

capture region of the PD by the dislocation cores corresponds to 2 cylinders of

radius r0, where r0 is set at 4b, a value which is close to the one proposed in the

literature for pure bcc iron [46]. The shape function λs(r) is equal to 0 outside

the cylinder and 1 inside it.165

The PD fluxes are plotted in Fig. 2 for each metal without (case 1) and with
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full elastodiffusion (case 3). Overall, for both cases, dumbbells migrate preferen-
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Figure 2: (Color online) Fluxes of dumbbells and vacancies in Al, Ni, and Fe, without elas-
todiffusion in blue (case 1) and with full elastodiffusion in red (case 3) for a dipole of edge
dislocations. The length of the vector is proportional to the norm of the flux ‖J‖ =

√
J2

1 + J2
2 .

tially towards the tension region of dislocations. On the contrary, vacancies are

more attracted to the compression region which is expected when elastic inter-
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actions are considered. When the elastodiffusion is taken into account, the flow170

of dumbbells hardly changes for all the metals investigated here. Conversely, the

trajectory of vacancies in all the metals is more affected by the elastodiffusion

especially in the compression region. The flow intensity of vacancies decreases

and its orientation changes near the compression region as shown in Figs. 2-b),

2-d) and 2-f).175

In figure 3 are represented the sink strengths and the corresponding biases.

The sink strength is higher with full elastodiffusion (case 3) compared to the case

without elastodiffusion (case 1) in each metal and for each PD. This difference is

amplified with the density of dislocations. The elastodiffusion effects are more

significant for vacancies in all the metals.180

We now examine intermediate case 2 to study the effects of PD anisotropy.

In this case, the effect of elastodiffusion is due only to the change in the PD

relaxation volume between stable and saddle points. The sink strength obtained

in cases 1 and 2 are very close for dumbbells in all the metals. In the case of

vacancies, elastodiffusion in case 2 induces a decrease of the sink strength in185

comparison to case 1 as shown in Fig. 3 in all the metals and this decrease is

more marked in Ni. The relative difference of the relaxation volume (Ωs−Ωe)/Ωe

for dumbbells in all the metals and for vacancies in Fe is less or equal to 10%

(see table 1). Thus the elastic interactions between PDs and dislocations at

stable and saddle state configurations are practically the same in case 2 which190

explains the small change of the sink strength between cases 1 and 2. However,

the relaxation volume of vacancies in Al and Ni at saddle state is significantly

lower than the one at stable point. This leads to a strong decrease of the elastic

interactions and thus to a decrease of the sink strength in case 2 in comparison

to case 1.195

The comparison between cases 1, 2 and 3 shows an increase of the sink
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Figure 3: (Color online) Sink strength for dumbbells and vacancies, and bias as a function
of the dislocation density in Al, Ni and Fe. Case 1: no elastodiffusion, case 2: elastodiffusion
with isotropic PD at saddle point, case 3: full elastodiffusion.

strength with the PD anisotropy at saddle point. This increase is amplified with

the dislocation density for vacancies in Al and Ni, and for both PDs in Fe. As a

consequence the bias decreases when taking into account the PD anisotropy at

saddle point in all the metals as illustrated in Fig. 3. The analytical solution of200

the sink strength proposed by Rauh and Simon [9] is also represented in figure
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3. The results are comparable at low dislocation densities, but considerable

differences are observed for high densities. The results obtained on all the 3

materials show that the analytical solution of Rauh and Simon (RS) strongly

underestimates the values of the sink strength and consequently of the bias. For205

this latter quantity, the difference between the RS and PF results is particularly

pronounced for Ni and Fe and can reach more than 20% in the case of Ni. This

can be partly explained by the fact that the anisotropy ratio of Ni and Fe is large

whereas the RS model is only valid for isotropic materials. These differences

are due to several reasons already mentioned in [14]:210

i. The Rauh and Simon solution is only valid for isotropic kinetic and elastic

properties of systems and PDs. Moreover, elastodiffusion is ignored in this

approach.

ii. To obtain the Rauh and Simon solution, the choice of the boundary con-

ditions are similar to those of the Laplace’s model [8, 14]. The PD atomic215

fraction used to compute the sink strength (see Eq. 26) corresponds to

the atomic fraction at the boundaries of the reservoir instead of the mean

value X̄ as in the PF model.

iii. The Rauh and Simon model ignores the elastic interactions between the

dislocations, which limits its validity to low dislocations densities.220

The results obtained in [12] for sink strength and bias in Al using OKMC simu-

lations are represented in figure 3. There is a good agreement between PF and

OKMC results for low dislocation densities but differences are observed at high

densities. This discrepancy can be explained by the fact that the radius r0 of

the PD capture region used in the OKMC simulations is equal to 2b while in225

the present study it is 4b. In our PF model, r0 = w where w is the width of the

dislocation core which is modelled as a diffuse interface. For numerical reasons
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it is difficult to simulate an interface with less than 3 or 4 cells, hence the value

chosen for r0.

3.3. Low-angle symmetric tilt grain boundary (STGB)230

The STGB is modeled by an array of edge dislocations as illustrated in Fig.

1-b). The array is characterized by 2 distances:

i. distance h between dislocations, related to the tilt angle θ: h = b/θ.

ii. distance d between the 2 STGBs in the simulation domain.

Each dislocation has the same characteristics listed in section 3.2. The interspac-235

ing between dislocations h was set at 6b which corresponds to a misorientation

angle of θ = 9.55◦. The radius r0 of the capture zone is still equal to 4b for each

dislocation like in section 3.2. The notation (hkl)[uvw] where (hkl) refers to

the normal of the STGB plane and [uvw] to the tilt axis is adopted. Thus, the

STGB in Al and Ni corresponds to the (1̄10)[1̄1̄2̄] GB and in Fe to the (1̄11)[1̄12̄]240

GB.

The PD fluxes towards the GB are plotted in Fig. 4. Like in the case of

isolated straight edge dislocations (θ → 0◦), dumbbells migrate preferentially

in the tension region of each dislocation for all simulation cases and metals.

On the contrary, vacancies migrate preferentially to the compression zone. The245

dumbbell trajectory changes very little in Al and Ni when full elastodiffusion is

taken into account (case 3) compared to the case without (case 1). The same

result is obtained for vacancies in Fe. However, in Ni the vacancy trajectory is

strongly affected near the low angle STGB with full elastodiffusion. This is also

the case for dumbbells in Fe.250

The sink strength for PDs have been calculated and normalized by the sink

strength of a neutral continuous planar sink without elastic interactions k2
ps =

12/(d− e)2 [23], e being the width of the planar sink which corresponds to the
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Figure 4: (Color online) Fluxes of dumbbells and vacancies in Al, Ni, and Fe, without elas-
todiffusion in blue (case 1) and with full elastodiffusion in red (case 3) for low angle STGB.
The length of the vector is proportional to the norm of the flux ‖J‖ =

√
J2
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2 .

width of the capture region 2r0 in our simulations. They are represented in

Fig. 5 as well as the resulting sink bias. The sink strengths for both PDs,255

in all the simulation cases and in all the metals are very close to k2
ps for large

STGB inter-spacing (d > 30 nm). The bias for these STGB inter-spacings is

less than 10 %. For low STGB inter-spacings (d < 30 nm), the elastic effects

become significant, which leads to a strongly biased STGB, especially for Fe

in all the simulation cases. In particular for d ' 5 nm, the sink strength for260

vacancies is approximately twice times greater than k2
ps for all the cases, and

the increase of the sink strength for dumbbells is even more significant. The
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Figure 5: (Color online) Sink strength normalized by the sink strength of a neutral continu-
ous planar sink for dumbbells and vacancies, and bias as a function of STGB inter-spacing
in Al, Ni and Fe. Case 1: no elastodiffusion, case 2: elastodiffusion with isotropic PD at
saddle point, case 3: full elastodiffusion.

sink strength is higher when full elastodiffusion (case 3) is taken into account

compared to the cases 1 and 2, like in the case of isolated dislocations. In Al, the

normalized sink strengths calculated in cases 1 to 3 are close for both PDs and265

the biases are then almost the same for all the simulations. In the case of Ni, full
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elastodiffusion effects are more significant especially for vacancies and induce a

strong decrease of the bias compared to the other cases. In Fe, elastodiffusion in

case 2 has no effect on the sink strength for vacancies, but in case 3 an increase

is observed for small STGB inter-spacings. For dumbbells, elastodiffusion does270

not change the sink strengths when dumbbells are considered isotropic at saddle

point. However, with full elastodiffusion, the sink strength increases strongly

for small STGB inter-spacings and leads to strong variations of the STGB bias

as shown in Fig. 5 (bias ' 70 % for d ' 5 nm).

The misorientation angle effect on the sink strength was also investigated by275

performing simulations with various values of the dislocation spacing h. Figure

6 shows the normalized sink strength and the sink bias for all the metals as

a function of the misorientation angle θ, for a chosen GB inter-spacing. The

results are qualitatively the same in all the metals. For both PDs, there is

an increase followed by a decrease of the sink strength with θ, the maximum280

is obtained for a value of θ around ' 3◦, the maximum being less visible for

vacancies in Al and Fe. The representation of the bias given in Fig. 6-c) shows

a decrease with the misorientation angle. These results concerning the influence

of θ are very similar to those obtained in fcc Cu [23]. In this latter study, the

maximum of the sink strength for dumbbells is around θ = 2◦. As explained in285

[23], the maximum observed on the curve representing the STGB sink strength

as a function of θ is the result of 2 antagonistic effects:

i. The sink strength increases with the dislocation density ρ and conse-

quently with θ as obtained in the case of isolated edge dislocations. Since

in the case of STGB, ρ = 1/hd = θ/bd, the sink strength should also290

increase with θ.

ii. However, for high dislocation densities (small h or high θ), the stress

fields of neighboring STGB dislocations overlap strongly which leads to
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Figure 6: (Color online) Normalized sink strength for a) dumbbells, b) vacancies and c) sink
bias as a function of the misorientation angle for a given STGB inter-spacing d in Al (red
circle), Ni (blue triangle) and Fe (green square).

a mutual cancellation for the considered spatial arrangement. Thus, the

STGB tends to act as a neutral continous planar sink without elastic stress295

field for high dislocation densities (high misorientation angles).

The maximum is less visible for vacancies due to their smaller relaxation volume

than the one of dumbbells (see table 1) which implies weaker elastic interactions

[23]. It can be concluded that the results of Figs. 5 for θ = 9.55◦ are in fact a

low estimation of the bias: considering STGB with smaller misorientation angle300

of around 3◦ can lead to biases 2 to 3 times larger than the one obtained for

9.55◦.

The crystal anisotropy effect was studied by changing the plane orientation
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i.e. its normal n which is parallel to the Burgers vector b. The STGB orien-

tation was changed from (1̄10)[1̄1̄2̄] to (100)[001] in Al, Ni and from (1̄10)[1̄1̄2̄]305

to (100)[001] in Fe. The results of the STGB bias calculations with full elas-

todiffusion are given in Fig. 7. In Al, the bias does not change much with
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Figure 7: (Color online) Sink bias as a function of the STGB inter-spacing for different STGB
orientations with full elastodiffusion in a) Al, b) Ni and c) Fe, θ = 9.55 degree.

the STGB orientation. In Ni and Fe, the bias decreases from the (1̄10)[1̄1̄2̄] to

(100)[001] and from the (1̄10)[1̄1̄2̄] to (100)[001] STGB respectively. This de-

crease is more pronounced for low STGB inter-spacings. In Ni, the bias of the310

(100)[001] STGB even becomes negative for low STGB inter-spacings, which

means that vacancies are more absorbed than dumbbells.

3.4. Spherical cavity

System description

A spherical cavity is located at the center of a 3D cubic PF simulation315

domain as illustrated in Fig. 1-c). The cavity radius was set at Rcav = 1 nm

(4a0). The cavity surface was modelled as a diffuse interface with a width of 1

nm (w = 4a0). The radius of the capture region thus corresponds to r0 = 2 nm

(r0 = Rcav +w). The cavity density corresponds to ρ = 1/N3 and the PF basis

to ([100], [010], [001]).320

The PD flows towards the cavity are represented on Fig. 8 in the x1x2-plane
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for a given cavity density. The trajectories of both PDs are almost normal
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Figure 8: (Color online) Fluxes in the x1x2-plane of dumbbells and vacancies in Al, Ni, and
Fe, without elastodiffusion in blue (case 1) and with full elastodiffusion in red (case 3) for a
spherical cavity according to the x1x2-plane passing through the center of the cavity. The
length of the vector is proportional to the norm of the flux ‖J‖ =

√
J2

1 + J2
2 .
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to the surface of the cavity in all the simulation cases and for all the metals.

The dumbbell trajectory does not change remarkably with the saddle point

anisotropy in all the systems, as well as the trajectory of vacancies in Fe. On325

the other hand, a significant change is noted in the vacancy flow near the cavity

in Al and Ni. As shown in Figs. 8-b) and 8-d) the vacancy trajectory is deflected

in the vicinity of the cavity with the PD anisotropy at saddle point. The same

effects of the Pij-tensor anisotropy at saddle point on the PD trajectories near

a spherical cavity in Al were obtained in [12].330

The sink strengths and bias are plotted in Fig. 9. The sink strengths for PDs

have been normalized by the sink strength of a neutral cavity without elastic

interactions given by the Wiedersich formula:

k2/ρ =
4πr0(1− f3/2

d )
1− 1.8f1/2

d + f
3/2
d − 0.2f3

d

(32)

where fd = (r0/R)2 and ρ = ( 4
3πR

3)−1, R being the reservoir radius. The sink

strengths obtained for both PDs in cases 1 and 2 are close to the Wiedersich

solution for all the systems. The bias in these cases is less than 5%. The results

in the case of full elastodiffusion (case 3) show an increase of the sink strength

for dumbbells and a decrease for vacancies compared to cases 1 and 2. As a335

consequence, the sink bias increases and is between 13% and 20% in Al, and

around 10% in Ni and Fe for the corresponding cavity radius and cavity densities

investigated (1022−1024m−3). Thus, a cavity cannot be considered as a neutral

sink when all the elastic effects are taken into account. It should also be noted

that the bias varies slightly with the cavity density because a cavity produces a340

short-range strain field.

The bias evolution with the cavity radius Rcav was investigated and the

results are represented in figure 10 along with the analytical solution of Borodin

[29]. In Borodin solution, the radius of the capture region corresponds to the
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Figure 9: (Color online) Sink strength normalized by the Wiedersich solution as a function
of the cavity density for dumbbells and vacancies, and bias in Al, Ni and Fe. Case 1: no
elastodiffusion, Case 2: isptropic PD at stable and saddle points, Case 3: full elastodiffusion
(real Pij-tensors).

radius of the cavity (r0 = Rcav). In our study, the capture radius of cavity is345

r0 = Rcav + w where w is the width of the cavity surface. The width of the

cavity surface was then set at 4a0 (a0 = 0.25 nm), and the capture radius to

r0 = Rcav + 1 nm. The bias is represented as a function of the sink capture
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radius r0 in Fig. 10. The results of Fig. 10 show a decrease of the cavity bias
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Figure 10: (Color online) Sink bias as a function of the cavity capture radius r0 with full
elastodiffusion in a) Al, b) Ni and c) Fe.

with its radius. This can be explained by the fact that the eigenstrain of the350

cavity is proportional to 1/Rcav (see Eq. 9) and the corresponding strain field

decreases with Rcav. As a consequence the bias decreases with the cavity radius,

since the elastic interactions decrease. In the cases of Al and Ni, we obtain a

better agreement with the Borodin solution for large cavities than for small

cavities. In Fe, there is a large difference between our results and the analytical355

solution of Borodin. Several reasons may explain these discrepancies:

i. The Borodin solution depends only on the elastic dipole tensor at saddle

point and varies as 1/Rcav.

ii. Dumbbells and vacancies are assumed to have the same Pij-tensor sym-

metry at the saddle point in the Borodin solution. In our simulations, this360

is not the case for vacancies and dumbbells in Fe.

iii. The strain field around the cavity given in the Borodin solution corre-

sponds to the one obtained considering an infinite isotropic medium.

iv. In our PF model, the cavity radius Rcav is different from the capture

radius, which is not the case in the model of Borodin. However, when365
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increasing Rcav, this difference becomes relatively less significant. Besides,

figure 10 shows that the results are closer for higher radii.

4. Discussion

In classical PF models, an interface energy for precipitate/cavity (or equiv-

alently a core energy for the dislocation) is introduced in Eq. 1 and can be370

expressed as a function of the order parameter ηs. The expression of this term

is then required to calculate the temporal evolution of ηs but not the ones of

the other order parameters, in particular the diffusion equations of the PD site

fractions Xd (the surface energy does not depend on Xd, and then gives no con-

tribution to µd in Eq. 13 and 14). In our work, ηs does not evolve with time,375

in other words, the sink is supposed immobile and its expansion/regression is

neglected during the simulation time (the idea is to make a correlation between

the sink size and its strength), like in other approaches (Object Kinetic Monte

Carlo [10–13, 22]) to calculate the sink strengths. As a consequence, since we

do not calculate the temporal evolution of ηs, we do not need to express the380

interface energy in Eq. 1. This approach is the same as the one proposed in

[14–17].

It has been shown that elastodiffusion modifies the flow of PD toward the

sinks and the sink absorption bias. The magnitude of these effects depends

strongly on the PD anisotropy at saddle point. In particular, the sink strength385

increases by taking into account the PD anisotropy at saddle point (case 3)

compared to the other cases simulated (cases 1 and 2).

In all the metals and in the case of isolated edge dislocations, vacancies are

more affected by elastodiffusion which induces a decrease of the sink bias around

5% or less, except in the case of Ni: taking into account full elastodiffusion or390

only isotropic elastodiffusion modifies the bias by more than 10%. The saddle
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point anisotropy effects on the sink strength have been investigated by Skinner

and Woo [21] in fcc Cu and bcc Fe at 500 K. Similar to what we find, they

concluded that the sink strengh increases by a small amount for each PD and

in each material. It should be noted that in the study of Skinner, <100>-395

dumbbells are considered as SIA in Cu and Fe while a <110>-dumbbell is

considered in Fe for this study. The results obtained for Cu are very similar to

those obtained in this study for Al and Ni. The normalized diffusion coefficients

Dij/D
0 are plotted in figure 11 to better investigate the elastodiffusion effects

on PD diffusion. As shown by equation 24, the diffusion coefficients depend on400

the coupling between the Pij-tensors at stable and saddle points and the strain

field due to the sink. The profiles of Fig. 11 show stronger variations of the

ratios Dij/D
0 for vacancies than for dumbbells in Al and Ni, especially in Ni.

These higher variations of the ratios Dij/D
0 for vacancies allow to explain the

decrease of the sink bias in Al and Ni with full elastodiffusion compared to the405

case without. In Fe, the magnitudes of the ratios D11/D
0 and D12/D

0 for both

PDs are very close. Significant differences are observed for the ratio D22/D
0,

which is higher for dumbbells than for vacancies in some points (see Fig. 11),

but overall a small decrease of the sink bias is observed with full elastodiffusion

in Fe.410

GBs are usually considered as neutral sinks in the literature [4]. The results

obtained here show that for high STGB inter-spacings, the sink strengths for

both PDs are weakly affected by the elastic stress field. As a consequence the

STGB can be considered as neutral for high inter-spacings. However for low GB

inter-spacings, this assumption is no longer valid and GBs act as biased sinks415

(see Fig. 5). The sink strength of STGBs can reach large values but for very

low interspacings between them. However, these results are not so surprising if

compared with some results of [22], in which a high enhancement of the sink
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Figure 11: (Color online) Profiles of the normalized diffusion coefficients D11/D0 along L1
(see fig. 1-a)) at x2 = 21.22 nm, D22/D0 along L2 (see fig. 1-a)) at x1 = 21.22 nm and
D12/D0 along L1 (x2 = 21.22 nm) with full elastodiffusion (case 3) respectively a), b) and c)
in Al, d), e) and f) in Ni, g), h) and ji) in Fe for a dipole of edge dislocations.

strengths is also observed for low interspacing values in Ag-Cu interfaces and

Ag twist grain boundaries. For a value of d around 20 nm, the bias is approxi-420

mately 7% for Al and 15% for Fe, whatever the simulation cases. STGB is thus

significantly more biased in Fe than in Al. The case of Ni is more subtile since

elastodiffusion effects are not negligible in this case. Without elastodiffusion,

the bias is approximately the same as for Fe, whereas taking into account elas-

todiffusion divides its value by a factor 2, which illustrates the importance of425
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elastodiffusion in this particular case. The profiles of the normalized PD diffu-

sion coefficients Dij/D
0 obtained with full elastodiffusion are plotted in Fig. 12.

As the STGB does not produce any long-range stress, the diffusion coefficients
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Figure 12: (Color online) Profiles of the normalized diffusion coefficients along L1 (see Fig.
1-b)) at x2 = 10.75 nm, with full elastodiffusion (case 3) D11/D0, D22/D0 and D12/D0

respectively a), b) and c) in Al, d), e) and f) in Ni, g), h) and i) in Fe for a low angle STGB.

change only in the vicinity of the STGB. In Al and Ni, the variations of the

ratio Dij/D
0 are more important for vacancies than for dumbbells like in the430

case of isolated dislocations. These variations of the ratio Dij/D
0 are small and

remain comparable for both PDs in Al which explains the small change of the
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sink strength and bias (see Fig. 5). In Ni, the variations are more pronounced

for vacancies compared to dumbbells and this explains the strong effects of full

elastodiffusion on sink strength for vacancies in this case. The ratio Dij/D
0

435

in Fe varies strongly for both PDs. The variations are more pronounced for

dumbbells which leads to the more noticeable effects of full elastodiffusion on

sink strength for dumbbells in Fe. It must be pointed out that all these results

were obtained for a fixed value of θ = 9.55◦, which has been arbitrarily chosen.

In [47], it is shown that the evolution of the bias with the grain boundary440

misorientation θ in Cu is not monotonous: for θ values between 3 and 10◦, the

bias increases with θ when the calculations include anisotropic elasticity and

elastodiffusion, but this increase is very weak, the curve being almost a plateau

in this range (the bias varies between 2 and 4%). Between 1 and 3◦, the bias

strongly increases when the misorientation decreases. This results in the pres-445

ence of a shallow minimum in the curve B(θ) at θ around 3◦. In figure 6 of

our paper, we also plotted the curves B(θ) for each material under investigation

Al, Fe and Ni but for none of them we obtained a minimum, instead B signif-

icantly decreases when θ increases for all the materials. Moreover, even in the

θ-range [3◦ − 10◦], there is a more significant impact of elasticity than in [47]450

(for example, the bias varies between 5% and 30% for Al). This is mainly due

to the distance between grain boundaries d, which is around 20 nm in our case

whereas it is 70 nm in [47]. It means that the bulk volume fraction affected by

the elastic field is larger in our case, which explains why the elasticity effects on

the bias are more important in our study than in [47], even for larger values of455

θ. So it is possible that the minimum exhibited in figure 2 of [47] is erased in

regimes where the elasticity effects are stronger. When comparing the data at

the same value of d (around 60-70nm) and θ (around 10◦), we observe that the

bias is around 2% for Ni and Al and 6% for Fe (see figure 5 case 3: full elas-
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todiffusion), which corresponds to the order of magnitude of the bias obtained460

in [47] (around 4%). This tends to confirm the importance of the parameter d

in these calculations. The nature of the material may also play a role. In [47],

the presence of a shallow minimum in the curve B(θ) is due to the fact that the

maximum of the sink strength is not reached for the same misorientation for

interstitials (θ = 1.5◦) and vacancies (θ = 3◦). In our case, the maximum of the465

sink strength for interstitials is always reached for the same value of θ (around

3◦) whatever the material. For vacancies, the maximum of the sink strength

is also reached at 3◦ for Ni but it is much less marked for Fe, and completely

disappears for Al.

One limitation of our model is that the dislocations are supposed immobile.470

Gu et al [48] proposed an analytical approach to take into account the effect of

climb on the sink strength of low-angle tilt grain boundaries, in the simplified

case where only vacancies are considered and without taking into account the

elastic interactions between PDs and dislocations. Their results clearly show

that, for small misorientations, the GB sink strength drops rapidly to zero. The475

effect of the misorientation angle has also been investigated in our work, as

shown in figure 6 and we observe the same tendency. However, the obtained

curves are generally not monotonous in our case, but exhibit a maximum. This

is due to the elastic interactions between PDs and dislocations, which are more

significant when the misorientation angle is low, since the elastic fields of the480

dislocations in the STGB impinge on each other in a lesser extent. In [48], the

specific contribution of climbing (in comparison to immobile dislocations) on

the sink strength in not addressed.

In [49], a PF method is also developed to calculate the sink strength of low-

angle symmetrical tilt grain boundaries. It is based on a different approach485

to describe the network of dislocations [50], and a PF dislocation climb model
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[51–53], which allows to take into account the mobility of the dislocations due

to climb. Dislocation climb is simulated by means of non-conserved disloca-

tion dynamics to calculate the temporal evolution of the parameter ηs. In this

work, the dimensionless parameter L∗ = Lb2/M0 is introduced, with L a ki-490

netic coefficient associated to the mobility of the dislocation, b the norm of the

Burgers vector and M0 the mobility of the vacancies. This parameter measures

the difference between the speed of absorption of the vacancy in the core of the

dislocation and the speed of arrival at the core. L∗ � 1 means that the PDs

are absorbed as soon as they arrive. When L∗ � 1, their results are close to the495

ideal sink model based on an immobile array of dislocations (which corresponds

to our work) for a misorientation angle θ of the grain greater than 4◦. On the

other hand, for lower values of θ there are significant deviations. This is due

to the fact that during the climb there is a drag of vacancies, which is not the

case in the static model. Thus the concentration of vacancies along the grain500

boundary is less important when the fast dislocation climb is included in the

model and therefore the sink strength is greater. This phenomenon is closely

related to the effective climb rate of the dislocations, which depends on several

parameters. The first one is the quantity of PDs created in the bulk. In [49], it

must be emphasized that the irradiation rate adopted in their simulations are505

quite high and it could be interesting to investigate if such an effect remains for

lower values of K0. The second one is the presence of self-interstitials, which are

not considered in [49]. Then, the application of this model in its present form to

dislocation evolution under irradiation is not straightforward and it still needs

to be generalized in order to take into account both vacancies and interstitials.510

However, this type of models offers promising perspectives for a large panel of

phenomena involving dislocations under irradiation and our work should in the

future include climbing at least when the dislocation density is low in the grain
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boundary.

The results of the sink strength and bias computations of a spherical cavity515

with elastodiffusion show that the PD anisotropy at saddle point leads to a

significant change of the sink strength and bias in all the metals. Especially,

the sink strength for SIAs increases, while the one for vacancies decreases when

full elastodiffusion is considered. Therefore a cavity can no longer be considered

as a neutral sink. This decrease of the cavity sink strength for vacancies is520

surprising, since in the case of an edge dislocation and a STGB we found an

increase of the sink strength for both PDs when full elastodiffusion is taken into

account. The diffusion coefficients hardly change with full elastodiffusion due

to the small strain field generated by the cavity as illustrated on Fig. 13.

A condensed summary of all these results is given in table 2.525

5. Conclusion

A PF model allowing to calculate the sink strength and bias of microstruc-

tural defects by taking into account the elastic interactions between sink and

PDs is presented in this work. The added value of this model compared to the

one presented in [14] is the incorporation of elastodiffusion effects, which allows530

a more precise sink strength calculation. A particular emphasis was placed on

the role of the anisotropy of the PD elastic dipole tensors at saddle point on

the sink trength and bias calculations. The simulations were performed for edge

dislocations, STGBs and spherical cavities in pure fcc Al, Ni and bcc Fe metals.

The results show for all metals that the sink strengths of an edge dislocation535

and a low-angle STGB increase for both PDs with full elastodiffusion compared

to the other cases of simulations, while the sink strength of a spherical cavity

increases for dumbbells and decreases for vacancies with full elastodiffusion.

The increase of the edge dislocation sink strength with full elastodiffusion is
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Figure 13: Maps of the normalized diffusion coefficient D11/D0 in the x1x2-plane passing
through the center of the cavity with full elastodiffusion for dumbbells and vacancies respec-
tively a) and b) in Al, c) and d) in Ni, e) and f) in Fe.

more important for vacancies than dumbbells in all the metals. This leads to540

the decrease of the dislocation sink bias. Furthermore, for all the simulation

cases, the solution of Rauh and Simon systematically underestimates the sink

strength, especially for dumbells in Ni and Fe. In the case of a low-angle STGB,

the increase of the sink strength with full elastodiffusion is almost the same
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STGBs with low misorientation angle and low inter-spacing are biased sinks
in all the metals and all the cases of the simulation.
Spherical cavities are biased sinks in the case 3 of the simulation, in all the metals.

Al Ni Fe
case 3 compared to cases 1 and 2
Sink strength for dumbbells

Edge dislocation Increased Increased Increased
Low-angle STGB Increased Increased Increased
Spherical cavity Increased Increased Increased

Sink strength for vacancies

Edge dislocation Increased Increased Increased
Low-angle STGB Increased Increased Increased
Spherical cavity Decreased Decreased Decreased

Sink bias

Edge dislocation Decreased Decreased Decreased
Low-angle STGB Hardly changed Decreased Slightly increased
Spherical cavity Increased Increased Increased

Case 1: without elastodiffusion.
Case 2: with elastodiffusion and isotropic elastic dipole tensor at saddle point.
Case 3: with elastodiffusion and real elastic dipole tensor at saddle point.

Table 2: Summary of the results.

for both PDs in Al and Fe which leads to a small change of the sink bias in545

this two metals. Contrariwise, vacancies are more affected by the increase of

the sink strength with full elastodiffusion in Ni and this leads to the STGB

sink bias decrease. The STGB sink bias in all the metals increases significantly

with the decrease of the STGB inter-spacing on the one hand, and with the

decrease of the misorientation angle on the other hand. An important issue to550

emphasize is that STGBs with high density and low misorientation angle have

high sink strengths and are strongly biased. Moreover, the STGB sink bias

changes significantly with the STGB orientation in Ni and Fe, while the change

is not so remarkable in Al. As with full elastodiffusion the sink strength of the

cavity decreases for vacancies in all the metals, the cavity bias increases and is555
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close to 10% for small radius which is not negligible. Thus cavities with small

radii can no longer be considered as neutral sinks. There is a decrease of the

cavity bias with the increase of the radius in all the metals, but this decrease is

not marked. The comparison of the cavity sink bias with the solution of Borodin

reveals important discrepancies in the case of Fe.560

The results are qualitatively the same for all the metals as shown in table

2. These results can have direct consequences on dislocation loop and cavity

growth or shrinkage rates. These quantities are essential in the understanding

of several phenomena occurring during irradiation ageing such as irradiation

creep or swelling. The prediction of the radiation induced segregation (RIS) a565

phenomenon that results from the coupling between PD and atom fluxes can be

also affected by elastodiffusion and will be investigated in future works.
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Appendix A

An explicit Euler scheme is used to solve Eq. 30:

Xt∗+δt∗
d = Xt∗

d + (∂Xd
∂t∗

)t
∗
δt∗ (A-1)

A finite difference scheme is used for the spatial discretization involving the

following dimensionless classical derivative operators:

∇∗,c1 φ(r∗1 , r∗2 , r∗3) = [φ(r∗1 + 1, r∗2 , r∗3)− φ(r∗1 − 1, r∗2 , r∗3)]
2 (A-2)

∇̃∗,c1 φ̃(q∗1 , q∗2 , q∗3) = [exp(icq∗1)− exp(−icq∗1)]
2 φ̃(q∗1 , q∗2 , q∗3) (A-3)

where ∇̃∗,c1 is the Fourier transform of the gradient operator ∇∗,c1 , φ any field,

q the wave vector and ic the imaginary complex number defined as (ic)2 = −1.

∇∗,c2 and ∇∗,c3 (respectively ∇̃∗,c2 and ∇̃∗,c3 ) are defined in the same way as
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Figure A-1: Staggered finite difference grids [54]. The total volume represents a unit PF cell.

∇∗,c1 (respectively ∇̃∗,c1 ). To overcome the appearance of artifact oscillations,

the displacement and the strain fields are evaluated on staggered grids [54–

56] schematized in Fig. A-1. Shifted derivative operators are introduced and

defined as:

∇∗,+1 φ(r∗1 , r∗2 , r∗3) = φ(r∗1 + 1, r∗2 , r∗3)− φ(r∗1 , r∗2 , r∗3) (A-4)

∇∗,−1 φ(r∗1 , r∗2 , r∗3) = φ(r∗1 , r∗2 , r∗3)− φ(r∗1 − 1, r∗2 , r∗3) (A-5)

∇̃∗,+1 φ̃(q∗1 , q∗2 , q∗3) = (exp(icq∗1)− 1)φ̃(q∗1 , q∗2 , q∗3) (A-6)

∇̃∗,−1 φ̃(q∗1 , q∗2 , q∗3) = (1− exp(−icq∗1))φ̃(q∗1 , q∗2 , q∗3) (A-7)

An important fact about using staggered grids is that one staggered grid is

dedicated to the diagonal components of the strain tensor, and others to each590

off-diagonal component as shown on Fig. A-1.
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To prevent also the appearance of artifact oscillations during the resolution of

the PD evolution equation, a staggered grid is employed to compute the PD flux

as done in [57]. This new scheme allows to handle numerical instabilities which

can occur due to sharp variations of the diffusion tensor when elastodiffusion

is taken into account. The PD flux is rewritten using the shifted derivative

operators:

Jd,∗±i (r∗, t∗) = −
∑
j

Dd,∗±
ij,j (r∗)X±d,j(r

∗, t∗)∇∗,±j µd,∗(r∗, t∗) =
∑
j

Jd,∗±i,j (r∗, t∗)

(A-8)

with

Jd,∗±i,j (r∗, t∗) = Dd,∗±
ij,j (r∗)X±d,j(r

∗, t∗)∇∗,±j µd,∗(r∗, t∗) (A-9)

where

Dd,∗−
ij,1 (r∗1 , r∗2 , r∗3) =

D∗ij(r∗1 , r∗2 , r∗3) +D∗ij(r∗1 − 1, r∗2 , r∗3)
2 (A-10)

Dd,∗+
ij,1 (r∗1 , r∗2 , r∗3) =

Dd,∗
ij (r∗1 + 1, r∗2 , r∗3) +D∗ij(r∗1 , r∗2 , r∗3)

2 (A-11)

X−d,1(r∗1 , r∗2 , r∗3 , t∗) = Xd(r∗1 , r∗2 , r∗3 , t∗) +Xd(r∗1 − 1, r∗2 , r∗3 , t∗)
2 (A-12)

X+
d,1(r∗1 , r∗2 , r∗3 , t∗) = Xd(r∗1 + 1, r∗2 , r∗3 , t∗) +Xd(r∗1 , r∗2 , r∗3 , t∗)

2 (A-13)

Jd,∗+i and Jd,∗−i are respectively the PD flux shifted to the right and to the left.

In other words, the PD flux is evaluated at the middle of the PF cell boundaries

as illustrated in Fig. A-2. The dimensionless diffusion equation 30 becomes:

∂Xd
∂t∗

(r∗, t∗) = −
∑
i

∑
j

∇∗,∓i Jd,∗±i,j (r∗, t∗) +K∗0 − J
abs,∗
s,d (r∗, t∗) (A-14)
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Figure A-2: 2D reprentation of the staggered grid used to compute the PD flux and its
divergence. The superscirpts (∗, d) have been omitted for clarity.

where

∇∗,∓i Jd,∗±i,j =


−∇∗,−i Jd,∗+i,i or equivalently

−∇∗,+i Jd,∗−i,i if i = j
(A-15)

and

∇∗,∓i Jd,∗±i,j = −1
4 [∇∗,−i Jd,∗+i,j +∇∗,−i Jd,∗−i,j +∇∗,+i Jd,∗−i,j +∇∗,+i Jd,∗+i,j ]

if i 6= j (A-16)

This discretization scheme shows that for the diagonal terms of the PD diffusion

tensor, the divergence of the PD flux given by ∇∗,∓i Jd,∗±i,j is evaluated at the

center of the PF cells. On the other hand for off-diagonal terms, ∇∗,∓i Jd,∗±i is

calculated at the corner of the PF cell boundaries as shown in Fig. A-2. To595

have the divergence of the PD flux at the center of the PF cells, an average

value of all the terms ∇∗,∓i Jd,∗±i,j given at each corner is done. In practice, the
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discretization scheme is more stable when it is only the chemical flux Jd,∗chem

which is evaluated on shifted grids. This may due to the fact that the elastic

potential µd,∗el and the diffusion coefficients Dd,∗
ij which depend on the strain600

field are computed using the shifted derivative operators.
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