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Phase-field modeling of cavity growth and dislocation climb
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Abstract

An original phase-field model coupling cavity growth, dislocation climb and vacancy diffusion is proposed. The
model naturally accounts for elastic interactions between objects while its kinetic equations guarantee that matter is
conserved when bulk vacancies are exchanged at the cavity surface or the dislocation core. An original spectral method
that drastically reduces simulation time is also proposed in order to efficiently obtain the stationary vacancy concentra-
tion profiles during the objects evolution. It is shown how this model can be calibrated in a physically-informed way to
reproduce diffusion-mediated cavity growth and dislocation climb under the so called "local equilibrium assumption”.
As an application of the model, the microstructural evolution of an annealed irradiated aluminum sample, implying in-
teractions between several cavities and dislocations, is simulated. Non trivial effects regarding the dislocation-induced
elastic interactions on the closure kinetics of cavities are notably highlighted.

Keywords: Phase-field, Cavity, Dislocation, Vacancy Diffusion, Elastic interactions, Irradiation

1. Introduction 115, 16, 17, 18, 19, 110, 1.1}, 12, (13, 14, [15]. In models of class
s C, a non-conserved auxiliary field is introduced to rep-
In general, describing and predicting quantitatively resent cavities in addition to the conserved concentra-
the macroscopic behavior of metals and alloys requires tion fields [16,117,118,119, 20,121,122, 23,124, 25,126, 27,
reproducing the evolution of a microstructure composed 28, 129, 130, 31,132, 133, 134]. Models of class C appear
of diverse objects (phases, precipitates, cavities, grain relevant for three reasons: (i) they allow for uncoupling
boundaries, dislocations, point defects, etc.) which s the concentration profiles from the cavity surface energy
evolve under the effect of multi-physics driving forces and thus have a better control on this value; (ii) it makes
(chemical, mechanical, thermal, electrical, etc.). Both the mechanical coupling of the cavity (and potentially
theoretically and numerically, phase-field methods have others) distinct from that of the diffusive species; (iii)
proven to be particularly relevant for this task, offering additional kinetic parameters are introduced which al-
the possibility of describing multi-physics interactions ss lows for controlling the reaction rate of point defects
within a common variational framework, at the char- at the cavity surface, extending the modeling of their
acteristic space and time scale of the object dynamics growth to processes that are not exclusively controlled
(L1, 2. by bulk diffusion.

Using phase-field methods to reproduce diffusion-
mediated cavity growth has been performed for about
fifteen years, especially in the irradiated materials com-
munity where such objects are commonly observed [3].
Two classes of models are usually proposed. In mod-
els of class B (according to the nomenclature intro-
duced in [4]), the conserved concentration field related
to point defects is the unique field variable which is
used to describe both species diffusion and cavities

In all of these phase-field simulations, the diffusion

s of vacancies is considered as the primary mechanism
responsible of the cavity growth. In richest models
however, the following phenomena are explicitly taken
into account: diffusion of interstitials [6, |7, 119, 20, 18,
22,123, 124, 126, 27, 28, [12, 29, 130, 114, 131, 15, 132, 33],

ss  presence of static grain boundaries [17, [18, 19, 20, 24,
23, 128, 133], diffusion of gas atoms linked to a pressure
inside some cavities or bubbles [20, 18, 21, 24, 132],
anisotropic surface energies [25, 26], surface stresses
*Corresponding author [13]... Exceptin a few studies [5, 21,124, 28,113,[15,134],
Email address: antoine.ruffini@onera.fr (A. Ruffini ) so elastic effects are neglected as they are considered to
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be second-order effects for diffusion-mediated cavity
growth, especially when other extended defects generat-
ing internal stresses such as grain boundaries or disloca-
tions are not explicitly taken into account. Furthermore,
the dynamics of climbing dislocations and their elas-
tic interactions with cavities are not taken into account
while, in irradiated materials notably, such extended de-
fects are likely to be formed concomitantly to cavities
[35].

Phase-field formulations enabling to simulate
diffusion-mediated dislocation climb have already been
proposed in the literature [36,137,138,139,40,41,42,43].
However, to our knowledge, they have never been
coupled to cavity growth. Simulations developed
specifically for this task are generally based on Cluster
Dynamics [44, 145, 146, 47] or Object Kinetic Monte
Carlo (OKMC) simulations [48, 149, [50] where strong
hypotheses are necessarily considered. In both meth-
ods, systems are assumed dilute. In cluster dynamics
simulations, systems are in addition assumed to be
locally homogeneous, while elastic interactions are
included through mean-field bias factors that make this
method unable to describe the elasticity-induced evolu-
tion of dense heterogeneous microstructures. Although
elastic interactions can be more precisely taken into
account in OKMC [51]], they are usually not considered.
In [52], an approach based on the coupling between
OKMC simulations and Discrete Dislocations Dynam-
ics [53,154,155, 56] is proposed, allowing the authors to
simulate the climb of a dislocation interacting with a
precipitate. Such approaches require however to couple
two-scales distinct methods (which can be numerically
tricky and potentially time-demanding) while certain
local rules introduced to account for the object kinetics
are not constrained by the physical self-consistency of
a variational formalism. Non-local models have also
been proposed to simulate diffusion-mediated cavity
growth and dislocation climb [57, |58]. Here again,
they are based on necessary assumptions regarding
the shape of objects, their spatial density and elastic
interactions that are likely to be undermined by more
precise descriptions such as the phase-field.

In light of this, we propose an original phase-field de-
scription that couples vacancy diffusion-mediated cav-
ity growth and dislocation climb in a framework that
naturally accounts for elastic interactions. The proposed
model is notably based on a variational formulation in-
spired by some of our previous works [38§, 40] which
guarantees that matter is conserved when vacancies dif-
fusing in the matrix are exchanged at the cavity surface
or the dislocation core. Only vacancy diffusion is con-
sidered, but adding interstitial diffusion constitutes a rel-
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140

atively trivial extension which could be proposed in fu-
ture works.

The phase-field model is exposed in the first part
of the paper with some details of its numerical imple-
mentation. In particular, an original spectral method
is presented enabling to efficiently obtain the station-
ary vacancy concentration profiles during the objects
evolution. In a second part, simulations of the cav-
ity closure and dislocation climb in simple geome-
tries are performed and compared to known analyti-
cal solutions. These simulations demonstrate ability of
the model to quantitatively describe diffusion-controlled
processes. In a last part, we investigate the microstruc-
tural evolution of an annealed irradiated aluminum sam-
ple resulting from the interactions between several cav-
ities and dislocations. Non trivial effects regarding the
dislocation-induced elastic interactions on the closure
kinetics of cavities are notably highlighted.

2. Phase-field model

In this section, the phase-field model coupling dis-
location climb, cavity growth and vacancy diffusion is
presented. This model naturally accounts for the elas-
tic interactions between objects and guarantees through
variational constraints that matter is conserved when va-
cancies are exchanged between objects and the matrix.

2.1. System and relevant fields

Cavities and dislocation loops are characterized by
auxiliary fields (phase-fields) that account for their pres-
ence at a point r = (x, y, z) of the system (see Fig. [J) [2].
Cavities are represented by the field n such that n(r, ¢)
evolves rapidly but smoothly from O within the matrix
to 1 inside a cavity.

In general, dislocations can climb in different crys-
tallographic planes and dislocation phase-fields ¢, can
be defined in each type of climbing planes p. In this
study however, only dislocations climbing in one plane
will be considered, keeping in mind that the general-
ization of the formalism to several distinct planes is
relatively straightforward. They are thus characterized
by a unique two-dimensional field ¢ and a climb plane
(0;y,7) localized at xj such that:

(I)(I‘, t) = ¢()” e t)é(-x - .X'()), (1)

where ¢(y, z, 1) varies between O in the matrix to n in-
side a loop, with n € Z. Here, n is a positive or negative
integer accounting for the number of crystallographic
planes respectively added or removed in each continu-
ous plane. The delta Dirac function § mathematically
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Figure 1: 2D scheme of a system containing a cavity and a dislocation
dipole represented by their corresponding phase-field 7 and ¢. The
atomic vacancy concentration field ¢ is defined everywhere in the sys-
tem.

accounts for the dislocation confinement in its x = x
climbing plane.

Vacancies within the matrix are characterized by the
concentration field c representing their lattice site frac-
tion. This field is a real defined everywhere in the ma-
trix, except in cavities where c(r, f) drops to zero. All of
these objects are likely to generate local deformations
and interact through elastic contributions. For this, the
strain tensor field g;;(r, ) is also considered.

Cavities and dislocations grow or shrink only through
an exchange of vacancies. In order to guarantee that the
total amount of matter is conserved when vacancies are
exchanged, a conservation law has to link 7, ¢ and ¢
that all account for non-occupied lattice site fraction.
For this, extending the formulation introduced in [38,
40], a conserved field ¥ is introduced with the following
definition:

Y(r,t) = n(r,t) + bop(y, 2, )0(x — xp) + c(r, 1), (2)
where b is the Burgers vector amplitude of dislocations.
As it will be shown later, fields n and ¢ will be con-
trolled by Allen-Cahn equations, while the evolution of
¢, which will be deduced from a Cahn-Hilliard equation
imposed on the conserved field ¥, will consist in a dif-
fusion term completed by sources/sinks terms inherited
from the conserved character of ¥ [38, 4Q].

2.2. Free energy functional

From now, the dependency of fields with r and ¢ is
omitted for clarity. At mesoscale, the total free energy
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of a system of finite volume V is given by :

F (i), (0. {eh deij)) = fv (fear) + fuis(@)

+ fchem(cv T]) + fel(gij» , ¢7 C))dV,
€)]

where f.4, fais and fopem are free energy densities re-
lated to the presence of cavities, dislocations and vacan-
cies, respectively. f,; accounts for the elastic contribu-
tions.

The free energy density f.,, writes as the sum of
a homogeneous contribution discriminating two states
(7 = 1 inside cavities and = O outside) and a gradi-
ent term that makes the cavity surfaces described by a
thin region where 7 passes diffusely from O to 1. In this
work, the classical double-well homogeneous potential
is used:

3y (160* (1 -p)’
Jea(m) = Z ?

where 1y is the isotropic surface energy [Jm 2] and
¢ the characteristic diffuse surface width [m] of cavi-
ties. In what follows, the homogeneous term of this
contribution will be specifically labeled fhomo(n) =
12yn% (1 - n)* /€.

For dislocation loops, a similar formulation is
adopted with two specificities: the homogeneous poten-
tial is infinitely degenerated (equals to zero when ¢ = n,
n € 7Z) and the gradient term must be projected in the
climbing plane (here of normal n = e,). According to
[59,160,161]] where this approach was developed for glid-
ing dislocations, the following potential can be consid-
ered:

+ fIanz), )

-2
Jais(@) = 7171" s (zf) +wlnx Vol |6(x — xo), (5)
where I is the dislocation core energy [Jm~'] and w
the characteristic core size [m]. The homogeneous
term of this contribution is also labeled fj‘i‘;m"(qﬁ) =
al sin? () /(4w) 8(x — xo).

The chemical free energy of vacancies takes two dif-
ferent forms depending on whether we are in the matrix
or inside cavities. In the matrix, a dilute solution of va-

cancies where ¢ < 1 can be assumed such that:

chem

fra (¢) = %c+ kBET(clnc +(1-c)In(1- C)), (©)

where E is the formation energy of a vacancy [J], € the
atomic volume [m3], kg = 1.38 x 1073 J.K~! the Boltz-
mann constant and 7 the temperature [K]. If the va-
cancy concentration stays close to its equilibrium value,
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one can perform an expansion at the lowest order of Eq.
(€) and ultimately consider a free energy variation that
reduces to:

kgT
mat _ _ 2
Jenem(©) = fo + 2000 (c—co), 7
where ¢ is given by
- Ey ®
co = exp T

while fo = f% (co).
Inside cavities, a similar form of chemical energy is
postulated:

Sorem(©) = fo + K

kgT
g ? ©9)

2
which guarantees that matrix and cavities are at equi-
librium when their concentration are given by ¢ = ¢
and ¢ = 0, respectively. In this expression, K is a pos-
itive non-dimensional parameter introduced to control
the curvature of the chemical free energy density inside
cavities, relatively to that of the matrix. The precise role
of this parameter and the choice of relevant values will
be discussed in the next section.

The chemical free energy of vacancies thus has to de-
pend on the field n which indicates locally whether we
are in the matrix (n = 0) or inside cavities (n = 1). In
this work, the following expression is chosen:

kgT
ZQCO

(5 = Dty + 1][e - eo1 = RG)],
(10)
where h(n) = 3n* — 2* is a monotonic interpolation
function such that 2(0) = #/(0) = A’'(1) =0and A(1) = 1
]. Note also that, as it plays no role in the equi-
librium nor in the driving forces that enter into kinet-
ics, the constant term fy appearing in Eqs. (@) and
(@) has been set to zero. Then, it is straightforward
to verify that in the matrix fupem(c,0) = C’Z‘;ﬁn (¢), and
in a cavity ferem(c,1) = £ (c). In Fig. 2l the sum
fc’gj,’”"(n) + fenem(c/co,n) is plotted as a function of both
c/co and np for K = 5. As expected, this homoge-
neous energy density landscape presents two minima at
(c/co=0,np=1)and (c/co = 1,7 =10).
The elastic free energy density is given by the gener-
alized Hooke’s law:

fchem(ca 77) =

1
Jleijun.8.) = 50518, )i = £0(6.0)) = ey,
(an

where o7; is the stress tensor:

Tij(1.¢,0) = (1 = )80 - £ 0)),  (12)
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Figure 2: Homogeneous energy density landscape controlling n and
c/co. Along the trajectory n + ¢/co = 1 there is an energy barrier
which is here normalized to one.

with 4, the stiffness tensor of the matrix, o-fl the ap-
plied stresses, {g;;) the average strains and g;; the lin-
earized strain field related to the gradient of displace-
ments u; by:

13)

Eij

_l(?u[
2

+ (9u/-
(9)Cj (‘)xi ’

Note that we use here implicit summations over re-
peated indices.

In Egs. (II) and (12}, s?j is the eigenstrain tensor that
account for the local deformations introduced by both
dislocations and vacancies:

s?j(qﬁ, c)= sf].é(x — X0)h($) + &]jc. (14)
In this expression, the first term is related to dislocations
sf]. = —bo;10;1 where b is the Burgers vector norm and
0;; the Kronecker symbol . h(¢) = ¢ — sin(2ng)/(2m)
is another interpolation function related to ¢ such that
h(n) = nand /' (n) = k" (n) = 0 with n € Z [63]. In Eq.
(I4), the second term is related to an isostatic eigen-
strain induced by a vacancy s}’j = V*6;;/ (3€2) where V*
is the relaxation volume and Q the atomic volume. In
Eq. (@), it is assumed that this contribution is linearly
dependent of the concentration field following the usual
Vegard’s law [@].

2.3. Kinetics

Non-conserved phase-fields n and ¢ are supposed to
follow the usual Allen-Cahn equations while, in order
to conserve matter, the conserved field ¥ introduced in

!The dislocation eigenstrain accounts for a contraction of ampli-
tude b, perpendicular to the x = xo planes: 6;; = di1.
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Eq. @) is supposed to follow a Cahn-Hilliard equation
(65, 166]:

oF ™
n_—%(m, (15)
. oF*
¢=- g (16)
oF*
‘P_V-(MV(S\P) 17)

In these equations, ¥* ({n}, {¢}, (¥}, {Sl‘j}) is the total
free energy expressed in terms of fields 7, ¢, ¥ and g;;.
L, and L are kinetic coeflicients of the non-conserved
phase-fields and M is the mobility of ¥ (which is likely
to depend on the local value of the fields). The physical
meaning of M is discussed further below.

In order to express the kinetic equation directly
in terms of 7, ¢, ¢ and &; we simply have

to note that F* ({n}, {o}, (¥}, {Sl‘j}) is nothing but
T({n},{qﬁ}, {c}, {sij}) as given in Eq. (@) through the
change of variable provided by Eq. @). Similarly to
what is done for dislocation climb in [38, 4(Q], the fol-
lowing set of kinetic equations can then be established:

N LA

= Ln(én 56)’ (18)
. oF oF

¢=-Ly (5 - bgfs(x - xo))» (19)

e=V- (Mv%:) —bpS(x—x0) -1, (20)

which shows that M is nothing but the vacancy mobil-
ity, which can be assumed to depend on the concentra-
tion field c. Terms b¢d(x — xo) and 7 then turn out to
be source or sink terms for the vacancy field ¢ in Eq.
20). Mobilities L, and Ly are related to the reaction
rate between fields 7 and c at cavity surfaces, or ¢ and ¢
in dislocation cores [38, 40].

Diffusion-controlled kinetics being slow, the average
strain {g;;) and the strain field &;; (or displacements
fields u;) are obtained by imposing the mechanical equi-
librium:

(o) = o,
V-oc=0,

21
(22)

where o4 is the applied stress of components 0'?]., o the
stress tensor whose components are given in Eq. (I2)
and (o) its spatial average. These mechanical equations
are efficiently solved in Fourier space thanks to the Fast
Fourier Transforms (FFT) numerical libraries and the it-
erative strategy detailed in [67,68]. In the present work,
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the solver introduced in [[69] is used as it is shown to
tackle very efficiently and without any artifacts the in-
finite stiffness contrast between the matrix and cavities.
For the sake of brevity, details of these spectral methods
are not included in this work.

In a dilute system, when the vacancy concentration ¢
stays close to its equilibrium value ¢y < 1 as assumed
in this study, one can consider that M is constant and
given by:

QD,

M =
kT ©

05 (23)

where D, is the vacancy diffusivity involved in the usual
Fick equation [[70, 40]. The diffusivity depends on tem-
perature according to:

En
D, = Dyexp (— —) , (24)

kp

where E,, is the vacancy migration energy and Dy the
T-independent pre-exponential factor [[71].

Furthermore, as will be justified later, it is considered
in this work that the evolution of the vacancy concentra-
tion field c is quasi-static with the evolution of cavities
and dislocations. As a consequence, one gets ¢ = 0
leading to this final set of evolution equations (at me-
chanical equilibrium):

o (F _F

=Ly ( on  éc )’ 3
. SF  OF

¢ = —L¢ (% —bg5(x—xo)), (26)
0=MV? (%) — bpS(x — xg) — 7. 27)

2.4. Numerical implementation

When simulations are performed, periodic cubic sys-

tems of size (Ly, Ly, L;) € (]RE; )3 are considered and dis-
cretized in space with the help of a regular cubic grid of
spacing d [m] such that (N, Ny, N;) = (Ly,Ly,L;)/d €
]Ng. The value of d is chosen such that cavities and
dislocations are individually resolved. It thus depends
on the relevant space scale of a given problem. Hence,
the coordinates r = (x,y,z) are replaced by their dis-
crete version (I, m,n) d with [ = 0,1,...,N, — 1; m =
0,1,..,Ny—landn=0,1,..,N, - 1.

The dimensionless forms of Egs. (23] —[27) are ob-
tained by considering an energy density fy and a time
unit 7 that turn out to be natural for the model. Since itis
intended to describe mechanisms that are controlled by
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vacancy diffusion, the following units are considered:

kgT

fo= —g : (28)
fo . 2

T=— with 1t = — (29)

Co v

With these definitions, discretized dimensionless pa-
rameters given in Tab. [[lcan be defined.

Energy densities and time

Fava = Faval fo ijer = Aijual fo f=t/t
Lengths and strains

F=r/d=(,mn) i = u;/d & =&
Operators

(I — ly) = d 8(x — x0) V=dV V2 = 42 Vv?
Cavities

¥ =v/(fod) E=¢/d

Dislocations

[ =T/(ub?) Ww=w/d b=b/d
Vacancies

c=c/coy

Mobilities

L,=L,d*/M Ly =Lyd’/M

350

355

Table 1: Discretized dimensionless parameters of the model. IT is the
discrete rectangular function of width d defined by II(I — lp) = 1 if
I=1lpand II(l = lp) = 0if I # ly. A44 is the shear elastic constant A;j;;
of an elastically cubic system in Voigt notation.

The discretized dimensionless forms of Egs. @23 -
[27) can thus be written as:
on__, (0" 3 s Ofim
Kl SR (i TR 7 Ly 30
a7 ( o 2T T 30)
N (R Sy,
— =-L o _ _TwAub’V h—— ,
o "’( ag 2 Mm@ b=
(3D
(O Fhomo _0
0= VZ(L) b ¢H(l—lo)— (32)
dc
where fliomo = fhomo [ZZ’"” + fenem + fu Tepresents

the homogeneous contribution of the total free energy
density. These equations are subsequently expressed in
the discretized dimensionless Fourier space defined by

360

365

the following transformations:

= _ =\ ,—ik-F
(), = o = N zo] 2, 2, T, 3y
N,—1Ny—1 N, -1
{fo) =@ = f(k)e™” (34)
=0 m=0 n=0
where k = 27T(N,N,N)w1thl =0,1,...N, - 1;
m = 0,1,..,N, — 1 and n=20,1..,N,— 1. This

Fourier 1mp1ementat10n which in this work relies upon
the FFTW library [72], allows us to integrate in time
Egs. (30) and (ZI) by using a simple semi-implicit Eu-
ler scheme:

- -~ (8 f/mmo 3 ffhomo
k — (St L { ZJrot tot }
77( ) n on ac ()

k’i+ of) = L _ 0 N
n( ) 1+367L,7Ek2/2 (35)
(k) —55L¢{$ | } ~
¢(I}’f+6i) - o (kt)

—_
+

N

(=%}
~
ht
*—]1
;.41

1 b? (k2 + k2) /2
(36)

In Fourier space, solving Eq. (32) to find &(k, 7+ 67) is
straightforward since an iterative spectral method can be
set up (identical in spirit to that involved in the mechan-
ical solver). For this, the homogeneous driving forces in
real space are rewritten in the following generic form:

0 rhomo
fof =a;¢+ G+ Gy, (37)
dc
T o
= @3¢ + G3(C) + Gy, (38)
on

where a; and a3 are constants linking linearly ¢ to their
respective driving forces. The odd indexed functions G
and G5 are ¢-dependent contributions that will be actu-
alized during the iterative procedure, and the even in-
dexed functions G, and G4 are ¢-independent contribu-
tions that will stay fixed during the iterative procedure.
According to the energy densities introduced in subsec-
tion[2.2] the following choice can be proposed:

= N(g1), (39)

G1(0) = (g1 —a1) ¢, (40)
&V

Ga = g1 (h(n)—1)— SQ o %k (41)
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and:
a3 = N(g3), (42)
~ ~ K-1 ’ ~2
G3(8)=(gz—a3)c+co 5 h (e, (43)
aftere  0fu  h(p -1 ,
Gy = an + an 00— Bg1 =T K (),

(44)

where g1 = (K — 1) h(7)+1and g3 = co (2g1 — K) I’ (17)
are convenient intermediate functions, and N is an arbi-
trary positive number chosen to guarantee that the iter-
ative strategy converges. Empirically, a good conver-
gence is obtained for N = K. It is recalled that ((J) des-
ignates the spatial average of the corresponding quan-
tity. At each new time step, the value of &(k, 7 + 67) is
computed with the iterative algorithm presented in Alg.
[ in which the following global ¢-independent function
is used:

{G6}1} = _kz{Gz}k

o 0 rhomo B o 5 5
+ Lyb H# - bGz}l_c + grwmbz (2 +R) ¢(k)]
- 37E . -
+ L, |{Gs - Gz},} + %szn(k)} . (45)

In this model, the physical parameters are imposed.
The surface width ¢ and core size w are chosen such that
the phase-field profiles are diffusely regularized with re-
spect to the grid spacing. In practice, one will take
& = w = 4d which has been checked to be a relevant
choice [73]. In the next section, it is shown how the
remaining unknown parameters K, Z,, and L, can be
chosen to simulate diffusion-controlled processes in a
physically justified way. The efficiency of the proposed
time-integration method (in terms of maximal reachable
time step 67) is also discussed.

3. Validation of the model in simple cases

In this part, the shrinkage of a single cavity and the
climb of a dislocation dipole are simulated. Numeri-
cal results regarding their kinetics and field profiles are
compared to analytical solutions derived from asymp-
totic analysis of the model. This study allows us to se-
lect relevant values for K, L, and L, to quantitatively
simulate diffusion-controlled processes.

3.1. Cavity shrinkage: choosing K and Z,,

The 2D system described in Fig. [Blis considered. It
corresponds to a cylindrical cavity of radius R, embed-
ded in a matrix where the vacancy concentration is fixed
at ¢ < co on an external cylinder of radius R, > R.

405
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415

Algorithm 1 Iterative algorithm used to determine
&(k,7 + 6f). The convergence is reached when maxi-
mum of the concentration driving force at each point of
the system is below “toler” < 1.

Require: n(k, 7+ 67), ¢(k, 7+ o1), &(k, 1), &(F, )

1: preparation: o, a3, {G6 (o)
FT
2: initialize: {G1(3)(€’”:0)} — {Gl(s)(z’"zo)},}

3: loop

4:
" _
oc ,"(_

~ R+ Lyb + L] {61 @), + Ly{G(@)

r

R+ L - L, (@ - 1) & (k)
a|

6 ~

6 if max(|%|n) < ”toler”] then

1%
7 exit

else
N E”*'(I}) _ —[k2+L¢,b2+L,,]{G](E”)}I}+L,,{Gg(&”)}l}+{G6}l}
[l}2+i¢52—[—w(g—?—l)]a|
~  FT7!
10: &t (k) — (P
11: Boundary Conditions on ¢ in real space
~n+1 Fr ~n+1

12: {G1(3)(C )}; — {G1(3)(C )}1}
13:  end if
14: end loop

In the asymptotic analysis performed in[Appendix A]
the radial velocity of the cavity v is given by Eq. (A24)

while profiles of the chemical potential i write as Egs.
that depend on the surface chemical potential 115,
given Eq. (A23). These solutions of v and fi,,; de-
pend on the mobility L,. Formally, this parameter can
be calibrated to the reaction rate of vacancies at cavity
surface, provided that a suitable model can be identi-
fied to the phase-field formalism. In this work however,
the so-called local equilibrium condition is considered,
consisting in assuming that vacancies are at equilibrium
along the interfaces and therefore that the surface move-
ment is solely limited by the vacancy flux. Hence, the
cavity/matrix exchange of vacancies is assumed to be
instantaneous such that L, — +oco. In this case, solu-
tions of v and u,,s do not depend on L, anymore. Ac-
cording to Eq. (A.24) in 2D, we can see that this condi-
tion is fulfilled when RIn (Rwo/R) > 2M/ (3¢L,). This
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Figure 3: Cavity shrinking under a flux of vacancies.

allows us to simplify the radial velocity to:

_ =D, (co — ce) — M%
VS T RIn(RL/R) (46)

and the surface chemical potential to:

® (47)

Msurf =
By putting this expression of s, in Eqs. (A8), one
gets the explicit solutions for the chemical potential in-
side and outside the cavity. Now, since it is shown in

ws [Appendix Althat 7 = 7, with:
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Neg(r) = % (1 + tanh(z(Rf_ r))), (48)

it can be considered, provided the cavity radius R is
large enough, that ¢ inside the cavity is given by Eq.
(A3) with n = 1, while outside it is given by Eq. (A3)
with = 0. In this case, one obtains the following 2D
concentration profile:

r<R c(ry=c",
In(r/Rs)

R —_
e In(Ru/R)’

() = Coo + (Coo — €7) (49)

where ¢~ and ¢* are the concentrations on both sides
of the surface given by ¢ = dy/(KR) and ¢* =

co + dp/R with the capillary length dy defined by d
Qcyy/ (kgT) = My/D,. One can thus notice that:

-

(]( E

c

(50)

showing that the constant concentration of vacancies in-
side the cavity is controlled by its supersaturation near
the surface on matrix side, through parameter K. This
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supersaturation near the surface characterizes the well-
known Gibbs-Thomson effect. To guarantee that the
model maintains a concentration of vacancies close to
zero in the cavity despite of this effect, we should thus
have K — +o0o. Since numerically infinite K values
cannot be considered, sufficiently high but finite values
must be envisaged. We therefore systematically tested
the influence of different K values (from 10 to 100), as
well as different values of time step 6z, on the closure
rate of an isolated cavity. In these tests (see Appendix
C in [74]) we found that, with an acceptable error of a
few percent on the closure rate compared with that ob-
tained with the most accurate parameters, the choice of
%K = 10 allows to consider 6 = 1037, while a smaller
order of magnitude time step has to be considered with
9K = 100. In the following, the value K = 10 is there-
fore chosen, as it is a very good fidelity/effectiveness
compromise limiting the accumulation of vacancies in-
side cavities.

As shown before, to perform simulations in which the
local equilibrium assumption applies, it is necessary to
take sufficiently large values of Z,] = L,]d2 /M guaran-

teeing that R In (Rew/R) > 2M/ (3§L,,). In the finite size
simulations that we will carry out, we can consider that
in the worst case we have R, = 10R and R = &, with
& = 4d. This leads to:

R 2M
Rln(—) > —

R 3¢L, G

= L, > 0.018.
Numerically, the finite value L, = 1 is considered.
In this work, we consider that the vacancies follow a
quasi-static kinetics with respect to the dislocation field
(see Eq.27). This is a valid approximation in the case of
a moderate driving force [[73,/38]. In addition, the quasi-
static relaxation of the vacancy concentration field with
respect to the cavity field can be deduced as follows.
First, Eq. (@9) shows that the steady-state profile of the
concentration field in the vicinity of the cavity spreads
over a characteristic length L, which is of the order
of R. Therefore, the characteristic time necessary for
the vacancy diffusion over this distance is t, ~ R?/D,.
Second, the velocity of the surface, estimated from the
shrinkage of an isolated cavity in an equilibrium matrix
is to first order v ~ —M)//R2 (see Eq. (6)). Combining
the above two points and using Eq. (23)), it appears that
the movement of the surface during the characteristic
relaxation time of the diffusion field vt, is of the order
of the capillary length dy. In our simulations, dy is of
the order of 10~nm, i.e. orders of magnitude smaller
than the characteristic diffusion length L, ~ R, imply-
ing that the vacancy concentration field can be assumed
quasi-static with respect to the cavity field .
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3.2. Cavity shrinkage: simulation

The shrinkage of the 2D cavity is now simulated with
the aim of comparing its closure rate v and profiles of
c/co and 1 to the theoretical ones. For this, we consider
a cavity of initial radius R,-o = 32 nm in a pure alu-
minum crystal of surface energy y = 1 J.m~2 [76, [77].
Geometry and initial/boundary conditions of the simu-
lations are that of Fig. Blwith ce, = 0.8¢p at R, = 64
nm. Elasticity is neglected. The thermokinetic vacancy
parameters are given in Tab. 2l By considering a tem-
perature of T = 473.15 K, one has ¢y = 7.30 x 1078
and D, = 3.18 x 1072 m?.s~! according to Egs. (8) and
@4, respectively. With these data, the capillary length
isdy =1.86x 1077 nm.

Formation energy E 0.67 eV
Migration energy E,, 0.61eV
Pre-exponential factor Dy 1x107> m?.s~!
Atomic volume Q 16.6 A3

Relaxation volume V* -0.38Q

Table 2: Thermokinetic vacancy parameters in pure Aluminum [78§,
79,180,138, 181, 182].

The simulation parameters are given in Tab. Bl The
phase-field mobility Z,, and the parameter K are chosen
in consistency with the previous subsection (local equi-
librium assumption and no vacancies inside the cavity).
It turns out that the value of K that we have retained
for our simulations is close to the choice of parameter
which plays a similar role in [16].

Grid spacing d 1 nm
Surface width & 4 nm
Phase-field mobility Z,, 1
Relative chemical curvature K 10
¢ = 0 convergence criterion "toler” 1073
Time-step 67 1073

Table 3: Simulation parameters for the cavity shrinkage in pure alu-
minum.

In Fig. Ml the evolution of R(¢) extracted from the
simulation is compared to the theoretical value provided
by the numerical integration of Eq. (46). These curves
are found to be close to each other. Notably, they ex-
hibit closure rates v (slopes of the curves) with dis-
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crepancies less than 5% as long as the radius is big-
ger than the diffuse width of the surface W. This typ-
ical width can be evaluated by considering the length
over which the phase-field passes from ¢ = 0.01 to
¢ = 0.99. According to Eq. (@8], one can calcu-
late W = &artanh(2x0.99-1) = 23¢ = 9.2 nm
which is consistent with the diffuse profiles shown in
Fig. 8l The remaining discrepancy between the curves
may be attributed to the hypothesis of the asymptotic
analysis where the surface concentration jump is set to
Acf = ¢t —c¢™ = ¢ despite the Gibbs-Thomson effect.

30¢ —— Theory

—— Simulation ]

R [nm]

0 . . . . . . .
0 1000 2000 3000 4000 5000 6000 7000

t[s]

Figure 4: Radius of the cavity versus time. The gray region corre-
sponds to irrelevant cases where the cavity radius R becomes smaller
than the diffuse surface width W = 9.2 nm.

In Fig. [ the evolution of fields r and c/cy ex-
tracted from the simulation is displayed during the cav-
ity shrinkage, for different values of its radius R. Pro-
files of the fields are compared to theoretical ones pro-
vided by Eqgs. #@8) and (@9), respectively. A remark-
able concordance can be pointed out. Notably, the va-
cancy supersaturation at the pore surface characterizing
the Gibbs-Thomson effect is quantitatively well repro-
duced, concomitantly with the ¢ profile in the matrix
side. Inside the cavity, a constant amount of vacancies
¢~ can be measured. Its value nearly perfectly matches
the theoretical value predicted by Eq. (30) indicating
that ¢” is a fraction 1/% of the surface supersaturation.
As it can be observed, the choice of K = 10 leads to a
value of vacancy concentration inside the cavity that re-
mains very close to zero during almost the entire shrink-
age of the cavity. It is worth mentioning that such a sim-
ulation has also been performed in 3D. The results are
not shown here but has led to very similar conclusions.

Here is an important point that must be highlighted.
Usually, the time integration of the kinetic equation con-
trolling the concentration field c is performed concomi-
tantly with the kinetic equations controlling the evolu-
tion of other fields. Numerically, the combined evolu-
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Figure 5: (Top) c/co vacancy concentration field during the cavity shrinkage. (Bottom) Profiles of 77 and c¢/cq over the line displayed on top pictures.
Point data correspond to the values extracted from the simulation while red thin lines correspond to the theoretical profiles of 1 and ¢/co provided
by Eqgs. @8) and @9)), respectively (see colors on-line). Theoretical profiles are plotted with the simulation cavity radius.

tion of fields is thus limited by the smaller time scale
which is generally 7y d?/D, related to the character-
istic time of diffusion over the grid spacing d. Hence,
if Eq. (32) had to be explicitly integrated (by taking
¢ # 0), time-steps of the order of 0.17 would have been
required (see for example [Ia]). Instead, by using the
fixed-point algorithm presented in Alg. [Il a time-step
of 6t = 10731 ~ 10*#, has been used to perform the cav-
ity shrinkage simulation and validate the model. With
parameters displayed in Tab. B we found that except
for the very first iterations, Alg. [[lupdates the vacancy
concentration field in an average of only 0.5 iteration
at each time-step, with a computational cost in terms
of user-time that remains in the same order of magni-
tude compared to an explicit time-integration algorithm.
As a consequence, we observed a gain of five orders
of magnitude to integrate the evolution equations and
simulate the cavity shrinkage, without altering quanti-
tatively its closure kinetic. We believe this is a impor-
tant milestone to simulate coupled diffusion problems
that notably made possible the simulations and statisti-
cal analysis exposed in Sec. ] of this paper.
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3.3. Dislocation climb: choosing Ly

Following the approach adopted previously to quan-
tify the shrinkage of a cavity, the climb of a dislocation
dipole is now investigated. The system is described in
Fig. It consists in two dislocations embedded in a
rectangular matrix where the vacancy concentration is
fixed at ¢ on the boundaries and on a stripe localized
aty = L,/2. A constant applied stress 0'3 is considered
such that a‘fj = 0,616

In the asymptotic analysis performed in[Appendix _B]
the climb velocity v is given by Eq. (B.15) while the
radial profile of the chemical potential writes as Egs.
that depend on the core chemical potential geore
given Eq. (B.I6). These solutions are obtained by as-
suming that each dislocation core, whose radius is noted
rp, remains at the center of circular diffusion domain
whose radius is R.. In the initial condition, this radius
can be related to L,/2 in consistency with the simula-
tion geometry. The formal expressions of v and fore
depend on L4 which is a parameter that could be iden-
tified to the reaction rate of vacancies in the dislocation
core by linking the equations of an ad hoc model to the
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Figure 6: Dislocation climbing under the effect of both vacancy flux
and applied stress.

phase-field ones [40]. That said, under the local equilib-
rium hypothesis such as assumed in this work, it can be
considered that the core/matrix exchange of vacancies is
instantaneous: L, — +oo. In this case, the dislocation
climb is controlled by vacancy diffusion with solutions
of v and pic,r. that must not depend on Lg. According
to Eq. (B.I3), one should consequently consider that
In(Rw/19) > 4M/ (WL¢b2), simplifying the climb rate
to:

yo 2D few Qi) o
bln(Rs/ro) \ co kgT
and the core chemical potential to:
HMcore = OJ;‘] . (53)

In[Appendix B] the phase-field profile is assumed to

be at equilibrium:

Geg(y) =1~ z arctan (exp (Q)) (54)
g w

To formulate explicitly the radial concentration profile

around the cores, we just have to introduce the solution

Heore = a’;‘] in Eq. (B.9), and derive the solution of ¢ by

using the expression of the free energy Eq. (I0) when
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n = 0. This leads to:

In(r/Rs)

nRajry) O

c(r) = Coo + (Coo = Ceore)

where c.,. 1S the vacancy concentration in the core re-
gion:

(56)

Qo
)

Ccore = €0 (] +

This core concentration is nothing but the value classi-
cally considered in the dislocation literature when the
chemical potential is linearized and local equilibrium
assumed [83].

Here, for the local equilibrium assumption to be
valid, one should take a value of L, = Lsd>/M such
that In (R /ro) > 4M/ (wL¢b2). In the finite size sim-
ulations that we will carry out, we can consider that
In(Rw/r9) =~ 1 is almost constant with w = 4d. This
gives:

- 1
Ly > ﬁ (57)
Numerically, when b =b/d =1, the value f,¢ =10 can
be considered to simulate diffusion-controlled disloca-
tion climb, as already shown in [3§].

3.4. Dislocation climb: simulation

The simulations are performed by considering a con-
stant concentration ¢, on the Cartesian boundaries of
the box of size L, X L, = 15 nm x 30 nm, and on a stripe
localized at y = 15 nm (see Fig. [6). The thermokinetic
vacancy parameters are that of Tab. As in Sec. [3
T =473.15K,¢co=7.30x 108 and D, = 3.18 x 1072
m?2.s™'. Here, the relaxation volume of vacancies is ne-
glected (V* = 0) such as assumed in the asymptotic
analysis. Dislocation and elastic properties are provided
in Tab. @ The core energy is taken high enough such
that the profile of ¢ remains mainly controlled by the
dislocation contributions of the free energy despite its
coupling with elastic and chemical terms. This choice
does not alter the physics of dislocation climb in 2D sys-
tems but might be questionable in 3D simulations, when
dislocations become curved and core energy contributes
to the driving force (see Eq. 26)).

0.234 nm
Aysb?
108 ; 61 ; 29 GPa

Burgers vector b
Core energy I'

Elastic coeff. 111, A12, Aaa

Table 4: Dislocation and elastic properties in pure Aluminum [83].
(The three cubic elastic constants are given in Voigt notation.)
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The simulation parameters are given in Tab. The
phase-field mobility Z¢ has been chosen according to
the local equilibrium hypothesis. The parameter toler”
and 67 involved in Eq. (36) and Alg. [[have been chosen
under the requirement of a good fidelity/effectiveness
compromise.

Grid spacingd = b 0.234 nm
Core size w 0.936 nm
Phase-field mobility L4 10
¢ = 0 convergence criterion “toler” 1073
Time-step 67 1074

Table 5: Simulation parameters for the dislocation climb in pure alu-
minum.

In Fig. [1l the numerical climb rate is compared to
the theoretical value of v given Eq. (52) for several ap-
plied stresses 0";‘1 or boundary concentrations c.. In
Eq. (32), the geometrical term In (Rw/ro) is taken as a
free fitting parameter to account for the fact that, in the
simulations, boundary concentrations c., are applied on
straight boundaries and not on circles of radius R, cen-
tered on dislocation cores as assumed in the theory. For
this, we used the v(o-‘;‘l) curve of Fig. [Jla that corre-
sponds to the case where only the applied stress has an
influence on the climbing rate. It turns out that the fitting
value 2.49 is found to be very close to 2.08 that would
be calculated with the natural choice R, = L,/2 = 7.5
nm and rp = w = 0.936 nm. In both cases, a good agree-
ment is found showing that the phase-field model quan-
titatively reproduces the kinetics of dislocation climb.
Of course, the agreement is better with the v(o-’l*]) curve
of Fig. [lla since In (Rw /19) = 2.49 is fitted on this curve.

In Fig. [B the evolution of fields ¢, o1/A44 and
c/co extracted from the simulation is displayed during
the dislocation climb in the case 0"1*1 = 300 MPa and
cx = co, When the distance separating dislocations is
about 17 nm. Profiles of fields ¢ and c¢/cy are compared
to theoretical ones provided by Egs. (34) and (53), re-
spectively. As for the the cavity shrinkage, a very good
agreement can be found bearing witness to the quality
of the simulation results.

In these validation simulations, the time-step is 6t =
10~*r ~ 10%1, while it would be in the order of 0.1¢, if ¢
would have to be explicitly integrated. With parameters
displayed in Tab. [l except for the very first iterations,
we found that Alg. [lupdates the vacancy concentration
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Figure 7: Climbing rates extracted from the simulations (black point)
compared to the theoretical values (red line) predicted by Eq. (32)
when In (R /rg) = 2.49.

field in an average of 10 iterations at each time-step. As
a consequence, compared to a classical time-integration,
we observe that the effectiveness of our algorithm is in-
creased by three order of magnitude in terms of user-
time. In the present case, the gain in terms of effective-
ness due to the implementation of a fixed point algo-
rithm on ¢ is not as high as in the cavity case. This is
because Ly = 10L,, which means that the time-step has
to be reduced by the same amount, and also because the
fixed point algorithm is one order of magnitude slower
to converge in the dislocation case. Nevertheless, this
result is a major improvement allowing us to access a
much more extended simulation time range compared
to some of our previous works [38, 40].

4. Study of the annealing of an aluminum sample af-
ter irradiation

As a direct application of the model, we investigate
the microstructural evolution of an annealed irradiated
aluminum sample resulting from the interactions be-
tween cavities and dislocations.
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4.1. Experimental context and simulation set-up

The initial microstructure is typical of those observed
in thin films of aluminum irradiated by electrons at high
dose rate and high doses, of the order of a few displace-
ments per atom [@]. A mixture of cavities and large
dislocation loops are present in the foil, with approxi-
mately ten times more cavities than loops. Accordingly,
we consider a 2D square system of side L = 102.4 nm,
as shown in Fig. We choose to simulate a popula-
tion of n.,, = 10 cavities with an identical initial radius
R = 2 nm. One dislocation loop of initial length £ = 12
nm is also introduced. Because of the periodic boundary
conditions, the dislocation dipole may be viewed as a
vacancy loop in parts of the climbing plane where ¢ = 1
or an interstitial loop in parts of the plane where ¢ = 0.
Hence, this second view is adopted to represent the in-
terstitial loop which will be now cited as is (see Fig. Q).
The matrix is initially placed at chemical equilibrium
with ¢ = ¢g. All the physical properties of the system
are that considered previously and provided in Tabs. [l
and[3l

Numerically, because of the size and densities of ob-
jects that we want to consider, a grid spacing of d = 0.1
nm is adopted with still characteristic surface and dislo-
cation core sizes given by £ = w = 4d. For numerical
efficiency, a non dimensional time-step 67 = 1073 is fi-
nally considered while the ¢ = 0 convergence criterion
remains fixed to 1073,

In what follows, the microstructure evolution and ki-
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Figure 9: Initial set up for a typical simulation. Cavities are gray
discs numbered from i = 1 to 10 with radius R;. In 2D, the interstitial
dislocation loop is a dipole of length ¢ represented by the dotted line
where ¢ remains initialized to 0. The center of objects are indicated
by ared cross. (See colors on-line)

netics of cavities and dislocations are addressed sta-
tistically in order to highlight their average mutual in-
fluence, independently of their positions. For this,
100 simulations of the aforementioned system are per-
formed, with cavities and dislocation initially placed at
random positions. The collapse rates of 1000 cavities
and 100 interstitial dislocation loops are thus extracted.
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4.2. Preliminary simulations, microstructure evolution

Before performing simulations of the complete mi-
crostructure, the collapse of a single isolated cavity of
initial radius R = 2 nm is simulated in order to have
a reference velocity for the subsequent kinetic analy-
sis. For this, the simulation performed in Sec. [lis re-
produced by considering ¢, = co at the boundary of
a circle of radius R, = Ry, where R.,;, = 10 nm.
This choice, which will be explained in the next para-
graph, corresponds to approximately half the average
distance between first neighbor cavities within the set
of microstructures that will be studied next.

Evolution of the cavity radius as a function of time
is shown in Fig. To obtain a reference closure rate
(slope of the curve), a linear fit is performed between 1
and 2 seconds, leading to vo = 0.11 nm/s. This proce-
dure has been checked to be relevant for obtaining a low
noised instantaneous-like closure rate at ¢t = 2s. In the
following, this procedure will by applied for all cavities
of the complete microstructure.

2.0

g
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=
0.5} . . B
— Linear fit between 1 and 2 s.
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0.0 . . . .
0 2 4 6 8 10
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Figure 10: Radius of the reference isolated cavity versus time.

Then, we have compared in Fig. [IT] the time evolu-
tion of the ten cavity radii R; and the dislocation dipole
length ¢ for one of the 100 simulations, by consider-
ing the two following reduced time steps: 67 = 1073
and 67 = 107*. As mentioned previously, 67 = 1073 is
considered in this Section although a ten times smaller
time-step would be preferred to quantitatively reproduce
the climb rate of the dislocation dipole (see Sec. [).
In Fig. [ it can be seen that tendencies of the dot-
ted curved obtained with 67 = 107* are found to be
very similar to that of the solid curves obtained with
67 = 1073, In particular, despite the fact that slopes of
the dislocation curves between 1 and 2 seconds differ
of about 11%, it is found that the discrepancy between
slopes of the cavity curves over the same interval is in
an average of about 2%. This means that the closure rate
of cavities is marginally affected by this choice, justify-
ing the use of 67 = 1073 for all the simulations. This has

780

785

790

795

800

805

810

14

allowed us to get the subsequent results regarding the
closure kinetics of cavities in a reasonable time of about
one week instead of ten.
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Figure 11: Radii of cavities (R; to read on the left axis) and dislocation
dipole length (£ in red to read on the right axis) versus time for one of
the 100 simulations. (See colors on-line)

In Fig. [[2] different snapshots of this simulation are
shown as the time increases, highlighting the collapse
of cavities and the dipole annihilation. In the top row of
Fig. [[2 presenting the vacancy concentration field, it is
observed that cavities act a sources of vacancies while
the dislocation cores are sinks. In the bottom row of
Fig.[I2] we observe that the stress field generated by the
dislocation dipole also reflects the presence of cavities
as domains inside which the stress field is actually can-
celed. This naturally allows for the consideration of all
elastic interactions including for instance image forces
of dislocations.

4.3. Kinetics analysis

As it can be observed in Fig. [[1] showing a typical
example of the R; = f(¢) curves obtained for one of the
100 simulations, evolution of radii versus time is quite
regular over the whole time interval. For this reason the
closure rate of all the cavities have been extracted by
performing a linear fit of these curves between 1 and
2 seconds (as for the reference closure rate vy). This
procedure has been applied for the 1000 cavities leading
to the histogram displayed in Fig. [I3

In this histogram, cavities are also discriminated ac-
cording to an isolation criterion. For this, a circular re-
gion with a cutoff radius R, is defined, centered on
each cavity center. The number of cavities belong-
ing to this region is established by considering that a
cavity belongs to a given region when its center is in-
cluded in it. A cavity is considered as isolated if there
is no any other cavity located less than R, from it.
Groups of 2, 3 and 4 (or more) cavities are thus de-
fined. This procedure is performed by using the python
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Figure 12: Microstructure evolution. (Top) Reduced vacancy concentration field c¢/cg. (Bottom) Non-dimensional stress-field oy, /A44. (See colors

on-line)

routine sklearn.cluster DBSCAN 3 [@]. Here, by antic-
ipating that the behavior of a given cavity should de-
pend on whether its distance to its first neighbors is
smaller or larger than half the overall average distance
between first neighbor cavities, we fix the cutoff radius
to R, = 10 nm which is nothing but the value used in
Sec.[A2]to compute the reference velocity vg. In this his-
togram, each group is discriminated by a color. The ref-
erence velocity vy of an isolated cavity is also reported.

In Fig. [[3] two main peaks can be observed indicat-
ing that cavities are globally separated in two groups of
closure rate. The main group is represented by the high-
est peak that indicates an average closure rate of about
0.10 nm/s, while peak of the second less represented
group indicates a lower rate of about 0.07 nm/s. With
the isolation criterion introduced above, it is straight-
forward to see that cavities considered as isolated (in
blue) compose the main peak while the others (orange,
green, red) compose the second peak associated to the
lower closure rate. This reveals that the more cavities
are clustered the slower the closure. In Fig. 12 this phe-
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nomenon is visible on the concentrationmap at# = 6.5 s
where it can be noticed that an isolated cavity is smaller
than clustered cavities.

This result is due to a screening effect of the diffusion
field that can be understood qualitatively by remember-
ing that the closure rate of cavities depends on the va-
cancy flux. At the lowest order, this flux is proportional
to the gradient of vacancy concentrations. This gradi-
ent is roughly given by the supersaturation of vacancies
close to cavities induced by the Gibbs-Thomson effect
and the distance to other sinks. When a cavity is sur-
rounded by other cavities, similar concentrations im-
posed by the Gibbs-Thomson effect of nearby cavities
are present, which tends to decrease the gradients, and
so the fluxes.

This result can even be quantified analytically by fol-
lowing the elegant approach introduced in [57]. The
principle is to consider the Green functions of diffusion
by assuming in particular that cavities remain circular
during their closure (which is widely verified in our sim-
ulations). The closure rate of a given cavity i surrounded
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Figure 13: Histogram showing the percentage of cavity as a function
of their closure rate v at t = 2 s. The reference closure rate vy is in-
dicated by the dotted line. Bars are colored according to the isolation
criterion: blue = 1 cavity ; orange = 2 cavities; green = 3 cavities; red
=4 cavities. (See colors on-line)

by N cavities can be established formally (see Eq. (97)
of [Iﬁ] for the 3D result with two cavities). By follow-
ing a similar reasoning in 2D, one gets:

(cF = co) - ZR 1n(r”)dt

/il

dR; 1
dr ~ R;In (R,./Rm)

(58)
where D, is the vacancy diffusivity, ¢} the vacancy con-
centration in the matrix side of the i cavity surface, r;;
the distance separating cavities i and j, and R. > R;
the external radius of the system assumed to be circu-
lar. By assuming that all cavities collapse and by noting
the closure rate of the i cavity v; = dR; / dr and that of
the same cavity in the absence of others v the previous
equation can be rewritten as:

NRln

i _ZRI
/;tl

(59)

_,
R
R;
R

This formula shows more quantitatively that the more
cavity i is surrounded by other cavities, the more its clo-
sure rate decreases compared to the case when it is iso-
lated. Moreover, the smaller the distance between cav-
ities, the stronger the slowing down. Here, it is inter-
esting to show that the phase-field description naturally
accounts for this phenomenon with the added benefit of
having access to the local diffusion field and potentially
more complex cavity shapes.
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Figure 14: Cavity-dislocation distance Ly versus cavity closure rate
v. The reference closure rate vy is indicated by the dotted line. Points
are colored according to the isolation criterion. (See colors on-line)

In the histogram Fig. [[3] while the majority of cav-
ities presents a closure rate smaller than the reference
one vy, some of them are observed to collapse much
faster. These cavities are actually those localized close
to the dislocation dipole. This can be appreciated by
plotting the distance of cavities to the dislocation dipole
L, with respect to their closure rate such as shown in
Fig. 4 In this figure, the two populations of cavi-
ties (isolated or not) are also visible. We can see that
it is possible to have a competition between the dipole-
induced closure acceleration and the slowing down in-
duced by cavity clustering. However, it clearly appears
a distance of about LZ”" = 10 nm below which closure
rates are shifted to higher values due to the presence of
the dislocation dipole. This distance appears here to be
characteristics of the diffusion field. In this case, dislo-
cation cores act as sinks for vacancies (see Fig. [[2), in-
creasing fluxes in vicinity of the closest cavities. When
these former are localized below 10 nm, higher closure
rate can thus be measured. This suggests that beyond
this distance, the diffusion field around cavities does not
seem to be affected.

All these results indicate that, in our simulations, the
distance of 10 nm is characteristic of the quasi-static dif-
fusion field for a reason that is ultimately only geomet-
ric, since it corresponds to about half the average dis-
tance separating a cavity from its first neighbors. Below
this distance, the diffusion field is sufficiently perturbed
for the closure of a cavity to be slowed or accelerated,
depending on whether the neighboring object acts as a
source or a sink of vacancies. Beyond this distance, a
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cavity behaves like an isolated cavity.

4.4. Role of the dislocation-induced elastic interactions

In the previous subsection, it is shown how the clo-
sure kinetics of both cavities and dislocations can be
affected when they are close to each other. All these
results are, at least qualitatively, explainable by looking
at the way diffusion field may be affected by the relative
position of objects. There is however a result which has
not been commented yet: even though a cavity can be
considered as isolated (blue peak in Fig. [[3)), its closure
rate is below the reference value vy.

Vo
I with dipole

without dipole

Frequency[%)]

0.15 0.20

v[nm.s71]

0.10

Figure 15: Histogram showing the percentage of cavity as a function
of their closure rate v with and without the dislocation dipole. (See
colors on-line)

To explain this, one has to account for the elastic in-
teractions. Indeed, as shown in Fig. the dislocation
dipole generates an elastic field that contributes the total
energy variation of the system. To evaluate its influence
on the global closure kinetics of cavities, the 100 simu-
lations performed previously have been run again with-
out the dislocation dipole. The histogram obtained in
this case is reported in Fig. [LS where it is compared to
the histogram provided in Fig. [[3 This figure immedi-
ately shows that all the closure rates are shifted to higher
values when dislocations are removed. In particular, the
main peak still related to cavities that can considered as
isolated is placed around the reference closure rate vy
as expected. This figure shows clearly that the disloca-
tion dipole induces a decrease of the closure rate of all
the cavities. From a purely diffusive point of view, this
result may appear as counter-intuitive since it has been
previously shown that dislocations are vacancies sinks
which are likely to accelerate the cavity closure.
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Figure 16: 2D scheme of a single cavity interacting with one edge
dislocation.

Numerically, it can be verified that elastic energy con-
tributions to the total energy variation of the system ex-
plain this difference in the closure kinetics. Formally,
such a result can also be streamlined by considering the
simplest 2D case of a single cavity interacting with one
edge dislocation such as shown in Fig. In this case,
by considering a plane strain state and an elastically
isotropic material, there is an analytical result describ-
ing the elastic interaction between these objects. This
solution provided in [83,86] writes:

»? R2 72
AES = -7 1% 0?0+ In|—— , (60

nt 4r(1-v) [rz r2 — R? (60)
where y is the shear modulus and b the Burgers vector.
To evaluate the impact of the dislocation on cavity clo-
sure, this expression is derived with respect to the cavity

radius R:
1
2R|—= +

aAEierft _ llbz
OR ~ 4Ax(1-v)

Since r > R, this derivative is always negative: this
means that a variation dR < 0 of cavity closure will
always cause an unfavorable increase of the elastic in-
teraction energy. Hence, these interactions are expected
to systematically slow down the cavity closure, except
if the dipole is significantly far away from the cavities
(AEI% drops to zero when r — +00) or its own closure
kinetics is so fast that such a phenomenon cannot be ap-
preciated. Under these conditions, elastic interactions
can be neglected in the kinetic analysis. Otherwise, the
phase-field simulations show that it is significant.

With the current results, we can anticipate that in the
presence of a high cavity density, the elastic fields gen-
erated by the dislocation are likely to be screened by
the cavities located in the immediate environment of the
dipole. As a possible consequence, impact of the elastic
field on the kinetics of the more distant cavities could be
reduced so that the slowdown of the average shrinkage
rate of all the cavities is less pronounced. Conversely,
a high density of dislocations may exacerbate this ef-
fect unless their stress field is mutually screened. Of

cos2 9
,,2 _ R2

). 61)
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course, establishing a more quantitative link between
the shrinkage rate of all cavities and the respective den-
sity of the two classes of objects would require a specific
study that goes beyond the scope of this study, which fo-
cuses primarily on the development of the model and its
potential, but which could be addressed in future works.
In these studies, 3D cases in which the elastic effects are
different could also be considered, as well as taking into
account mechanisms that have not yet been introduced
in the modeling, such as high gas pressure inside the
cavities or the presence of other defects in the system
(grain boundaries, etc.).

5. Conclusion

In the first part of this work, an original phase-field
formalism is proposed to couple cavity growth, disloca-
tion climb and vacancy diffusion. This model is based
on a variational formalism and kinetics guaranteeing
that matter is conserved during the diffusion processes
while the elastic interactions are naturally accounted for.
Details of the numerical implementations of the model
are also provided. In particular, a very efficient algo-
rithm is exposed to solve ¢ = 0 using a spectral method
and a fixed point algorithm. It is subsequently shown
how this method allows us to significantly accelerate the
simulation of diffusion-controlled processes by a factor
1000 at least compared to a case in which ¢ is explicitly
integrated. Then, simulations of the cavity closure and
dislocation climb in simple geometries are performed in
order to demonstrate ability of the modeling to quanti-
tatively reproduce diffusion-controlled processes. The
comparison between simulation results and the theoret-
ical analysis also allows us to select all parameters of
the model in a physically justified way.

In the last part, the microstructure evolution of an an-
nealed aluminum sample (ten cavities and one intersti-
tial dislocation dipole in a 102.4 nm X 102.4 nm system)
is studied as a direct application of the model. Several
interesting results are found and explained: (i) the clo-
sure rate of clustered cavities decreases due to the inter-
action of their mutual vacancy diffusion fields; (ii) the
dislocation dipole acts as a sink for vacancies that accel-
erates the closure rate of very close cavities; (iii) long
range elastic interactions are however shown to slow
down the average closure rate of all the cavities. This
study shows that our method is particularly promising
to quantify and explain the evaporation kinetics of cav-
ities and dislocations in annealed irradiated materials.

One natural perspective for this work would be to en-
visage a direct confrontation between simulations and
experiments on the evaporation kinetics of cavities. For
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this, it might be advisable to perform specific model ex-
periments where we could modify the respective den-
sities of the two classes of objects by changing the ex-
perimental irradiation conditions (flux, temperature. . .).
In this case, one should be able to quantify the shrink-
age kinetics of cavity with respect to these densities
and directly compared the results with corresponding
simulations. The interest of such a specific approach
is that even though the simulations do not contain all
the physics involved in real systems, the main tenden-
cies could be compared and be sufficient to conclude
on the impact of elasticity. To go beyond this work, it
would also be advisable to simulate 3D full field cases
where the diffusion field spatially decays in 1/r instead
of In(r) around cavities. In the context of irradiated ma-
terials, the model could be enriched by integrating: in-
terstitial diffusion and its coupling with the other fields
[22,123,127,129,130,I31]], grain boundaries [17,119,128,(33]
and/or the presence of a gas pressure inside cavities
[20, 18, [21], 24, 32]. Anisotropic surface energy and/or
surface stresses might also be considered to account for
faceting [123, 26, [13].

The present model could finally be used in other
contexts where a diffusion-mediated interplay between
cavities and dislocations also occurs. As an exam-
ple, we recently studied the role of plastic activity on
micro-pore closure kinetics in nickel-based super-alloys
placed under Hot Isostatic Pressure (HIP) [87]. In this
work, only gliding dislocations were considered and in-
teresting equilibrium configuration of loops around a
pore were identified under an external applied pressure.
These final configurations could be used as initial ones
for the climb which is known to be a slower process.
Such a study would help us to quantify the significance
of climb processes in the multi-physics HIP pore closure
kinetics [188].

Data availability

The raw/processed data required to reproduce these
findings can be provided by the authors on reasonable
request.

Appendix A. Asymptotic analysis of the phase-field
equations for the cavity shrinkage

Appendix A.l1. System, equations and generic solutions
fornand u

We consider the system described in Fig. Blwhich is a
cylindrical (in 2D) or spherical (in 3D) cavity of radius
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R, embedded in a matrix where the vacancy concentra-
tion is fixed at ¢ < co on an external cylinder (in 2D)
or a sphere (in 3D) of radius R, > R. In this calcu-
lation, elastic effects are neglected. Symmetries of the
problem also impose radial solutions for the fields 7 and
¢ which thus only depend on the radial coordinate r. In
this case, evolution of the cavity is described by Egs.
3) and [@7) that are rewritten here as:

P homo (D — 1) 67’] 6fchem
S cav_
n ul [ on '}’f(arz * r 6!’) on
(A.1)
0= MV2,u 5, (A.2)

where D is the space dimension and y is the chemical
potential linked to the concentration field ¢ by Eq. (10):

— 6fchem _

kBT
ac [

(K = D) + 1][e = co(1 = hGm) |
(A.3)
In the absence of coupling with any other fields, when
R — 400, one can consider that the phase-field n ac-
counts for a static diffuse plane surface at » = R which
is the solution of:

0 homo
cav

on

o’
‘aéﬁ =0.

(A4)

When n(r = 0) — 1 and n(r — +o0) = 0, one obtains
the following equilibrium profile:

2(R - r)))
; .

It is then postulated that this solution still applies
when 7 is coupled to other fields and describes a mod-
erately curved surface evolving with time. Under these
conditions, Egs. and (A.2) become:

Heg(P) = (1 . h( (AS)

_Vaneq - _ 2 f(D 1) 6776‘6] + 6fchem _
or or OMeg H-
(A.6)
2 IMeg
0=MVu+v—, (A.7)
or

where v = dR/d¢ is the radial velocity of the interface.
Outside the diffuse surface, d.,/0r = 0 such that
u can be calculated with Eq. (A7) that reduces to the
Laplace’s equation V2u = 0. In 2D, this leads to:
r<R : ﬂ(r) = Hsurf,
In(r/R)

>R - Msur TSN
g ) (Re/R)

P ) = e+ (e (A8)
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and in 3D:

r<R /J(r) = Hsurfs
Rm)
. .

(A9)

R
r>R : #(r)=#oo+(#oo—#surf)m(1

u is supposed to be continuous in the diffuse sur-
face region (where 0n.4/0r # 0) and given by u =
Hsurp which is unknown yet. o corresponds to
the chemical potential at R, and is given by u. =
kgT (coo — co) | (Qcp) according to Eq. (A3) when n =
0. It is an input of the problem.

Appendix A.2. Calculation of pg.rr and v

Usury is determined with the help of Eq. (A.6) evalu-
ated in the surface domain by multiplying it by d7,,/0r
and by integrating it over the domain which is formally
bounded by sign ”—"" (cavity side) and sign "+ (matrix

side):
one
()

+ 67]eq ~
3 (6) (“ s f
6fchem * 677“]
+£ o dr—f_v u ar dr).
(A.10)

In practice, u and (D — 1) /r slightly vary within the
surface domain with respect to dn.,/0r and can thus be
taken equal to ug,s and (D — 1) /R, respectively. Fur-

" 2
thermore, one can show that L (6776(1 /6r) dr=2/@3¢)

by construction of the phase-field model B. This leads
to:

D-1)

2v (D - ) surf surf
- y+A A (AT
36["] R fhem H f 7 q ( )
2v (D-1) s
= - v+ A + Usurfs A.12
3§Ln R fhem Hsury ( )

f_ - f_ - _
with Afbfile:n - CJ;zem - fchem et Arli’ur nz‘rq - 776“1 =-1

by definition. We also have:

6 cnem
f hem (A.13)
,1 o Cdr = f 6fc’”’" dr, (A.14)
/JsurfACmrf = AthM;{;: (A]S)

2One may take 0 as the lower bound and +co as the upper bound
for all terms of integrals.
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with Acsf = ¢+t — ¢,
(A.12)), one obtains:

By putting this result in Eq.

2v (D-1)
%L, TR Y

Acwrf + 1

Msurf = (A.16)

The surface concentration jump Ac*”/ is estimated
by assuming that the vacancy concentration near the
surface is very close to the expected equilibrium value:
Actf = ¢* — ¢~ = ¢y. Furthermore, the equilibrium
concentration of vacancy in the matrix ¢ is generally
very low such that ¢y <« 1. This allows us to finally
write:

2% (D-1)
MHsurf = 55— +
3L, R

(A.17)

In this equation, i, is expressed as a function of the
radial velocity of the cavity v that can also be evaluated
by starting from Eq. integrated over the diffuse
surface domain:

+ + 9 .
onf vzﬂdrwf 5 1 dr, (A.18)
_ _ r
_ a_lu " _ 6_# - surf
0=M [(ar) (6r) +vAn,”, (A.19)
(oY (ou)

By using the solutions of yu given Egs. (A.8) and
(A.9), one gets:

o\

(E) =0, (A.21)
aﬂ)Jr Moo — Msurf

—] = — A22
(6r G (A-22)

where p}S is a function of the cavity radius R that de-
pends on the space dimension D and the value R..
It is such that p(R) = RIn(R»/R) and p3(R) =
R(1 — R/R.). This allows us to calculate:

Moo — Msurf

A.23
o5 () (29

Vv =

By putting Eq. (A7) in the previous equations,
one finally gets on expression of the radial velocity that
writes:

=D, (co - ce) - M2
Py (R) + 2M] (3¢Ly)

(A.24)
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It is worth recalling that D, is the vacancy diffusivity
defined with Eq. (24). One can also establish another
expression of the surface chemical potential that writes:

(D-ly | 2M/(3¢Ly)
_ R ppR)
Msurf = 20/ (3¢L,) (A.25)
1+ ——%
Pp(R)

Appendix A.3. Comments on the 3D asymptotic kinetic
regimes

In Sec. [ it is shown that working under the local
equilibrium assumption is equivalent to consider L, —
+00. In 3D, this hypothesis lead to the surface chemical
potential ug, s = 2y/R. By considering that y inside the
cavity is given by Eq. when 17 = 1, while outside
it is given by Eq. (A3) when r = 0, one can show that
the 3D concentration profile is:

r<R c(ry=c,
R R
— _ ot _ =
r>R : c(r) = co+ (Coo C)Roo—R(l r)'
(A.26)

where ¢ and ¢* are the concentrations on both sides
of the surface given by ¢~ = 2dy/(KR) and ¢t =
co + 2dy/R with the capillary length dy defined by:
do = Qcoy/ (kgT).

Now, if we consider a realistic experimental context
where R, > R is postulated, then Eq. (46) can be sim-
plified as follows:

1 1
v =2D, (: - —), (A.27)
R\R, R
with the algebraic critical radius R, defined by:
— 2d,
=0 (A.28)
Coo — Cp

This radius distinguishes a kinetic regime controlled by
the marginal relaxation of energy related to the redistri-
bution of vacancies by diffusion (case where R > |R_c|)
from the regime where this relaxation is linked to the
decrease in surface energy (case where R < |R_L|) [57].
We show in particular that when R > |R_C| the integra-
tion of v = dR/dt gives the following evolution law of
the cavity radius [88]:

R*(H) = Ry — D, (co — co) 1, (A.29)
while, when R <« lR_cl we have:
R} (1) = R} — 6Myt. (A.30)
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When ¢, < ¢, these laws both predict a decrease of
the cavity radius, asymptotically in square or cubic root
of time following that R is much larger or much smaller
than R, = 2dy/ (co — ¢~). The vacancy concentration
profile given Eq. (A.26) can be rewritten according to
this critical radius as:

r<R
do

r>R : c(r)—coo+2(1——)— (A.31)
r

c

Appendix B. Asymptotic analysis of the phase-field
equations for the dislocation climb

Appendix B.1. System, equations and generic solutions
for ¢ and u

We reconsider here the system described in Fig. [6]
by focusing only on the top dislocation. For the formal
analysis, we consider that its core remains centered in
a 2D matrix where the vacancy concentration is fixed at
€ On a cylinder of radius R, even during its stationary
movement. The core region of the dislocation is defined
by a disc of radius rp < Re. A constant applied stress
o-?] is considered such that o-A O‘A * ® 2 v The
dislocation phase-field is conﬁned n the x = 0 plane
and just depends on the y coordinate in the Cartesian
frame. For symmetrical reasons, fields u and ¢ depend
on the radial coordinate r in the polar frame. In this
case, Egs. 26) and @7) explicitly write:

L[

b=-L, (9(& - El“wa—y2 +onbh'(¢) - bﬂ'e:n/z] ?
(B.1)

0 = MV*u — bpé(x), (B.2)

where  is the chemical potential linked to the concen-
tration field ¢ by:

u= 6fchem _ kBT( _ CO)

B.
T e Qco (B-3)

according to Eq. (I0) when 1 = 0 (no cavity).

In the absence of applied stresses, at chemical equi-
librium, the phase-field ¢ accounts for a static diffuse
core at y = 0 which is the solution of:

o _np, P
sl _ 2y aispn (¢) = B.4
96 2 Va2 + (¢) = (B.4)

where o/ is the stress field generated by the disloca-
tion itself. Usually, it is assumed that o¢/*' is small, such
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that the profile is correctly described by:

W, P9
= ——F =0. B.5
0 92 (B.5)

When ¢(y —» —o0) — 1 and ¢(y — +o0) = 0, the
equilibrium profile is given by:

beqg(y) =1~ ; arctan (exp(%)). (B.6)

When a constant additional stress 0'/1‘1 # 0 is applied
and ¢ # 0, the dislocation is assumed to reach a sta-
tionary state by climbing at a constant velocity v. By
postulating that the equilibrium solution still applies at
stationary state, one has ¢ ~ ¢,,(y + vr) and Egs.
and (B.2) become:
0y
y

[y

= Lyb (o) (Beg) = Hl,. ) (B.7)

O
0=MVu+ vﬂa(x). (B.8)
dy
Outside the core region, d¢.,/dy = 0 in Eq. (B.8)
and u is solution of the Laplace’s equation V2u = 0 that
gives:
In(r/Rx)
In (Reo/10)’
where peor. 1S the chemical potential in the disloca-
tion core which is unknown yet. As for the cavity,

Heo = kpT (coo — o) / (Qcp) corresponds to the chemi-
cal potential at R, imposed by the value of c.

,u(r) = Moo + (ﬂoo - ,ucore) (B9)

Appendix B.2. Calculation of ticor. and v

Heore €an be evaluated by multiplying Eq. (B.7) with
J¢.,/0y and by integrating it over the core domain:

¢eq

+70 a¢eq)2 ( +10
v —) dy = Lyb |0 f dy
Lo (3y R

h'(¢eq)

+r 6¢eq )
- M, ——dy (B.10)
fro oor Ay

In the core region, ,u| g=nj2 = Meore which is assumed to
marginally vary with respect to d¢.,/dy. Furthermore,

one can show that f (3¢eq /(9y)2 dy = 2/ (7w) by con-

struction of the phase field model . Thus, calculation
of the integrals becomes strai ghtforward, leading to:

HMcore = O-A

B.11
nwL¢b ( )

3Integral bounds are taken at infinity to simplify the calculations.
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HUeore 18 €xpressed as a function of the dislocation ve-
locity v that can also be evaluated by starting from Eq.
(B.8) integrated over the core domain:

T +10 a¢€q
0=21M f (V2u) rdr + vb f dy, (B.12)
0 =ry 6))
ou
0=21Mro| =] - vb. (B.13)
6r r=ro

By using the solutions of u given Eq. (BX9), one ob-
tains:

2rM

(lloo - llcore)-

By putting Eq. (B.I1) in the previous equations, one
finally gets on expression of the climb velocity that can
be written as:

2nDyco [ Coo Qa‘?l
T (B.15)
V= , .
In (Re/ro) + Wi%,z

where D, is the vacancy diffusivity given Eq. (24). One
can also establish another expression of the core chem-
ical potential that writes:

AMpo
0-1141 + WL¢b2 In(R/10)
Mcore = 1+ aM (Blé)

wLyb? In(Res/70)
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