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Phenomenological coefficients in a dilute BCC alloy for the
dumbbell mechanism

V. Barbe, M. Nastar*
Service de Recherches en Métallurgie Physique, CEA /Saclay,
91191 Gif-sur-Yvette Cedex, France.

Abstract

The Self-Consistent Mean Field Method is applied to calculate the transport coefficients in a dilute
BCC alloy with the dumbbell diffusion mechanism. A first degree of approximation (first shell) of
the SCMF formalism coincides with the formerly derived pair association method, and a second
degree of approximation (second shell) leads to a more accurate analytical formulation. The SCMF
results are compared with other formalisms as well as existing and new Monte Carlo simulations,
including a solute-dumbbell binding energy. This theory shows a good balance between accuracy
and maniability in the investigated systems, and a simple criterium is proposed for the preferential
use of the first and second shell approximations.

Short title : Dumbbell in a dilute BCC alloy
1 Introduction

Within the framework of the linear thermodynamics of irreversible processes, the transport coeffi-
cients L;; are defined as the linear coefficients relating the flux of a species ¢ to the thermodynamic
force applied on the species j. Theoretical calculations of those coefficients in model alloys have

rised a considerable interest in the past decades, as their knowledge provides with information on the
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coupling between fluxes of atoms and defects (e.g. a flux of solute atoms induced by a defect flux).
Defect fluxes are of a particular importance in irradiated materials, where supersaturated vacancies
and interstitials are permanently created and eliminate at defect sinks. As a consequence, attention
has been specially paid to both main types of defects, vacancies and interstitials in the dumbbell
configuration (two atoms on a single atomic site).

In a dilute alloy (say B in the solvent A), very satisfying results have been achieved over the years
for the vacancy mechanism [1]. However, the more complex dumbbell mechanism has not been given
a complete treatment yet. In the FCC structure, Bocquet [2] calculated the transport coefficients
for an energetic description of the system neglecting the interactions of the defect and the solute
with neighbouring atoms, followed by Chaturvedi and Allnatt [3] and Singh and Chaturvedi [4]. A
more complex calculation, including solute-dumbbell interaction, was proposed by Barbu [5] and
completed by Allnatt et al. [6] and Okamura and Allnatt [7], all assuming (100) dumbbells. In
the BCC structure, Bocquet [8, 9] calculated the diffusion coefficients of the solute and defect for
the (110) and (111) orientations, but did not derive the entire set of transport coefficients. The
first expression was due to Barbu and Lidiard [10] using the pair association method with the
(110) orientation : the results were found to be very simple, due to a low level of approximation,
neglecting for instance the solute-dumbbell interactions. Recently, Sharma et al. [11] proposed a
more systematic kinetic treatment for the same energetic description, based on the same formalism
as Chaturvedi and Allnatt [3], hereafter refered to as the Chaturvedi formalism. However, due to
the particular complexity of the jump mechanism for the (110) dumbbell, the entire procedure was
presented only for the translation mechanism. They nevertheless provided with the first Monte Carlo
results for the dumbbell mechanism in a dilute alloy, which gives an insight of the accuracy of the
different theories.

In this paper we address the calculation of the transport coefficients using the self-consistent

http://mc.manuscriptcentral.com/pm-pml
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mean field theory (SCMF), initially proposed by Nastar et al. [12] for the vacancy mechanism (see
also [13, 14]), and newly adapted to the dumbbell mechanism [15, 16]. This formalism has proved
its efficiency by proposing the first expression of the transport coefficients in a concentrated BCC
alloy for the dumbbell mechanism. We now explore the dilute limit of this alloy. Due to the
relative simplicity of the expressions, we will take into account also in the present paper a complete
thermodynamic description of the system, including dumbbell-substitutionnal interactions as well as
interactions between the solute and solvent atoms.

Section 2 is devoted to the presentation of the atomic model and Section 3 to the the derivation of
the transport coefficients. The latter is exactly the same as presented in reference [15], simply reduced
to the dilute limit, so that we will only introduce the main equations in the present paper. As for
the concentrated case, two approximations of the SCMF results are presented, denoted as first shell
and second shell approximations, the corresponding results being summarized in section 4. Section
5 is shortly devoted to the Monte Carlo simulation technique, and the different approximations are
discussed in Section 6, by comparison with existing formalisms (by Barbu and Lidiard or Sharma

and Chaturvedi) on the basis of available and new Monte Carlo simulations.

2 Atomic model

As mentioned above, the stable geometry of the dumbbell that we consider in this study is the (110)
orientation. It is noted AB,, where « is one of the six possible orientations if both atoms are of the
same species, and one of the twelve directions if else. In this structure the defect can experience four
types of displacements, as presented by Bocquet [8]. The first one is an on-site rotation of an angle
of 60° toward another (110) orientation, and the other three consist in the jump of one atom of the

defect toward a substitutional atom to form a new defect, while the second atom of the initial defect

http://mc.manuscriptcentral.com/pm-pml
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remains in substitutional position. In the general case, one can write :
AB, +C — A+ BCs. (1)

For the translation mechanism (T), C is a ‘target’ nearest neighbour of AB, and @ = . The
rotation-translation mechanism (RT) combines a translation plus a 60° on-site rotation of the dumb-
bell BC. Eventually, another rotation-translation mechanism (RT2) combines a jump toward a
second-neighbour site and a 90° on-site rotation. This mechanism is temporarily ignored by the
present version of the SCMF formalism for the dumbbell mechanism, which is restricted to a nearest-
neighbour (nn) description.

For simplicity we note AB)C the configuration in which C is on a target site for the B atom of
the dumbbell, BAC if C'is on a target site for the A atom and AB,C if C is on a non-target nn

site of the dumbbell. Target sites as well as jump mechanisms are schemed on Figure 1.
[ Insert Figure 1 about here ]

The most common expression of the jump frequency for Equation (1) is wj% et assuming that the
frequency depends only on the nature of the three involved atoms and on the jump mechanism. This
notation, due to Bocquet [2], was widely employed, particularly by Sharma et al. [11] in the dilute
BCC alloy, but fails to describe a dumbbell-solute interaction. However, in our sense, it is necessary
to treat the case of a dilute alloy more consistently. If we restrict to nn solute-dumbbell interactions,
there is still a limited set of configurations to consider, and a limited set of jump frequencies relating
the different configurations : we shall note w; (i = 1,2...) each different jump frequency. This
model is an adaptation to the BCC structure of the one proposed by Barbu [5], and an extension of
the four-frequency model by Barbu and Lidiard [10] in the BCC dilute alloy, the latter neglecting
atom-solute interactions. Table 1 describes each jump frequency w; and details the correspondence
with the four-frequency model iI%] absence of interactions.

ttp://mc.manuscriptcentral.com/pm-pml
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[ Insert Table 1 about here ]

As in Ref. [15], we differentiate the translation and rotation-translation mechanism in terms of
jump frequencies : w; stands for the RT mechanism, and the corresponding translation frequency is
T;w;. The respect of the detailed balance implies the following relations between the jump frequencies

as well as between the factors 7; :

T3 = T2 (2)

T — T4 (3)

T = Tg (4)
WR4 Wy

g—i . = 5
WR5 We ( )

In the following, we will need the equilibrium concentrations of the initial configurations for
every jump or rotation frequency. We thus define cap as the equilibrium probability of the mixed
dumbbell to occur in one only direction (out of twelve) ; in the same way, ca44 is the probability of
finding a dumbbell AA, in one single orientation a without solute atom in nn position, cy4 A B 1s the
probability of one geometrical configuration (out of 24) where B is a target atom of A, and caa,
for a nn non-target site. At equilibrium, all directions are equivalent, so that the mass conservation

states :

6CAA+120AB+24CAA”B‘|‘24CAAJ_B = cCr (6)

g+ 12cap + 2dcaap +24can, B = ca, (7)

where c; and cp are the total concentrations of the system in dumbbells and solute atoms respectively,
and ¢ is the concentration of free solute atoms (further than a nn distance from any dumbbell).
Those concentrations are calculated by means of the detailed balance in Appendix A, where a

description of the jump frequencies in terms of interaction energies is also to be found. Although
http://mc.manuscriptcentral.com/pm-pml
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such a description will be useful for the application to real alloys, we find more practical to derive
the correlation coefficients in terms of the jump frequencies themselves.
The last step is to define jump probabilities W as the product of a jump frequency w by the

concentration ¢ associated to its initial configuration :

Wo = caawpg (8)
Wi = capw; (9)
Wy = caapws (10)
We = caa, Bws (11)
Wge = caapwWna (12)

Within this framework, the detailed balance is very simply expressed as :

W, = W (13)
Wy = dgWs (14)
We = Wy (15)
Wgye = Whgs. (16)

We can eventually define a mean jump occurence of an atom A from one site to a given nn site :
Wa = 32+ 70)Wo+3(2+4 72)Wa+9(2 + 7)) Wy + 9(2 + 75)c5 W5
+12(2 + 76)Ws + 12(2 + 77) g Wr (17)
= 32+ 70)Wo +3(2+ m2)Wa + 18(2 + 75) s W5 + 24(2 + 77) g Wo. (18)

3 The SCMF theory : derivation of the transport coeffi-
cients

In the SCMF theory [15], the transport coefficients are calcultated using a non-equilibrium distri-

bution function of a system submitted to an hom_o%eneous and vanishingly low gradient of chemical
http://mc.manuscriptcentral.com/pm-pmli
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potential. In this section, we present a shortened summary of this theory applied to the dumb-
bell mechanism in the BCC structure, to give to the reader the necessary material to perform the

calculations.

3.1 Non-equilibrium description

A AB,

Each configuration n of the system is described by the occupation numbers n*,... ,n; ", ..., where

ni' is 1 if the site 7 is occupied by the chemical species A in substitutional position and 0 if else, and
nBa is 1 if the site i is occupied by a dumbbell AB with the orientation «, 0 if else. Thus, the total

2

occupations of site ¢ by the species A or by a dumbbell are respectively :

NA = nf‘+22nfm“+ Z nitBe (19)
ot a,B#A
Nl =) it (20)
A,B,a

Note that the sums over the orientations o contain six values for a dumbbell AA and twelve for a
dumbbell AB.

The equilibrium distribution function has the well-known form :

Fy(n) = exp [3Go(n)], (21)

where § = 1/kgT is the inverse temperature and G the Gibbs energy :
i,A i
114 being the chemical potential of the species A, {2 a normalisation constant and H the Hamiltonian
of interactions between atoms and/or defects (see Appendix A).
Under an homogeneous gradient of chemical potential, the SCMF assumes a non-equilibrium

distribution function of the form :

g exp [H(Go(n) koG o (23)

7
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where the correction 0G to the Gibbs energy is :

0G(n) = 6Q+ Y  Niou + Z Nloul — h. (24)

i, A

Here € is the correction to the normalization constant and du' is the contribution of the gradient
of chemical potential : unlike the equilibrium case, §u;* depends on the site i.

The function h is the result of the dynamic correlations between the occupation numbers of
different sites under the influence of a gradient of chemical potential. Following Vaks [17], this
function is a priori unknown and is supposed to take the most general form of an Hamiltonian, hence
its name of effective Hamiltonian. It is composed of effective interactions v, which have nothing in
common with thermodynamic interactions but their name and the alphabetic letter. In particular,
the effective interactions are proportional to the gradients of chemical potential and are consequently

directive, i.e. they obey the anti-symmetry relation :

vt =i, (25)

and more generally an effective interaction changes its sign by inverting the position of the concerned

atoms. One consequence is that the effective interactions UAA

are always equal to zero.

A detailed presentation of the effective interactions and the antisymmetry property is to be found
in [15] for a general multi-component concentrated alloy, with effective interactions limited to a nn
range. In this study, we restrict ourselves to the common treatment of a dilute alloy and discard all

configurations involving more than one solute atom. As a consequence, only six configurations are

compatible with a nn description :
e 3 belongs to the dumbbell ;
e [ is on a target site of the AA dumbbell ;

e B is on a nn non-target 81te of the AA dumbbell.
ttp://mc.manuscriptcentral.com/pm-pml
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Each configuration is counted twice since the dumbbell can be oriented perpendicularly to the dif-
fusion direction (superscript I°) or toward the diffusion direction (superscript 7). It is unnecessary
to take into account the backward orientation, because of the antisymmetry property of the effective
interactions. Figure 2 schemes those configurations and the associated effective interactions if the
diffusion direction is assumed to be the (100) direction. Note that the configuration AB? is invariant
by symmetry and consequently gives rise to no effective interaction, so that the simple notation v4p

is attributed to the configuration ABY.
[ Insert Figure 2 about here |

To conclude, recalling that the gradient of chemical potential is vanishingly low, so must be the
correction 0G, so that the non-equilibrium distribution function can be linearized with respect to the
non-equilibrium terms. Using Equations (21), (23) and (24), one eventually obtains :

P(n) = Py(n) |1+ B(6Q+ Y Nout + > Nloul —h)| . (26)

i,A i
Generally, all non-equilibrium values may be time-dependent, and one could write P(n,t), 6§2(t),
h(t) ... However, as we will see in the next section, the calculation is based on a steady-state de-

scription of a system out of equilibrium, so that the time dependence is unnecessary.

3.2 Flux and kinetic equations

The above non-equilibrium description is related to the transport coefficients of the system by a

Master Equation, as introduced e.g. by Vaks [17] :

dP(n,t)

DD W = n)P(E,6) = W — &) P(n,1)]. (27)

n

where W (fi — n) is the transition probability of a system in configuration n to the configuration n

per time unit, and P(n,t) is the above defined non-equilibrium probability of the configuration n.
http://mc.manuscriptcentral.com/pm-pml
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As a part of the distribution function, the effective interactions appear in the expression of the
atomic fluxes between two neighbouring sites. Following the very same procedure as in Ref. [15], we

express those fluxes in a dilute alloy as :

JPe = =BR4+m)Wi(ul —ul) — 42+ 1) Wivap (28)
Jhe = —Walul —pf)
+4(2 o TQ)WQUAB + 2((2 + T4)W4 — (2 + TQ)WQ)(?UAA‘TB + UAAﬂB)' (29)

To this point, the effective interactions must be self-consistently calculated to give the expression

of the transport coefficients. In the SCMF theory, they are determined by the use of kinetic equations,

AB) < AAB

i.e. the corresponding moments of the distribution function (n ni“n;’) must be conserved. The

kinetic equations are obtained by the same calculations as in Ref. [15], and are detailed below :

= 224 m)Wi(pfy — pf) — 22 + m)Walpdy, — i)

+ [2(2 + TQ)WQ + 2(3 + 27‘1)W1 + QWRl] VAB

—2(1 +T3)W3UAAWB — 2W3UAAﬂB (30)
d(nj;AﬁrB) A A
i = [2+7m)Ws — 2+ 7)Wa (1 — 1)
—(14 72)Wovap + [3(2 + 7o) Wy + (2 4 73) W3 + 2Wr + 2Ws] Vaats
~WrjVantp = WriVaasp — WrsUaatp — WhsVaag s (31)
AAYB
WD~ W 2 Wi (i — )
—2Wovap + [3(2+ ) Wi + (2 + 73)Ws + 2Wg) + 2Wps| v AADB
_2WRHUAAWB = 2Whsvgatp (32)
d< ?jAIB>
—— = [4(2 4 76)Ws + 2Wgs + 2Wr1] v a5

—W 5V WRE)UAAO WRJ_'U +p — WRJ_UAAO 33
http: //rﬁ4(’:4\manuscr|ptceﬁit3ral com/prﬁéxﬁhﬁ 1B (33)
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AAY B
d(nij )
—— = [4(2 + 76)Ws + 2Wgs + 2Wri1] vaa1 5

+

, A4
Here the notation n,;

B
for example stands for a dumbbell AA™ on site ¢ and an atom B on target
site j. We enjoin the reader to refer to Ref. [15], particularly Appendix A therein, for the technical

counting of the effective interactions. An important remark is the use in the above relations of the

reduced chemical potential of the chemical species :

pit = pdt (35)

which guarantees that all reduced chemical potential gradients are independent.

The last step consists in putting Equations (30-34) to zero. It is straightforward to assess that
the resulting effective interactions are linear combinations of the gradients of chemical potentials. As
a consequence, combining with Equations (28) and (29) will lead to the Onsager equation, and thus

the definition of the transport coefficients.
4 Results

The SCMF theory as presented in this paper leads to three different approximations of the transport
coefficients, depending on the number of effective interactions one might take into account.

The crudest approximation is the neglecting of all dynamic correlations, or the uncorrelated
transport coefficients. They are obtained by setting to zero all effective interactions, which leads to

the relations :

4kgT

0
na? LE& = Wa
4ksT (o)
na? Lap = 0
4kgT
n—sQng)B = 3(24m)Wh, (36)

http://mc.manuscriptcentral.com/pm-pml
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where n is the number of atoms per unit volume and a is the lattice parameter.
The first shell approximation consists in setting the effective interactions involving three atoms to
zero and then solve Equation (30) alone. The transport coefficients in the first shell approximation

have the following expression :

4kgT (1s) 4(2 + T2)2W22
2 Lyyx = Wa-
na (3 -+ 27'1)W1 -+ (2 + TQ)WQ + WRl
4]€BTL(1S) _ 4(2 + 72)2W2W1
na? AP (3+2m)Wy + (2 + 7o) Wy + Wgy
4kpT 14
— Tna? LA
4k’BTL(1s) _ (2—‘—7’1)W1((1+27’1)W1+3(2+7’2)WQ+3W31) <37>
’I’LCL2 BB (3 -+ 27—1)W1 + (2 + TQ)WQ + WRI ’

It must be noted that, though the first shell approximation neglects the kinetic correlations between
the solute and the AA dumbbell, it is fully compatible with a thermodynamic interaction between
both species, which will actually act on the different jump frequencies.

In the second shell approximation, we calculate in principle the transport coefficients on the basis
of all kinetic equations. However, if an analytic resolution of the set of five kinetic equations is always
possible, the final expression is very lengthy and may not be of interest. Consequently we chose to
derive the analytical calculation in the absence of on-site rotation : one notes that in this particular
case, the effective interactions between a dumbbell and a solute atom on a non-target nn site are
equal to zero (Equations (33) and (34)), so that the number of independent equations reduces to
three. Still, the thermodynamic interaction between a dumbbell and a solute on a non-target nn

site continues to play a role, as it controls the concentrations of the different configurations and the

http://mc.manuscriptcentral.com/pm-pml
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associated jump frequencies. The transport coefficients are :

4kBTL(23) = Wi — —6((2 + 7-3)VV3 - (2 + 7-4)W4>2 . 8\1[2(2 + 7_4)W4((2 -+ Tg)Wg — (2 + T4)W4)
na? A (2+75)Ws + 3(2 + 1) Wy Bt 2m)Wi+ (247 — 00)W,
4kBTL(2s) B 4(2 + 75)2Wy x (4UWy)
na? 4B B+2m)Wi+ (2+ 17— 0V)I,
4kgT (2s)
T Tha? LA
4kBTL(25) _ (24 7)Wi((1+2m)W1 4+ 3(2 + 70 — OV) W) (38)
na? PP (B4 2m) Wy + (2 + 72 — U)W, '

where we have introduced the quantities W and 6 as :

(2 + 7'3)W3
Y 39
324+ 1) Wy + (24 m3)Ws3 (39)
(14 7)%+2
= = < - 4
6 1 + T2 ( O>

5 Monte Carlo simulations

To test the key results of our and competing theories, we performed a series of Monte Carlo simula-
tions. We used a simulation box of 512 atomic sites with periodic boundary conditions, containing
only one dumbbell and one solute atom, so that ¢; = 1/512 and ¢g = 1/513 : in these conditions
we respect the assumption of the dilute alloy model and never introduce any configuration involving
more than one solute atom. A general description of the simulation was given by Murch [18].

The transport coefficients are calculated by the generalized Einstein relations [19] :

AR?2

kpTV Ly = < 6tA> (41)
AR AR

kgTV I = (AR4ARp) "ét B>, (42)

where AR 4 is the total displacement of all atoms of species A during the time ¢, and V is the atomic
volume. The averaging (.) is operated over at least 105 observations : each observation contains in
average at least five jumps per atom of each atomic species (i.e. 5 jumps of the B atom and 2560
jumps of A atoms), and we imphose additionaly that each observation contains at least five jumps

ttp://mc.manuscriptcentral.com/pm-pml

13



©CoO~NOUTA,WNPE

Philosophical Magazine & Philosophical Magazine Letters Page 14 of 42

of the type AA/A to ensure that the defect doesn’t remain “stuck” to the solute atom. Given the
chosen jump frequency ratios which can outpass 1000:1, we might consider as satisfying the obtained
relative error of 10% to 20% in the transport coefficients.

In the presented simulations, we use the value 7; = 1 for all frequencies w;. However, the accuracy
of the different approximations of the SCMF theory seems unaffected by the coefficients 7;. Moreover,
in order to use the analytical expressions derived for the second shell approximation, we will discard

the on-site rotation.

6 Discussion

In this section the results of the SCMF theory are compared to the other available theories (by
Sharma et al. [11] using the formalism of Chaturvedi, and by Barbu and Lidiard [10] using the pair
association method) and to Monte Carlo simulations. A first part will be devoted to a theoretical
comparison of all formalisms, including both approximations of the SCMF theory, and the second
and third parts will concern the Monte Carlo simulations, respectively within and beyond the four-

frequency model. The effect of on-site rotation is then briefly discussed.
6.1 An analytical comparison of the formalisms

Before addressing the competing formalisms, we will focus on both approximations of the SCMF.
As it is visible from the expressions of the transport coefficients, the main differences arise from the
addition of factors ¥ and 6 (defined by Equations (39) and (40) in the second shell approximation).
The physical meaning of W is clearly the competition between the possible jumps of a AA defect with
a neighbouring solute atom : the formation of a mixed dumbbell (frequency W3) or a jump toward
one of the three other target sites with the frequency W,. As emphasized by the expressions of the
transport coefficients, this contribution is the most important difference between the first shell and

second shell approximations : we notice in particular the change in the factor L4p, where the jump
http://mc.manuscriptcentral.com/pm-pml
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probability W5 (equal to W3 by the detailed balance) is replaced by W, in the numerator. Hence,
the first shell approximation should be sufficient as long as both values are not too different, i.e. the
ratio W3 /W, = ws/wy is not too high.

On the contrary, the factor 6 seems to be only a slight geometrical correction. Actually, as ¥ is
always lower than 1, the correction §W¥ cannot reach values above 3/2 in absence of translation or 2
if 7 = 1. This factor is the only difference between both approximations in the expression of Lgp,
and the subsequent variation of Lgp will not exceed 50%.

To return to the first shell approximation, it is useful to notice that it is strictly equivalent to the
Barbu and Lidiard formalism, provided that all 7; factors be equal to 1. Actually, the pair association
method and the SCMF theory are both based on the resolution of the same kinetic equations, and
this similarity could have been expected. From this point of view, it is most probable that a second
shell extension of the work of Barbu and Lidiard would have led to the same results as ours, and
that the second shell approximation of the SCMF in a dilute FCC alloy would equal the results of
Allnatt et al. [6] using the pair association method. It can thus be concluded that the pair association
method, presently restricted to the dilute alloys, is contained in the more general SCMF formalism.

On the other extremity, a comparison of the SCMF with Chaturvedi’s formalism was already
performed in Ref. [15] for the case of concentrated FCC alloys : it had been highlighted that the for-
malism of Chaturvedi could be understood as the SCMF formalism including infinite-range pairwise
effective interactions. Chaturvedi’s formalism is then expected to be more accurate than the present
version of the SCMF theory, although the case of the concentrated FCC alloy pointed out that the
possible gain in accuracy was balanced by a considerable degree of complexity. In the dilute BCC
alloy, this complexity resulted in the impossibility to calculate the transport coefficients but for the
mechanism of simple translation. In this particular case, an analytical formulation of the transport

coefficients is provided (Equations (45), (48) and (49) of Ref. [11]). Those equations contain a factor

http://mc.manuscriptcentral.com/pm-pml
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@ (Equation (46) in Ref. [11]) similar in its spirit to the factor ¥ introduced by the SCMF theory.
In conclusion, and before any discussion on the results themselves, this SCMF application ap-

pears like an intermediate approximation between the simple first shell pair association method and

the more systematic formalism of Chaturvedi, the latter being available only for the translation

mechanism.

6.2 Four-frequency model

In order to compare the accuracy of all models, we first restrict ourselves to the simple translation
mechanism. Figure 3 shows the results of all three approximations for the following set of jump
frequencies : w474 = 0.01, waa/p = 0.05, wapa = 1, wpaya = 0.1, as a function of the solute

concentration, in terms of the correlation factor :

A Lag
fis & OR (43)
L
AA

The figure also contains Monte Carlo simulations by Sharma et al. [11], in which the jump frequencies
wpp/a = 1, wa/p = 0.15, wap/p = 1, wpp/p = 1 are included, i.e. the simulation box contains
several solute atoms, and configurations involving more than one solute atom actually appear. To
avoid the possible confusion due to the scattering, we represent only the values of the coefficient
f{g‘g. The differences between the three models are equivalent for fé%), and negligible for f44 and
fep. The SCMF results in both approximations are calculated for the translation mechanism only,
by setting to zero all terms which are not multiplied by a factor 7; : as a consequence, the first shell
results are different from those predicted by Barbu and Lidiard [10], who did not differentiate the

translation and RT mechanisms.
[ Insert Figure 3 about here ]

Two main results are to be seen from Figure 3. On the first hand, the second shell approximation

seems to be surprisingly more accurate than Chaturvedi’s formalism. This result was unexpected
http://mc.manuscriptcentral.com/pm-pml
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as the latter contains information about infinite-range correlations, and should be superior. The
difference observed with respect to the Monte Carlo simulations could arise from the configurations
containing more than one solute atom : those configurations are taken into account by the Monte
Carlo simulations, and not by the theoretical models. Nevertheless, it is also to notice that the
difference between the second-shell approximation and the more complex formalism of Chaturvedi
is not essential and reduces to a factor 1.5, so that the nearest-neighbour kinetic treatment of the
SCMF might be sufficient in most cases of interest.

The second information is that the concentration of solute may not be a key parameter for the
comparison of the different formalisms : hence, one observes that the difference between all formalisms
remains practically constant in the entire concentration range. The reason is that all calculations
are made to the first order with respect to cg and will lead to linear expressions in cpg, so that the
only differences lie in the coefficients of the linear expressions.

To answer those points, we now focus on new Monte Carlo measurements in a simulation box
containing only one solute atom, and choose to keep a fixed concentration for varying jump frequency
ratios. As we have seen in the first part of the discussion, the main difference between first and second
shell concerns the treatment of the ratio ws/wq (since in the four-frequency model wy is replaced by
wy, see Table 1). Consequently, we keep all three frequencies {wg, wy, ws} equal to 1 and let w3 vary
from 0.1 (¥ = 0.033) to 10° (¥ = 1). We further assume that the jump frequencies for the simple
translation and rotation-translation are equal (7; = 1 for all ¢), which is more realistic but discards
the formalism of Sharma et al., and we neglect for simplicity the on-site rotation mechanism. The

resulting transport coefficients are to be seen on Figure 4.
[ Insert Figure 4 about here ]

In this particular set of jump frequencies, the first shell approximation of the SCMF (or the

formalism of Barbu and Lidieurd}h Rpr)e/(/irlr?:gsmtahr?ugg}}%%ggntlf él?cc?m{bj?nq pf%rl any ws/wg ratio. The Monte
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Carlo simulations show that it is generally not the case, and that the first shell approximation can
overestimate the cross coefficient L g as well as the coefficient L 4 by several orders of magnitude
for large ws/wy ratios. On the contrary, the second shell approximation is surprisingly accurate in
this domain. Nevertheless, we must notice that the first shell approximation is sufficient for a ws/wy
ratio between 0 and 10, which supports the conclusions reached in the preceeding section from a
simple observation of the analytiical expressions. A more systematic study involving the variation of
frequencies wy, wy; and wy shows that the first shell approximation is actually satisfying in all cases
but for a high ws/wy ratio.

The discrepancy for the factor L4 in the case of large jump frequency ratios is attributed to
a very poor accuracy of the Monte Carlo simulations in this domain : as the association frequency
ws is much larger than the escape frequency wyp, the dumbbell will stay in the neighbourhood of the

solute atom, and the collective movement of the solvent atoms are not satisfyingly explored.

6.3 Beyond the four-frequency model

The relative simplicity of the SCMF formalism allowed to introduce an energetic description of the
system beyond the four-frequency model, including particularly solute-dumbbell nearest-neighbour
interactions. We hereby use this possibility to investigate a “stairs-like” behaviour of the energetic
description. This behaviour is sketched in Figure 5. The mixed dumbbell is given a fixed binding
energy €4g, the dumbbell AA is assumed to have no binding energy, and the solute-dumbbell complex
AA B (B on a target site of AA) has an intermediate binding energy V4 AB between zero and e4p.
In this case, the complete dissociation of the mixed dumbbell will occur in two consecutive steps,

with frequencies wy and wy.

[ Insert Figure 5 about here ]
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We take as an example the value exp(—fFesp) = 100 and fix the saddle point energies so that all
frequencies but wy and w, are equal to 1 (see Figure 5). As a consequence, the varying frequencies

have the values :

wy = exp(BVaa,n) (44)

Wy = €XpP [ﬂ(EAB_VAAHB) . (45)

Figure 6 shows the corresponding transport coefficients as predicted by both approximations of
the SCMF theory, compared with Monte Carlo simulations under the assumption that all factors 7;
are equal to 1. The first shell approximation is already very satisfying for diagonal factors L4 and
Lpp, whereas the second approximation is necessary for a good prediction of the cross-coefficient
L a5 when the solute-dumbbell interaction V4 AyB is not zero. Such a result was actually to expect
if one observes the ‘return probability’ U as defined by Equation (39). In our particular case, this

probability takes the value :

W3 1

Y = .
ws+3wy, 143 exp(ﬁVAAHB)

(46)

If Vaa,p approaches the value of e4p, the factor U is nearly equal to unity, which the first shell of

the SCMF fails to account for.
[ Insert Figure 6 about here ]

Moreover, beyond the simple comparison between both approximations, one can observe on Figure
6 that all three transport coefficients are practically independent on the value of the solute-dumbbell
interaction. This result supports a widely accepted hypothesis, which states that in presence of
multiple energy barriers, only the total energy barrier needs to be taken into account for a satisfying
modelling of the phenomena. However, if this modelling should be based on the more simple SCMF

first shell approximation, the correct limit is the one which ignores the solute-dumbbell interaction.
http://mc.manuscriptcentral.com/pm-pml
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6.4 Effect of the on-site rotation

The on-site rotation mechanism was discarded in the Monte Carlo simulations as well
as the second shell expressions (Equations (38)) for complexity reasons. However, it
deserves some rapid remarks.

On the one hand, the decorrelating effect of rotation already noticed by Barbu and
Lidiard [10] is confirmed by the equivalent first shell approximation (see the presence
of Wg, at the denominator of L, 5 in Equation (37)). This effect is relatively easy to
understand : if the rotation frequency is high, a large number of rotations will occur
between two consecutive jumps (we define a ’jump’ by a change of the atomic site of the
defect), so that all eight nn sites of the defect are potentially target sites. Consequently,
the relative weight of the return frequency of the defect after one given jump, which
is responsible for the correlation effects [20, 14|, will considerably decrease, hence the
lowering of the correlation effects. It must be noticed that the rotation frequency has
no effect on the uncorrelated coefficients LESA and Lg%, which means that the rotation
mechanism eventually leads to an acceleration of the diffusion.

On a quantitative point of view, the authors recently showed [16] that the first
shell approximation generally overestimates the decorrelating effect of rotation in a
concentrated BCC alloy. The first shell approximation remains quantitative when the
rotation frequency is lower or equal to the slowest characteristic jump frequency, while
the second shell numerical results were found on the contrary very close to the Monte

Carlo simulations for any value of the rotation frequency. This result is valid upon the

whole concentration range, including the dilute limit.
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7 Conclusion

We presented the application of the SCMF theory, recently adapted to the dumbbell mechanism [15],
to the case of a dilute BCC alloy. A first shell approximation coincides with earlier results by Barbu
and Lidiard [10], indicating that the pair association method may be contained within the SCMF
formalism. A second shell approximation, which leads to usable analytical results in absence of on-
site rotation, is found similar to a recent work by Sharma el al. [11], though the latter was much
more complex in its construction, and limited to the simple translation mechanism.

Comparisons with Monte Carlo simulations involving or not solute-dumbbell interactions proved
the general accuracy of the second shell approximation. However, the simpler first shell expresssion
is still valid while the frequency ratio between an association jump AA/B and a competing AA/A
jump ws/wp is not greater than 10. In presence of solute-dumbbell interactions, this ratio should
only be replaced by w3 /wy.

Given the identification observed between the SCMF theory and the pair association method,
application of the SCMF theory to the FCC structure does not seem necessary, as detailed studies
in the second shell approximation were already devoted to the subject [6]. Forthcoming work will
then be preferentially focused on the generalization of the model of an interacting alloy

to the concentrated domain.
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Appendix A : concentrations of dumbbells in a dilute inter-
acting alloy

In this section, we calculate the probabilities of the different configurations appearing in a dilute
BCC alloy with help of a full energetic description of the system. This description involves the
binding energies of different types of dumbbells (e 44 and €4), interactions between nearest-neighbour
substitutional atoms (Va4 and V4p), as well as solute-dumbbell interactions when the solute is on a
target site (VAAHB) or a nn non-target site (V44 ,5). The concentrations to calculate are caa, cap,
CAA, B: CAA B and c as defined in Section 3. Note in particular that each concentration involves one
only orientation and direction of the dumbbell and one only neighbour for c44, p and ca AB) hence
the conservation properties of Equations (6) and (7). The principle is to solve the equations of the
detailed balance under the conditions of both conservation equations.

We first express the frequency ratios involved in the detailed balance within the framework of

interactions. Those ratios are obtained under the assumption of a classical bond-breaking model :

w

w_2 = exp [6(—€AAHB — €44 — TVap + €ap + TVaa) (47)
3

w

— = exp [ﬁ(EAAHB + Vs — VAB)] (48)

Ws

w

w—6 = exp|B(eaa, 5+ Vaa — Vap)]. (49)
7

The equations of the detailed balance (Equations (13) to (15)) can then be expressed as :

CAA\B

ﬁ = exp [ﬁ(—GAAHB—CAA_7VAB+€AB+7VAA> (50)
CAA\B

—— = exp [—5(€AAHB + Vaa — Vap) (51)
CAACB

c

AAUE - — exp[—Bleas s + Vaa — Vag)]. (52)
CAaACB

It is then straightforward to derive the expression of the different concentrations. For simplicity,
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we introduce the different weights P; as :

Pap = exp[—P(eap — €aa+8(Vaa — Vag))] (53)

©CoO~NOUTA,WNPE

10 Paayp = exp [—5(€AAHB + Vaa — Vap) (54)

Pyap = exp|—P0(eaa, B+ Vaa — Van)l, (55)

16 so that the final concentrations are simply expressed by :

1 c
19 — x - 56
20 caa 1+20/BPAB+4CSBPAAHB +4C/BPAALB 6 ( )

A CpLas s (57)
23 1+ 23 Pag + 4C/BPAAHB +A4cyPaa,p 6

. _ pPaas Lo (58)
AA B 1+2C/BPAB+4CIBPAAHB+4C,BPAAJ_B 6

aPis B Cr
29 AALB 1+QCIBPAB+4CIBPAAHB+4C,BPAAJ_B 6 ( )

32 However, to be consistent with the kinetic treatment of the alloy, which is processed to the first order

34 in ¢z, one must express the concentrations in the same limit :

Cr
38 caa = (1—03913)5

Cr
40 c = dyPap— 61
p AB plaB (61)
42 - .
43 CaaB = CBPAAHBE (62)
44
Cr

46 caa, B = C,BPAALBE- (63)

49 where we have introduced for simplicity the global weight :
PZQPAB+4PAA”B+4PAALB' (64)

56 At this point, we recall that the concentration ¢5 is the concentration of free solute atoms in
the system, i.e. solute atoms which are not involved in a mixed dumbbell nor in a solute-dumbbell

complex. If ¢g is much higher than ¢;, then we can consider that ¢z equals cp, which corresponds
http://mc.manuscrlptcentral.com/pm-prﬁl
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to the physical case of a normal alloy. However, in our Monte Carlo simulations, we assumed the
equality ¢; = cp to avoid configurations with several solute atoms. The exact value of ¢j5 is then

given by solving Equation (7) :

’ CB

= 65
CB 1+C[P ( )

http://mc.manuscriptcentral.com/pm-pml
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Table 1 : Jump and rotation frequencies in a dilute alloy considering interactions between a dumb-
bell and a substitutionnal nn solute atom. Jump frequencies refer to the rotation-translation

mechanism only. Initial and final configurations are independent on the orientation relative to

©CoO~NOUTA,WNPE

11 the X axis, i.e. AB is equivalent to BA. AA stands for a configuration where the dumbbell

13 AA has no solute atom in nn substitutionnal position.
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Frequency Initial Target Final Four-frequency
configuration atom  configuration model

Wo AA A AA Wo
w1 AB A BA w1
Ws AA A AAH B Wo
Weg AAJ_ B A AA Wo
Wy AA A AAJ_B Wo

WRO AA AA WRO
WR1 AB AB WR1
WR4 AA”B AAJ_B WRoO
WRs AAJ_B AAHB WRoO
WR|| AA”B AAHB WRo

WR1 AA 1 B AA 1 B WRO

Table 1:
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Figure 1 : Jump mechanism for the (110) dumbbell (in grey) in the BCC structure. Atoms in black
are on target sites, white atoms are on nn non-target sites. (a) Simple translation mechanism ;

(b)-(c) : rotation-translation mechanism.

Figure 2 : Geometry of the (110) dumbbell in the BCC structure in the case of a one-dimensional
diffusion. The configurations to be taken into account are (a) : AB° ; (b) : AA}B ; (c) :
AATB ; (d) : AB" ; (e) : AA[B ; (f) : AATB. The arrow indicates the orientation of the

diffusion fluxes.

Figure 3 : Correlation coefficient f%g in a BCC alloy dilute in B as a function of the solute con-
centration C'(B). Dumbbells jump with the simple translation mechanism, the set of jump
frequencies is indicated in the text. Full circles stand for Monte Carlo simulations by Sharma
et al. [11] ; the dashed line refers to the model of Sharma et al., the dotted line to the first shell
approximation of the SCMF theory and the full line to the second shell approximation of the

SCMF theory.

Figure 4 : Transport coefficients in a BCC alloy dilute in B as a function of the association fre-
quency ws ; the frequencies wy, w; and wy are equal to 1, as well as all factors 7;, and the
on-site rotation is discarded. Symbols stand for Monte Carlo simulations, dashed lines for the
first shell approximation of the SCMF (equivalent to the expression of Barbu and Lidiard [10]),

and full lines for the SCMF in second shell approximation.

Figure 5 : Energetic description of the stairs-like behaviour : the (negative) binding energy of the
mixed dumbbell €45 is fixed and the solute-dumbbell binding energy Vau p can vary from 0
to e4p. All frequencies are equal to 1, excepted for the dissociation frequencies of the mixed

dumbbell wy and of the solute-dumbbell complex wy.

Figure 6 : Transport coefﬁments in 2 BCC alloy dilute in B for the stairs-like behaviour described
http://mc.manusctiptcentral.com/pm-pml
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in Figure 5, as a function of the frequency wy. The binding energy of the mixed dumbbell is
exp(—feap) = 100. Dashed lines stand for the SCMF in first shell approximation, solid lines

for the SCMF in second shell approximation, symbols for Monte Carlo simulations.
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Figure 1:
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Figure 5:
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