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Abstract: Modeling of impurity diffusion processes in a multiphase randomly inhomoge-
neous body is performed using the Feynman diagram technique. The impurity diffusion
equations are formulated for each of the phases separately. Their random boundaries
are subject to non-ideal contact conditions for concentration. The contact mass transfer
problem is reduced to a partial differential equation describing diffusion in the body as
a whole, which accounts for jump discontinuities in the searched function as well as in
its derivative at the stochastic interfaces. The obtained problem is transformed into an
integro-differential equation involving a random kernel, whose solution is constructed as
a Neumann series. Averaging over the ensemble of phase configurations is performed.
The Feynman diagram technique is developed to investigate the processes described by
parabolic partial differential equations. The mass operator kernel is constructed as a sum
of strongly connected diagrams. An integro-differential Dyson equation is obtained for
the concentration field. In the Bourret approximation, the Dyson equation is specified for
a multiphase randomly inhomogeneous medium with uniform phase distribution. The
problem solution, obtained using Feynman diagrams, is compared with the solutions of
diffusion problems for a homogeneous layer, one having the coefficients of the base phase
and the other having the characteristics averaged over the body volume.

Keywords: diffusion; multiphase randomly inhomogeneous medium; averaging over the
ensemble of phase configurations; Feynman diagram; Dyson equation; mass operator
kernel; Bourret approximation; Neumann series

1. Introduction

Over the past few decades, Feynman diagrams have significantly contributed to the
formulation of various theoretical predictions. They emerged as an important tool in
quantum field theory calculations, but they have also contributed to the development of
computational methods for many other problems of mathematical modeling of physical
processes, with a special emphasis on their automation. A comprehensive overview of the
present state of algorithmic Feynman diagram evaluation from a theoretical perspective
is given in [1]. Two primary factors explain their high importance in modern science:
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an algorithmic framework developed by physicists for manipulating these diagrams and
efficient algebraic programs designed to perform Feynman diagram calculations.

Feynman diagrams are a powerful research tool arising in theoretical physics over
the past hundred years. Initially developed within quantum electrodynamics to compute
physical process amplitudes, they have evolved into a core mathematical concept in quan-
tum field theory. Owing to their abstract nature, they find use in areas extending beyond
physical applications. A detailed analysis of Feynman diagrams and their application in
scientific models as well as a description of other diagrammatic methods in mathematical
physics that are used when working with series are given in [2-5]. The example of applica-
tion of Feynman diagrams shows that models are understood as mathematical objects that
correspond to the axioms of a certain theory and correspond to the empirical phenomenon.

Diagrammatic approaches are used as a component in the theory of analogical rea-
soning in mathematics, where general conditions are formulated to determine when an
analogy can serve as legitimate inductive support for a mathematical hypothesis in empiri-
cal sciences [6]. The development of Feynman diagrams arose due to the ability to visualize
phenomena and processes, and such visualization contributed to the formation of well-
grounded mathematical modeling of many phenomena through physical interpretation [7].
Diagrammatic approaches have proven effective in computational biology and structural
bioinformatics problems [8,9].

The study of the properties of Feynman diagrams has also inspired mathematicians to
develop many new approaches to mathematical modeling. Utilizing response and corre-
lation functions, the relevant Feynman diagrams were constructed and analyzed, which
facilitated the formulation of a systematic perturbation theory applicable to stochastically
controlled nonlinear oscillators under Gaussian white noise excitation [10].

Research on singular partial differential equations using methods of theoretical physics,
in particular quantum field theory, such as Feynman diagrams, was carried out in [11].
In [12], moments of the Gaussian integral were found using the diagrammatic approach.
The development of the wave functions of a harmonic oscillator using the Feynman diagram
technique was found in [13]. In [14], a number of Feynman algorithmic rules enabling
analytical study of large fluctuations in stochastic systems are presented, which allows
for the calculation of multi-time correlation functions. Special diagram rules have been
developed to simplify transformation. Mellin—Barnes representations have been used to
obtain the systems of linear homogeneous differential equations corresponding to the
original Feynman diagrams without the need for integration by parts [15]. The authors
of [16] obtained the results of the summation of Euler series that appear in the calculations
of the Feynman diagram.

The above-described methods and approaches of the Feynman diagram theory occupy
a special place in the mathematical modeling of diffusion transfer processes and in con-
vection models. When analyzing the equations and structures of solutions of a stochastic
velocity field that obeys the Navier—Stokes equation describing incompressible fluid flow
under the action of both regular and random external forces, the Feynman wireframe
diagram method is used [17]. Using this equation, one can calculate multiple statistical
properties describing the velocity field, including the variance of velocity pulsations (pair
correlation function) or the average reaction of the velocity field under the influence of
external forces [18]. Using the Green’s function expansion, an exact expression is presented
in [19] for determining the number of distinct connected Feynman diagrams. In [20], the
Green'’s function expansions under perturbations at time points far from the initial state,
which is formulated in terms of the Feynman diagram, are obtained. The work [21] is
dedicated to theoretical modeling of heat transfer in multiphase systems exhibiting random
structural inhomogeneity. The Feynman diagram technique is applied to analyze fields of
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temperature averaged over the ensemble of phase configurations in bodies with multiple
stochastic phases. The study of averaged diffusion fields in the physical and mathematical
modeling of mass transfer processes in multiphase stochastically inhomogeneous bodies
using the Feynman diagram technique was carried out in [22]. A method for improving the
convergence of Neumann integral series for diffusion processes has been developed. An
exact reaction—diffusion equation for describing chemical reactions occurring in polymer
systems was derived in [23] using diagrams similar to Feynman diagrams. It was found
that, when interactions between molecules are absent, the obtained equation reduces to the
classical reaction—diffusion equation, and the diagram approach can be used to obtain a
more precise dynamic equation in which diffusion and reaction manifest themselves more
deeply than the diffusion of small molecules.

The symmetrical properties of the diffusion process refer to the homogeneity and
balance in the movement of particles from areas of high concentration to areas of low
concentration. In a symmetric diffusion process, particles are distributed uniformly in all
directions, resulting in a homogeneous distribution over time. Key aspects of symmetry
in diffusion include diffusion isotropy. This occurs when the speed of diffusion is the
same in all directions and the medium within which the particles diffuse has no impact
on the speed, resulting in a symmetrical distribution. Mathematical models of diffusion
based on Fick’s laws assume symmetry to simplify the calculations, and the corresponding
solutions to the parabolic equations reflect homogeneous concentration changes in space
and time. In practical scenarios, symmetry may be affected by boundaries or constraints.
For example, in a closed medium, diffusion can be symmetric until it reaches the walls,
and after that point in time, the symmetry can be broken due to reflection or absorption.
Thus, symmetry in diffusion is an important concept that helps to analyze and predict the
behavior of particles as they move and propagate in different media.

Symmetry in diffusion and Feynman diagrams can be understood through various
contexts in physics. Many physical theories demonstrate symmetries that are represented
in Feynman diagrams. The results of this article can be used to analyze how diffusion
processes and the Feynman diagrams used to visualize them reflect the fundamental
symmetries that govern the behavior of systems in physics and to analyze the symmetry of
Green'’s functions, being an important aspect in the context of field theory.

The analysis of applying diagrammatic approaches to the mathematical modeling of
processes of a probabilistic nature shows the effectiveness (in particular, computational)
of such methods. Therefore, the purpose of the research conducted in this paper is to
apply the Feynman diagram technique to the mathematical modeling of impurity diffusion
processes in a multiphase body with random inhomogeneities. To achieve this aim, we
follow the steps below:

e  The problems for the impurity diffusion are formulated for each phase separately and
include non-ideal conditions for the concentration function at random phase contact
boundaries.

e  The contact mass transfer problem, which takes into consideration the jumps of the
searched function and its derivative at stochastic interphases, is reduced to a parabolic
partial differential equation for the entire body domain.

e  The obtained problem is reduced to an integro-differential equation with a random
kernel.

o  The Feynman diagram technique is developed to study the mass transfer processes
described by such parabolic equations.

e  The solution of the problem is constructed using Feynman diagrams.

e The Dyson equation is obtained in graphical and analytical forms.
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e  The resulting solution under uniform distribution of the phases is compared with so-
lutions of mass transfer problems in a homogeneous layer with base phase coefficients
and in a homogeneous layer with characteristics averaged over the body volume.

2. Formulation of the Contact Initial-Boundary Value Problem of
Diffusion in a Multiphase Stochastically Inhomogeneous Body

Let us consider the diffusion of an impurity in a multiphase randomly inhomogeneous
body, which consists of N + 1 solid phases that are different in density and have different
diffusion coefficients, a matrix, and inclusions of arbitrary shape (Figure 1). At the same
time, the precise spatial configuration of the phases within the body region is unknown.
Then, the disposition of the inclusions is not known, but we assume that the law of their
probability distribution is known [24]. Furthermore, suppose that the matrix volume
fraction significantly exceeds that of the inclusion, v; << vy (j = 1,..., N). The assumption
is made that the material density and diffusion coefficient are constant in each of the phases.

e v © ¢
°
) . ‘

o
° \J
‘ ‘ . - . al 4

Figure 1. Sample elements of a multiphase body with a randomly inhomogeneous structure.

Note that it is possible that two inclusions, when in contact with each other, touch
along a line (curve) or at a point. Then, the total area (Ilength) of such inclusion contacts is

Y. I'ji| = mes 0, and this quantity can be neglected.
all contact
points
To determine concentrations ¢; (7, t) of the impurity in the matrix (region (V)) and

the inclusions (regions (V]), j = 1,...,N) at the absence of internal mass sources, the
diffusion equations [25,26] formulated for each phase separately are used:

oc; ( r, t)
p]-]T =dinci(Ft), e (V) te(0,7), T < oo 1)

Here, p; is the density of the matter in the random region (V;); d; = p;D; is the kinetic
coefficient of impurity transfer to (V;); D; is the diffusion coefficient; 7 = (x,y,z) is the
radius vector of a moving point; and t denotes time.

Suppose that the inclusions are located exclusively in the body region, that is, the
matrix is located on the outer boundary of the body. Initial and boundary conditions are
prescribed as follows:

—
r

(7,0 =¢(r)(i=0,...,N), co(7,1)

t=0

—&(1). )

Tesv

In otherwords, the initial distribution of the impurity concentration field is known, and the
concentration values on the body’s boundary are maintained.
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At the interfaces, e.g., the boundaries between the regions (Vp) and (V})(j =1,...,N),
the conditions of non-ideal mass contact with respect to concentration are imposed [27,28]:

— —
jci(r.8) Ter;—o e(r,t) Ter+0’ )
— - — N .
p]-dch]-(r,t) . = pid;Vei(r,t) . , i, 1=1,...,N, 4)
rel'jl—0 r eI"ﬂ-i-O

where k; (s = j,1) is the coefficient describing the concentrationdependence of the particles’
chemical potential in phase s [27], which determines the magnitude of the concentration-
field jump at the interfacial boundaries, and I';; is the boundary of the ith simply connected
region of the jth phase (V};). Moreover,

n:

N 7
r=uu jis
j=0i=1

(5)

is the total phase contact boundary, and 7, is the number of simply connected regions in the
phase j. In this problem’s statement, the random quantities are the contact surfaces, i.e., the
boundaries of the regions (V;;), which are internal for the body, which leads to stochasticity
of the concentration field of the diffusing matter.

3. Equation of Mass Transfer for the Entire Body

Let us reduce the contact problem of diffusion (1), (3), and (4) to the mass transfer
equation for a body in general. For this purpose, let us define a random function of the
. . = . e
spatial coordinate c( 7, t) that characterizes concentration field in the body as a whole:

s latin, Tem j=0. N,
c(r,t)= - i ©)
contact conditions (3), (4), r €T.

—

Let us seek Vc(?, t), considering that the concentration field c(?, t) has first kind

jump discontinuities (conditions (3), (4)) on the boundaries of contact between regions I'.
Therefore, we obtain [29]

—

Ve(7,b) = {%(7, t)} 1e(7 B8

- =
r—r

F)r (7)

where 71 is the radius vector of the boundary I points; {...} are the regions of continuity
of the function; [...|; is the function jump at the boundary I'; and §(-) stands for the
delta function.

We observe that the jump [c(?,t)]r :(c(7,t) ’r nr) + (6(7, 15)‘r ﬁr) (n7) is unit
normal vector to the contact boundary) is in fact a vector quantity and varies with the
radius vector 7 € T.

The quantity Ac(?, t) is found in the same way as (7), considering that the function

5
Vc(?, t) has first kind jump discontinuities on the surfaces of phase division (conditions
(4)). Then, we have

Ac(7,t) = {Ac(?,t)} + [3c(7,t)] 5(
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Coefficients d(7 ) and p(7 ) are designated for open regions, namely
N
Z{d}rev)\randp ; O)

At the same time, at the contact boundaries of 7 €T, a jump of these coefficients takes

place [9(7)}7@]./ [d(7)]7erﬁ'

Note that the relation for the stochastic field of impurity concentration in the whole
body (6) completely describes the function ¢ (?, t) for ¥ € (V),t € [0, ).
= . o
r) as the “structure function”, which is

LT e (v,
(") = { 0, if 7 ¢ (Vy), o

which satisfies the condition of body solidity

Let us introduce the random operator 7;;(
defined as follows:

n Mz

Z (11)
i=1

Note that the probability law of the structural function 171]( r ) matches the given
probability law for the distribution of phases in the body.

Then, the kinetic coefficient d(?) and the density p(?) can be represented using a
random structure function (10) as follows:

N 7 N N N 5
=2 Y omi(r), d(r)=3_} dm(r). (12)

j=0i=1 j=0i=1

For the body as a whole, the mass balance equation holds

o) 5w, 1)

ot

—

5
Here, | (7, t) =d (7) Vc(?, t) is the impurity flow.
Let us take into consideration that d(?) is a piecewise-constant function and has first

kind jump discontinuities at the contact surfaces; then, the action of the nabla operator on
it leads to

Vd(7) = {%(7)}76(%) + [4()],_ 3G = 7). (14)

Since we assumed the problem coefficients to be constant in each phase, Formula (14)

reduces to the form .
— — - =
Vd(7) = [d(r)]7er5(r — 7). (15)
Taking into account the ratios (7), (8), and (15), we present the Equation (13) as follows:

p(7) %L _ {d(?)}{Ac(7,t)} + [d(?)]r [30(7,1&)} rs(? — 71

— —

+[a(7)] F(?,t)}ﬁé(? =70+ [4(7)] [e(7.0] 2 -,

(16)

It is taken into consideration here that the function ¢( 7, t) is a piecewise continuous
one in time together with the first derivative. It is also accepted that the regions of conti-
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nuity of the kinetic coefficient d (?) and the function 0(7, t) coincide:{d (7) } {0(7, t)} =
{d(?)c(7, ) }

Using the condition of body solidity (11) and representations (12), the equation for the
entire body is written as

N 1 ac N 7
L(P,0e(7,0) = L X pjmi(7)5; = & L dina(7)Ac(7, 1)

j=0i=1 j=0i=1

1N 7 — 1N % — —
ST [d(?)} [Vc(r,t)] 5(F —7r,) - SL L [d(?)} [Vc(r,t)} Vs(r — 7r;) (17)
j=0i=1 T T j=0i=1 L T
1N — — e
_Ejg()i:l [d(r)}rﬂ [c(r,t) 1“/,»6 (r—rr,)=0

In Equation (17), let us add and subtract the deterministic operator L0(7,t) with
coefficients that are characteristics of the base phase (matrix)

0
Lo(?, t) = pog — dpA.

Then, we will obtain
Lo(7,t)c(7,t) = Ls(7,t)c(7 1), (18)

Here, Ls(7, t) is the following:

N n/ a N n]'
Ls(7,8) = Y (o — o) Lo mji(7) g = Y- (do —dj) Y ;e (1)A
=1 i=1 j=1 i=1
1 N 7 - N N N 1 N 7 R N N
+§;.f [d(r)hl {V r,é(r - rrﬂ) +§Z-, {d(r)h_i[ ]rﬁVf)(r - rrﬂ)
j=0i=1 ] ji j=0i=1 J
1 N I - (= =
+§]§); [d(r)hﬁ[...]rﬁé (7= 7r,) (19)

Thus, a stochastic differential equation of the mass transfer of an impurity for a
medium with randomly located inclusions was obtained in the form of (17), and a “per-
turbed” differential equation was obtained in the form of (18) with a random operator (19).

4. Integro-Differential Mass Transfer Equation:Neumann Series
Treating the right-hand side of Expression (18) as a source for the mass transfer process
in a stochastically non-homogeneous multiphase body, we construct an integro-differential

equation that is the equivalent of the contact-boundary problems (1)—(4) considered ini-
tially [27]:

t
(7,8 = cu(7,1) + / G(7, 7,V L(7 ¥)e (7 ) d7 . (20)
0 ()

with ¢y, (7, t) representing the solution of the homogeneous initial boundary value problem

Lo(7,8)eu(7,1) =0, 1)

—

ey =8O, (T D] = (7 (22)

cn(7,1)
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—/
G(?, r,tt ) is the Green’s function, which is obtained as the solution to a deterministic
initial boundary value problem that includes a point source

Lo(7,0G(T, 7 6ty =s(t—t)s(7 = 7)), (23)
— =/ — =/

G LY. =0, G(r,r tt =0. 24
(r,7r,t, )reév 0, G(r,r )t:O 0 (24)

The solution of the integro-differential Equation (20) is constructed as a Neumann
integral series expansion. This equation is satisfied for all the points (?, t) in the field of

/
definition, in particular at the point (7 ,t'). Let us write an expression for the concentration
. - oy
field ¢(r,t) at the point (r , ),

(7 ) = (7 )+ / / G(7 7 L7 (P ) di ", (25)

and substitute the obtained relation (25) into the integro-differential Equation (20):

o(7,t) =cn(7,b) +// Ls(r t)ch(r ) a7’ ar

0 (V)
" " " " " !
+/ / G(F, 7 4,0 L(7 ¢ )/ / (7, 7" L (7 ye(F ey dr v dT dr. (26)
0(v) 0(v)
Equation (20) is true for all the points (7, t) in the field of definition, in particular at
the point (7//, ).

t//
) =y (71 + / / G(r", 7" e oL (7 ey e (P ey dr e, (27)

c(?ﬂ

Let us substitute (27) in (26). We obtain

t
/ / / /
(7,0 :ch(7,t)+/ / G(7, 7 V(7 e (7 ) d7
+ / / G(7,7 L7, 1) / / (7,7 L (7 e (P ) d7 derd T

/ / " "
+/ / G(?,?’,t,t/)Ls(7,t’)/ / (7,7 ¢ L (7 )
0 (V) 0 (V)
t// ,
/ / G(7", 7" e Lo (7 (7 e d " v d 7 derd e (28)
0 (V)

As a result of an infinite iterative process, the Neumann series is obtained, namely

o(7,t) = cu(7,1) +// r, ,,, Ls(r Hen(r t)dﬁldt’

0 (V)
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t/
+/ / G(7,7/,t,t’)Ls(7/,t’)/ / (7, 7 L (7 e (P ) A7 drrd T dr
0(v) 0 (V)

t t
! ! !
,7,t,t’)Ls(7,t')/ / (v, 7" ¢ L (7 )

_|_
—
—

2

~l

0 (V) 0(v)
t“
/ 1 U !/
x/ / G(r", 7" v v L(¢" v e, (¢ e ydr  drrdy drrdy df ... (29)
0 (V)
Proposition 1. If the densities po, pj(j = 1,...,N) and the diffusion coefficients dy,

dj( j = 1,...,N) are bounded and py # 0, dg # O, the for bounded VNeumann integral
series (29) is absolutely and uniformly convergent.

The proof of this Proposition is given in Appendix A.

Moreover, the convergence of the Neumann series (29) does not depend on the values
of the coefficients kj (j =0,...,N), which determine the magnitude of the jump of the
concentration function at the random interfacial boundaries. The proof also does not invoke
any condition on the existence of characteristic inclusion sizes. However, one must know
(as an input parameter of the problem) the number of inclusions 7; (j = 0,..., N) or, at
least, that the number of inclusions in the body is finite and, for example, does not exceed
N it n; <N i < oo.

We also note that, for t — oo, in the stationary case, the Neumann series is divergent
under sufficiently weak constraints since, in the stationary case, the domain of convergence
of the series is significantly smaller than in the non-stationary case [30].

Since ch(7, t) is a continuously differentiable function, then the jump discontinuities
of the function and its derivative across the boundary are equal to 0. Then,

— — N J —.0 _),
Ls(7,t)ep(r,t) = Z;(Po—Pj)Z%Uji(V)Chg:t)
j= i=
N nj — —
=Y (do—dp)Y_ ni(r)Dey(r,t). (30)
= i=1

The initial term of the Neumann series corresponds to the function cy, (7, t) in a
homogeneous body having the properties of the base phase. The second term represents
the sum of the concentration field perturbations that arise when inclusions are inserted into
the body one by one, the third one describes the pairwise influence of the inclusions on the
concentration field, etc. In this case, the effects of jumps in the diffusion coefficient at the
interphase boundaries are taken into account, which is ensured by the operator L;.

5. Feynman Diagram Technique for Mass Transfer Problems in a
Stochastically Inhomogeneous Medium

The Neumann series (29) expresses the random concentration field as a series of
perturbations resulting from inclusions with diffusion characteristics distinct from those
of the matrix. To examine the structure of this series, a diagrammatic representation of its
terms based on R. Feynman diagrams [31] is introduced. Here, the typical notations are
used [32].
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=!I —n
r,

Let us associate the Green’s function G( r,t',t") with a straight line segment, to

!/ "
whose ends the points (7 , ') and (7 , ") are assigned [32]:

G F',F”,t',t” ~
( ) (}—;/,t/) (;;rl’tﬂ)

!/
Let us associate the operator L; (7 , ') with a vertical segment with dots at its ends:

L)~ I .

Let us associate the functions of the random concentration field c(?, t) and the con-
centration field in a homogeneous body cj, (7, t) with a tick and a wavy line, respectively:

c(F 1)~ >, ()~ ~—.

. . =l o . L - =
The space-time positions (r ,t'), (r ,t”), where the lines visualizing c( 7, t), ¢, (7 ,t),
/
G(7, 7 4 t'), and L (7 , ') merge together, are the vertices of a diagram. The integration

is performed over the internal vertices’ coordinates. The total number of such vertices in
the diagram determines its order. Such notations allow us to associate each term of the
series (29) with a Feynman diagram. The first right-hand side element of (29) is represented
by the diagram

/\/

and the second term of this formula corresponds to the diagram

(7, £)
5
In the general case, a term of the order 7 of the Neumann series for ¢( r, t) has the form

¢ #(n—1)

// / /G(?,t,?',t’)Ls(7’,t’)G(?’,t’,?”,t")...
) 0

0 V)

n

(n)

—(n)

Lo (7" by, (7 a7 M a7 ar.

Therefore, the diagrams of the order 7 contain 7 lines of the Green’s function and # lines of

/ n
internal vertices (7 ), (7( ), ¢(m) ). At the same time, they always end in a wavy line

cn(7) [30]:
7.1 (17",[”) ";:(ml)’t(ml)) (;(ﬂ)’tZ";) ’

Then, the series (29) in diagrammatical form will take the following form:

v =" + (V’,t') + (’—;I, [’) (;;n’tn) + (’—;/’ l") (7”,l”) (Fm, tm) +
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L) @) EA) )

Averaging the random concentration field (29) over the ensemble of phase configura-

(31)

tions yields the following analytical expression:

!
7 (L (71, 0))en (71, ¢)dF 1t

t
e(7,0) =70+ [ [G(7,
0 (V)
/ G(7,7',t,t’)<Ls(7l,t’)G(7/,7”,t’,t”)LS(?",t“)>ch(7”,t”)d?”dt”d?/dt’
0

t
+///// G, 7 ) (L7 )G, 7 )
0

—

i " " 1" " /
<Ls(r" ¢ G(F", 7" ¢, ) Le(7 ,t”’)>ch(r ydr " derdy " aprdy dt + ... (32)

Considering the structure of the operator L (7/, t') (19), one needs to calculate the expres-
. —/ - = —! —n - = —n —
sions of the type <17,-]-( r )>, <6(r —r ri].) >, <171-]-( r ) (r )>, <6(r - rrl.j)é(r - rrkl) >,
<171- i (7/> ) (7” — 7sz> >, etc. That is, to calculate the averaged concentration field, it is required

to determine the moments <171-j(7/) . .nkl(?(n))>, <6 (7/ — 7Ti;) L6 (701) — 7Tkz) >, and

<111-]- (7/) ) <7(n) — 7Tkz of all orders. With a general statistical distribution, this

becomes a complex problem, and additionally, the issue of choosing an appropriate method
for summing the averaged series arises. For example, in the case of a small volume fraction
of inclusions for small diffusion coefficients, one can limit oneself to the “Born approx-
imation” [33], i.e., considering only the first two terms of the Neumann series. Then,
the problem is reduced to the case of perturbation of concentration fields by specified
random sources.

In this case, the random field (first approximation) (c>(1) is a linear functional of
fluctuations 3(7) = d(?) - <d(7)>, 5(7) = p(7) — <p(?)> Therefore, each moment of
()M is expressed linearly through the moments d( (7) and p (7), having the same order.

The field of the averaged concentration in the Born approximation is defined as
follows:

t
1
<c(7, t)>( ' O (7,1 +/ G(v, 7 t, t’)<Ls(7', t’)>c<0>(7', a7 . (33)
0

In this case, c(?) (7, t) = ch(7, £).
The correlation function (also known as autocorrelation), by its definition, is [34]

e (71,72, t) - <c(71,t)c(72,t)> - <c(?1,t)><c(?2,t)>. (34)
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Here, if we use 71 = 72 = 7, then we will obtain the variance of the random field

D[c] at the point e

D[d] = o2(7,t

~—

;<ﬁﬁiﬂf>:<@(ﬁﬂ—<4?g>r>

Relation (34) together with analogous expressions for higher-order moments of the
%
field ¢(r,t) yield a complete statistical solution of the problem. The statistical char-
acteristics are described by cumulant (or correlation) functions of arbitrary order. We
associate these functions with dashed lines, where the order of the cumulant function
- = — .
Yr( 11, r2,..., i) [34] matches the diagram order.

=1z =(k)y - ,/’I’I AN
v (', ", ) e ‘e

P T F(k)

rr
Because the concentration field is time deterministic, time appears as a parameter in
cumulative functions.
In the general case, the moments from the operator Ls that contains fluctuations d(?)
and p! (7) can be written down as [35]

<g@ﬁ#y”L47®¢“U>:¢A7Q.wﬂ“)

,NU><gmﬁﬂy“L47“”JU1Mg@W+QAHUyHL47®J“U>+“. (35)

or in the form of diagrams

[ ]
o o o
+ P +
b= .
PR AT Jw
X o . o o
. ~ N
N o+ ! +
< - coe L) e o
Fop T 70 7'
, /.\ L ? L
A N U G DS |
5 20k=2) ~(k=1) = (k) S k) "
ror 1] A 7 7 ¥ (
’ (36)

Note that expression (35) decomposes into the sum k! of terms, in which the arguments

RV — —(k . . . .
r,r ,...,r connected in every possible way. Therefore, at the time of averaging, we

obtain k! of diagrams of the k order, in which k vertices connect with each other in all

. . . . . =/ = —(k)
possible ways. Note that, since integration occurs over the coordinates » , v ,...,r ~ of

the interior vertices, the analytical expression represented by the diagram has no depen-
dency on the interior vertices’ coordinates. Thus, such coordinates are not indicated in the
subsequent diagrams.

Let us introduce a graphical representation for the averaged concentration field in an
inhomogeneous medium:
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<C(; ,t)) ~ —
Then, the series (32) can be presented graphically as follows

. . . "
I I

20 BT e (37)

Here, in addition to the terms written in (32), seven fourth-order terms (diagrams with
four vertices) are also given.

Each Feynman diagram uniquely corresponds to an analytical expression and
vice versa.

Certain diagrams comprising (37) include lower-order diagrams as fragments. For
example, diagram 3 contains, as a fragment, diagram 2, and diagram 6 includes diagrams 2
and 4. This makes it possible to shorten the analytical expression.

Let us consider the physical interpretation of Feynman diagrams. Diagram 1 from
the series (37) describes the propagation of a concentration field from a source or from a
surface (depending on the boundary conditions and the presence of internal mass sources)
in a homogeneous medium. Diagram 2 describes the following process: the concentration

field propagates from the source to point 7 asina homogeneous medium. At point 7/, the
concentration field is perturbed because this point belongs to the inclusion or its boundary
(7/ belonging to the inclusion is determined by the averaged operator <Ls (7/) >, otherwise
it is zero). Then, the perturbed field reaches point ¥, where the observation takes place
(Figure 2a).

Let us now consider the second-order diagrams. Diagram 3 represents the spread of

the concentration field from the source to point r ", which is in the inclusion (operator

<Ls(7” )>), where it experiences a perturbation; then, the perturbation field extends to
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! !/
point ¥, which belongs to another inclusion (operator <Ls (7 )> in analytical form) and
experiences a second perturbation, after which, the twice perturbation field extends to

the observation point 7 (Figure 2b). Diagram 4 differs from diagram 3 by the presence
. : = = g : .
of the correlation function ¢ (r , r ), which indicates that the two perturbation points
!
7 and 7 are correlated, i.e., both perturbations occurred in the same heterogeneity (Fig-
ure 2¢). All third-order diagrams 5-9 contain the functions ¢y, (7/”, ), G(?N, 7”/, ),
—! —n — =/
r,r

G(r,r ,t,t"),and G(

g S s s L N
the point r after perturbation in point 7 , to point 7 after perturbation in point r , and

,t,1'). This means that the concentration field has spread to

so on. Therefore, all these diagrams describe a triple perturbation of the concentration field.
However, diagrams 5-9 are topologically different. Diagram 5 does not contain correla-

tion functions, that is, three perturbations of the concentration field occurred in different

. .. . . . . —1n = —! =
inhomogeneities. Diagrams 6-8 contain correlation functions (7 , 7 ), po(7 , 7 ),

— "

/
and 1[)2(7 , 7 ), respectively. This means that the field is perturbed three times in two
inhomogeneities (Figure 3a—e).

5 o™ M a)
Q)U [
O © — |
= 5 o ° |
o w
a —
5 ol b)
g E— * s
5—4‘4;:: d e g 1 '
=n —1 - '
3 Spb— L/ w r ——a—_
o w
@ —

surface
i i
o

source or

Figure 2. Single and double perturbations of the concentration field: (a) single perturbation in one
inclusion; (b) single perturbation in the first inclusion, single perturbation in the second inclusion;
(c) double perturbation in one inclusion.

. . . . —! = —m .
Diagram 9 contains the cumulative function y3(7 , r , r ), thatis, all three concen-

tration field perturbations occur in a single inclusion.

Representing the solution of the initial-boundary value problem (17), (2), as a set of
diagrams (37),allows for the transformationof the Neumann series using the topological
features of the diagrams that contain solution.

The sum of series (32) can be represented as a sum involving a certain infinite subse-
quence of the same series. For this purpose, we classify the diagrams involved in (37) [31].

A diagram is termed weakly connected if, by breaking a certain one line G, it can
be split into two separate diagrams. In expression (37), diagrams 3, 5-7, 10-13, 15, and
17-20 are weakly connected. The other diagrams, i.e, 1, 2, 4, 8, 9, 14, 16, and 21, are
strongly connected. The diagrams obtained as a result of breaking G lines can, in turn,
be either strongly or weakly connected. If the set of “secondary” diagrams contains
weakly connected diagrams, they can be split down into simpler diagrams. Following this
procedure, we will end up with a certain number of strongly connected diagrams. The
quantity of strongly connected diagrams resulting from the decomposition of a weakly
connected diagram defines the “connectivity index” of the original diagram. Thus, in
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relation (37), the connectivity index of diagrams 3, 6,7, 12, 13, 15, 19, and 20 is 2, and the
connectivity index of diagrams 5, 11, 17, and 18 is 3. Let us assign the connectivity index 1
to the strongly connected diagrams.

j

source or
surface
---o
---o
---e
&

= —— b)
> g .
) .
U&* 1 ' SN
== e * : AR
o » r r r r —_——— ¢ PPN
v
5 o[ o
Q . .
)
8 &> AN
S 5|l N
2 @2 r —————e_
v
——
—t
I
S g . d)
a - PLam
g€
=] .
R — e~
b
-
e e,
S g ° )
8 & AN
. N
5T ° EETRN
2 7 7 ————_
w

Figure 3. Triple perturbations of the concentration field. (a) single perturbation in each of the three
inclusions; (b) double perturbation in the first inclusion, single perturbation in the second inclusion;
(c) single perturbation in the first inclusion, double perturbation in the second inclusion; (d) double
perturbation in the first inclusion, single perturbation in the second inclusion, different arrangement
of inclusions; (e) triple perturbation in one inclusion.

From the series (37), we extract all strongly connected diagrams, i.e., those that cannot
be partitioned into two separate diagrams by cutting a single line G. As each diagram
begins with a straight line and terminates with a wavy ¢, line, the sum of all strongly
connected diagrams may be represented as

cear - ,

(38)

Analytically, we obtain

—/

t
E(s.c.)(?/ t) = / G(7,7 1, t/)2(7/, t/)ch(7/, t/) dr dt, (39)
0
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where 2(7, t) is the mass operator kernel:

+//HG(7, 7t t’)<Ls(7/, t’)>G(7/, P (7, 7 Ve dy der dt!

+/ / [[ e, oG T (7,7 T e dy v ar +

e /’\ /.\ /’\ o
N
: R . R [ 2N ’ : \ k2N
_ \ ’ \ R
T e + [ A S T S AN N &

(40)

(41)

Let us focus on the sum of all the strongly connected diagrams with connectivity

index = 1. Each of those diagrams possesses the following form:

HOICNS

where @ and @ denote arbitrary diagrams that are on the right side of (41).

(42)

Since, when the series (37) is being constructed, all variants of pairwise connection of

the vertices are considered, the sum of all possible terms of the form (42) is

Here, O is the total sum of the mass operator kernel (40).
Similarly, the sum of all diagrams with a connectivity index of 3 has the form

HOII0Ny

and so on. Thus, we can present the averaged concentration field as a diagrammatic series:

— .00, 00, QQQ_. .

(43)

Such a representation is distinct from the diagrammatic series (37), solely in the

rearrangement of its elements.
Let us verify that the series (41) is the solution of the following equation:

—

7

(44)
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which is called the Dyson equation. We present the Dyson Equation (44) in analytical form:
f / / ! /
(e(7.0)) = eulT 1) + / / (7,7 b= ) (e ¢ Y dT e (45)
0 (V)

Let us show that the series (43) is a solution of equation (45). Let us apply the method
of successive iterations. Relation (44) is substituted into the expression for the averaged

concentration field < 6(7, t)> into the right-hand side of (44). We obtain

——N+QX(N+L)
0L, 00

Again, by substituting the right-hand side of the resulting relation into the right side
of (44), we obtain

—_ . 0, 00 .
.0, Q0L _0QQ

If we continue the iterations, we will obtain the series (43). Similar calculations can be

carried out in analytical form if we proceed from Equation (45). In this case, we will obtain
the expansion (43) in analytical form, namely

t
(e(7,1) :ch(7,t)+/ / (7,7 )27 ey (7 ey a7 ar +
0 ()
[ [ = e e e E G e (¢ e dar +

t ot F
/ / ’
+/// ([, 7 ) )G, 7" (e G(F", 7 ) x
000

<7 ey en (7 a7 A7 dd e ar ar. (46)
Equation (45), assuming Z(?,t) is known, is an integral equation in relation to

<c(7, t)>, which can be solved in some cases. At that, we will obtain an explicit ex-
pression of the averaged concentration field <c(7, t)> through the mass operator kernel

2(7, t),i.e., the sum of the series (32) is given using the quantity glsc) (7, £) (39), which is a
certain subsequence of the same series.
- . Lo . .
X(r,t), as the operator in the general case and as the function in a given instance,
is not known exactly. In the approximate case, for example, the sum of the first few
terms of the series (46) can be used as this operator (function). In the case of the Bourret



Symmetry 2025, 17, 920 18 of 27

approximation [31],representing the first-order term in the series expansion of the mass

operator, we have

L)

T~3, :_'i = (L) |

(', t) (47)
Considering the structure of the operator L (7, t) (19), the expression for <Ls(7, t)>

can be presented at non-ideal mass contact conditions as

=

<Ls r, t > % <77]1 > [ Pj)% - (dO - dj)A]

j=0i=1 T j=0i=1 ji
1Y a7 2(7_7 4
AR W], (5 -0) ®

<L5(7,t)> =) Z<’7ji(7)> [(Po - Pj)% — (do — dj)A]- (49)

The Bourret approximation for the averaged concentration field <c(7, t)> is graphi-
cally designated as

(cF b)), = cnnnn . 50)

If, in the diagrammatic Formula (43), we put diagram (47) instead of 2(7, t), this leads
to the diagrammatic representation of <c(7, t)>B as

® * * e o *
1 1 1 1 1 1
1 1

1 1 1 1
MMA_ ——e_ —_————e_
="y T~ 4 + + o

and the analytical form as

¢
(c(7,0) =0+ [ G(?,?’,t,t')<Ls(7’ t’)>ch( Va7 dt
B 0 (V) 51)
Lt — =/ ’ =, =l =, —n —n —n =/ ,
+[ [ [ G(r,r tt )<Ls(r N )>G(r T ,t,t”)<LS(r ,t”)>ch(r Jdr dr drrdt +

If a randomly inhomogeneous medium is not only statistically homogeneous but also
statistically isotropic, then Formula (51) can be simplified by transitioning to spherical
coordinates and performing integration over angular variables [31].

6. Equation for the Averaged Concentration Field in a Multiphase
Randomly Inhomogeneous Medium

Now, let us obtain an equation whose solution is the averaged concentration field

<c(7, t)>
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Let us apply operator L0(7, t) = po2 — doA to Dyson Equation (45). We obtain

[po;;’t - doﬁ} (e(7,1)) = [po; - doA} e

+L0f(f) [poaat dOA} (7,7/,t,t’)Z(?l,t’)<c(7/,t’)>d7,dt’.
14

(52)

According to Formula (21), the first term of Equation (52) is L0(7, t)ch(7, £) =0,and
/ /
from relation (23), we conclude that L0(7, t)G(?, 7 ) =08(t— t’)6(7 -7 ).

Considering the properties of the delta function, after integration, we arrive at

[PodoA Z(rt)M( H)=0. (53)

The obtained equation is a partial differential equation with respect to the averaged
random field of impurity concentration.
For the Bourret approximation (47), Equation (53) can be written as

POW —dod(e(7,8)) = (Ls(7,)){c(F,1)) =o0. ©4)

Let us take into account that the averaged concentration field is a continuous function
in all spatial coordinates. Accordingly, we obtain

1 o{c(r,t)

(L7, 1)) (e(F1) = = Y (ns()) [ Po p]-><at>3 ~ (do dj>A<c<7,t>>B]

j=1i=1

ﬁ ) r__< 4], (7= 7r,) ) 55)

ji r

u Ms_

1N
ik

. . . - . =/ .
If, in addition, the first derivatives with respect to r do not have jumps, then we
obtain

<LS(7,t)><c(7,t)>B -

After substituting relation (56) into Equation (55), we have

d{c 7,
p0<(att)>3 —doa(e(7,1))

n

M=

Il
-

7i(7) ) | (po —Pj)a<C(r’t)>B — (do — dpAa{c(7. 1)) |. (56)
ot B

I\
—_

i

]

—

N M R E)<c(r,t)>B .
~¥ Y (mi() | (o —pp) =5 = (do—da(e(F,0) | =0 D)
j=1i=1

The resulting equation (57) is a second-order partial differential equation with respect

S = . .

to the concentration field <c( r,t) >B averaged over the ensemble of phase configurations
for the Bourret approximation. Moreover, the coefficients near the first two terms are the
characteristics of the matrix, and the coefficients near the last term of the equation are the
deviations of the corresponding coefficients of phase j from the characteristics of the matrix.
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Equation (57) can be rewritten as

1; d{c 7,
[Po - % ):<77ji(7)>(400 - Pj)} <(att>>B

j=1i=1

N — —

—[do—ZZ<77ji(7')>(d0_dj)1A<C(7’/t)>B:0' (58)

j=1i=1

Let the phases be uniformly distributed within the body. Then, after averaging the
structure function (10), we obtain

]

Y- (ni(F)) = % = v}, (59)

i=1

As a result, Equation (58) will take the following form:

N 0 c(7, £) N N
[Po - ;v]-(Po - Pj)] <at>B [do —Y vj(do — d]’)] A<c( r,t)>B =0. (60)
j=

j=1

In a specific case, for a two-phase body, (60) is equivalent to

8<c(7, t)>

lo0 = v1(p0 — p)]——5—LE~[do — 01 (do — )| (e(7,1)) =0, (6D

and in the case of a three-phase body, it is equivalent to

a(c(7,t)
[PO — 0 (pO - ,01> — UZ(PO — '02)]<at>B

—[do — 01(do — d1) — va(do —d2)1A<c(7,t)>B =0. (62)

Equations (60)—(62) together with the original boundary conditions can be solved
analytically.

7. Impurity Diffusion in a Two-Phase Randomly Inhomogeneous Layer

To study the influence of inhomogeneities on the behavior and the values of the
averaged concentration field, we consider the case of impurity mass transfer in a two-
phase randomly inhomogeneous layer. The phases in the body are arranged according
to a uniform probability distribution. The obtained averaged concentration field will be
compared with solutions of similar problems of impurity diffusion in a homogeneous layer
with matrix characteristics and in a homogeneous layer with parameters averaged over the
body volume.

The diffusion of impurity in a layer of thickness zj is described by an initial-boundary
value problem based on Equation (61) in the one-dimensional case, i.e.,

[oo — v1(po — Pl)]w—[do —v1(do — dl)]azﬁg%% =0, (63)

(c(z,1))limg =0, (c(z,t))pl,—q = C1 = const, (c(z,1))pl,_, =2 =const. (64)
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The diffusion of an impurity in a layer with volume-averaged characteristics is gov-
erned by the following equation:
ﬁaf(z, t) =0%(z,t)

o —d 5.2 =0 (65)

with the boundary conditions (64). Here, p = vgpg + v101, d = vodo + v1d1.
The equation of the diffusion of an impurity in a homogeneous layer with matrix
characteristics has the form

0%cy(z,t)
022

dcy,(z,t
06 n(zt)

TR

=0. (66)
Boundary conditions remain the same.

Note that the partial differential equation for the averaged concentration (63) can be
considered as a certain homogenized diffusion equation, the coefficients of which differ
significantly from the averaged ones of Equation (65). At the same time, the operators of
these equations have the same structure.

Let us investigate the solution to the problem (63) and (64) and compare it with the
solutions of the initial-boundary value problems (64), (65) and (60), (64).

The solution to the problem (63) and (64) is the following [25]:

(c(z,t))p =01 (1 - Z> o

20 20

L e [do —vi(do — dv)]z5t
(51 + (—1)n+152)e po —1(po — p1) sin(z,z), (67)

where z, = nnt/zgp,n=1,2,....
Let us show the graphs of the average concentration of impurity migrating in a layer.
Numerical calculations were carried out in dimensionless variables

&=1z/z9, T =dt/pz3. (68)

The following parameter values were used as baselines: pg = 1,01 = 1.1, dy = 1,
di =05and 1.5,v1 =0.1,¢ =1,¢; = 1, and ¢; = 0.05. Calculations were carried out
using Formula (67). The accuracy when summing rows in formulas was 10~12. Along the
ordinate axis, the function (c(¢, 7)) /¢1, that is the concentration function normalized to its
boundary value ¢ = 0 (64), was laid down.

Figure 4 illustrates the distributions of concentration (c(&, 7)) /¢; averaged over the
ensemble of phase configurations (curves a, solid lines), concentrations in a layer with
volume-averaged characteristics (curves b, dash-dotted lines), and concentrations in a
homogeneous layer with matrix characteristics (c curves, dashed lines) at the moments of
time T = 0.01 (curves 1), T = 0.05 (curves 2), and 7 = 0.25 (curves 3). Here, Figure 4a is
constructed for d; = 0.5 and Figure 4b for d; = 1.5. The same applies to the figures a and b
below unless stated otherwise.
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Figure 4. Concentration distributions of diffusing particles for various model variants at different
moments of time for d; = 0.5 (a) and d; = 1.5; (b) Curves 1-3 correspond to T = 0.01, 0.05, 0.25.

Figure 5 presents the graphs of the average particle concentration for different values
of the kinetic coefficient in inclusions d1 = 0.01, 0.5, 1.5, 5, and 20 (curves 1-5, respectively)
for T = 0.05 (Figure 5a) and t = 0.25 (Figure 5b). Here, and further on, the dashed lines

correspond to the impurity concentration in the body possessing the characteristics of the
base phase.

(e€D)/q : a (c&0)/g b

BN

Cy ‘\\~
0

0 0.25 0.5 0.75 o 0 0.25 0.5 0.K75 €

Figure 5. Distributions of the averaged impurity concentration for different values of the diffusion

coefficient in inclusions for T = 0.05 (a) and T = 0.25; (b) Curves 1-5 correspond to d; = 0.01, 0.5, 1.5,
5, 20.

Figure 6 demonstrates the behavior of the function (¢(&, 7)) /¢; depending on different
values of the inclusion’s volume fraction of v; =0.01, 0.05, 0.1, 0.2, and 0.3 (curves 1-5)
for dy = 0.5 (Figure 6a) and d; = 1.5 (Figure 6b). Figure 7 illustrates the graphs of the
averaged concentration (c(¢,7))/¢ and particle concentrations in the matrix c¢() (&, ) /&
for different values of the searched function on the bottom surface of the layer ¢, = 0.01,
0.05, 0.25, and 0.5 (curves 1-4), d; = 0.5 (Figure 7a), and d; = 1.5 (Figure 7b).

(& )/ a («&D)/4 b

3
0.81 \\ 0.81 \ \4/3\ 1,2—
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0 : 0
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Figure 6. Distributions of the averaged particle concentration for various values of the volume

fraction of inclusions for d; = 0.5 (a) and d; = 1.5; (b) Curves 1-5 correspond to v; = 0.01, 0.05, 0.1,
0.2,0.3.
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Figure 7. Distributions of the averaged concentration and the particle concentration in the base phase
for various values of ¢; for d; = 0.5 (a) and d; = 1.5; (b) Curves 1-5 correspond to ¢, = 0.01, 0.05,
0.25,0.5.

It should be noted that the use of the impurity diffusion model to calculate the
concentration averaged over the ensemble of phase configurations in a two-phase layer in
which the phases are uniformly distributed leads to results that are significantly different
from those obtained using diffusion models with volume-averaged characteristics and with
matrix characteristics (Figure 4). At the same time, the difference between the solutions of
problems, (64), (65) and (64), (66) is insignificant and amounts to 7% for the time moment
T = 0.05. With increasing diffusion time, the concentration functions in all models increase
until they reach a steady state (curves 3b, c in Figure 4a and curves 3a in Figure 4b),
and the difference between them is decreasing. If the values of the diffusion coefficient
in inclusions are smaller than in the matrix, i.e.,, d; < dy, the values of the function
(c(¢, 7)) are always smaller than those of the concentration functions calculated using other
models (Figure 4a,b). For d; > dy, the opposite situation is observed—the values of the
concentration averaged over the ensemble of phase configurations are always higher than
the solutions of problems (64), (65) and (64), (66) (Figure 4b).

Let us also remark that the greater the ratio d; /dy, the faster the function (¢(&, 7))
reaches a steady state (Figure 5). Thus, the time needed to reach the steady state regime of
the concentration function for d; /dy = 20 is 75 = 0.02 and for d1/dy = 0.5is 1y = 1.1.

Changing the volume fraction of inclusions has a negligible effect on the value of
the function (c(¢, 7)) (Figure 6). Therefore, the difference between (c(¢, 7)), 01 and
(c(&, 7))o, —05, that is, when ©v; is increased by 30 times, reaches 25%. The value of
the concentration function ¢, at the bottom surface of the layer affects its behavior in
the lower half of the body (Figure 7).The largest differences between the average impu-
rity concentration in the layer and the matrix characteristics are observed in the interval
¢ € [0.6, 0.7] (Figure 7).

As an example of a real diffusion process that can be simulated by the methods
developed in this article, we present graphs of the averaged hydrogen concentration
field in a two-phase iron—-copper body. Consider the problem of hydrogen migration
in the composite material Fe — Cu, taking iron as the base phase. The diffusion coeffi-
cients of hydrogen were assumed as [36,37]: in iron dr, = 1.8 x 10711 m?/s, in copper
dcy, = 4.34 x 10710 m?/s; the densities of iron Pre = 7.8 X 103 kg/m3 and copper
pcu = 8.39 x 10° kg/m3 From these values, one obtains the dimensionless parameters
dy = dcy/dre = 24.11 and p1 = pcy,/ pre = 1.145.

Ilustrated in Figure 8 is the behavior of the averaged hydrogen-concentration field
for v¢, = 0.05 (Figure 8a) and vc,, = 0.15 (Figure 8b) in the composite material Fe — Cu.
Curves 1-3 correspond to the dimensionless times T = 0.01, 0.05, 0.25, respectively.
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Figure 8. Distributions of the averaged concentration of H in Fe — Cu structure and the concentration
of H in Fe at different times for vc, = 0.05 (a) and vc,, = 0.15; (b) Curves 1-3 correspond to
7 = 0.01, 0.05, 0.25.

It should be noted that, as the volume fraction of copper increases, the averaged
hydrogen-concentration field reaches its steady-state regime more rapidly (Figure 8).

8. Conclusions

The modeling of the process of impurity particle diffusion in a multiphase randomly
inhomogeneous body is presented in this paper. The diffusion process is described with the
help of mass balance equations for components of a thermodynamic system. Non-ideal con-
tact conditions in terms of impurity concentration are set at interphase boundaries. Based
on the mass balance equation for the entire body, a stochastic partial differential equation of
the impurity mass transfer for the entire body is obtained. The equation operator contains
jump discontinuities of the searched function and its derivative at random interfaces.

The resulting boundary value problem is assigned an integro-differential equation
featuring a random kernel, the solution of which is obtained as an integral Neumann series.
To study its structure, a graphical representation of the series elements in the form of R.
Feynman diagrams is introduced. The physical interpretation of these diagrams is given.

The random concentration field is averaged over an ensemble of phase configura-
tions. Employing the topological properties of diagrams, the averaged Neumann series
is expressed as the sum of a certain infinite subsequence of the same series. A classi-
fication of diagrams is proposed, with grouping into two types: strongly and weakly
connected. The kernel of the mass operator is constructed based on the sum of all strongly
connected diagrams.

Usage of the Feynman diagram technique enabled us to obtain the Dyson integro-
differential equation for the averaged concentration field in graphical and analytical forms.
A simplified operator of the Dyson equation in the case of the Bourret approximation was
constructed. However, for a more accurate description of the processes, it is advisable
to consider the case with two terms in the mass operator kernel approximation. This
approach will allow for corrections of the results that consider a more complex structure of
interactions and can provide higher accuracy of calculations.

A partial differential equation for the averaged concentration field is specified for the
case of N phases uniformly distributed in the body region. The differential equation of
mass transfer is detailed for two- and three-phase bodies.

The behavior of the averaged impurity concentration in a two-phase stochastically
inhomogeneous layer with a uniform distribution of phases under initial and boundary
conditions of the first kind is investigated. The found averaged concentration field was
compared with solutions of similar mass transfer problems in a homogeneous layer with
base phase coefficients and in a homogeneous layer with characteristics averaged over
the body volume. It is shown that the values of the averaged concentration field differ
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significantly from the solutions to homogeneous initial-boundary value problems, but
this difference decreases over time as the diffusion process progresses. It has been found
that, if the inclusions” kinetic diffusion coefficient is greater than in the base phase, the
values of the concentration averaged over the ensemble of phase configurations are always
higher than the solutions of homogeneous problems. Otherwise, the values of the averaged
concentration field are always lower than the concentrations calculated using other models.

It is advisable to use this approach in the future to investigate the correlations of
stochastic concentration fields, obtain nonlocal equations for coherence functions, and
investigate mass transfer processes in stochastically inhomogeneous bodies under the
theory of binary systems for different probability distributions of phases. This will allow
for an assessmentof the sensitivity of the obtained results to assumptions regarding the
distribution of parameters and make the model more general and suitable for a wide class
of problems.
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Appendix A
Proof of the Proposition 1.

We construct the solution of the integro-differential Equation (20) using the method of
successive approximations, taking c(q) (7, t) = ¢y, (7, t) as the zeroth and introducing the
parameter A. Then, the pth iteration has the form

1 —/

t
c(p)(7,t):ch(7,t)+/\//G(7,7/,t,t’)XLs(r,t’)c(p_l)(7/,t’)d7/dt’. (A1)
0 ()

Let us denote

/ / /
Q(p) (C(p)(7 /t/)) = Ls(7 ,t/)C(p)(7 ,f/)
and , . /
K(7/7 ) = *G(?,? ). (A2)

We now represent the concentration field for the first layer using the notation intro-
duced in (A2):

C(P) (7, i’) = Ch(7/ t) + )\/ / K(?, r ,i’, t/)Q(p—l) (C(p—l)(7// t/)> d?ldtl

= cn(7,8) +A(KQuon) ) (7.0, p=1,2, ..,

where (KQ( p—l)) (7, t) is operator notation for the double integral [38,39] over the domain
[0, t] x (V).
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We then write the following relation:

14
(T ) = a7, )+ Y AP (KPQ) (7,8, p=1,2,...,. (A3)
k=1

where Qj, = Lscy, which we will prove by mathematical induction.

If we set p = 1 and use the zeroth approximation, we arrive at Formula (A1); hence,
the proposition for the first iteration is valid. Now, assume that the proposition (A3) holds
for p' iteration; we will show that the corresponding proposition for the (p + 1) iteration
is also true. Therefore,

p
oy (7. 8) = (7, 1)+ Y AP(KPQp) (7, 1) + APH (KPHQh) (7,1)
k=1

= cp(F.) + AP (KPTIQ, ) (7, 1),

Let us show that, for the bounded 0js d]- and pg # 0, dy # 0, all iterations of
(KPQp) (7, t) are continuous and bounded over the domain [0, ¢] x (V):

1K Qulle = [[K(KP1Qu)|| < Mames{[0, £ x ()} [P

< ..o < (Mmes{[0, t] x (V)})P[|Qnllc, (A4)
270, B = (0,4 x [0,8] x (V) x (V), mes{[0, ] x (V)} =

tVmes{[0, t] x (V)} =tV, || - || denotes the norm in the space of continuous functions.

where M = mBaxK(

It follows from estimate (A5) that the series (A4) is bounded above by the numeri-
cal series

1Qullc

=AMV (A5)

1Qullc Y- A (MEv)* =
k=0

which converges in the circle
1
Al < —. A
A< o (A6)
Therefore, under assumption (A6), the Neumann series (A5) converges absolutely and
uniformly. Consequently, the sequence of successive approximations ¢, (7, t) defined in

(A3) converges uniformly to the desired function 6(7, flasp — co. O
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