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Abstract:

A set of programs for the numerical simulation of the diffusion decomposition
processes was developed by using simulation methods, kinetic and particle
method. The complex has been validated on the model system Ni-Al by the growth
of -phase separations. The results on the evolution of the distribution function and
other characteristics of the ensemble, which in the zero volume fraction approxi-
mation are asymptotically in good agreement with the theory and the experiment,
have been obtained. The peculiarity of the created program complex is the possibil-
ity of its adaptation to the description of the decomposition of multicomponent
multiphase systems.
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Introduction

Diffusion decomposition of supersaturated solid solutions, which consists in
the nucleation and subsequent growth of new phase precipitates, is the process,
which leads to formation of heterogeneous structures with definite volume distri-
bution of macro defects in a solid. This phenomenon is widely used in the technol-
ogy of aging alloys for the production of high-strength steels, composite materials,
heat-resistant alloys based on nickel, aluminum, etc.

At the same time, decomposition can present a serious danger in deteriora-
tion of material properties due to undesirable growth of various defects (precipita-
tions, pores, etc.) during operation, actually limiting the resource life of the mate-
rial. This, in fact, determines the enormous role that diffusion decomposition pro-
cesses play in the formation and evolution of various structural-sensitive properties
of solids. Without taking into account the distribution, interaction and kinetics of
macrodefects it is impossible to give a correct physical picture of the behaviour of
real materials under external influences and, consequently, it is impossible to pro-
gram scientifically the creation of materials with improved parameters and to opti-
mise their performance characteristics.
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A consistent theory of diffusion decay at a late stage due to diffusion interac-
tion of macrodefects is constructed in [1,2]. Even approximatedly formulated sys-
tems of equations are very complicated and can be fully analytically solved only
asymptotically in time, not to mention more rigorous and more complex descrip-
tions. This is especially true for multicomponent disperse systems, which admit an
analytical description only in a small number of limiting cases.

In this connection, many physically interesting and practically important
questions remain outside the limits of analytical research in the theory of diffusion
decomposition - the study of kinetics of transition of a disperse system to an as-
ymptotic state, construction of state and nonequilibrium diagrams of decay of mul-
ticomponent systems, investigation of cyclic thermomechanical treatment of dis-
perse structures, etc.

Some of these problems can be successfully solved by numerical simulation
methods. Despite their great promise, only a small number of works on diffusion
decomposition have been performed with their help so far [3, 7].

The purpose of this work is to develop a set of programs for computers that
allows one to numerically simulate the processes of diffusion decomposition of su-
persaturated solid solutions. The second section formulates the basic equations of
the diffusion decomposition theory necessary for modeling and specifies two pos-
sible ways of their numerical solution. The third section describes the calculation
algorithms and the capabilities of the software package. Finally, the fourth section
presents the results of simulation of the decomposition process in the Ni-Al system
and the software validation.

The peculiarity of the created complex is the possibility to adapt it to the de-
scription of the decomposition of multicomponent multiphase systems, which is
the next stage of the research cycle.

2. Basic equations
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Let us consider an ensemble of spherical emanations with radii R, dis-

persed in a matrix \/[ The, equilibrium concentration Cg at the surface of the

radius R extrusions depends substantially on R, [1]

a
C_=C *t— @
R =
which leads to the flux ] R from small emission into the matrix and from the matrix
to large
emission
0
Jr-DL-R. >
i or
20V c.
where a =——, (, is the concentration of the saturated solution. o - interfacial sur-
face
KT

energy, |/ - volume of the solute atom, [) -its diffusion coefficient in the matrix.

To describe the behavior of a polydisperse ensemble, it is necessary to solve
the complex diffusion problem

ac
o ~ DA qgr=cg ()

&

When solving it one usually passes to description of diffusive growth of one selection
with average

concentration ¢ ¢,  away from the selection, determined by the law of conservation of

dissolved

matter. The procedure of averaging is considered in detail in [8]. The change of sizes
is taken into account by solving the continuity equation in the space of sizes of ex-
tractions. Following [1,2], we write in zero approximation the system of equations

dR D D a, RD 1

CEVR=T e yo) =T AT = - (4a)
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¢+ [FRORR=Q, (4)

Her f(Rt)is the function of emission size distribution at time ¢, normalized to the
e  nhumber of

emission per unit volume

N = [ f(R R, ()
Q - total number of atoms of dissolved matter in the system (in the matrix and in the
excretions);

0

A=C - - supersatura-~ critical radius of excretions.
o0

tion; R, A

Supplementing (4) with the initial conditions

f(Rt) =f,®. (52)
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- _ 50
Cio=Co (50)

we obtain a closed system of equations. Describing in the accepted approxi-
mations the late stage of diffusion decomposition.

The growth of macrodefects at this stage, when supersaturation is already
very small, is essentially determined by the balance of point defects, the number of
which in the solid solution becomes insufficient to provide simultaneous independ-
ent growth of all elements of the ensemble. A "diffusion interaction" arises between
the macrodefects, when each macrodefect "feels" the self-consistent diffusion field
of point defects determined by the whole ensemble. The developing competition
for a power source leads to the fact that the growth of macrodefects occurs due to
diffusive mass transfer of matter from smaller-sized macrodefects to larger ones.

Such an unusual behavior of an ensemble, as shown in the theory [1,2], causes
the existence of a stable asymptotic state characterized by a universal macrode-
fects size distribution function and a cubic

growth kinetics of average sizes R3 ~t . These conclusions turn out to be true also

when generalizing the decay theory to much more complex multicomponent dis-
perse systems [9,10]. Numerous experiments [11-14] confirm the correctness of the
theoretica | notions.

Note that the system of equations (3) corresponds to an approximation of the zero vol-
ume fraction

of the discharg@( -0, _
0 R{{l , where [ -the average distance between the discharges). The form
of
drR .
equations (4a) and (4b) chan ' imati —a
a’? (4a) (4b) @ #0. In the first approximation, the "5, QO # 0 are

, changes

obtained in [8]. The algorithm for solving the modified equation (4d), taking into
account the particle fusion mechanism, is given in (15), and numerical calculations
are given in [16]. Using equations (4), it is possible to construct computational pro-
cedures for modeling polydisperse ensemble in the accepted approximations.

Different approaches to the construction of computational models are possi-
ble. One of them is based on the solution of the kinetic equation in partial deriva-
tives (4b). The advantage of the method is the possibility to work with the integral
characteristics of the ensemble and a high counting speed. However, in this model,
itisnot yet possible to give a consistent procedure for the following approximations
due to the enormous mathematical difficulties arising in solving the more complex
kinetic equation.
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Another method is the particle method based on the solution of the diffusion
problem (3) with appropriate boundary conditions. The particle method, allowing
a more detailed description of an ensemble, in principle allows one to eliminate
many difficulties related to approximations accepted in the theory, but, unfortu-
nately, technical capabilities of modern computers are insufficient for an exact de-
scription of behavior of an ensemble even of several particles, which forces one to
introduce again various approximations.

Despite these limitations, both methods can be useful for solving problems of the dif-
fusion decay

theory.

The software package developed by us uses both the kinetic method and the particle
method, which

significantly expands the modeling possibilities.

3. Algorithms of calculations.
3.1 Kuneru4eckuii MeTox.

B cnay aocrarounoit raaakoctu GyHKmm f(R,t) o sceit obaactu omnpeaeenis
pacrpeaeaeHns

ypaBHEHMe HeIpephIBHOCTU (40) MOXKeT OBITh peIleHO C IOMOIIbIO KOHEYHO-
pasHOCTHBIX cxeM. Hamm wmcnoaszosan Mertog axca-Benapodpda [17],
oOecITeuyBaIOMINIT XOPOIIYI0 CXOAVIMOCTb I YCTOMYMBOCTb IIPU IPaBUALHOM
BBIOOpE CEeTKI.

HYCTI) (lDYHKLU/I}I pacipeaeaceHmsr B tl MOMEHT BpeM€HN OoIIpedeaeHa B obaactu

XR (R

ITokpoeM AaHHYIO 004aCTh CETKOI C 71 y3AaMU U PaCCMOTPUM 3HadeHIsT PyHKIINNU
pacnpeaeaeHns B y3AaxX STOM CETKIA.


https://doi.org/10.20944/preprints202208.0308.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2022 d0i:10.20944/preprints202208.0308.v1

ITycrs dyHKIMS pacupeseaeHuss B f 1 MOMEHT BpeMeHU OllpejeaeHa B
obaactu O(R(R «. ITokpoem ganHyI0 061aCcTh CETKOM C 1 y3AaMU U PacCMOTPUM

3Ha4YeHNs (PYHKIIUM paclpejeleHNs B y3AaX DTOM CETKIL.

t+At -f’

j+l

Puc. 1.
Cxema MmeToga /akca-Benapodpda
Metoga /akca-Bengpodpda SIBASITCS ABYXCTyIIeHYaTBIM. Aas
1

. !
BbIUYMCAEHVIA 3Ha4YeHI f

(0(j{n) mcnoan3yiorcsa 3HaueHUs (QYHKIUU pacrpeseleHus B Tpex TodKax
CeTKM npezu,myl_ﬁero BﬁeMe#HOFO caos: , u . BHavase  BBIUMCASIOTCA

3Ha4YEeHI (leYHKLU/H/I paciipegeaeHn: B
j-1 j j+l

ABYX ITPOMEKYTOYHBIX plz(R]._1+R].)/2 u P2:(R]»+R]»+1)/2 B MOMEHT BpeMeHI
TOYKax

t it At /2, 3areM, UCHOAB3Y: BBIYVICAE€HHBIE 3HaAYEeH:
B IIPOMEKYTOUHBIX TOYKax, yxe HETIOCPEACTBEHHO
1
'
BBIUVICASIETCS f .

Mcroas3yroTcst 3aMeHbl  ypaBHeHUs! (40) caeadyiommmu
Pa3HOCTHBIMM CXeMaMU: a) Ha IPOME>KYyTOYHOM CA0€

Fof
fpl_ 7 +V(Rf)fi_V(Rf1)fi—1_O

At/2 h
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. 2 VRLf VR)f
At /2 " I =
h
OTKyAa
£ —[ ]
fo= VR f VRS (6a)

AT O 14
fo.= L f [(R,+1)f V(R) f ]] (66)

6) Ha caoe f,+ At

f’f_f,-+V(Rj+h4)fpz_V(R;_h£)fpz:O

At h
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fvR)-f. VR

fl=t.- A ®

aas seex OC j(m .

B [17 a0Kka3aHO, YTO AaHHLI MeTOJ MeeT TOUHOCTh opsAAKa h 21U yCTOIMIUB
IIpU BEIOOPe I1ara 110 BpeMeH!, YA0BAeTBOPSIIOIIero yCAOBUIO

Metoa Aaxca-Bengpodda moszBoaseTr BBHUMCAATL 3HaueHMs (PyHKINU
paciipeaeaeHns, UCXOAsl U3 ypaBHeHM (7), Ha cAeAyIOllleM BpeMeHHOM CA0e AAs
BCeX TOUEeK CeTKM B 001acTu onnpedeaeHus f , Kpome

r=0, = 0 , 10 f(R,) caeayer orosopurs

IrpaHIYHOI. Ecau wHa aeson
f 3MeHeHue
0

I'panune 1pu

oraeabHo. Vlcmoab3yem ypasHeHme (4a) m ydTreM, 4YTO V(Rk) [IPaKTUIECKN He
npu Maaelx h

!
usMeHsieTcst. B atom cayuaae "‘%ﬁ At) Gyaem Borancasts 1o popmy e

3HAYEeHI - n-1

f V(R)-
f,n: fn_ h : At ®)

KpOMe BbIUMCAEHVIA 3HAYEHIA ClDYHKLU/H/I pacipegeaeHn:1 B KpaﬁHeﬁ npaBoﬁ

TOYKEe CeTKM, HeOOXOAMMO YUUTBIBATD, UTO C KaXKABIM IIIarOM BpeMeH!U MeHseTcs
IIpaBasi TpaHuIla onpedeaeHns GyHKIIUU pacupedeaenns. ITosTomy nporpamma
IIOCTOSIHHO CA€AUT 3a M3MeHeHIeM PacCTOsSHIA KpaiiHell IIpaBoil TOUKM 004acTu
onpeaeaeHnst QyHKINMM paclpeieleHls] OT KpaliHell IIpaBoii TOUKM CeTKM 3a

KaK ABIi BpeMeHHOi1 At. Ecan mocae ouepesaHOro Iara Mo BpPeMeHM 3TO PacCTOSHIE

VHTEpBaa

IIpeBbIllIaeT BeANYIHY I1ara CeTKU /1, TO M3MEeHseTCs KOAMYeCTBO y310B CeTKH, T.e.
00/acThb onpeAeAeHnss PyHKIIUY U TeM CaMbIM, 1, UCIIOAb3yeMble B YpaBHEHIIX
(6) — (8). BoiOop mrara mo BpeMmeHU 3aBUCUT (OOpaTHO MIPOIOPLIMOHAABHO) OT
MaKCMMaAbHOM CKOPOCTM WM3MeHeHUs paduyca BblgedeHUI. MakcuMaabHBIX
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3HAUYEHUI CKOPOCTh pOCTa AOCTUTaeT Hpu Maablx paguycax. Ilosromy aas
YCKOpeHMs cdeTa peaan3oBaHa caeaylolas npoueaypa.

1. OGnactb ompexnenenust GYHKIMM pacrpeneieHus: pa3ouBaercs Ha aBe mnogodmactu. Kpurepun
pa3OueHnss MOryT OBITH Pa3IUYHbI, HAPUMEp, 3aJaHHOE KOJIMYECTBO TOUEK CETKH B MEPBOH 1Moj00s1acTh
WJIN 3aJJaHHBIN MTPOILIEHT BellecTBa B Hell. [1ycTh B 9TOM cityuae rpaHUYHON TOUKOW MEXly NoA00IacTsIMU

SBASIETCSI TOUKa m (T.e. IepBasi 00aacTh onipejeseHa B J =1.....m, a sropas - B Touxax

TOUKax R]. ,

R,  j=m..n).
2. Bomnenseres \/  n Af,AAs BTOPOIT 064acTi ¥ COOTBETCTBEHHO HOBBIE 3HAUEHIIs f

!
i
j=m,..n—1.
J v AL
A =-_ 2 mn
At

r;ax f,aas mepBoit obaacty, KO>(PQPUITeHT

3. Brluucnsercs V

KpaTHOCTI

1

npoussoautca M pa3 UTepallMOHHBIN HpOLeCC IIO

j =1,...m o ypasuennsm (6)-
i

4
BbIUYIMICAEHIIO f y

(8).
Vcnoap3oBanme Takoro aaropmurma 1ospoaser B 8-20 pa3 ycKOpuTh IIpoIece

MOAEANPOBAHNAL.

3.1 Kinetic method.
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Due to sufficient smoothness of the distribu- fRt)in the entire domain of

tion function

determination, the continuity equation (4b) can be solved using finite-difference
schemes. We have used the Lax-Wendroff method [17], which ensures good con-
vergence and stability if the grid is chosen correctly.

Let the distribution function at a point in time be de- O(R (R, - Let us cover
fined in the domain

this region with a grid with nodes and consider the values of the distribution func-
tion in the nodes of this grid.

Let the distribution function at time {, be defined in the region k. Let us cover

the given region with a grid with nodes and consider the values of the distribution
function in the nodes of this grid.

t+At .f’

j+l
Fig. 1. The scheme of the Lax-Wendroff
method .
(0
The Lax-Wendroff method is a two-step method. To calculate
the values f '

), the

values of the distribution function at the three grid points of the previous fime
layer are used ,

j-1

f and f . First, we calculate the values of the distribution function at two
: intermediate points
; .

j+1
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p,= (12/.71 + R]) /2 and p,= (Rl + Rj+1)/2 at the point in t]- +At/2, then using the
time
calculated values at the intermediate points we directly

!
calculate f " . We use the following difference

schemes to replace equation (4b):

(a) on the intermediate layer

forf

fo~ 2 VIRV -VIRD T
p At/z + f7 A ) f11=0

f +f
fr.. 2 VRWDf VR)f
At/2 * " =0

where

f 1y f i At [ ]
f pl - 2 + zh V(RJ) fj_V(le)fj—l (6a)
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e ]
B 2

fpz + o V(Rj+1)fj+l_V(Rj) f]. (60)

b) on the f,+At
layer

f',-_ff+V(Rf+h£)fvz_V(Rf_hJ)fpz=0

At h

when fVR)- f. V(R

ce

f'=1f.- — Af )

for all 0( j(n.
It is proved in [17] that this method has accuracy of order h?and is stable

when a time step satisfying the condition

Y35y )

The Lax-Wendroff method makes it possible to calculate the values of the
distribution function, based on equation (7), on the next time layer for all grid
points in the domain of determination f, except

for the boundary one. If on the left r=0, Z U, the change V(R,) f(R,)should
boundary at f 0

be specified separately. Let us use equation (4a) and take into account V(R,)it

that at small ones &

practically does not change. In this case the values f ' (t,+ At) will be calculated by formula

fr=f fvr)>-f. VR, ©

1
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In addition to calculating the distribution function value at the rightmost
point of the grid, you should also take into account that the right boundary of the
distribution function definition changes with every time step. Therefore the pro-
gram continuously monitors the change in the distance of the rightmost

point of the distribution function definition from the rightmost point of the grid Af.
for each time interval

If, after the next time step, this distance exceeds the value of the grid step h, then
the number of grid nodes, i.e., the area of the function definition and thus, used in
equations (6) - (8), changes. The choice of the time step depends (inversely) on the
maximum rate of change in the radius of separation. The growth rate reaches its
maximum values at small radii. Therefore, the following procedure is implemented
to speed up the counting.

1. The area where the distribution function is defined is divided into two subareas. Partitioning criteria
can be different, for example, a given number of grid points in the first subregion or a given percentage of

substance in it. Suppose in this case that the boundary point between subareas is a point m

(i.e., the first region is defined j=1....m,,, and the second region is defined at R].,

at R,

j=m.n).

i

d0i:10.20944/preprints202208.0308.v1

2. Calculate \/ _ and Af, for the second region and correspondingly new values of f

j=m,.n-1. !
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M = At is {, for the first region as well,

3. The multiplicity coefficient an

calculated
s A
AF, Vi q

X

and an iterative process of calculating f ', j=1,...mby equations (6)-(8) is
1

performed M once. The use of such an algorithm allows speeding up the

modeling process by a factor of 8 to 20.

3.2. Particle method.

3.2. Particle method.

AW in the matrix M and divide it by a cubic lattice into
Choose a large enough vol- K
ume element

NN, cells of size L{(R . In the center of each cell we place a graduation with radius R. = R.(r,t)
(7 ,-radius-vector of the center of i-one selection in the chosen coordinate system, Using
Monte

) ) ) , so that
Carlo method, the selections are thrown into the cells from the given .

initial distribution f

normalization (4g) is performed. To eliminate the ordering effect, the coordinates
of the centers are randomized, but so that the setection does not go beyond the cell
and the distance between the selections in neighboring cells I significantly exceeds

their radii ((/))R ). This choice makes it possible to further adapt the program to
the solution of the diffusion problem in the non-zero volume fraction approxima-
tion

(the approximation of the selections R ~ I).

Since the kinetic method operates with equations (4) obtained in the self-con-
sistent diffusion field approximation, the same approximation (4a, 4c) is used for
the particle method to compare the simulation results of both methods{ }

By discretization of equations (4a), (4c) we have to calculate the ensemble state R"+1

at (N+1)
step Rm _ Rn n
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[V(R)at,

n+l

L,
whe V(R,)in the accepted approximations is given by equation (4a) or refined by a

re more

rigorous solution of the diffusion problem (3).

Using the first-order Euler method for approximation of integrals, which con-
sists in replacing the integrand function on the segment by the value of this function
at the moment, determining the supersaturation from the equation of balance of
matter (4c), we can fully determine the state of the ensemble at the (n+1) step. For
the numerical stability of this difference scheme, the time step at each time layer
must satisfy the condition 2(Rn)2/D. The accuracy of such a scheme is of the order
of .

Applying an implicit Euler method the essence of which consists in the re-
placement of the integrand function by the half-sum of its values at (n} and (n+1)
steps we can increase the accuracy of calculation Rin+1 up to (t)2 .

Moreover, the stability of this scheme is absolute and does not depend on the
choice of step. Some difficulties in this method are related to the fact that Rin+1 at
(n+1} steps should be determined from an implicit equation, which leads to an in-
crease in counting time.

An even higher accuracy (of the order of ( t)4) can be achieved using the
Runge-Kut method, in which the function value is approximated by a four-point
polynomial of the fourth power. The scheme also has high numerical stability. Its
disadvantages are the same as those of the implicit scheme.

The program provides for the use of all three computational schemes. For suf-
ficiently large selections, we select the maximum time step close to the stability
boundary and use the first-order Euler scheme. For small separations, the accuracy
of the separations and stability are improved by switching to


https://doi.org/10.20944/preprints202208.0308.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2022 d0i:10.20944/preprints202208.0308.v1

an implicit scheme. Finally, calculations for the smallest separations are performed
by the Runge-Kutta method.

At any time step, the evolution of histograms, central moments (mean size,
dispersion, asymmetry, kurtosis), as well as total number of particles, oversatura-
tion, and volume fraction of extractions can be visualized if necessary, which are
compared with the corresponding theoretical asymptotic values using matstatistics
methods.

4, Results

o Ni — Al system in which the - ' phase - Ni3 Al evolution
The initial data correspond-

ing to the

grows during annealing were chosen for modeling. This system is convenient as
an object of modeling, first, because the y’-phase emission in Nican be repre-
sented as one-component emission, which allows

us to compare the results of modeling with the theory [1,2], and second, this
system has been studied in detail experimentally [18,19].

A normal distribution and a rectangular step are chosen as the initial distribu-
tion function for testing the program.

The initial data used for the simulation are as follows:

C.. =12,0747-10°

Co=12,039-102
D =1,81-10"2 cm?/c

o =12,0747-102 spr/cm?.

The initial emission number is 10° in the simulated volume, which corre-
sponds to the emission density in the experiments [18] with which the comparison
was made.

Figure 2-6 shows the simulation results of both kinetic and particle methods,
which are in good agreement with each other. Over time, as can be seen in Fig. 2,
the original distribution function transforms, approaching more and more as-
ymptotically in time to the universal distribution function ( P(u) (u =R/Rk)
predicted by theory [1,2]. Not only qualitative but also quantitative agreement with
the theory is found in the asymptotic behavior of the other ensemble characteristics
(R3~t, A~ 13, N ~t 1) (Figs. 3-6).
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Fig. 3. The transformation of the distribution function in comparison with the
universal distribution function (R/RKk), predicted by the theory.
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These results are in good agreement with experimental data [18,19].

5. Conclusions

1.We have developed a set of programs for the numerical simulation of the processes of diffusion
decomposition of disperse systems, including two methods of simulation: the kinetic method and the particle
method.

2.Numerical experiments on the growth of the precipitates in a model system  Ni— Al have been
carried out .

3.The results on the evolution of the distribution function and other characteristics of the ensemble
are obtained which asymptotically agree with the theory and the experiment in the zero volume fraction
approximation.

4. Diffusion decay modeling by the kinetic and particle method yields well consistent results.

List of references

1. Jnpumn U.M., CaeszoB B.B. O kuneruxe nudhy3noHHOr0 pacnazia nepechIeHHbIX TBEPIbIX
pactBopoB. //KITD. 1958. T.35, Ne 2, C. 479-492.

2. Lifshitz 1.V, Slezov V.V. The kinetics of precipitation from supersaturated solid solutions. //J.
Phys. Chem. Sol. 1961. V. 19. Ne 1. P 35-50.

3. Penrose O., Lebovitz J.L. et al..Growth of clusters in a first-order phase transition.. / /J.
Stat.Phys.1978. V.19. N3. P3.243-267 .

4. Binder K., Muller-Krumbhaar A. Investigation of metastable states and nucleation in the kinetic
Ising model. // Phys.Rev. 1974. V.89. N5. P.2328-2353

5. Enomoto V. ,Kawasaki K., Tokuyama.M. Computer modeilng of Ostvald ripening. //Acta Met.
1987.V.35. P.907-915.

6. Beenakker C.W.J. Numerical simulation of diffusion-controlled droplet growth: dynamical
correlation effects. //Phys.Rev.A.V.33. P4482-4486.

7. Margusee J.A., Rose J. Theory of Ostwald ripening: competative growth and its dependence on
volume fraction. //J.Chem.Phys. 1984. V.80. N1. P.536-543.

8. Cmnesos B.B., Ocranuyk I1. H lud¢dy3uonnas ckopocts pocra MakpoeeKToB B aHCAMOJISX.


https://doi.org/10.20944/preprints202208.0308.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2022 d0i:10.20944/preprints202208.0308.v1

//®TT. 1989. T.31. B.8.C.20-30

9. 9.Slezov V.V., Sagalovich V.V. Theory of diffusive decomposition of supersaturated
multicomponent systems. //J Phys. Chem.Sol. 1977. V.38. N9. P.943- 948.


https://doi.org/10.20944/preprints202208.0308.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2022 d0i:10.20944/preprints202208.0308.v1

10. 10.Cnesos B.B., Caranosuu B. B. ludgdy3uonnsiii pacnaa TBepabix pactsopos. // YOH. 1987.
T.151.B.1. C.67-104.

11. Ardell AJ. Exptrimental confirmation of the Lifshitz-Wagner thtory of particle coarstning. // In: The
Mecanisms of Phase Transformation in Crystalline Solids. // J. Inst.Met. 1969. V.33. P.103-110.

12. Heckel R.W. The growth and shrinkage rates of second-phase particle of various size distri-
butions.//Trans. AIME.1965.V.233.N11.P.1994-2000

13. Jain S.C., Huges A.E. Review of Ostwald ripening and its application to precipitate and colloid in
ionic crystals and glasses.//J.Matter.Sci, 1978.V.13.N9.P.1611-1631.

14. Crne3or B.B, Caranosuu B.B. [Iuddy3noHHbI pacnax TBEpABIX pacTBOPOB. DKCIIEPUMEHT:
0630p.M.: [ITHHatomuudopm, 1984.

15. JIndumin UM, CresoB B.B. K TEOPUH KOAJIECIICHIINHA TBEPBIX
pactBopoB.//®TT.1959.T.1.B.9.C.1401-1411.

16. Davies C.K.L., Nash P., Stevens R.N. The effect of volume fraction of precipitates on Ostwald ripen-

ing.//Acta Met.1980.V.28.N2.P.179-189.
17. Tonynos C.K., Psoennkuii B.C. PazHocthbie cxembl. :M.Hayka, 1973.
18. Ardell Al., Nicholson R.B. The coarsening in Ni-Al al-

loys.//J.Phys.Chem.Sol.1966.V.27.N11/12.P.1793-1804.
19. Ardell AJ. An application of the theory of particle coarsening the precipitate in Ni al-
loys.//Acta.Met.1968.V.16.N4.P.511-516.



https://doi.org/10.20944/preprints202208.0308.v1

