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Introduction

The discovery of swelling of steels in power nuclear reactors launched a huge amount of research trying to explain the root of
this damage. The consensus of the community hit rapidly the main reason. The elastic interaction energy of point defects (PD) with
PD sinks, mainly dislocations, is not identical for interstitials ‘I' and vacancies ‘V’; the relaxation volume of | is indeed much larger
than that of V (+2.0 atomic volume versus -0.22 atomic volume, respectively). Due to this elastic bias (EB), the interstitials | are
more strongly attracted than vacancies by the long ranged elastic field; the dislocation will thus drain and absorb more | than V and
give rise to an absorption bias (AB), characterized by Ji > Jv. The remaining highly supersaturated V, which are less mobile,
condense eventually on the spot while building 2D and 3D clusters. The latter expand the material, make it swell and deteriorate its
mechanical properties.

Many studies were devoted to establish the link between the EB and the AB [1-9], using mean field approaches (a lossy
medium with an absorption term uniformly sprayed over the volume [1]) or an atomic scale modelling of individual sinks [ 2-9] in
cells with various boundary conditions (zero flux condition or continuity of concentration through the boundary).

In the cell method a single sink is embedded in a volume surrounded by an outer surface of radius Iy without any other
competitor; Iy is set to match the corresponding sink density and the defect concentration along this surface is the average

concentration far from the sink in the medium <C>. The sink is surrounded by an inner surface of radius iy with Fipe << Ty ; this

inner surface is the one through which the incoming defects will be counted to measure the elimination flux. After solving a Laplace
diffusion equation (no source term together with a fixed <C> at the outer surface) for each defect separately, an elastic bias (EB) is
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calculated after evaluation of the flux crossing the internal surface at Iy with and without interaction ‘]d,rint and Yy rint
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respectively. An elastic bias (EB) is then defined by d — d.rint d.rint- The elimination of the defects in the whole
system can then be partitioned between the different types of sinks [5]. Many papers debated about the last pending question,
namely, the average defect concentration <C> to be chosen far from the sinks [2-5]. The absorption bias proposed by this approach

is then defined for each type of sink by AB=1- Xv / X| . However, the diffusion field used to calculate the defect fluxes is
the field around one type of sink considered as alone and defects are introduced separately without recombining with each other.

A revisited version of the cell method was proposed more recently [10-12]. A single primary sink with its inner and outer
surfaces was considered together with a zero flux condition on the outer surface. The two types of defects | and V are introduced

simultaneously through a homogeneous source term G ; the recombination events | + V were taken into account through a
homogeneously spread recombination rate [13]. Solving numerically a Poisson equation for each type of sink (dislocation, cavity,
with with
grain boundary) yields the two elimination fluxes for | and V, namely J I rint ? JV,rim which are measured simultaneously on the
o ] ] . AB_l JWi'[h /JWith
system under the same boundary conditions. The absorption bias was then defined by: — L7 YV rint I ,rint -

It was found that this bias was always equal to zero whatever the creation rate G and the elastic interaction of each defect with the
primary sink. Indeed, the production and the recombination are symmetric processes and the zero-flux boundary condition is
impermeable: thus, the incoming fluxes of | and V through the inner surface cannot be different from each other, whatever their
unequal interactions with this primary sink. This is the reason why the authors introduced in their balance equation another type of
sink (called secondary sink) through a uniformly spread absorption term, the latter reflecting the intensity of the absorption by this
other competing sink and changing the surroundings into a lossy medium. The authors could show that the partition of the
eliminated defects between the various types of sink was evaluated consistently: a cavity embedded in a lossy medium containing
dislocations as a secondary sink yielded the same partition of eliminated defects as a dislocation embedded in a lossy medium
containing cavities as a secondary sink.



Recently, the transport of PD in the elastic field of dislocations has received considerable improvements. Ab initio packages
are widely used to calculate in detail the migration barriers of the defects, while taking a full account of their anisotropy: at the
saddle point for the vacancy, at the stable and saddle point for the dumbbell interstitial with the help of their dipolar tensors in the
two configurations [14-19]. Recent contributions studied sink networks made of parallel dislocations and highlighted interesting
details about the shape of the flow lines in the neighborhood of the dislocations for each defect [18]. But despite this improvement in
the quantitative treatment, the very definition of the absorption bias remains partially unsatisfying because the result depends
always on the boundary conditions; the calculations are mainly done for PD which are separately introduced into the cell and which
do not interact (when solving a diffusion equation or when using an Object-Kinetic-Monte-Carlo code), which remains far from
experiments where the PD are created simultaneously and can recombine with each other.

From the reviews of the previous authors quoted above who compared at length the various ways of evaluating the AB, it is
concluded that:

*the absorption bias AB calculated in a model system with a single primary sink is probably of limited relevance, since the
root of the absorption bias (AB) lies in the simultaneous presence of sinks having different elastic properties (EB);

*a complete balance sheet of all the defects produced and eliminated must be done, including recombination, which ensures
the simultaneous evaluation of absorption fluxes for the two defects, in the same system and under the same boundary conditions.

These are the reasons why the model system presented below contains two primary sinks with different elastic properties. It
is restricted to be 1D in order to obtain rapidly concentration profiles for the two defects | and V which are created throughout the
medium via a homogeneous source term.

Without claiming to describe an actual material under irradiation, the purpose is to explore the link between the elastic bias
(EB) and the observed absorption bias (AB) in a model system and to determine the sensitivity of this link to the boundary
conditions. We detail hereafter: the model system in section I, the elastic interaction of PD with sinks in section Il, the irradiation
contribution in section lll, the diffusion model for the two defects in section 1V, the procedure yielding the numerical results together
with the control of the solution in section V, the results in section VI and the final discussion in section VII.



At the end of the main contribution, appendices A to C often paired with the sections enumerated above, gather together
useful details.

| Geometry of the model system

The 1-D system is a matter slab made of N parallel (100) crystalline planes of a BCC lattice, which are perpendicular to Ox
axis and numbered from 1 to N (Fig. 1). The inter-plane distance is a/2 where a is the lattice parameter. The system is bounded by
to additive planes (numbered ‘0’ on the left and ‘N+1’ on the right) playing the role of PD source-and-sink: their role consists in
pinning down the PD concentrations to fixed values which depend on the temperature and on the elastic interaction associated with
each sink.

The concentrations are assumed to be uniform in each atomic plane ‘i’. Each site of plane ‘i’ (called afterwards site ‘i’ for

short) has 4 neighbors on plane ‘i-1’ and 4 neighbors on plane ‘i+1’. The sink-and-source planes are assumed to have the same
crystalline structure as the bulk planes. It is assumed that a defect jumping on plane ‘0’ (L sink) or ‘N+1’ (R sink) is immediately and

irreversibly absorbed by the sink. The concentration Cd i of each defect on plane ‘i" associated with the jump frequencies between
adjacent planes yield the PD fluxes at the two boundaries, namely J d,L and J d,R on the left and right boundary respectively.

With our notations and plane numbering, these outward fluxes correspond to Jd L= Jd 1/2 and ‘Jd R ™ ‘]d,N+]J2 :

During a sustained irradiation, the fluxes arriving on the left sink L are expected to be negative, while those on the right sink
R are expected to be positive. The two absorption biases are historically expressed as:

AB_ = (“JI,L‘_‘JV,L‘)/“JI,L‘ together with ABg :(“JI,R‘_“JV,R‘)/‘JI,R‘- 1)

This historical choice yields very high values of the bias whenever the interstitial flux is small. Alternative and more symmetrical
definitions could be defined to describe this imbalance.
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The production of PD takes place via two channels in parallel, namely by thermal emission from the surface of the planar
sink-and-sources and by the creation under irradiation. The elimination of PD takes place via three channels in parallel: namely, by
recombination occurring immediately after creation (or aborted creation), by recombination occurring after diffusion (or diffusive
recombination) and by absorption on the two sinks. Then the obvious constraint must be satisfied:

“]I,R‘+‘JI,L‘ = “JV,L‘+‘JV,R‘ = Zgﬁ ~ 2Rec. (2)



eff
where ZG > Z:Re¢ are the net creation rate in the system and the sum of mutual diffusive recombination events respectively. As a

consequence, the imbalance of the fluxes (i.e. the numerator of each absorption bias) is equal in magnitude and takes opposite
signs at the two sinks.

Il Elastic interaction of PD with planar sinks

The chosen elastic interaction of the planar boundary L or R with the PD mimics that of a dislocation in a Fe while ignoring its
angular dependence for sake of simplicity. Only the volume contribution is retained while dropping the effect of shears which are
known to be of smaller magnitude. The expression combining the interactions between a defect ‘d’ located on plane ‘i’ with the two
planar boundaries is given below:

I
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where y, v are the shear modulus and Poisson ratio respectively, b|_ and bR the magnitude of the Blrgers vector on the left or on

rel
the right sink, AVd the relaxation volume of the defect ‘d’ measured in units of atomic volume. The ‘+’ and ‘- sign define the sign

of the interaction of defect ‘d’ with the L and R sink : a minus sign *-* for an attraction denoted hereafter by the capital letter A and a
plus sign ‘+’ for a repulsion hereafter denoted by the capital letter R. The first term in the parenthesis accounts for the interaction of
the defect with the left sink, which can be chosen > 0, = 0 or < 0; the second term accounts for the interaction of the defect with the
right sink. The decrease of the shear modulus y with temperature can be accounted for and amounts roughly to 18% between 300K
and 1200K [20-21].

The above formula includes two distances 8|_ , SR which stand for the capture distance of the left (L) and of the right (R) sink

respectively. They were set arbitrarily equal to 4b|_, 4bR . Below this distance, the interaction does not follow the macroscopic



elastic theory and the incoming defect is supposed to be immediately absorbed.
The signs of the interaction can be changed at will to account for different physical configurations:

e a wall of parallel edge dislocations with their tensile regions oriented toward the center of the slab will attract | and repel V; it
is denoted by ‘AR’;

e a wall of parallel edge dislocations with their compressive regions oriented toward the center of the slab will attract V and
repel I; it is denoted by ‘RA’;

e a cavity surface will be assumed to have no elastic interaction; it is denoted by ‘00’.

Each system is thus referenced by a quadruplet made of ‘A’, ‘R’ together with ‘0’, naming first the L sink and its interactions with
| and V in this order, and then the R sink and its interactions with | and V. For instance, AA | AA represents a L sink and a R sink
attracting | and V, while AR | AA represents a L sink attracting | but repelling V together with a R sink attracting the two. 00 | AR
mimics a neutral wall like a cavity on the left facing a dislocation wall on the right.

A further numerical value ‘X’ is added to the left part of the symbol only, if the strength of the elastic interaction at the left side is
not identical to the strength of the interaction at the right side: for instance, AR2 | AA indicates that b,_ =2 bR. The absence of any

numerical value means that the interactions are produced by Birgers vectors of equal magnitude, i.e. a/2.
All the configurations explored hereafter use always the same right sink R with a Birgers vector equal to a/2.
[l Irradiation model

The irradiation is modelled by a uniform source term G (expressed in dpa s™) which creates isolated Frenkel pairs (FP). Only
two values were probed, namely 102 and 10 dpa s™, with emphasis on the first one which yields more pronounced effects.

*the spatial correlation between the two partners of the FP upon creation is ignored, as well as their elastic interaction before
recombining;



*notwithstanding the fact that only the component of the fluxes along the x-axis is considered, the recombination volume

VRec is however modelled as a true 3D object. The number NVrec of atomic volumes it contains was set equal to 113: it

encompasses up to 8 neighbor shells and is roughly spherical [22-23]. But it can be arbitrarily set equal to any other value (a few
trials with a smaller value will be presented below). We give in Appendix A all the ingredients used to describe its geometry together
with the quantities which introduce the recombination events into the balance equations.

IV Jump frequencies and flux formulation

The net defect flux from plane ‘i’ to plane ‘i+1’, is measured between the two planes and is defined by
J =8(ac, w 4C, . W
d,i+1/2 — E( d,i"'d,i—»i+1 d,i+1""d,i+1—i ) (4)

where ‘d’ stands for the type of defect (I or V), Cd s Cd .i+1 are the defect concentrations expressed in atomic fractions on site ¥

and i+1’, Wd,i—>i+1’ Wd,i+1—>i are the defect jump frequencies between one atomic site belonging to plane i’ and one atomic
site belonging to plane ‘i+1’.
The diffusion model consists in defining the energy barriers to be crossed by each PD to reach a neighbor plane. The

energies at the stable positions Ed,i and Ed ii+1 are determined by the elastic interaction; the energy at the saddle position

Esadd Asadd
d,i+1/2 is defined through the quantity —di+1/2 depicted on Fig. 2 according to:

sadd sadd
Eiia :(Ed,i + Ed,i+1)/2 + Agia. (5)
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The above description is not restrictive. The quantities Ad .i+1/2 can be chosen with more or less sophistication. In the present

case, for sake of simplicity, they will be equated to a fixed value, namely the migration barrier for each defect in the bulk without any

Asadd . Em
elastic interaction =q j+1/2 — d bulk - They can however be replaced by more precise values which are obtained with empirical
potentials, or better, with ab initio calculations, while taking account of the shear components of the sink strain field. This
improvement has been brought by numerous authors in a recent past [14-19].

We explain in Appendix B the reason why a discrete formulation of the flux must be adopted instead of the continuous
expression deduced from the Nernst-Einstein approximation. Indeed, in the immediate neighborhood of the absorbing surface,
where the elastic interaction hits its maximum, the drift component of the flux is no longer simply proportional to the elastic driving
force. Ignoring this point may change the relative weights of the drift and gradient terms in the total flux to such an extent that it
changes the sign of the flux. This modification of the terms entering the evaluation of fluxes, although never implemented in
practice, was formerly suggested by previous authors [24-25].

Several barrier evaluations are compared in Appendix C. The interaction energy of the dumbbell defect with the strain field of
a dislocation depends on the orientation of its dissociation axis. Including this feature would require a distinct diffusion equation for
each orientation of the dumbbell, which is beyond the scope of the present contribution since our model remains basically one-
dimensional. Fortunately, the major part of the interaction stems from the volumetric component; it is shown that the brute
evaluation given in EqQ. 3 is not too far from the most sophisticated ones, if conveniently modified. Thus, it can be reasonably
expected that the qualitative conclusions of our calculations will not be drastically impacted by the crudeness of the description.
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V Rates equations at stationary state and the resulting equations systems

The starting global balance equation is written for a site belonging to plane ‘i’ and contains a diffusion term, a recombination
term and a defect production term. The boundary conditions connect the last atomic plane of the matter slab (‘1” and ‘N’) with the L
and R sink-source plane (‘0’ and ‘N+1’) respectively.
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where ‘d’ stands for the defect type, Gi IS the effective source term taking into account the loss of defect due to aborted creation

(see below Eq. 7) and Reci the loss due to diffusive recombination.

This global equation is translated at the atomic level, resting only on the jump frequencies between adjacent planes which
were defined earlier and on the site occupation probabilities. The matter balance per unit time is calculated for each site I’, taking
account of all the events which change its occupancy: departures and arrivals of the defect on the site due to diffusion, production
by irradiation flux together with the elimination by a newly created anti-defect, diffusive recombination on the spot.

The Laplacian term is then discretized for each site ‘i’ according to:
—div(Jy )‘i = (‘]d,i—JJZ - Jd,mjz) [(@l2)=4Cq;_ Wy i i —4Cq i Wy isia + Wy iniva) +4Cq Wy i

where the multiplying factor 4 is the number of neighbors on an adjacent plane. The recombination term Reci is no longer

calculated through the homogeneous approach [13]: the latter becomes highly questionable in the vicinity of sinks where
concentration gradients are steep and where the jump frequencies, which vary rapidly from one site to the next one, are very
different from the jump frequency in the bulk. This is the reason why it is calculated exactly by listing, one after the other, all the
jumps producing a recombination event. The contribution of the recombination appears as a relative probability which decreases the
net result of each jump: a jump from site i’ to ‘i+1’ does transport the defect from i’ to ‘i+1’, provided the arrival site does not belong
to the recombination volume of a nearby anti-defect. The details were reported in Appendix A.

: eff T : . 1. : .
The effective source term Gi due to irradiation is expressed in units of dpa s™. It is not equal to the nominal creation rate

G , because the creation process is self-limited: indeed, no new defect can be created on some site ‘i’ as soon as this site belongs



to the recombination volume Vrec of a nearby pre-existing anti-defect. A first order correction replaces merely the nominal creation
rate G by an effective one defined by:

Gieff =G (1_VRec(CV,i +Cl,i))- (7)

This effective creation rate depends now on the local concentrations of PD and accounts for this “aborted creation event”
which is a non-thermal process. It could be improved further to allow for some overlap of the recombination volumes: as a result,
the same corrective factor appears, but now squared [22]. The limiting concentration of FP is equal to 1/Vrec in the two
approximations and we retain only the first order (and linear) correction term for sake of simplicity. This self-limitation effect was
observed during irradiation below 10K and was used in the past to measure experimentally the recombination volume. The inclusion
of this aborted creation event during the calculations can be switched on and off at will with convenient flags; it will be indicated by

Rcl or RcO, respectively.

Tables la and Ib below gather together the terms which enter the equations monitoring the population of | on each plane .
Table la gathers together the contributions of the | jumps leaving site i’.

Departures from site ‘'

Jumps from site ‘i’ to a first neighbor ‘-1’ or ‘i+1’ _
CI i (4WI i+l + 4\NI ,i—>i—1)
Jumps.of a vacancy reaching the recombination volume Vrec(i) —C,. V2l (I)
of | sitting on ‘i 1,1
Creation of an anti-defect (V) on any site belonging to the re- ~C,. *G*N
I,

combination volume of | Vrec

Table la. Terms contributing to a decrease of the population of | on site i




Table Ib gathers together the contributions of the | jumps arriving on site '.

Arrivals on site i’

Jumps from site ‘i-1°, provided ‘i’ does not belong to the recom-
bination volume of a nearby V

+4C, 1 Wy gy (1-12V ()

Jumps from site ‘i+1’, provided ‘i’ does not belong to the recom-
bination volume of a nearby V —
+4C) g Wiy (1-12V (1)

Creation on site ‘i’ by irradiation flux + Gi eff _ G (1_VReC (CI i +C\/,i)

Table Ib. Terms contributing to an increase of the population of | on site 7’

The effect of recombination is thus spread among the coefficients of the three concentrations C| i1 C| i C| i+1-The expressions
V21(i), 12V (i), 12V (i) were given in Appendix A.
The following remarks are worth to be mentioned:

*the recombination event takes place when | and V, initially separated by a distance larger than the recombination radius,
jump in the direction of each other. It takes account of the jumps of the two partners (jumps of | approaching V and the reverse) but
the corresponding jump frequencies are evaluated at different locations in the system (i.e. in the energy gradient of the elastic
force). As a consequence, a given recombination event is not seen to take place at the same location in the system by each
partner:

* “from the point of view of I”: | (and thus V, too) vanishes on site ‘i’ (1"'and 2" line of Table Ib);




* “from the point of view of V”: V (and thus I, too) vanishes at some distant site belonging to the recombination Vrec(i) of I.

In the same way, | disappears from site ‘i’ because a vacancy V arrived at some distant site of its recombination volume Vrec(i) (2™
line of Table Ia). This is the reason why the recombination events in the whole system, which rest on the knowledge of locally
varying jump frequencies, cannot be summed up under the form of a unique term on each plane ‘i’ as it was in the continuous and
homogeneous approach using bulk diffusivities [13];

* the creation event does not account of the fact that | and V are created on different lattice sites;

o eff . : o - : :
*the irradiation source Gi contains a first order self-limitation term describing the creation process in the presence of pre-

existing defects (last line of Table Ib) and the correction uses the PD concentrations on plane ‘i’ only. This is also an approximation
because it should include the recombination volumes of pre-existing defects centered on sites ‘k’ lying at some distance from ‘i’; but
this point was ignored in order to simplify the formulation and the numerical solution.

Including these recombination events due to diffusion in the calculations can be switched on or off at will with convenient
flags; they will be mentioned by Rd1 or RdO, respectively. Merging together the two pieces of information about the recombination

events gives rise to a single symbol chd i i, J :{0,1} which will also appear in the figures displayed afterwards.

Since only the stationary state is looked for, the time derivative is set to zero. The starting equation can be split into a system
of quasi-linear equations, containing as many equations as the number of atomic planes for each PD. The terms which do not
contain the concentration of the defect under consideration are shifted to the RHS of the equations.

For the interstitial species:
(1-8,) ail (i) C,;y +aid (i) C, ; + (1-8,,) aiu(i) C, 1,y = ~G(1-Ny Gy ;) il 1) Cf -5y, aiu(N) C{

ic[LN] (8)



The Kronecker symbols 6i1 ’ 8iN are used to take account of the concentrations at the left (L) and right (R) boundaries, namely

C|e,qL and C|e,qR , which do not belong to the set of unknowns.

With the help of Table la and Ib, the coefficients of the lower, main and upper diagonals are easily defined by:

ail(i) =+ 4 W,y i (1-12V *(i))
ald(i) =— (AW, ;i +4W, i) =V 21(1) =G * Ny (9)
aiu(i) =+ 4 W, ; , ,; (1-12v (7))

The major contribution comes from the jump frequencies; the recombination jumps appear under the form of a correction, which
remains small at the higher temperatures and becomes more important at lower ones.

Similar expressions for the vacancy species are deduced by exchanging the symbols | and V and yield the system of
equations below:

(1-5,) avl(i) C, i, +avd(i) C,; +(1-8,y) awu(i) G, ;,; = (1 NyecCi ) 5, avl1)Cy -8,y awu(N)C,
i [ N] )
together with:
avl(i) =+ 4 W, , ;(1-V21 *())
avd (i) =— (4WV,i—>i+1 +AW, i) — 12V (1) =G ™ Nypqc (11)

avu(i) =+ 4 W, ;_, ; (1-V21 ~(i))



Each system of equations is then alternately solved as if it were truly tri-diagonal. The solution of system (8) for I is first
solved and used as an input for the solution of system (10) for V, and conversely at the next iteration. The nonlinear terms, which
represent the effect of the recombination events, modify only slowly the coefficients of the three diagonals and a limited number of
iterations is necessary, from several tens at higher temperatures up to several thousand around room temperature. Fortunately,
solving a tri-diagonal system remains always an easy task and the back and forth procedure keeps its efficiency above room
temperature. The convergence basin is large and any starting point is convenient.

The iterations are stopped when the following empirical criterion was met:

IRHS (i) — LHS (i)

N
2 RASQ) (12

where RHS and LHS stand for the values of the right and left-hand-sides of each equation and € is set arbitrarily equal to 10™°. It
was found that the solution could no longer be noticeably improved when performing more iterations. For the case of thermal

ff
equilibrium (Gie =0 ), the ratio in Eq. 12 above is replaced by the numerator.

The recombination events happening per unit time in the whole system are counted exactly through two independent
procedures:

e “from the point of view of I” by summing the quantities V2I, 12V*, 12V which enter the coefficients of system (8):
N

> (Var)y+ v+ 12v(3)): (13)

i=1
e “from the point of view of V" by summing the quantities 12V, V21", V21" which enter the coefficients of system (10):

é (12v(@)+V2I*(@+val=(). (14)



It is checked throughout the calculations that the two summations (13) and (14) yield strictly equal quantities (within round-off

errors), since each pair of sites (7', ') which is a candidate for a recombination event is scanned in the two systems of equations
(but not in the same order), either through a jump of | approaching V or a jump of V approaching I.

The three processes working in parallel for defect elimination are
* the self-limited or aborted creation (AC) which is a non-thermal process,
* the diffusive recombination losses which imply thermally activated jumps

* the absorption fluxes on the sinks.

Their relative weights are expressed below as proportions of the total nominal defect production NxG and by construction always
sum up exactly to unity for each defect.

The convergence is slowed down around room temperature where diffusion to sinks becomes less efficient and where the
elimination of PD happens mainly by diffusive recombination or aborted creation. The terms connected to diffusive recombination in
the coefficients are no longer a small correction and represent progressively an overwhelming part, which requires a larger number
of iterations.

VI Results

All the calculations presented below were done with jump barriers evaluated through the brute hydrostatic approximation (Eq.
3) or the modified interaction discussed in Appendix C. Results are displayed with the notation ‘brute’ and ‘modif’. Voigt-and-Reuss’
(V+R) averaged expressions of p and v (Equation C4 in Appendix C) are used throughout the calculations. The temperature
dependence of the elastic constants is included or not at will with a convenient flag through the notations ‘CijT or ‘CijO’ respectively.

The calculations can switch on or off the irradiation flux and/or the diffusive recombination events as explained above; thus
concentration profiles will be obtained for all configurations with or without recombination. It is worth noticing that the non-thermal
recombination event upon creation, due to the overlap of recombination volumes, is a channel for elimination which must always be



kept: at room temperature, for large systems and large production rates, point defect concentrations were found to reach unrealistic
values larger than unity. Indeed, the equations which are used above do not include any upper limit for the value of the solution.

The system configurations explored below will be of the following types: 00 | AR, AR2 | AR, RA | AR. The first system will be
studied in more detail and considered afterwards as a reference to which the others will always be compared for highlighting the
differences. The symmetric configuration AR | AR will be briefly commented first.

VI-1 Symmetric configurations

The system is made of two sinks with identical elastic properties and has a symmetry plane passing through the center of the
slab. Along this plane, the elastic forces and the fluxes vanish and the concentrations of the two defects reach their maximum. It is
the only configuration in which the zero-force surfaces (ZforceS) and the zero-flux surfaces (ZfluxS) coincide.

This configuration assigns an equal strength to the two sinks and no bias can be observed of course, as already noted by
former authors [10-12]: the latter worked with a single dislocation in a cylinder with a zero-flux boundary condition, the latter playing
the same role as the symmetry plane at the center of the slab in the present system:

*the fluxes of | and V at the sinks are always equal and do not depend on the elastic interaction;

*when recombination is ignored, they do not depend further on temperature and amount to N G/2 (Eq. 2)

*the dependence on temperature and on the type of interaction is observed only if recombination is allowed, but the two
defect fluxes remain equal anyway.

At last in thermal condition (G = 0) calculations find that two non-vanishing inward fluxes coming from both ends (positive at L
sink and negative at R sink) show up in order to compensate the consumption of defects produced by the recombination events in
the bulk at that temperature. Even without irradiation, the system is no longer in equilibrium but rather in a stationary state. The
point does not quantitatively matter in the present situation where the defect and anti-defect have very high formation energies; but
it might have some influence in materials where | and V bring contributions to matter transport of comparable magnitude (like
silicon).



VI-2 Configuration 00|AR (N=101)

The distance between the two sinks corresponds to the distance between parallel dislocations in a 3D system with a density
close to 10'® m™. The calculations are performed with the elastic constants at OK (denoted by ‘Cij0’) unless otherwise indicated,
together with the brute and modified interactions. The fluxes are measured as the number of atoms crossing the lateral facet of the
system (area = a%/2) during the unit time.

The L sink is elastically neutral whereas the R sink attracts | and repels V. The elastic forces produced by the two sinks never
compensate each other and there are no ZforceS. The fluxes are evaluated in two different ways: the so-called ‘lattice flux’ is
calculated with Eq. B3 of Appendix B, whereas the so-called ‘NE flux’ is evaluated with Eq. B5.

IV-2-1 Influence of recombination on concentration profiles and absorption bias

On Fig. 3 are displayed the relative contributions of different elimination channels for the two species and for the brute
interaction; as already mentioned, the contributions sum up to unity for each species at any temperature. The role of recombination
events can be clearly detected up to 500K: the purple crosses indicate the amount of aborted creation whereas the red crosses
indicate the amount of diffusive recombination. This threshold temperature depends on the size of the system (see below for N =
1001).
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Due to the sustained homogeneous production of PD, the concentrations in the slab are always larger than the thermal
concentrations at the absorbing boundaries; as a consequence the ZfluxS always exist. On Fig. 4-5 are displayed the | and V
concentration profiles at 300K and 800K calculated with the brute interaction, when evaluated with or without recombination (Vrec =



113). Aborted creation plays a weak role: when switching from RcO to Rc1l the change of the profiles is much smaller than the
change brought by switching from RdO to Rd1.
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Point defect concentrations (site fraction)

Neglecting the recombination overestimates the concentrations by one order of magnitude at 300K; but the difference nearly
vanishes above 800K. At last the ZfluxS have different locations for the two defects and their positions change with temperature.
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The L and R absorption biases, when evaluated with expression (1), exhibit a general decreasing trend with increasing T as

expected, but this decrease is not monotonous. The absolute value of the negative L bias and positive R bias start with an initial
increase between 300K and 450K (Fig. 6-7).
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Bias on R sink + % recombined

The sign change of the derivative is connected to the amount of recombination in the system. Indeed, more recombination
decreases the two fluxes by an equal amount but change their ratio. For the L sink having no elastic force, the lattice and NE
evaluations of the fluxes coincide nearly everywhere but at the lower temperatures. For the R sink developing a stronger interaction,
the two evaluations depart markedly from one another over a large temperature domain.
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IV-2-2 Influence of the flux formulations on the gradient and drift terms

Figure 8 displays the two components of the interstitial flux (gradient term and drift term of Eq. B3 and B5) in the region close
to the R sink where the interaction is noticeable. The correction on the gradient term shows up on the departure of the two blue
curves; the correction between the two drift terms (NE and lattice) shows up between the yellow and green curves, respectively.
The resulting fluxes (NE and lattice) are displayed with the orange and purple curves, respectively.

The corresponding curves for the vacancy, which experiences an elastic force roughly ten times smaller show that the
departure between the two evaluations can be hardly perceived (Fig. 9), for the negative drift component (since V are repelled by
the R sink) as well as for the positive gradient component.

On Figure 10 are displayed the lattice and NE evaluations of | and V total fluxes close to the R sink. The NE evaluation of the
| flux and of the V flux (green and blue curve, respectively) exhibit a cross-over around plane n° 100, producing an absorption bias
of the wrong sign (already detectable on Fig. 7), whereas the lattice expressions (purple for | and blue for V) yield an absorption
bias AB with the correct sign.
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Lattice and NE contributionsto V fluxes
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Lattice evaluations of | and V fluxes
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IV-2-3 Influence of the interaction on the absorption bias AB

The AB changes slightly with the detail of the interaction (brute interaction versus modified). Since our modified interaction is



always softer than the brute one, the bias is slightly decreased (roughly by 20%) over the whole temperature range, as can be seen
on Fig. 11.
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IV-2-4 Influence of temperature dependent elastic constants

If the temperature dependence of the elastic constants is taken into account, the resulting softening of the interaction is
detectable only at the higher temperatures: the decrease of the absorption bias is small (compare Fig. 7 above and 12 below).
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Bias on R sink

Bias on L sink

The elastic constants are reduced by 18% (denoted with ‘CijT’) at the higher temperatures where the resulting softening of
the interaction starts to be detectable. The absorption bias AB is slightly decreased (compare Fig. 11 above and 13 below).
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IV-2-5 Influence of the creation rate

When the creation rate is lowered down to 10 dpa/s, the above outlined trends still hold. The effects of recombination
events are now detectable on a smaller temperature range and vanish around 350K instead of 450K. The fluxes are approximately
divided by a factor of 107, but the biases displayed on Fig. 14 are of comparable magnitude with those displayed on Fig. 11.
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VI-2-6 Influence of system size (N=1001)

The system is now made of 1001 planes. The distance between the two sinks corresponds to the distance between parallel
dislocations in a 3D system with a density equal to 10'* m™. The system experiences the creation of ten times more defects.
However, detailed inspection of the data shows that the | and V fluxes at both ends are slightly smaller than the fluxes measured on
the small system by at most 50%.

Fig. 15-16 display the concentration profiles for the vacancy V and for the interstitial | in the slab. The size of the system is
such that the two sinks, in the absence of recombination, cannot eliminate defects at a sufficient rate to maintain the concentration
level at an acceptable level, mainly for the vacancies: indeed, when recombination is not taken into account (Rc0d0), the maximum
concentration for V is around 0.4 which is physically unreasonable. It is observed that including successively all the contributions of
the recombination events lowers gradually the curve from the starting curve obtained with RcOd0 down to Rc1d0, Rc0d1 and finally
to Rcld1l. The contribution of the diffusive recombination (i.e. the change from RdO to Rd1) is as already noted before more
important than the contribution of aborted creation (i.e. the change from RcO to Rc1).

The overshoot beyond unity suggests that the equation system is inadequate because nothing prevents the solution from
exceeding unity; the differential equation should probably be reformulated with new variables Cv/(1+Cv-Ci) and Ci/(1+Cv-Ci)

Fig.17 compares the two curves obtained with Rc1d1 but with different recombination volumes; the value of the latter
apparently does not matter much since Vrec=9 is nearly as efficient as Vrec=113.
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Eliminated fractions of | and V

On Figure 18 are displayed the relative contributions of the various elimination channels. The recombination events play a
detectable role up to 1000K, against 500K for the smaller system. The initial increase of diffusive recombination between 300K and
350K is due to the simultaneous decrease of the aborted creation process.
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Bias on R sink

The L and R bias are definitely smaller for the larger system. At 300K the R bias is decreased by a factor of 8 down to 0.035
(Fig. 19) against 0.275 for the smaller system (Fig. 11).
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Point defect concentrations (site fraction)

In the small system the L sink is now replaced by a wall with an interaction energy with PD of the same AR type (attracting
the | defects and repelling the V ones) but twice larger. ZforceS now exist; they coincide with the ZfluxS only for the interstitials.
They are displayed on Fig. 20.
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Bias on L sink

Bias on R sink

The resulting absorption bias at the L and R sinks are displayed on Fig.21. The new feature is the fact that the R sink exhibits
now a reversed negative absorption bias, while the L sink absorbs more interstitials than vacancies (compare with Fig. 11).
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VI-5 Configuration RA|AR (N=101)

For this last case, the L sink is supposed to repel interstitials and attract vacancies. The interstitial is repelled by L sink as
hard as it is attracted by the L sink (the reverse holds for the vacancy); therefore, there are neither ZforceS nor Zfluxs.

The relative weights of the elimination channels for the two defects are displayed below on Fig. 23. In the temperature range
above 600K where the recombination plays no longer a noticeable role, the interstitials are mainly absorbed at the R sink (empty
blue circles) at the expense of the absorption at the L sink (filled blue squares).

At the L sink, the | flux is minimum while the V flux is maximum; due to the arbitrarily non symmetric definition of the
absorption bias AB, its value at the L sink hits skyrocketed values (up to several hundreds) which are displayed on Fig. 24.

The AB on the R sink is displayed on Fig. 25.
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Bias on L sink
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Bias on R sink
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VI-6 Comparison of the obtained absorption bias with the standard evaluation by the Laplace method

The method has been extensively explained by previous authors. The flux of each defect ‘d’ at the R sink, when taken
separately, is evaluated twice with a set of two Dirichlet boundary conditions:

: o : o : : max : therm :
*a first evaluation is done without any elastic interaction and with ~qg L atthe L sink, Cd, R attheRsink. TheL and R

. . . L Ctherm C max.
sinks are assumed to be neutral. While the concentration at the R sink is set equal to the thermal one ~q R , ~d, L issettoa

therm
value much larger than Cd, R (typically 10 for V and 10™° for I). Because of the large formation energies for the two defects |

th . : o
and V, Cd ,eFZm can be numerically set equal to zero. The defect flux is constant throughout the slab and it is given by:

max _Ctherm C max
jzero _ d, L d,R pbulk d, L pbulk

&R (N+Da/2 9 “(N+Da/2 ¢

(15)

It was checked that the numerical evaluation of our code reproduces this result exactly with no source term.

*a second evaluation is done with an elastic field produced by the R sink only. The L sink is still assumed to be neutral with

max
the same concentration ~d, L . The concentration at the R sink takes now into account the interaction of the defect ‘d’ with the R

sink. However this interaction remains weak when compared with the formation energies of the defects and the corresponding value
can be once more set equal to zero. The flux obtained while taking into account the interaction of the PD with the R sink is denoted

with . . . . . . - . . . :
by J d, R - Analytical solutions are available only if the diffusion coefficient is independent of the spatial coordinates [24]. It is not

: e . , e loc av
the case in the present problem for the modified interaction since the local and average diffusivities Dy i and Dd, j are no



bulk . . . . . .
longer equal to the constant Ddu (refer to Appendix B). The evaluation of the fluxes is done numerically. With the usual notation,

. ith . . N
the two elastic bias (EB) are then defined by Xd, R — J(\jl\f'tR / Jj‘f}? and the proposed absorption bias AB at the R sink is

calculated according to:

This corresponding AB (purple line) is displayed together with all the AB collected above for the preceding cases for the smaller
system (N=101) for the brute (Fig. 26) and modified interaction (Fig. 27). The horizontal black line stands for the AB of the
symmetric configuration AR | AR in which the AB vanishes by construction. The modification brought by the change of the
interaction is of small extension.
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Absorption bias at R sink

The same conclusion is drawn for the larger system (N=1001) and the corresponding AB are displayed on Fig. 28-29.
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VI-7 Discussion

The stress is not to be laid on the absolute value of the bias, because the model used here is too rough for describing
realistic situations. Moreover, because of the geometry chosen for the system, the overlapping of the diffusion fields for two sinks
facing each other exacerbates their mutual influence: a defect which is not absorbed on a given sink is automatically absorbed by
the other. This implies an imbalance between the | and V fluxes equal in magnitude but opposite in sign on the two sinks according
to Eq. 2.

The important conclusion points toward the following fact: if the details of the elastic interaction (dipolar tensor against
volume approximation for instance) do bring a detectable change to the AB, the boundary conditions involved in the examined
cases (RA | AR, 00 | AR, AR | AR, AR2 | AR) play an overwhelming role on the result as illustrated on the AB reversal detected in
the last configuration at the R sink. This should not be a surprise for a diffusion problem where the boundary conditions have always
a leading contribution.

The interesting case of AB reversal obtained above for one situation was recently enlightened on a much more realistic case.
A recent and sophisticated calculation took a full account of the elastic fields generated by the loops and the free surfaces in a thin
foil film [31]. During a sustained irradiation, the loops in the foil were generally found to grow since they elastic bias EB tends to
attract more interstitials than vacancies. It was however not the case for the loops located close to the free surfaces; the latter are
viewed under a large solid angle by the migrating interstitial and become the dominant sink. As a result, the interstitials are locally
absorbed mainly by the surfaces, which explains the corresponding shrinking of the nearby loops which was experimentally
observed. This shading effect produced by a neighboring sink is also at work in our AR2 | AR case.

The partition of the space between the different diffusion fields was also questioned recently, suggesting that a first
improvement could be the use of a Voronoi polyhedron around each type of sink [32]. This is a purely geometrical criterion and the
choice of zero flux surfaces would probably yield a more appropriate partition of the volume. Unfortunately, as displayed above, the
ZfluxS are not necessarily identical for the vacancies and the interstitials and, worse, their positions change with temperature; they
cannot be determined without a thorough calculation of concentration profiles throughout the medium. The good point is the fact
that at the higher temperatures the ZfluxS tend to merge together and to approach the faces of Voronoi polyhedron.



VIl Conclusions

The purpose of the contribution was focused on the link between the elastic bias (EB) and the absorption bias (AB) at the
root of swelling and on the stiffness of this link with respect to a change of boundary conditions. The R sink was kept unmodified
throughout the calculations of all configurations (attracting | and repelling V with an unmodified interaction) whereas the elastic
properties of the L sink were changed in order to mimic different boundary conditions. After inspection of the results the following
observations about the absorption bias (AB) can be made.

* the use of the atomistic expression of the flux is mandatory: ignoring this point may even lead to a sign change of the AB due to an
incorrect evaluation of the gradient and drift terms;

* the AB is not very sensitive to the modification of the barrier profiles; the sophisticated evaluations yield slightly different values of
each flux but their imbalance is only modestly affected;

* the AB is sensitive to the recombination of defects only below 500K; at higher temperatures, between 600K-1000K where swelling
is expected to take place, it becomes independent of recombination;

* the AB is much more sensitive to a change of the elastic properties of the neighboring L sink than to the changes brought by the
modifications listed above; we could evidence a reversal of the AB at the R sink which dragged more | than V.

This crude modelling suggests that the interaction of the diffusion fields of neighboring sinks can become dominant and
exceed the effect of the elastic bias. The final consequence implies that pairing a priori one value of the AB with a sink of known EB
is not possible if the surroundings of this sink are not known.
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Appendix A
Necessary quantities to enumerate recombination events

The chosen recombination volume Vrec contains 113 crystalline sites of a BCC lattice, which belong to the first eight
neighbor shells. Its center is the origin of the coordinates, which is counted as a site belonging to Vrec. Below are mentioned the
coordinates of the representative site of the shell which belongs to the first octant: i, j, k all odd or even integers together with (i >=j
>=k >=0) with a unit length equal to a/2 (a = lattice parameter). The shells are numbered according to their distance from origin.

Shell number Coordinates of the representative site Number of sites in the shell
0 000 1
1 111 8
2 200 6
3 220 12
4 311 24
5 222 8
6 400 6
7 331 24
8 420 24
=113

Table Al. Neighbor shells included in the recombination volume Vrec.



In what follows, the number of sites in each shell follows the coordinates and is preceded by an underscore .
The 4™ 5™ 6™ 7™ and 8" shells of Vrec are the only ones to have first neighbors outside Vrec :
* the 4™ shell (311) has first neighbors belonging to shells 9 (422) 24
* the 5™ shell (222) has first neighbors belonging to shells 10 (333)_8
* the 6 ™ shell (400) has first neighbors belonging to shells 10 (511) 24
* the 7" shell (331) has first neighbors belonging to shells 9 (422) 24, 11 (440)_12 and shell 13 {(442)_24 + (600)_6}
* the 8™ shell (420) has first neighbors belonging to shells 10 {(511) 24+(333)_8} and 12 (531) 48.

Sites (600) belong to a subshell of the 13th shell like (442) and are at the same distance from origin; but lattice geometry prevents
them from reaching a site of Vrec in one jump. Thus 140 sites (sum of numbers in red) not belonging to Vrec can reach at least one
site inside Vrec through one jump.

Definition of quantities used to count the recombination events

We need a partitioning of crystal sites according to the plane ‘i’ they belong to, since the elastic force depends on the ‘X’
coordinate and is sensitive to the + or - direction of the jump.

On Fig. Al are depicted the quantities nint_Vrec(i) and next_Vrec(i), where i’ can refer to plane ‘i’ as well as to any site
belonging to plane i’. The recombination volume centered on a site of plane ‘" is denoted by Vrec(i). It is surrounded by another
sphere containing sites which do not belong to Vrec(i) but from which a defect can reach, in one jump, one site at least belonging to
Vrec(i).



nxint_Vrec
ext_Vrec(k)

v

Figure Al.

Definition of nint_Vrec(k) and
next_Vrec(k) as a function of
'k’ which measures the
distance between plane 'k’ and
the center 7’ of the
recombination volume.

Vrec(i)

For a recombination volume Vrec(0) with a center on plane ‘0’ , containing 113 BCC sites, we define the following quantities :

* nint_Vrec(i) : the number of sites inside Vrec(0) located on plane i’ equal to:



nint_Vrec(i)

12

13

16

21

16

13

12

2=113

Table A2. Partition of sites inside the recombination volume Vrec.

* next_Vrec(k) : the number of sites located on plane ‘k’, which do not belong to Vrec(0) but which are first neighbors of (at least)
one site of Vrec(0),

* next_Vrec_jumm(k) and next_Vrec_jump(k): the numbers next_Vrec(k) multiplied by the number of ‘- and ‘+’ jumps (along Ox-
and Ox+, respectively) which hit the surface of Vrec(0)

k -5 -4 -3 -2 -1 0 1 2 3 4 5
next_Vrec(k) 12 16 12 12 16 4 16 12 12 16 12 2=140

next_Vrec_jumpm(k) 0 0 0 8 8 4 24 20 12 28 20

next_Vrec_jumpp(k) 20 28 12 20 24 4 8 8 0 0 0

Table A3. Partition of sites outside Vrec from which a site of Vrec can be reached with one — or + jump.

On Fig. A2 are displayed some of the | jumps entering the quantities next_Vrec_jumpp( ) and next_Vrec_jumpm( ) towards

the recombination volume Vrec(i) of a vacancy sitting on a site of plane ‘.




The neighborhood relationships in the BCC lattice are such that sites on the left of the center (up to -2) can however reach the
surface of Vrec via a jump with a negative x component.

next_Vrec_jumpm(0) - ~lnext Vrec| jumpp(0)

12V(i)

Figure A2.
Vrec(i)

Some of the jumps entering
the quantities
next_Vrec_jumpp() and
next_Vrec_jumpm() The
black filled circle and the
empty white square
represent the interstitial and
the vacancy, respectively.

next_Vrec_jumpm(-1)



* the numbers of recombination volumes, centered on plane ‘i’ and which can be reached with one defect jump (a *-* jump from k to
k-1 ora ‘+’ jump from k-1 to k.

k=-4 k=-3 k=-2 k=-1 k=0 k=+1 K= +2 k=+3 k= +4
next_Vrec_sitem(i) 5 7 3 5 6 1 2 2 0
(jump *-)
next_Vrec_sitep(i) 0 2 2 1 6 5 3 7 5
(jump “+)

Table A4. Sites outside Vrec from which a site of Vrec can be reached in one jump

On Fig. A3 are displayed some of the recombination volumes Vrec(k) which can be reached in one jump along Ox+ by a vacancy
starting from a site of plane .




Vrec(i)

Vrec(i+k’)

V2| _sautp(i)

e

Hence the definition of the following quantities which will appear in the balance equations:

Vrec(i+k’)

Figure A3.

Some of the recombination
volumes Vrec(k) centered
on interstitials which can be
reached in one jump, with a
positive component along
Ox, by the vacancy starting
from 7.

*summation of all first neighbor jumps of V starting from a site on plane ' (not belonging to Vrec(i)) to a site ‘k’ (belonging to

Vrec(i)) and leading to a recombination event for the defect | which is waiting on site i’



v2|(i)=_zk:cv(j)wvyjﬁk where & Viec(i) and k eV (i) ] Voisl(j)
IR

Vois1(j) is the set of first neighbors of a site ‘j’; for a BCC lattice, site ‘j’ has 4 first neighbors on the plane ‘j+1’ and 4 first neighbors
on the plane ‘j - 1. The 2’ in the name of the variable V2| stands for *_to_’ and indicates that V is performing a jump while I is
waiting for its arrival;

*summation over sites ‘k’ occupied by V which will lead to the recombination with | when the latter jumps from ‘i-1’ to ‘i’ where
i’ belong to Vrec(k) but not -1’ :

12V " (i) =next_Vrec_ jumpp(i)= > G, (k)
keVrecgi—l)
keVrec(i)

The multiplicity of jump directions is implicitly included (a factor of 4 for the BCC and FCC lattices).

*summation over sites ‘k’ occupied by V which will lead to the recombination of | when the latter jumps from ‘i+1’ to ‘i’ where
‘i’ belong to Vrec(k) but not ‘i+1’ :

|2V~ (i)=next_Vrec_ jumpm(i)= >  C,(k)

keVrec(i+1)
keVrec(i)

Similar quantities are defined after exchanging the symbols for the ‘I’ and V'’ species.



Appendix B
Expression of the fluxes at the atomic scale

The starting ingredient entering the building up of the driving force is the elastic interaction energy between the PD and the
sink, as a function of their mutual distance measured by the plane index i’. The energy for defect ‘d’ (| or V) is defined as follows :

Ed,i _ Eglast (i _ oo)— Eglast (I)

where the symbol | = 90 stands for the energy reference. In a medium of infinite size the corresponding energy vanishes. The
energy is < 0 for an attraction, > 0 for a repulsion. In our system of finite extension, the two interactions of the two sinks sum up
according to Eqg. 3 in the main section.

The driving force stems from the asymmetry between the migration barriers for the jumps toward the positive — or

negative <— x-side between two neighbor planes. The saddle point energy is the same for the two jumps and the inequality of the
jump barriers comes from the inequality of the interaction energy between the two starting sites. The driving force is

The jump frequencies between planes ‘i’ and ‘i+1’ are defined below:
. sadd
Wy isisa = Vg EXP [_B(Ed,iﬂ/z - Ed,i):|

dd
W is1si = Vg EXP [_B(Ejﬁﬂ/z - Ed,i+1)]



sadd
where Ed i+/2 Ed,i 1 Ed,i+1 stand for the energy of the system with the defect at the saddle point, on a stable site of plane 7’

and plane ‘i+1’ respectively; vd is a pre-exponential factor and B =1/KT .

The concentrations, originally expressed as a number of defects / A°, are converted to atomic volume fractions belonging to
the interval [0 : 1] after multiplication by the atomic volume Vgt expressed in A%, The flux is evaluated through the geometric plane at

mid-distance from two neighbor atomic planes and through a facet denoted hereafter by Z and having a surface equal to a® or
a’/2 for the BCC or FCC lattices respectively. Hence the starting expression of the flux:

a
Jd,i—>i+1 = ‘]d,i+1/2 = §(4Cd,in,i—>i+1 _4Cd,i+1Wd,i+1—>i)

The net flux at the left and right sink corresponds to Jd 1/2 ‘]d N+1/2 -

The energy of the system when the defect sits on its saddle point is described by the expression:

dd
Egﬁwz =(Egiq+Eqi)/ 2+ Ay i1

where Ad ,1+1/2 is an increment of activation barrier introduced in the main section.

The frequencies between planes ‘i’ and ‘i+1’ are associated with the migration energies of back and forth jumps defined below:



m dd dd
Eqisin = AZ|a,i+1/2 +(Egin—Eqgi)/2= AZla,i+1/2 +0E i1

m sadd
Eq = Agie t(Eg; —E

_ sadd .
J+1—-1 dmﬂ)/z_'Ad}ﬂm 6E¢Hﬂ2

Hence the final expressions of the jump frequencies

_BSEd i+1/2

POy a2
W imsivr =W a2 Wi is1si =W 102 ©
dd
W2 =vge P o w )
with " d i+1/2 — "d o d,i—=i+1 " i+l is the geometric mean of the back and forth frequencies.

The driving force is expressed as a discrete derivative of the elastic interaction energy:

4

Fd,i+1/2 = _(Ed,i+1 - Ed,i)/(a/ 2) > Fd,i+1/2 = _QSEd,iﬂ/z

(B1)

— ok

Stated otherwise d,i+1/2 is nothing but the work done by the force over half the jump distance (equal to a/4 presently).

The general expression of the fluxes becomes:



BSEd 2 +BSEd U2

‘Jd,i+1/2 ( )4Cd |Wd i+1/2 € _( )4Cd i+1 d |+1/2

C,..—C,..
d|+1/2( )( dJ;l/z d’I)Ch(BSEd,iﬂ/Z) d|+1/2( ) Ca vz Sh(BSEd,m/z)

- Lo DAY WA 2 o
Hence the definition of a new diffusivity “~q j+1/2 = VVd i+1/2 a~ which plays the role of an average diffusivity in a
sadd

medium with Ad 1+1/2 as a migration barrier. It is worth noticing that this definition is different from the standard one used for the

defect diffusivity in a medium without any sink. The standard formulation rests on all the frequencies which depart from a unique
site, whereas, in the present formulation, it is made of all the back and forth frequencies between two neighbor planes. If the
difference between the two expressions vanishes in the absence of a driving force, it will not in general.

Hence the final formulation of the flux calculated between neighboring lattice planes with the superscript ‘lattice’

latti
J augjez = Dd iv72 Ch(=PBE ;11/2)VCy i12 —Cyivan Dd i+1/2 5h(B5Ed,i+JJ2) . (B2)

loc
Further, we introduce of a new local diffusivity Dd 1+1/2 which embodies the gradient of the elastic energy:

loc
Dyiwe = d a2 Ch(= BOE i,12). (B3)

An alternate formulation of Eq. 2 now reads:



lattice loc loc 4
‘Jd,i+1/2 = _Dd,i+1/2 VCd,i+]JZ _Cd,i+1/2 I:)d,i+1/2 gth(BSEd,iJrl/Z) (B4)

The first term of Eq. B2 (or B4) is the contribution of the concentration gradient to the flux; it is now intricately merged with the
elastic driving force; the second term exhibits a non-linear contribution of the elastic driving force.

In the case where the driving force is weak, i.e. if _B 8Ed .i+1/2 is sufficiently small, a first order development of the drift

term with the help of Eq. B1 yields back the Nernst-Einstein expression of the flux, denoted hereafter with the superscript ‘NE’:

NE av av
‘]d,i+]J2 N_Dd,i+]j2 VCd,i+JJZ + BCd,i+1/2 Dd,i+]/2 I:d,i+112 (B5)
sadd £ Mig
In the case where Ad .i+1/2 is chosen as independent of spatial coordinates and equal to the migration energy in the bulk —d
DaV DbUlk
, then —d ,i+1/2 reduces to the usual bulk diffusivity in the absence of elastic interaction ~d .

The consequences on the resulting absorption bias stemming from the adoption of Eq. B2 and Eq. B4 will be illustrated and
discussed afterwards in the main section.

The modified form of the Nernst-Einstein expression is not anecdotal and plays an important role in two cases at least:

o for systems of small spatial extension in which the regions with large elastic energy gradients occupy a noticeable portion of
the volume;

e for any system, whatever its size, because the absorption fluxes are, by definition, always calculated through the absorbing
surface of the sink in order to get a correct value of the absorption bias (AB), that is, in a region where the elastic energy
gradient reaches its maximum.



With the input parameters used for the two defects in a Fe, the portion of the system where the driving force can be considered

as “not weak” (arbitrarily, whenever B 8Ed i+1/2 >0.1 ) encompasses atomic planes with an index ranging from 1 to 3 for V and 1

to 6 for | at T=600K. Numerical evaluations show that the correction is important for the drift term and the gradient term. As a result,
the relative weights of the two contributions can be changed in such a way that even the sign of the resultant flux can be reversed.
This is the main reason for keeping the atomic description in what follows.

sadd
The simplest choice for Ad J1+1/2 consists in taking a constant value equal to the migration energy of the defect in the bulk far
Asadd _E m
from any sink —d,i+1/2 = —d , but another choice will be explored (see Appendix C).



Appendix C
Comparison of various energy barriers evaluations in the strain field of a straight edge dislocation.

This Appendix explores the energetic landscape through which a DP migrates when approaching a single dislocation and
situates the brute evaluation with respect to more sophisticated energy calculations which take account of the dumbbell
orientations. The final output is a (totally) empirical adjustment of the brute expression to bring its results closer to the best ones
available today.

The coordinate axis x/y/z are along the direction [100] / [010] / [001] of the BCC lattice, respectively. The origin of the
coordinates (000) is located on a site of the lattice; the sites have integer coordinates (i,j,k) in units of a/2, where ‘a’ stands for the
lattice parameter.

The dislocation line (i.e. the edge of the extra plane perpendicular to the x-axis) is merged with the z-axis; the sites belonging
to the extra plane, on the compressed side, have positive y-coordinates; the sites with negative y-coordinate are located on the

extended side. The Burgers vector is %[100].

The radius of the absorption surface is arbitrarily fixed to 4 Birgers vectors. Sites (0, 4, 0) and (0, -4, 0) sit on the absorption
surface on the sides of maximal interaction with the DP: the first attracts / repulses the vacancy / dumbbell, respectively, while the
reverse holds for the second.

The ‘y’ coordinate, measures the projected distance between the defect moving away from the dislocation line located at
x=y=0. The barriers are evaluated along realistic paths located in regions of maximum attractive interaction energy for each defect.
The word ‘realistic’ means that the path complies with the geometrical constraints of the elementary jump: a dumbbell sitting on the
origin (0, 0, 0) with a dissociation axis <110> can reach only 4 neighbors, namely (1,1,1), (1,1, -1), (-1, -1,1) and (-1, -1, -1); and
each neighbor is visited with two orientations. The paths are chosen somewhat arbitrarily among several possible alternatives and
are contained within a square-section tube aligned along Oy axis together with a minimum lateral extension along x or z
coordinates. They are described below:



* for a dumbbell defect on the side in extension, the extra plane x=0 does not exist and is replaced by a pair of planes located
at x =- 0.5 and x = + 0.5; the starting site is (0.5, -4, 0) and the chosen path encompasses sites which belong to planes x=-0.5
and x= + 1.5 along a repeated sequence of 4 jumps (-1-11),(1-1-1),(1-11)and (-1 -1 -1) displayed on Figure C1. The brackets
< > and parenthesis () enclose the orientation of the dipolar tensor for the dumbbell and the coordinates of the stable sites,
respectively. The orientation of the dipolar tensor at saddle position for the dumbbell is parallel to the jump vector.

(-0.5 -5 1)
101> N Figure CL1.

(+1.5-7 1) One possible path of a dumbbell
defect moving away from

<101> p—— dislocation in the extended
@ Y region, along which the
_______________ - interaction energy at stable and

saddle positions are calculated.
Black disk: site in z=0 plane;
circle enclosing +’: site in z= +1
plane.

(+0.5 -8 0)

<-1-10>
(+0.5 -6 0)




* for a vacancy on the side in compression, the path is made of sites located in the extra plane (x = 0), and sites in the
adjacent one x = +1; the starting site is (0, 4, 0) and the chosen path is made of a repeated sequence of two jumps (11 1) and (-1 1

-1), as displayed on Figure C2.

Figure C2.

One possible path of a vacancy
moving away from dislocation in the
compressed region, along which the

interaction energy at stable and

saddle positions are evaluated.
Black disk: site in z=0 plane; circle
enclosing +’: site in z= +1 plane.



Expressions of stresses for a straight edge dislocation

For an isotropic cubic crystal C;; -C,, =2C,, and the stresses are given in [21]:

o o___mb ye¢+y) b y(*-y) b x(*-y?)
XX = _ 2 y _ 2 Xy _ 2
2n(1-v) (x2+y2) 2n(1-v) (X2+y2) 2n(1-v) (X2+y2)
isotr isotr (C1)
Gz =V(Ox +0Oyy) p =Cy=(C;1—Cp)/2 v =C, /(C+Cp)
For an anisotropic cubic crystal C;; —C;, #2C,, and the stresses are given in [26]:
2 2 2 2 2 2
ocy[(3+H)x +y ] ay[x -y ] ocx[x -y ]
XX [(Xz Ly2)2 4 szyz] yy [(Xz +y2)2 4 szyz} Xy [(Xz Ly 4 szyz] (C2)
with
bl c,C.-C,) 17 (C.+C..)(C. —Crr —2C,,)
o=— | = (C11+C12)[C 24é 11C 12C } H =711 7 12 . 12: 12 44 (©3)
T 11(2C44 +Cpy +Cyp) 1144

The expression of Oz; was not reported in reference [27]; it is assumed to be given by the same expression as in Eq. C1 which
requires the use of the Poisson ratio.

It might be the start for some inconsistency: indeed, in an anisotropic crystal, the value of the Poisson ratio and the shear
modulus are orientation dependent, and no expressions are available for them. They must be approximated by some combination



of elastic constants, which were primarily designed to apply to polycrystals. Several averaged expressions are available for the
shear modulus:

Voigt's approximation [28]:
e = (Cr1—Cpp +3Cy,) /5 (C4)

Reuss’ approximation [29]:

“Reuss _ 5(C11 - C12)C44
4C,, —4C,, +3C,, ()

Hill's proposal [30] is a simple average of the two preceding expressions after observing that this combination is always closer to
experiments performed on polycrystals:

Hill :E(MReuss +uVoigt)

5 (c6)

Chang et al [16] made a more recent proposal:

“Chang =(Cy; —Cp+Cyy)/3 (C7)

For all of them, the Poisson ratio is then deduced as a function of bulk and shear modulus, B, N respectively. Recalling that

B = (C11 + 2C12 ) / 3, Hill shows that a consistent expression of the Poisson ratio is:



yAver _ 1 3B _2“Aver

"o 3B+HAver (C8)
The final values obtained with these approximations at 300K are given in Table C1 below.
Approximation L (eV/A3) \%
Voigt (1928) 0.557 0.285
Reuss (1929) 0.468 0.315
Hill (1952) 0.512 0.300
Chang et al (2013) 0.445 0.373

Table C1. Values of the shear modulus and Poisson ratio for various averages.

: : : : Chan isotr . : . L
Notice that the choice of the Poisson ratio made by Chang et al (V 9= A% ) is not consistent with Hill’'s proposal: it yields

values which are noticeably different from the others, but it will not have much influence on the final results (see below).

Calculations of migration barriers
_ _ _ td stab td stab Lt sadd td sadd
The values of elastic constants and of the dipolar tensors in stable Y| , My and saddle position | V

for the two defects are taken from [19]. The elastic constants are converted into eV/Angs®. The numerical values used in the energy
calculations are gathered together in Table C2 below.




Fea unit
Lattice parameter 2.831 A
Atomic volume Q 11.35 A’
Burgers vector “1.0” : a/2 <100> 1.415 A
Burgers vector “2.0” : a <100> 2.83 A
Capture radius 4 Burgers vector

Elastic constants

Ci11 C12 Cas 1.516 0.905 0.724 ev/A’
Elastic compliances

S11 S1o Sas 1.190 -0.445 1.381 A%l eV
Formation enthalpy V [/ | 2.18 / 4.08 eV
Formation entropy V / | 4.10 / 0.05 kg
Migration energy V / | 0.70 / 0.34 eV
Burgers vector “1.0” : a/2 <100> 1.415 A
Burgers vector “2.0” : a <100> 2.83 A




Elastic dipole tensors
B V/Q
238 0 0 ©
Vacancy stable point 0 -2.38 0
0 0 -238
B evV/Q
-2.217 -1.641 -1.641
Vacancy saddle point <111> -1.641 -2.217 -1.641
| -1.641 -1.641 -2.217
B V/IQ
23752 4728 0 ©
Dumbbell stable point <110> 4728 23.752 0
0 0  27.906
B evV/Q
23.838 2.845 -0.696
Dumbbell saddle point <111> 2.845 22529 2.845
from <110> to <101> | -0.696 2.845 23.838
Formation volumes V [/ | +0.75 [ +1.17 Q
Relaxation volumes V [ | -0.22 [/ +1.99 Q

Table C2. Numerical values used in the calculations of energy barriers.

The unit eV/ Q displayed for the dipolar tensors comes from the fact that their components in [19] are reported in eV for one
defect. The point defect occupies one atomic volume Q: this implies that the reported components hold implicitly for a volume Q.



They must then be divided by Q (measured in A3) during any evaluation of energies which requires a cubic angstrom as the unit
volume.

Using the dipolar tensors in stable position, the relaxation volumes upon defect formation are found equal to

AVlrEI =+1.99 Q and AVVreI =-0.22 Q where Q stands for the atomic volume.

The compliances are deduced straightforwardly from the elastic constants. When multiplied by the local stresses expressed
above, they yield the local strains generated by the dislocation line. These strains applied to the dipolar tensors of each defect in a
given position yield finally the interaction energies. All the orientations of the dipolar tensors which are needed in the evaluation of
the energies in stable and saddle positions are deduced form the value given for one single orientation in Table C2, after convenient
coordinate and sign permutations.

For the stable site ‘i’ and a first neighbor stable site ', the strain tensors are denoted by e (') and €j (J) ; they are
multiplied by the dipolar tensor for the dumbbell in a stable position. The latter does not depend on the location ‘i’ or j’ (since

polarizability effects are ignored), but depends on the orientation hi and hj of the dumbbell dissociation axis on the two sites

(hence the argument below). The obtained energies depend on 7', fj as well as on hi and hj :

E; (i, hy) =2 td S (hy) &, (i) -
EF (1 hy) =2 7 () 4 (1)

- (C10)
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For the saddle positions, the strains generated by the dislocation are evaluated at the mid-point T between the starting

and the arrival site. The absolute height of the energy barrier is given by:
sadd 1+ mi sadd I+ I+
E(JEthd "hye, ()
Ikl k (C11)

EM. _— . . i+ .

where | is the migration energy of the dumbbell far from the dislocation. The argument T is kept for the dipolar tensor at the

saddle position since it depends on the direction of the jump (which is unambiguously deduced from the knowledge of the starting
and arrival sites ‘i’ and ‘j’ respectively).

In what follows, as above, the orientation of the dumbbell axis is indicated between brackets < >; the coordinates of the sites
are indicated between parenthesis ().

Brute force evaluation

The PD are approximated by pure contraction or dilatation centers. The only quantity associated with each PD is its
relaxation volume AV, and AV expressed in units of atomic volume. In a solid of finite size, including the contribution of image

forces, the interaction energy of the PD (denoted by the subscript ‘d’) located on site ‘i’ at a distance ri from the dislocation, is
given by:

ub(1+ v)‘AVdrel‘ 1
3n(l-v) (C12)

E, (i) =

where the ‘+’ or *-* sign is taken for a repulsion or an attraction, respectively.



The absolute height of the energy barrier to be crossed between two adjacent sites i’ and j’ is expressed as
sadd i+ ] sadd i+ ]
Eq () =(Eg)+E4 (D)2 + Ay (=~ (c13)

Asadd (I+j

This is the most general formulation which fits all situations. The physical quantity IS not necessarily constant. If

Asadd |+J) Em

initially the simplest choice is to set , it will however be fitted conveniently to reproduce as well as possible

the desired energy barriers obtained through various evaluations (see below).
Hydrostatic approximation on the dipolar tensor in isotropic crystal

The stresses and strains used in the calculation are taken from expressions given in Eq. C1. But the PD dipolar tensors in
stable and saddle positions are replaced by their hydrostatic approximation, where off-diagonals terms are equated to zero and
diagonal ones are equated to one third of the trace.

Full dipolar tensor in isotropic crystal

The stresses and strains used in the calculation of the interaction energies are taken from expressions given in Eq. C1.
Full dipolar tensor in anisotropic crystal

The stresses and strains used in the calculation of the interaction energies are taken from expressions given in Eq. C2.
Preliminary comparison between Voigt’'s, Reuss’ and Chang’s approximation

The three approximations for the shear modulus and Poisson ratio are first compared in Figure C3. Only the coordinates of
the stable positions are reported; the coordinates of the saddle points are the arithmetic average of those for the two adjacent sites.
The resulting interaction energies obtained through the brute evaluation and the most refined one differ by about 18% at the
shortest distance.



Reuss’ expressions [29] yield slightly smaller interaction energies than Voigt's ones [28] in stable and saddle positions in the
brute evaluation (the blue void circle is above the red circle); but the reverse is observed when using the full dipolar tensor in the
anisotropic calculation (the blue triangle is below the red one). The approximation by Chang et al [16] yields larger interaction
energies everywhere, but the gap with the preceding ones is negligible.
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In all what will follow for the calculation of flux and absorption biases, we will use the average of Voigt's and Reuss’ approximations,
as proposed by Hill and denoted by ‘V+R’.

Fig. C4 and Fig. C5 display the separate diagrams for the interaction energies of the dumbbell when sitting on stable and
saddle positions located on the attractive side with V+R approximation. The energies are calculated with the four procedures
enumerated above (“brute”, “hydrostatic”, “isotropic”, “anisotropic”); the procedure denoted “brute modified” will be explained below.
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General remarks for the dumbbell migration

Figure C5.

Diagram of interaction energies
at saddle positions with V+R
expressions of y and v, close to
the dislocation line for a
dumbbell on the side in tension.
The coordinates of the adjacent
stable sites are recalled. The
orientation of the dipolar tensor
at the saddle position is parallel
to the jump vector which joins the
two adjacent stable sites.

The comparison of the energy profiles displayed above along the chosen path shows the following:



i) the brute force evaluation yields larger interaction energies (and larger energy gradients) than those obtained with the full
dipolar tensor (roughly by 25% at the shortest distances);

i) the use of the full dipolar tensor in the anisotropic treatment tends always to soften the interaction in stable position (for
instance, - 0.59 eV for the brute evaluation against -0.44 eV for the refined one aty = - 4 in Fig. C4). The isotropic evaluation is
close to, and even smaller than, the brute one, when the two ends of the dumbbell belong to the same plane perpendicular to the y-
axis; this is due to the orientation change of the dumbbell;

iii) together with this overall softening, it is observed that the energy decrease is more like a step-down descent, and in some
places, is no longer monotonous: a more distant DP can have a larger attractive energy than a closer one (see for instance Fig. C4
fory = -8 and - 9). This is associated with the different orientations of the dissociation axis of the dumbbell along the chosen path.
This feature is of course never observed with the brute force evaluation but always observed with the calculations using the dipolar
tensor, even in its hydrostatic version;

iv) a dumbbell with a given starting orientation of the dissociation axis <1 0 -1> on site (-0.5, -5, 1) can land on the neighbor
site at (+0.5, -4, 0) with two different orientations, namely <-1 -1 0 > and <0 -1 1 >; these two orientations on the arrival site give
two different interaction energies (- 0.42 eV for the first and — 0.56 eV for the second one) although the barrier to overcome was the
same (Fig. C6).

This last point raises a more fundamental question about the boundary conditions to be used when solving the diffusion
equation. If the dumbbell is reduced to an isotropic point defect of spherical symmetry (ignoring its dissociation axis), a single
diffusion equation is sufficient to describe its migration; but there is no rule for choosing the interaction energy on the boundary
between the two results quoted above. For the present problem, this difference between the two orientations of the dumbbell on the
boundary has fortunately no real consequence: the formation energy of the dumbbell defect is much larger than the difference
guoted above and the thermal concentrations at the boundary remain always very close to zero for any temperature of practical
interest.
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Figure C6.

Diagram of energy barriers with
V+R expressions of y and v,
close to the dislocation line for a
dumbbell on the side in tension.
The starting point at (-0.5, -5, 1)
gives access to site (+0.5, -4, 0)
with two different orientations
denoted with arrows.



Modified evaluation

Without being able to reproduce the non-monotonous decrease of the interaction energy quoted above, a totally empirical but
simple modification of the brute evaluation can however bring it closer to the results obtained with the full dipolar tensors. The
modification consists in using a multiplicative correction for the energy at stable positions:

ub(1+v) \Avdfe' \

Emodif i :ifstable kT
d ( ) d 37'[(1—\/) r (C14)

In the same way, the barriers are also modified according to the empirical rule:

AR =] | 1% 1524 a/(2r,)**05
2

(C15)

The sign to be chosen in Eq. C15 is the opposite of the sign in Eg. C14. No physical explanation is to be looked for, because it is
nothing but an empirical recipe.

tabl dd
These corrections for the dumbbell case with f|S € =0.82 and f|sa =0.12 yield the black triangle symbols in Fig. C7 for

the energies at stable positions and in Fig. C8 for the energies at saddle positions denoted by the key “brute modified”. The
modification cannot reproduce the subtleties at short distances obtained by the dipolar tensors which were seen on Fig.C4 and C5
but it catches correctly the overall trend in the two cases.
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Figure C7.

Energy plot at stable positions
when calculated with the brute
modified approximation.
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General remarks for the vacancy migration

Figure C8.

Energy plot at saddle positions
when calculated with the brute
modified approximation.

The interaction energies are roughly smaller by one order of magnitude but the migration barriers are twice higher. Displaying
the interaction energies at stable and saddle positions on the same diagram like Fig. C6 would make the differences between the

different approaches hardly detectable.



Fig. C9 and C10 display on separate diagrams the interaction energies of a vacancy on stable and saddle positions located
on the attractive side in compression with V+R approximations. The general trends observed for the dumbbell hold also for the
vacancy case. The energies at stable and saddle positions, when calculated with the brute modified procedure, become closer to

tab dd
the anisotropic ones with st ®=0.85 and f\/sa =0.015; this yields the black triangle symbols denoted by the key “brute

modified”.
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Figure C9.

Diagram of interaction energies
with V+R expressions of y and v,
close to the dislocation line for a

vacancy sitting on stable
positions on the side in
compression. The coordinates of
stable positions are displayed for
clarity.



The interaction energies in stable positions (Fig. C9) are superposed for the brute, the hydrostatic and the isotropic evaluations

because the dipolar tensor of the vacancy at rest is fully hydrostatic. Only the anisotropic evaluation exhibits some difference and
softens the interaction a bit.
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Figure C10.

Diagram of interaction energies
with V+R expressions of u and
v, close to the dislocation line
for a vacancy sitting at saddle
positions on the side in
compression. The coordinates
of stable positions are recalled
for clarity. The orientation of the
dipolar tensor at the saddle
position is parallel to the jump
vector which joins the two
adjacent stable sites.



For the saddle positions, the differences between all the approaches show up again (Fig. C10) and the step-up increase is
again observed. The modified interaction brings only a fair agreement with the best evaluations.

The diagrams for the repulsive side are not displayed here for sake of space; they are very similar to those for the attracting
side (apart from the sign change of the interaction). All the general remarks made for the two defects are still valid.

As a final remark, the full advantage of the refinements commented above can be included only if the diffusion problem is
solved with one transport equation for each orientation of the dumbbell, or, alternatively, with an MC approach which uses explicitly
the six orientations of the defect on a lattice site.

This is not the case of the present contribution; but the proposed empirical modification brings the brute modelling closer to the best
evaluations. The empirically modified formula will be used, in parallel with the brute one, in order to detect whether this modification
of the barrier profiles brings a significant change to the absorption bias or not.



