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FORMATION OF TWO-PHASE ZONES DURING INTERNAL OXIDATION OF BINARY ALLOYS

In the paper the formation patterns of two-phase regions during the internal oxidation process in low-alloyed binary alloys is studied. The goal of the
research is the creation of a mathematical model for the internal oxidation process, which is to describe the kinetics of formation and evolution of in-
ternal oxidation zones, the study of the patterns governing the two-phase zone formation during internal oxidation, the study of the space-time dynam-
ics of the structural parameters of the two-phase area, namely the number of the oxide particles, their average radius and the phase volume, at different
stages of the internal oxidation zone evolution.
The two-phase process of diffusion saturation with light components applied to binary alloys is analyzed theoretically. The conditions for formation of
disperse oxide particles are formulated. A mathematical model for the formation of two-phase areas as well as the numerical solution for the system of
equations describing the kinetics of formation and evolution of the two-phase area for different values of the process parameters is proposed.
The modeling and experiments demonstrate that the distribution of structural parameters of the two-phase area has complex, non-monotonous nature.
The influence of the main parameters of the process on the kinetics of the formation of the two-phase area in a lightly-alloyed binary nickel-based al-
loy plate is also determined. All stages of the plate’s oxidation process are studied — from the inception of the particles to the coalescence of second-
stage particles.
The results of the work could be used for developing new technologies in thermal and chemical-thermal treatments for disperse strengthening of mate-
rials using internal oxidation, as a physical basis for seeking ways of providing certain distributions of the internal oxidation zone structural parame-
ters, which are required to give the alloy a necessary set of physical and mechanical properties.
The comparison of the modeling and experimental results shows a good correlation, which allows them to be recommended for developing new tech-
nologies in disperse strengthening, new heat-resistant steels, disperse-strengthened magnetic materials and electrotechnical alloys.

Key words: internal oxidation, binary alloys, two-phase area, internal oxidation area, internal oxidation area parameters, mathematical model-
ing, kinetics of internal oxidation zone formation.

I. C. ABPAMOB, M. I'. ABPAMOB
®OPMYBAHHS IBO®A3HUX 30H B TPOLECI BHYTPIIIHBOI'O OKUCJIEHHS BIHAPHUX
CIIJIABIB

Po3risiHyTO 3aKOHOMIPHOCTI YTBOPEHHs 1IBO()a3HKUX 30H B MPOLIEC BHYTPIIIHBOTO OKKCIICHHS C1abosieroBaHux GiHapHUX cruiaBiB. CTBOPEHO MaTeMa-
THYHY MOJIEJb NPOLECY BHYTPILIHBOTO OKUCIICHHS, 10 OMUCYE KiHETHKY (OpMYyBaHHs Ta €BOJIOLIi 30HH BHYTPILIHBOTO OKUCICHHS; JOCIIPKEHO 3a-
KOHOMIPHOCTI, 110 KepyIOTh (GopMyBaHHIM JBOGa3HOT 007aCTi B MPOLECi BHYTPIIIHBOTO OKHMCIICHHS; BUBYEHO NPOCTOPOBO-YACOBI 3MiHH MapaMeTpiB
CTPYKTYpH JBodazHOI 06J1acTi — KUIBKICTh YaCTHH OKHUCIIB, iX cepenHiil paxiyc i 06’eM ¢a3u — Ha Pi3HUX CTAAisAX €BOJIOLI] 30H BHYTPIIIHBOTO OKUC-
neHss1. [IpoBeieHO TeopeTHUHMI aHaITi3 IpoLecy AU(Y3HOrO HACHYCHHS JIETKOPYXOMUMH KOMIIOHEHTaMH OiHapHHX ciuiaBiB. ChopMyIb0BaHi yMOBH
BUHMKHEHHS TUCTIEPCHUX YaCTUH OKHUCIIB. 3alPOIIOHOBAHO MAaTEMAaTH4Hy MOAENb (GopMyBaHHs JIBO(a3HOT 001acTi Ta MPOBEJECHO YUCEIbHE PillIEHHS
CHCTEM PIiBHSHB, 110 OIUCYIOTh KIHeTUKY (POPMYBaHHS Ta €BOJIOLIIO ABO(hA3HOI 00JIacTi Ul Pi3HUX 3HAYYIIMX YHHHUKIB IPOIIECY.
MozenoBaHHIM Ta KCIIEPUMEHTAIBHO MOKa3aHO, 110 PO3IOJII MapaMeTpiB CTPYKTypH ABo(a3HOI 00JIaCTi Mae CKJIaJHUH HEMOHOTOHHHMI XapakTep.
Bu3sHayeHi OCHOBHI mapamMeTpH MpoIecy, 0 BIUIMBAIOTh Ha KIHETUKY YTBOPEHH: BO(a3HOT 30HU B IIACTHHI cllabosieroBaHux OiHApHMX CIUIABIB HA
OCHOBI HiKeo. BuBUeHi BCi cTaiii mpoliecy OKHUCIICHHS IACTUHH — BiJl 3apOKSHHSI 10 KOAJIECICHIIIT YaCTHHOK Jpyroi dasu.
Pesynbratét poGOTH MOXYTh OyTH BHKOPHCTaHI Ul PO3POOKH HOBHX TEXHOJIOTiH TepMiuHOI Ta XiMiKO-TepMi4HOT 0OPOOKHM I AUCHEPCHOrO 3Mill-
HEHHS MaTepiaiB METOJIOM BHYTPIIIHBOTO OKHUCIICHHS, K (Di3MNYHOT OCHOBH /I MOIIYKY LUIAXIB 3a0€3Me4eHHs NEBHUX PO3IO/IIIIB apaMeTpiB CTpy-
KTYPH 30H BHYTPIIIHBOTO OKHUCIICHHSI, HEOOXITHUX JUIsl Ha/laHHS JaHOMY CIUIaBY KOHKPETHOTO KOMIUIEKCY (pi3MKO-MEXaHIYHUX SIKOCTEH.
IMopiBHAHHS pe3y/bTaTiB MOJCTIOBAHHS Ta CKCIIEPHMEHTAIBHUX Pe3yJIbTaTiB MOKa3alli iX XOPOLIy BiAMOBIJHICTB, IO JO3BOJISIE PEKOMEHIYBATH 1X
BUKOPHCTOBYBATH IIPH PO3POOIII HOBUX TEXHOJIOTIH JUCIEPCHOrO 3MIlHEHHS, HOBUX JKapOMILHUX CIUIaBiB, AUCIEPCHO-3MIIIHEHMX MArHITHUX MaTepi-
aJliB Ta eIeKTPOTEXHIYHHX CIUIABIB.

Ku1ro4oBi c;10Ba: BHYTpIllIHE OKUCIICHHS, OIHApHI CIUTaBH, ABO(a3Ha 001acTh, 30Ha BHYTPILIHBOIO OKUCIICHHS, lTApaMeTPH 30HH BHYTPIIIIHBOIO
OKHCJICHHS, MATEMAaTHYHE MOJIC/IIOBaHHS, KiHeTHKa POPMyBaHHS 30HH BHYTDIIIHBOIO OKHCICHHS.

I. C. ABPAMOB, M. I'. ABPAMOB
OOPMUPOBAHMUE JIBYX®A3HbBIX 30H B ITIPOHECCE BHYTPEHHEI'O OKUCJIEHUA
BUHAPHBIX CIIJIABOB

V3yueHBl 3aKOHOMEPHOCTH (POPMUPOBaHMs ABYX(ha3HBIX 00JacTel B Hpolecce BHYTPEHHETO OKUCICHHUS CIabO0IerHpOBAHHBIX OWHAPHEIX CIUIABOB.
Llenbio uccaenoBaHKs SBHIOCH CO3JaHUE MaTeMaTHYECKOH MOJENU IMpoliecca BHYTPEHHEIO OKUCICHHUS, ONUCHIBAIOMIEH KHHETHKY (OPMHUPOBAHHS U
9BOJIIOIUH 30HBI BHYTPEHHETO OKHCIICHUS; UCCIIeJOBaHIE 3aKOHOMEPHOCTEH!, yIpaBILsIomuX GpopMupoBaHueM AByX(ha3HOH 00IacTH B Iponecce BHY-
TPEHHET0 OKWCJICHUS; H3y4YeHNE NIPOCTPAHCTBEHHO-BPEMEHHOTO H3MEHEHHS [1apaMeTPOB CTPYKTYPHI ABYX(a3HOH 00IacTH — YHCIa YaCTHIl OKUCIIOB,
UX CPEIHEro paguyca U 00b&Ma (a3l — Ha Pa3IMYHBIX CTAMMAX SBOJIOLHMHU 30HBI BHYTPEHHETO OKHCIEHHUs. B paboTe BBINONHEH TeOpeTHYECKHI aHa-
1m3 npornecca UG (y3HOHHOTO HACKHIICHUS JIeTKOIOABIDKHBIM KOMIIOHEHTOM OHMHApHBIX CILIaBoB. COopMyIHpOBaHEI YCIOBHS 00pa30BaHUs AUCIIEP-
CHBIX YacTHI] OKHCIIOB. IIpeniiokeHa MaTeMaTHIeckast MoAeNb GOPMHUPOBaHMS IBYX(a3HOH 00IaCTH U IIPOBEICHO YHCICHHOE PEIICHHE CUCTEM YpaB-
HEHHH, OIMCHIBAIONINX KHHETUKY (JOPMHUPOBAHHS U YBONIOLUH ABYX(ha3HOH 001aCTH A pa3IMYHbIX 3HAYEHUI HapaMeTpoB Ipolecca.
MozenupoBaHUEM U HKCIEPUMEHTAIbHO IIOKAa3aHO, YTO PACIpeAeNICHUs IapaMeTPOB CTPYKTYPHI ABYX(a3HOH 00IaCTU UMEIOT CIIOXKHBIH HEMOHOTOH-
HbIHA XapakTtep. OnpeneneHo BIMSHEE OCHOBHBIX ITapaMeTpoB IIpoliecca Ha KHHETHKY (OpMHpOBaHUs IByX(a3HOH 00IacTH B IUIaCTHHE CIIab0Ierupo-
BaHHBIX OMHApHBIX CIUIABOB HAa OCHOBE HUKeJs. MccienoBaHbl BCe CTaAUH MPOIECCa OKUCIECHHUS IIIaCTHHBI — OT 3apOXKICHHS JaCTHI[ 10 KOaJIecleH-
MY 9aCTHI[ BTOPOH a3kl

PesynbraTel paboTHl MOTYT OBITH HCIIONB30BAHBI UL Pa3pabOTKH HOBBEIX TEXHOJIOTHH TEPMHUYECKOH H XUMUKO-TEPMHYECKOH 00paboTOK JUIs JUCIIepC-
HOTO YNPOYHEHHUs MaTepHaOB METOIOM BHYTPEHHETr0 OKHCICHHS, KaK (pU3HYecKas OCHOBA [JIs IIOMCKa MyTeil obecredyeHus 3aJaHHBIX pacIpesene-
HHUIl IapaMeTpPoB CTPYKTYpHl 30HBI BHYTPEHHErO OKHCIICHUS, HEOOXOAUMBIX IS IPHAAHUS JAaHHOMY CILUIaBy TpeOyeMoro KOMILIeKca (DH3HKO-
MEXaHUYECKUX CBOMCTB.

CpaBHeHHE pe3y/IbTaTOB MOJIEINPOBAHUA U SKCIEPUMEHTAbHBIX Pe3yJIbTAaTOB I10KA3a10 X XOPOLIee COOTBETCTBHE, UTO MO3BOJISAET PEKOMEH/I0BATh
UX JUIS pa3paOOTKH HOBBIX TEXHOJOTHI JUCIEPCHOTO YIIPOYHEHHS, HOBBIX )KapOIPOYHBIX CTallel, TUCTICPCHO-YIPOYHEHHBIX MATHUTHEIX MaTepPHaIoB
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U DIIEKTPOTEXHUYECKHX CILUIABOB.
KuroueBble c10Ba: BHyTpeHHEE OKHCIEHNE, OMHAPHBIE CIUIABHI, ByX(a3Has 06JIacTh, 30Ha BHYTPEHHETO OKHCIICHNUS], TTapaMeTPbl 30HbI BHYT-
PEHHEro OKMCJICHHs, MaTeMaTH4eCKOe MOACIMPOBAHNE, KHHETHKA (JOPMUPOBAHHUS 30HBI BHYTPEHHETO OKHCICHHUS.

Introduction. In recent years, the number of materials which have their necessary service qualities formed in the
process of disperse hardening of the hard mix using second stage particles, has increased considerably. The most wide-
spread techniques for the manufacturing of such materials are thermal aging and powder-based metallurgy techniques.
However, during the manufacture of high-strength and heat-resistant materials it is common for the requisite qualities to
be achieved through the formation of disperse second-stage particles in the surface layers of the material only. As well,
there is often the need to have various qualities both in the surface layer and throughout the volume of the material,
which the aforementioned methods cannot provide. The most promising method for creating a disperse-hardened surface
layer is the internal oxidation process (as well as internal nitration, borating, etc.).

However, both in theoretical and experimental aspects, the kinetics of two-phase area formation and its evolution
throughout the internal oxidation process are not sufficiently studied, which somewhat holds back the wide practical use
of the internal oxidation process.

Relevant research analysis. The theoretical analysis of the internal oxidation process is complex, as the task is
concerned with a wide array of parameters, and the manifestations of internal oxidation take many forms and are hard to
systemise. The analysis of literary data [1 — 10] shows that the existing models don’t consider the process of two-phase
area formation and don’t always provide a satisfactory description of the internal oxidation zone (I0Z) growth kinetics.
For a more comprehensive description of the internal oxidation process, the kinetics of the diffuse interaction of growing
particles with the hard mix in the two-phase area need to be considered. For describing the change of the parameters of

the two-phase area, such as the number of particles N (x, ), their average radius R(x,?) and the volume of the phase
Vo (x, t) , the particle size distribution functions in each I0Z section must be considered.

In turn, the lack of systematic and detailed experimental data makes it difficult to develop and specify the theory of
the internal oxidation process.

The goal of the work is the creation of a quantitative model of binary alloy internal oxidation, which describes the
10Z formation and evolution kinetics, the study of patterns in the formation of two-phase area during internal oxidation
and study of the space-time dynamics of the two-phase area structural parameters, namely the number of particles,

N(x,t), their average radius R(x,) and phase volume Vy (x, 1), at different stages of the evolution stages of the in-

ternal oxidation zone.

In regards to that, the works [11 — 18] contain a theoretical analysis of the diffuse saturation process using light
components applied to binary alloys. Based on that, the conditions for the formation of disperse nuclei of the second
phase and the process of their growth is observed. A model is formed for the two-phase area formation process during
internal oxidation, including the formation of the new phase particles and their diffuse growth (dissolution) during their
interaction with the hard mix. Numerical solutions for the system of equations which describes the two-phase area for-
mation kinetics for different values of the parameters of the internal oxidation process in a binary alloy plate are pre-
sented. All stages of the internal oxidation process in the plate are studied — from formation, to the coalescence of sec-
ond stage particles. Experimentally studied is the kinetics of the internal oxidation of Ni—Cr, Ni—Ti alloys, the ex-
perimental data are compared to the data obtained from the mathematical model.

Main results. We study the formation of the two-phase area during the internal oxidation process. Within this
study, we shall look into the question regarding the use of constant diffusion coefficients in problems of diffuse satura-
tion of binary alloys using light components, i.e. mostly the diffusion in Fe—Me—O type systems, where the diagonal
diffusion coefficient of the O element in the hard mix exceeds considerably the corresponding coefficient for the alloy-
ing element: D), > D,, .

For that purpose, the following system of equations for diffusion in the hard mix of three-component systems was
solved using a perturbation method:

oc;, 0 oc; o . 0C;
—=—D,—+—D.—, (i,j=L2i#j 1
o i oo J) M
with the following boundary conditions:
C1(0)=C Cy(=)=CY;
C,(0)=Ch; C,(o)=Cy; 2)
where C, (i = 1,2) is the concentration of the i —th component. The index of 1 hereinafter corresponds to the O compo-
nent, and 2 for the alloying element. D, (i, j=1 2) are the diffusion coefficients, which are normally used as component

concentration functions. Here it is shown that under the condition of
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one could use the solutions of diffusion equation (1) with constant diffusion coefficients Dy, D, Dy, and D, =0:

G(&)=q-|c-q &CI—CO}r v 22 (o cerr —5—, 4
1(£)=G [1 1+D“(2 2)ef\/T D“(z 2)31[2\/Df22 4)

¢
NG

where Dy, /D, = &,C, E=x/ Jt is the generalised coordinate, and &), is the interaction parameter.

G (£)=C (G -CF)erf 5)

The work provides a comparison of the numerical solution to equation (1) (with diffusion coefficients that depend

on the concentration) with solution (4) for variable values of Cg (and, accordingly, the parameter
A= ‘1/ 2¢1, (C; - )‘ ). A correlation is obtained for the maximum deviation of these solutions from the parameter A4,

which allows us to evaluate the error resulting from the use of constant diffusion coefficients. For values of the parame-
ter 4 that don’t exceed 0.19, the relative solution error in (4) does not exceed 5 %.
Using the corresponding isometric sections of the triple balance diagram for Fe—Me—O types, conditions for

Me, O, type disperse phase formation are studied in diffuse saturation of binary alloys. The condition for formation of

new phase nuclei is the oversaturation of the hard mix. To analyse the saturation of the hard mix, the oversaturation

function L(¢) is introduced:
2y V,,
L&) =y, 1) =@ a8 ) = =52 (6)
k
where R, is the critical radius of new phase nuclei, y is the surface tension coefficient, and V,, is the new phase mole-
cule volume.

The function @ ( ul, 1y ) is an equation for solubility on an isometric slice of the triple diagram. For Fe—-Me—O
type systems, which form a stoichiometric compound Me,, O, , the solubility line equation is as follows:
[ [ AG
O(uf u? :ln{ a?) " (a? 2}:—, 7
(ﬂl ,Uz) (1) (2) T (7

where af and o, (i = 1,2) respectively are thermodynamic activities for components at the solubility lines and stoichi-
ometric coefficients; AG is the free energy from Me,, O, formation.

Using Wagner’s decomposition for thermodynamic activities

a; =C, exp(gnCl +&;C; +. ) (i, j=12) (®)
and considering the smallness of C; and ¢,, we get:
o1 gL lCcP ) AG
CD(,ulp,yf)zln{ (cp)™ et (cy) }:ﬁ' ©)

The function @ ( M yz) describes an arbitrary virtual diffusion path, which a figurative point follows through the

condition diagram during changes in the alloy’s composition in the diffusion zone (Fig. 1). If the diffusion path crosses a
two-phase path, then L (ef ) > 0, and this corresponds to the presence of hard mix oversaturation.

If we consider the smallness of concentration changes in components within the diffusion zone, we can consider

dc? . . . .
Cl(&)=C{(0)=C/ and —L = const . Then, considering (4) and (5) the oversaturation function can be written
acy

as:

dcy 0
L(§)={@(C3—C§)|&z|{1 - 1]25 —{1—2—?+|€12|(C§—C§)}erf $ } (10)

Cp Cl | 12| D,, 2Dy,

From (10) we see that the maximum of L (f) is at the coordinate
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Fig. 1 — Virtual diffusion paths, calculated
based on (4) and (5) for various sections of the
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the maximum lies within the interval of (0, &,ounq) and L(&,)=0. Con-
ditions (12) and (13) hold for C3 >C,. Thus, with Cf(0)=C/ and
Cf£(0)=C7, ie. even without oversaturation on the outer surface

(L(O) = 0) , nuclei of the new phase can form within the diffusion zone, if

the initial concentration of the alloying element exceeds its balance con-
centration, which is established during the saturation process. Analysis
shows that the conditions for formation of the two-phase zone are more

permitting as the difference of (C20 —Cé) increases, as the concentration

Cg of the alloying element in the initial binary alloy decreases (at a con-
stant value of (Cg -C ) ), as the absolute interaction parameter value |§12|

increases, and as the ratio of the diffusion coefficients D,,/D,, increases

(Fig. 1).
The work considers the possibility of two-phase area formation within

an undersaturated hard mix on the surface (L(O) < 0). It is demonstrated

that due to the presence of a maximum on the L(f;‘) curve, an event could

occur where at some distance from the surface a part of the oversaturation
function around the maximum coordinate will be in the positive area. With
this, the two-phase area should be preceded by an area that starts from the
surface, free of second phase emissions (Fig. 2).

The existence of the near-surface area that is free of second-stage par-
ticles is verified experimentally, under surface conditions that correspond
to an undersaturated hard mix.

The two-phase area’s boundary blurring, which depends on the gradi-

ent of the oversaturation function in the intersection point of L (§ ) with the

zero ordinate (Fig.?2), is theoretically analised. An expression is obtained
for correlating the boundary blurring values in two-phase areas, which cor-
respond to the rising and falling branches of the oversaturation function.
Based on this analysis, a method is proposed for evaluating the diffusion
coefficient of the alloying element D,, according to the data on two-phase

area boundary blurring from an experiment on the internal oxidation in sur-
face undersaturation conditions.

The kinetics of two-phase area formation in the process of internal oxidation is considered. A mathematical model
was formulated for the internal oxidation process, as well as computer modeling of the two-phase area formation process
in a plate of a binary alloy during diffuse oxygen saturation was carried out. The modeling results and the experimental
results were compared. Below is the system of equations which was used to describe this process.

In three-component systems, which consist of a hard mix and new phase particles Me, O, , diffusion equations in

the hard mix are as follows:
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Fig. 2 — Distribution of oversaturation function L(§ )
in accordance to the oxygen concentration at the

surface of the sample C .
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(i,j=12 i#j), (14)

where Q = ln(l—qu); Vo :gﬁj R’f(R)dR is the new phase parti-
0

cle volume; C,, is the concentration of the i —th component in the

phase.
The distribution function for second stage particles in sizes

f (R, t) for each section of x (x is the coordinate in the direction

that is perpendicular to the diffusion front) is determined from the
continuity equation:

of Ovef )
SRS (R, 15
ot ap T HRY) (15)

where R is the particle radius, ¢ is the relative time, counting from
the #; moment of first nucleus formation in the current section,

,u(R, t') is the rate of second stage nuclei formation in the current

. . dR . .
section. The nuclei growth rate v, = o is determined from the sub-
t

stance mass balance at the nucleus boundary and in a quasi-stationary
approximation (considering the weak dependence of the critical nu-
clei radius on the time for the times which slightly exceed ¢, ) already

looks as follows:

:%{i_l} a = const . (16)
R\ Ry
The inception function x(R, ") shall be de-
fined as follows:
r hrs ﬂ(R’t')zﬂoexp(—Zsz)5[R—Rk (1)], a7
where y = 38k_ﬂT 7? V., , O is the delta-function.
4o
50 Equations (14) — (17) form a closed system,
’!é% solving which allows finding the value of f (R, ¢)

in each section, and accordingly determine the
number of particles N, the average radius R and
the sum volume of the second phase V.

The numerical solution was done with the
sample plate using a grid built in the space of R,

or 02 43  ay

Fig. 3 — Distribution of the oversaturation function throughout the plate’s
depth C{ =0,0; C|=0,01; Cy=0,12; C}=0,10;

2 2

T p,=-0,5107""

D, =0,1-10

3
a=0,1~10717%; Ho= 0,1~1016s71; X = 0,35-10"cm 72,

0, =3; w,=2; [=600um.

2
; Dy =01-10"12;

x, t. An implicit difference scheme was used. For
each new time step, an iterative process between
equations (14) and (15) was done until a high-
precision correlation was reached.

The modeling results show that hard mix
oversaturation reaches a maximum point on the
surface, which moves towards the middle of the
plate over time (Fig. 3). With large times, the mid-
dle of the plate forms a slowly relaxing area with
the maximum oversaturation of the hard mix. The

0,5 X/J

N
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relaxation speed of the oversaturation in each of the deeper sections of the plate decreases. The kinetics of oversaturation
in each section of the plate (Fig. 4) has the following stages: growth of the oversaturation until some maximum value,
the stage of a rapid decrease in oversaturation, and a long stage of an asymptotic tendency towards a balanced state.

Correspondingly, we can distinguish the stages of
L two-phase area formation: the turbulent formation and
1€ nd5 50 75 {00 125 150 280 growth of particle, the intense growth of particles as for-
mation of new particles fades, formation is absent at the
asymptotic stage (oversaturation tends towards zero), and
the growth of new stage particles with the hard mix mate-

X, pm

250

‘0 rial gradually gives way to coalescence growth.

09 The distribution of particle number N, average ra-
; dius R and sum value of the second phase V, across the

08¢ plate’s thickness is non-monotonous (Fig. 5, 6). The curves
a3 X ) , N(x), R(x) and Vy (x) reach a maximum, which tends
’ 0 20 30 40 T hrs

‘ towards the centre of the plate over time. It is shown that
Fig. 4 — Kinetics of the oversaturation function in various sec-  the dependence N(x) cannot be described with an
tions of the plate. Here the oversaturation functions is normalised

" .
according to its value at the balance: L/L, (x.1) ; N ~ x" type expression, as the n parameter also depends

on the coordinate x and the duration of the process t.

L=a"a® = el oo The kinetics of the internal oxidation front in the
late has the following quality: as it tends towards the cen-

_ _(cP)" it (o) p g dHuaty < .
L, =ajpay; = (Clp) e (Cf ) : tre of the plate, the speed of internal oxidation zone quick-

ly increases, which is due to the influence of diffusion tensions from the opposite surfaces of the plate. The time until

¥
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Fig. 5 — Distribution of N , R and V » in plate sections for Fig 6 — Distribution of particle number N , their average radius
different times in the process of internal oxidation. R and phase volume Vd) across the thickness of

CIO =0,0; Cll =0,01; Cg =0,12; Cé =0,10; alloy Ni —1,78% Ti [=100um, T =1150°C.

P P From a numerical experiment with different initial values of
- -scm | - —7em 0 . .
D,;=0,1-10 ; Dy, =-0,5:10 I C, for alloying elements we can determine that the number of
S em? particles N, their average radius R and phase volume V, inthe
Dy, =-0,5-10 s ; plate increases as the content of the alloying element increases,
o= 0 1-10"5 7" 7= 0,35-10"em 2 since with the increase in the initial concentration of Cg with a
®,=3; w,=2; 1=100um. constant level of C; the oversaturation level of the hard mix in-
creases.
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complete internal oxidation is sped up several times. Under the negligible influence of runoffs (the phase volume is
small) on the diffusion of the components in the hard mix, the times for full internal oxidation ¢, , and ¢, for the plates of

varying thickness / , u [, correspond as the square of their thickness ratios: 1, /#; =(, /1, )2 .

R
(=1}
aw
ar
I LI Ve Ta L T
bre :H*n w5 A A *,f';:- .
I"".l:‘.\inf‘-‘f_-; iy |.-|L as:Ty .."_.f-h," r .Ji ot hd ,Iﬁf -
":‘l;'a#--: I *" - " . LI i . .
: rﬂ. = ;e 5 ' ] E'. « T N .." i - aoE
N T el ‘»5:“,)‘1'.; X
=1000

(] 0 ) ] 7 X, peny
Fig. 7 — Distribution of particle number N and phase volume qu in a sample section of Ni—2,5%Al —1,5%H]f", internally oxidized

using thermal cycling.

. -9 _3 The comparison of internal oxidation processes at dif-
-mrﬂé"s ferent thicknesses of plates under equal values of relative

! time 7/1% shows that the number of particles N , the aver-

06 ¢ age radius R and sum volume of the phase V, in each sec-

tion of the plate increase with increasing the plate thickness.
Based on the modeling results for internal oxidation
processes under a constant temperatures, the possibility to
get a "striped" internal oxidized zone structure using thermal
cycling is demonstrated, where the two-phase area stripes al-
ternate with second-phase emission free stripes. The width
of two-phase stripes, their number and intervals in between
can be regulated by the thermal cycling parameters.
Experiments with the Ni—2,5%Al-1,5%Hf alloy, as

well as Ni—Ti alloys have resulted in the striped internal
oxidation zone pattern (Fig. 7).

A material with such a striped structure in the internal
oxidation zone is in essence a composite, and thus the pro-

goz} 80 grammed oxidation of diluted alloys can be considered a
8o promising method of manufacturing such composites.

gorp The asymptotic of the internal oxidation processes in

fo 1 =/ ﬁ binary alloys was studied. For a sample binary alloy plate

50 100 150 200 250 doo X Mm the theoretical aspect of the asymptotic stage of the internal
oxidation is considered, the internal oxidation process in the
plate is modeled up to and including the asymptotic stage,

thickness of the plate for various times of the internal and the late stage of the internal oxidation in an Ni—1%Cr
oxidation process. Clo =0,0; Cl1 =0,01; Cg =0,12;

Fig. 8 — Distributions of N, R ,and ¥ , Across the

alloy is experimentally proven.
2 2

cl=0,10; D, =0,1-107 . p b =-0,5107°"" cm” It 1s.sh0wn theoretl‘cally and using modeling that at the
s asymptotic stage of the internal oxidation process the num-
2 . .
D,,=01.107" em” 27V _ 0.7-10 7 em ber of particles N and phase volume V, across the thick
§ , ness of the plate vary only slight over time (Fig. 8,9); the
a=01-10"17"_. o= 0,1-10"s7"; distribution of the average particle radius R throughout the
s

section of the plate is leveled out, and over long process

_ 108 2 A s g AR .
7= 03510%em = @, =3 @, =2 1=600um. times R doesn’t depend on the coordinate.
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Fig. 9 — Distributions of N , R ,and ¥ o across sections of an Ni—1%Cr alloy plate depending on internal oxidation times.

1=500um; T =1150°C .
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Fig. 10 — Kinetics of R at the asymptotic stage of the internal oxidation process
in the plate. / =600um; x= 25um;
CY=0,0; C{=0,01; CJ=0,12; C}=0,10;

sz sz

2
D, =01107 D,=-0510""" D, =01-10"<,
N N

N
3
cm -

a=0,1-10"""—; u,=0,1-10"s7";
S

7= 03510"em ™ 0,=3; 0,=2.

Modeling shows that with the in-
crease of the average size of second stage
particles over long times the variation in
particle sizes in the given section also in-
creases — the function of particle distribu-
tion across sizes is blurred. In each section
of the internal oxidation zone there is over
time an asymptotic tendency of the critical
particle radius R, towards R . The right

end of the distribution function tends to-
wards the point with the abscissa
R/R, =3/2, however a small "tail" of the

distribution function remains at the ordi-
nate of R/R; =3/2.

The growth of the average radius of
particles R " ~ ¢t was studied using model-
ing and experiments. It was found (Fig. 10)
that after the stage of rapid particle growth
with the kinetic law characterised as
n <2, there is a stage of slow growth with
n>> 3, which can be established by the

presence of a diffuse substance flow towards the free surfaces of the plate (due to the system not being closed): the sub-
stance of diluting small particles doesn’t completely contribute to the growth of larger ones.

As the oversaturation gradient for the hard mix in the plate decreases, the role of the diffuse streams towards free
surfaces recedes, the system becomes progressively more closed and the asymptotic stage of the process comes to frui-

tion as the Livshitz — Slezov coalescence with a kinetic law of R * ~ 7 . The results explain the deviations from a cubical

growth of R towards n >3 at later stages of disperse two-phase system evolutions, which have been frequently ob-
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served by numerous authors.

The coalescence processes in an internally-oxidized plate is unique for each section of the plate; at the same time,
different sections of the internal oxidation zone could be in different stages of the two-phase zone’s evolution — incep-
tion, growth, unstable and static coalescence. Plate sections, depending on the oversaturation gradient between them, in-
teract diffusely as well. The oversaturation maximum at the asymptotic stage appears once again next to the plate’s sur-

face, however its value is small and is defined by (according to the Gibbs-Thompson law) a difference in R for various
sections of the plate. Diffusion processes linked to the oversaturation gradient which emerges across the thickness of the

plate, define the process of evening out of R across the plate’s section.

The asymptotic tendency towards a constant phase volume happens from above, on the side of large value, which
makes evident the existence of some comprehensive "sub-dilution" of second-phase particles during the transition into a
stable coalescence. This process is also associated with the diffuse flow of substance into the surrounding environment.

The results of the theoretical study and modeling of the asymptotic stage of the internal oxidation process corre-
spond well to the experimental data from the internal oxidation in a sample of Ni —1%Cr alloy.

Conclusions and prospects of future study. A physical model for the process of internal oxidation is considered,
which is described by a system of equations for diffusion in three-component system of hard mixes containing second-
phase particles and a continuity equation for the particle size distribution function. Numerical modeling was carried out
for the internal oxidation process in a binary alloy plate for various values of kinetic and thermodynamic parameters.

It is shown that the oversaturation maximum tends towards the centre of the plate over time, where a slowly relax-
ing area is formed with maximum oversaturation. The kinetics of oversaturation in each section has the following stages:
growth towards a certain maximum value, a rapid decrease in oversaturation and a lengthy asymptotic tendency towards
balance. Correspondingly, we could define the stages of two-phase stage formation: emergence, particle growth, which
gives way slowly to coalescence growth due to the oversaturation of the hard mix at the asymptotic stage.

The internal oxidation model developed in the paper allows looking into the patterns of two-phase area formation
and expanding our understanding of the process’ physics. This provides an opportunity to effectively control the internal
oxidation process by changing the space-time parameters and the composition of the environment. The results of the
work could be used to develop new industrial technologies in industrial hardening of materials via internal oxidation, in
creation of new heat-resistant alloys, disperse-hardened magnetic materials and electrotechnical alloys. In particular,
technologies in programmed internal oxidation are the most interesting, as they could allow for the manufacture of dis-
perse-hardened materials with a layered composite structure.
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