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STOCHASTIC SEARCHING OF DIFFUSIVITY IN MULTICOMPONENT ALLOYS
BY HIERARCHICAL GENETIC STRATEGY

Diffusivities in the multicomponent solutions are determined using the inverse diffusion
problem. Such solutions are non-unique and computed diffusivities can not be treated as
genuine material constants. In this work the Hierarchical Genetic Strategy with real number
encoding (HGS-FP) is combined with the Darken method. The HGS-FP method is used to
approximate the variable (effective) intrinsic diffusivities in alloys at 1273 K. It will be shown
that the Redlich-Kister approximation of the composition dependent diffusivities gives
satisfactory agreement with experimental data. The presented calculations show a great
future potential of HGS-FP strategy. The parallel version of HGS allows decreasing the
computation time.

Koedgbiuienmu Oucpysii 8 6bazamoKOMMNOHEHMHIU cucmemi 8u3HayarombCs 8 pamkax
obepeHoi 3adayi Oughyasii. Taki po38’sa3KU He € EOUHUMU | MOMY He MOXYMmb mpakmysamucsi
K MamepianbHi KoOHcmaHmu. B 0Oawili pobomi eeHemuuyul aneopumm noedHaHul i3
memodowm []JapkeHa i 3acmocosyembcsl 01151 BUSHaYEHHS napuianbHUX KoegiyieHmie dugbysii
8 cnnasax Fe-Ni-Cu npu 1273 K. [llokasaHo, wo HabnuxeHHss Pednixa-Kicmepa o0ns
KOHUeHmpaUuitiHoi  3anexHocmi KoegiyieHmie dugbysii 3ado08inbHO y3200yembcss 3
ekcriepumeHmarnbHumu OaHumu. [lpedcmaesrneHi pospaxyHKu OeMOHCMpPyroms 8enuKkul
rnomeHujan 2eHemu4yHux anezopummie. [lapanenbHa eepcia anzopummy 00380715€
3MeHWUMU 4Yac po3paxyHkKis.

Koagppuuuenmsbi Oughgpy3uu 8 MHO20KOMIIOHEHMHOU cucmeme orpeodesnisitomcs 8
npedenax obpamHol 3adaqu dughgpysuu. Takue peweHUs He eOUHCMBEHHbI U ro3momMy He
Mo2ym uHmeprpemuposamesCsi Kak MamepuasibHble KOHcmaHmbl. B amol pabome
2eHemuYeckul anzopumm co4demaemcs ¢ memodom J[lapkeHa u ucrionb3yemcs Ons
onpederneHus napyuanbHbiX KoaghguyueHmos dugpgysuu e crnnasax Fe-Ni-Cu npu 1273 K.
lMokaszaHo, ymo npubnuxeHue Pednuxa-Kucmepa dnsi KOHUEHMpayUoHHOU 3asucumocmu
KoaghgbuuueHmos dughgbysuu ydosriemeopumeribHO coasiacyemcs ¢ aKCriepuMeHmalsibHbIMU
OaHHbIMU.  [lpedcmasrnieHble  pac4émbl  OeMoHcmpupyrom  6onbwol  nomeHyuars
eeHemuyeckux anzopummos. [llapanenbHasi gepcusi anzopumma paspewaem yMeHWUmb
8pemMsi pac4émos.
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Introduction

The applicability of the optimization techniques are of the interest in many
researches. The genetic algorithms are of the highest efficiency in the solving
problems with many optima [1,2]. The Hierarchical Genetic Strategy (HGS)
introduced in 2000 by Kotodziej and Schaefer [3] and further generalized by Wierzba
et al. [4] by introducing the floating point encoding is one of such efficient algorithms.
Its accuracy depends on the method of defined genetic spaces, where at the lowest
ones the searching of the extreme is more chaotic than on the higher ones. The
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introduction of all the genetic operators in floating point representation like mutation
and crossover improves the efficiency of the optimization strategy. The HGS
accuracy and low computational cost for multimodal benchmarks was shown in [3].

The Boltzmann-Matano analysis is widely used to calculate the diffusion
coefficients in binary diffusion couples. Some modifications of the method to
calculate the diffusion coefficients in more complex systems are also known [5].

In this paper the Hierarchical Genetic Strategy with real number encoding
(HGS-FP) with the Darken method is combined to calculate the intrinsic diffusion
coefficients in Cu-Fe-Ni alloy at 1273 K. It will be shown that the Redlich-Kister
approximation of the composition dependent diffusivities gives satisfactory
agreement with experimental data. Moreover, the HGS strategy is an efficient tool for
finding the physico-chemical parameters.

1. Darken’s method.

In this paper the inverse method to obtain the diffusion parameters which allow
simulating the interdiffusion processes in multicomponent mixtures is shown. This
method is based on Darken’s [6] concept of interdiffusion and its generalization [7].
The main equation that describes Darken’s concept is mass conservation law:

oc, 0 y D .
o ax(ciui +cL ), i=1..r (1)
where: ¢, denotes the molar concentration, and v’, v” are the diffusion velocity of

the
i-th component and Darken velocity (drift), respectively. The diffusion velocity of i-th
component can be introduced by Nernst-Planck [8, 9] equation:

v! =BF =-B, grad i,  i=l,..,r (2)
where: B and F, denote the mobility, B.=D//RT, and force acting on the i-th

component. The forces are equal to the chemical potential gradient, " .

Darken velocity is a common velocity in the alloy (common for every
component) due to the unbalanced diffusion fluxes [10]:

v’ ==> Qe (3)
i=1

The boundary conditions for a closed system (not exchanging mass with
surrounding) are given by:

JH(£A0)=0,  i=l..r (4)
where J{ denote the diffusion flux, and equal J/ =c’ .

The initial conditions can be introduced by any set of points (e.g. the hevyside
function)

cl.(x,O):c[O, i=1..r (5)

2. Diffusivities.

In this work the Redlich-Kister approximation of interdiffusion coefficients [11]
was applied. The approximation is based on the CALPHAD approach, which allows
us to calculate the composition-dependent intrinsic diffusion coefficients from the
known self-diffusion coefficients. The self diffusion coefficients can be expressed by:
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D' =D’ exp(—RQ—}], i=12,.,r (6)

where: D! and Q, denote the pre-exponential constant and activation energy,

respectively.

Following DICTRA [12], in the lines of the Calphad approach, the composition
dependence of these two factors in alloys (composition dependence of the intrinsic
diffusivities), is represented with a linear combination of the values at each endpoint
of the composition space. Using the Redlich-Kister expansion and Eq. (6) one gets:

® =RTInD =RTInD’-Q,, i=12,..,r (7)
where: @' can be interpreted as free energy of self-diffusion of the i-th component.

The free energy of intrinsic diffusion coefficient in 2-component mixture (solid
solution) is computed using the following relation [12]:

®, =Y N0/ +Y NN, {i?@{’k(zvj—zvk)"}, =120 (8)
=

j=1 k>j p=0
where: @, can be interpreted as free energy of intrinsic diffusion in the

multicomponent alloy and ”®/* are binary interaction parameters.
Thus, from the Eq. (8), the intrinsic diffusion coefficient in the alloy is given by:

()
D =exp| —|, [=12,..,r. 9
I p(RTj r 9)

3. Hierarchical Genetic Strategy with real number encoding (HGS-FP) [13].

The efficiency, i.e. the low computational cost and effectiveness in finding global
optima (maxima or minima) of HGS-FP, comes from concurrent search in the
optimization space by many small populations of individuals (solutions). The creation
of these populations is governed by genetic processes with low complexity. The main
engine of the HGS-FP, in distinction to majority of genetic algorithms, is the
mechanism that is based on the real-number encoding. The genetic operators are: 1)
the mutation (i.e. the genotype perturbation of the “parent” individual) which allows
random relocation of the individuals in the environment (optimization space) and 2)
the arithmetic crossover, which is quasi-deterministic combination of the “parents”
genotypes. The real number encoding used in HGS-FP is much more efficient than
usually used binary encodings (0,1 codes). Its efficiency comes from the
conservation of the natural (topological) space where all variables are real numbers.

3.1. Structure of HGS-FP

The main engine of the Hierarchical Genetic Strategy with real number encoding
is running a set of evolutionary processes [14,15]. The algorithm in each evolving
step creates new population which is searched for optima with higher precision
expressed by real numbers.

Let 3=[a,b]" = R" denote the fitness function domain (goal function domain).

N is the dimension of the problem (number of variables) and a, b are the left and the

right boundary of the searching space (goal function domain or optimization space),

respectively. The two genetic operators for floating point representation are given by:

1) crossover (generation of the new individual between two already existing
ones):

Y, = X'+ N(mean,o) (X - X)), i=L..,N (10)

16 BicHuk Hepkacbko20 HayioHanbHo20 yHieepcumemy. 2008 Bunyck 141
Cepis ,Disuko-mamemamuyHi Hayku”
http.//bulletin.cdu.edu.ua



Stochastic Searching of Diffusivity in Multicomponent Alloys by Hierarchical Genetic Strategy

2) mutation (generation of the new individual basing on the already existing
one):

Y, =X +(N(0,0)),, i=1,..,N (11)

where: Y, is a new individual generated by crossover or mutation operation, X,' and

X? are parents individuals, % (mean,o) denotes the normally distributed random

variable, where mean is a random number and o its variation, respectively.
Moreover, in order to generate new population the classical roulette selection is
used. The probability Pr(.X)of receiving the individual X from population P, (X € P)
is:
fitness(X)
Zﬁtness(Y) ’

YeP
where: fitness(X) is an estimation of the adaptation of the X—th individual (the value

of goal function). The HGS-FP results for some test functions can be found
elsewhere [4].

Pr(X) = VX eP (12)

4. Results and Discussion.
To use the HGS strategy in diffusion process we should reformulate the

problem into the optimization one (by finding the extreme). Let N/, i=1,...,r be the

molar fractions of the searching profile, i.e. the experimental results. The Hierarchical
Genetic Strategy will minimize the metric sum:

A r
d(NexP,lec) — J‘ a)z‘Nexp _ Ncalc
A=l
where N““ denote the calculated molar fractions (with the use of Eq. (1)) and o is
the weight function.

To show the efficiency of HGS-FP method, the intrinsic diffusion coefficients of
Cu-Fe-Ni system at 1273 K were calculated. The Cu-Fe-Ni system was chosen
because it is a single phase in a wide range of compositions and its thermodynamic
properties are fairly well known [16].

The calculated concentrations profiles of Cu, Fe and Ni are compared with the
experimental results [16]. The Darken method with the HGS-FP and Redlich-Kister
approximation allows obtaining satisfactory agreement with experimental data, Fig. 1.

Fig. 2 shows that the inverse problem of interdiffusion is not unique (i.e. many
global optima can be found).

The presented method of the quantitative description of the inverse method of
chemical transport process in multicomponent alloy is self-consistent and is effective
in practical computations. The simulation of interdiffusion in Fe-Ni-Cu diffusion
couples shows satisfactory agreement with experimental data. Moreover the non-
uniqueness of the inverse method to find the intrinsic diffusion coefficients was
shown. To avoid such difficulties the fitness function should be changed, e.g.,. the
time evolution of the experimental diffusion path should be known and included.

(13)
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Fig. 1. Comparison of experimental and calculated diffusion profiles of Cu-Fe-Ni system at
1273 K.

The Hierarchical Genetic Strategy was searching for optimal intrinsic diffusion

coefficients in the range of 10210~ [cm? s™']. The results of HGS-FP, local and

global optima (i.e. the normalized intrinsic diffusion coefficients of Cu, Fe and Ni) are
shown on Fig. 2.
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Normalized Cu intrinsic diffusion coefficient
Fig. 2. The normalized diffusion coefficients in Cu-Fe-Ni diffusion couple at 1273 K.
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