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Method of improvement of operational properties of surfaces is considered. Under study is the applicability of high-
frequency electromagnetic field for metal heating and melting with a view to its subsequent modification. 2D numerical
modeling of the processes during the modification of the substrate surface metal layer is carried out. The substrate

surface is covered with a layer of specially prepared nano-size particles of refractory compounds, which are active
crystallization centers after the penetration into the melt. The distribution of the electromagnetic energy in the metal
is described by empirical formulas. The proposed mathematical model is used to consider the processes including heat-
ing, phase transition and heat transfer in the molten metal, the nucleation and growth of the solid phase in the presence
of a modifier material in the melt. Melting of the metal is considered at the Stephan’s approximation, and during solidi-
fication all nano-size particles are assumed to be centers of volume-consecutive crystallization. The flow in the liquid
is described by the Navier-Stokes equations in the Boussinesq approximation. The movement of the markers models the
distribution of nano-size particles in the melt. According to the results of numerical experiments, the flow structure in
the melt was evaluated versus the characteristics of induction heating and the amount of surface-active impurities in the
metal. The modes of the induction-pulse action are detected: they promote creating the flows for the homogeneous dis-
tribution of modifying particles in the melt. Found that the application of high frequency electromagnetic field for heat-
ing and melting of metals allows to modify the metal deeper in comparison with the use of a laser.

Keywords: numerical simulation, metal modification, impulse induction heating, heat transfer, nano-size refractory
particles.
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YUCJIEHHOE MOAEJIMPOBAHUE PACITPEAEJTEHUA MOAUO®ULINPYIOHINX YACTHUILY
B IOBEPXHOCTHOM CJIOE METAJIJIA ITPU UMITYJIBCHOM NHAYKIIUOHHOM HATPEBE

B. H. IlonoB

WuctutyT TeopeTudeckoil u npukiagHoi mexannku uMenn C. A. Xpucrtunanosnda CO PAH
Poccwuiickas @enepanns, 630090, r. HoBocubupcek, yi. MactutyTckas, 4/1
E-mail: popov@itam.nsc.ru

Paccmampusaemces cnocod ynyuuwenus dKCHIyamayuoHHuIX ceolicme nogepxnocmu Odemaneii. Mcciedyemes 603-
MOJICHOCHIb NPUMEHEHUSL BLICOKOUACTOMHO20 DNEeKMPOMAHUMHO20 NOJIA OJI5L pa302pesa U NAAGNeHUs Memanla ¢ Yeoio
e2o0 nocnedyioue2o moouguyuposanus. Ilposedeno uucieHHoe MOOeIUPosanUue npoyeccos8 Npu MoOOUGUYUposaHuu no-
8EPXHOCMHO20 CNI0SL MeMauna 6 noonodicke. 1106epxnocms nNoON0IHCKU NOKPLIMA CIOEM CHEYUANLHO HOO20MOGIEHHbIX
HAHOPA3MEPHBIX YACMUY MY20NIA6KO20 COCOUHEHUs, KOMOpble NOCIe NPOHUKHOBEHUA 68 PACNIA8 CYHCATN AKMUBHBIMIU
yenmpamu Kpucmaunuzayuu. Pacnpedenenue snekmpomacHumHol sHepeun 6 Memaie onucbl8aemcs dIMIUpUIecKuMu
dopmynamu. C nomowpio npeoiazaemori MamemMamuieckol Mo0eiu, OnUCbI8aruel mepmo- u uopoouHamudecKue
ABNEHUS, PACCMAMPUBATOMCS NPOYECCHL, GKIIOYAIOWUE PA302Pes MEMANNA, €20 NlaGleHue, KOHBEKMUBHbIIL MeNIoNepeHoc
8 pacniage u 3ameepoesanue Nocie OKOHYAHUsA umnynvca. Ilnagienue memania paccmampusaemcs 6 nPUOIUMCEeHUU
Cmegana, a npu 3ameepoesanuu npeonoNazaemcs, 4mo 6ce HAHOUACIUYbL AGIAIOMCA YeHMpPamu o00beMHO-
nociedosamenvHoll kpucmaniuzayuu. Teuenue 6 dcuokocmu onucvieaemes ypasvenusmu Hagve—Cmoxca ¢ npubiu-
arcenuu Byccunecka. I[lepemewjenue mapxepos mooenupyem pacnpedeienue nanosacmuy 6 pacniage. 1lo pezyrsmamam
YUCTIEHHBIX IKCHEPUMEHNO8 OYEHUBANACH CIMPYKMYPA MedeHus 8 pAcnidee 6 3asUCUMOCU OM XAPAKMEPUCTUK
UHOYKYUOHHO20 HA2pe8a U KOAUYeCmed MNOBEPXHOCMHO-AKMUBHOU npumecu 6 Mmemanne. Onpedenenvl pencumvl
UMNYTLCHO20 UHOYKYUOHHO2O 8030€UCMBUs, CNOCODCMBYIowUe POPMUPOSAHUIO MedeHUli 0l 20MO2EHHO20 pacnpede-
JIeHUs yacmuy Moouuyupyrouezo eeujecmsd. Ycmanogieno, umo npumMeHenue UMnYIbco8 6blCOKOYACMOMHO20 deK-
MPOMASHUMHO20 NOJA 0N PA302Pesa U NIAAGIeHUs MEMALId NO3601em MOOUpuUYuUposams memanin 2uybace no cpas-
HEHUIO C UCTIONb308aHUeM Na3epd.

Kniouegvie cnosa: uucnennoe moodenuposanue, MOOUGUYUPOBAHUE MEMANLA, UMRYIbCHbLL UHOYKYUOHHBLI HAZPES,
Menioneperoc, HaHOpa3MepHvle MY20NIA8KUe YACHULbL.
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Introduction. The use of constructions and their
components operated in extreme conditions excluding
repair or replacement makes urgent the increase in their
properties such as thermo — and wear-resistance, plasticity,
durability etc. A perspective way of improvement of
details operational properties is modifying of the melt
at laser processing of their surfaces by the prepared nano-
size particles of refractory compounds (carbides, nitrides,
carbonitrides and etc.) that allows to increase the number
of the centers of crystallization and to crush structural
components of the solid metal, increasing its uniformity
[1; 2]. At the same time along with the wide use of the
laser during modifying and alloying of metal surface, the
use of energy of the high-frequency induction field [3; 4]
is also possible. However nowadays possibilities of such
technology are insufficiently studied especially regarding
the use of nano-size modifiers for material structure
improvement [4].

As part of the study of the processes going on in a
metal surface affected by a laser impulse it is defined that
one of the main factors influencing the efficiency of
modifying is thermocapillary convection which under
certain conditions can promote homogeneous distribution
of the insertion materials which penetrate during submelt-
ing into melt [5; 6]. In [7; 8] the influence of surface-
active substance dissolved in the melt on the nature
of convection is considered and defined that the structure
of flows in molten metal depends on composition and
amount of the present impurities in it. In this regard pos-
sible changes in technology of modifying of a surface
make necessary a detailed research of the happening
processes taking into account perhaps more influencing
factors.

In this work with the use of numerical modifying the
impact of an impulse of high-frequency electromagnetic
field on the distribution of the modifying material pene-
trating into a substrate from its surface in the presence
of surface-active substance in metal is considered. As an
object of research iron alloy (Fe) + 0.42 % on carbon
weight (C) + 0.001-0.02 % sulfur (S) is used. This system
is chosen in view of the existence in literature [9; 10] the
thermophysical parameters and physical constants neces-
sary for calculations and analysis of the happening proc-
esses. By means of the offered mathematical model
describing thermo — and hydrodynamic phenomena, the
non-stationary processes including metal heating, its melt-
ing, convective heat transfer in the melt and further after
the termination of an impulse its solidification are consid-
ered. According to the results of numerical experiments
the modes of impulse impact on a substrate connected
with an amount of surface-active substance in metal and
promoting homogeneous distribution of the modifying
nano-size particles in the melt are defined.

Mathematical model and algorithm of realization.
The impact of an impulse of the high-frequency electro-
magnetic field on a metal substrate is considered. The
scheme of the process is illustrated in fig. 1. Duration of
impulse ¢, . The cylindrical head of the electromagnetic

field inductor is located over the flat surface of an iron
alloy sheet. Induction influence is carried out through 7,
radius spot. The distribution of electromagnetic energy in
metal is described by the empirical formulas used in engi-
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neering thermal calculations of induction heaters [11].
The surface of a substrate is covered with a layer of spe-
cially prepared modifying nano-size particles of refractory
compounds which serve as active centers of crystalliza-
tion after penetration into the melt [2]. Affected by energy
metal is heated and melted. Phase transition happens at a
substrate material melting temperature 7,. In the fluid
cavity formed and increasing over time the convection
under the influence of capillary and thermogravitational
forces develops. The moistened particles under the influ-
ence of convective flows penetrate into the melt depth. On
the border of a phase transition sticking conditions are
satisfied. After completion of an impulse due to heat ex-
change to the environment and heat removal in not
warmed material of a substrate the cooling of the melt and
its volume-consecutive crystallization occurs in the as-
sumption that all penetrated modifying particles are its
centers.

Fig. 1. Scheme of an inductive impulse influence:
1 — an inductor with the covering ferrite magneto-
screen; 2 — a metal substrate and particles of the
modifying material (3) on a surface; 4 — the melt;
5 — border of the melted zone; z, and r, — depth

and radius of the considered area in a substrate

Puc. 1. Cxema Bo3eHCTBUS HHAYKIMOHHOTO UMITYJIbCA:
| — MHAYKTOp € OXBaTBIBAIOIIMM (EPPUTOBBIM
MarHUTOPKPaHOM; 2 — MeTaJUIMdecKasl MOATI0XKKa
M "acTHIBl Mojupunupymomero marepuana (3)
Ha TOBEPXHOCTH; 4 — pacIuias; 5 — rpaHULA Ipo-
TJIaBJIEHHOM 30HBI; Z; W 1, — TNIyOMHA W pajguyc

paccMarpuBaeMoii 001aCTH B IOAIOKKE

For simplification of the task it is considered that
thermal characteristics of fluid, solid and two-phase
mediums are identical and do not depend on temperature.
The mass particles m, content penetrating into the melt is
not enough (m, < 0.05 %), their diameter d,, is much less
than reference size of the fluid cavity and influence
of inclusions on physical parameters of the melt can be
neglected. The quantity of the dissolved components
in the melt is not considerable so it is possible not to
consider their influence on phase transition temperature
supposing T, = const. Melting of metal is considered at

the Stefan’s approximation with the use of efficient
thermal capacity [12]. It is supposed that at the considered
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heating modes small rates of convective speeds cause
flatness of the free surface of liquid [13]. Borders 7, z, of
the considered area are chosen so that their position does
not affect the studied processes.

Distribution of a temperature profile in solid and fluid
material of a substrate is described by the equations of
convective heat transfer in a cylindrical coordinate frame
(r, z) which have the following form for the dimensionless
variables:

1 Ki
0, +(V-u)f]l=—A0+—x(r,2),
Cor[6, +(V-u)f] > br x(r,z)

(1)
OSrSrg, —Z, <z<0, 0<r<1,,
at influence of an inductor;
1
0, +(V-u)0 =— A0+ St S
 +(Vou) Pr ) 2

OSrérg, —zgSZSO, t>ty,

after completion of warming up. Here 0 — temperature; ¢ —
time; Pr=v/a — Prandtl’s number, v — kinematic vis-
cosity of the melt, a — thermal diffusivity; u — a speed
vector in molten metal with components u, w in radial (»)
and vertical (z) directions respectively (in solid metal

u=0, w=0), St= K/(Cme) — the Stefan’s number,
Kk — specific heat of melting; ¢, — specific thermal capac-
ity; f, — a part of a solid phase in material (0< f, <1);
Ki=(pyry)/ (\T,) — Kirpichyov’s number, A — a thermal
conductivity, po — the specific capacity absorbed by unit
of a surface of the heated body. The efficient thermal

capacity considering the latent heat of a phase transition
of « is described by a ratio ¢, =1+6(0)St where 5(6) = 1

at 0e[1-A0/2,1+A6/2] and 8(0B) = 0 if
0¢[1-A0/2,1+A0/2], AB — a temperature band where
the phase boundary “is smeared”. The dimensionless pa-
rameters are defined with the help of the reference size ry,
speed v, =Vv/r,, time t,=r,/v, and temperature T,:
r=rlryz=z/r, u=ulvy, w=wlvy,, t=t/t,,
60=T/T,.

At impact of a high-frequency electromagnetic field

on a substrate an apparent density of internal sources
of heat wj according to [11] is described by a ratio

14
WO(I”,Z) = _OX(’”aZ)-
Ty

Here y(r,z) — the dimensionless function depending

only on coordinates, ry — the reference size, in our case
the radius of a spot of inductive impact on a substrate
surface, p, — the specific power absorbed by a unit of
a heating body surface.

Assuming that the central point of “the spot” of induc-
tive influence of radius rq is located in a point (0,0).

In this case the distribution of energy release over the
sheet thickness can be described with the dependence:

z/ A

x(r,z)=e , r<r, z<0,

where A, — current penetration depth in material (m), 1. e.
skin layer thickness, A, =503,/p,, / (,f) , p,; — specific

electrical resistance, |, — the relative magnetic conduc-

tivity when warming up of metal is lower than the tem-
perature of magnetic transformations (Curie point),
f— working frequency of the generator of the field, Hz. At
the achievement of magnetic transformations temperature
the relative magnetic conductivity decreases to value p, = 1
and specific electrical resistance increases up to size p,,,
consequently the current depth of penetration in material
becomes A, =503,/p,, /(1,f) and energy distribution

over the depth of a substrate is described by expressions

z/Ay

X(I”,Z)Z{e , —zx(r)<z<0,

r<rn,
e’ZK/AZ e(Z+ZK)/A] ,

z <=z (7),
where zy(r) — distance from a substrate surface to a
point with a temperature of magnetic transformations
(T =Ty).

At transition to the dimensionless variables we get

z/Ay
b

x(r,z)=e 0(r,0)<0,, r<1, z<0;

e~z (1) <z <0,
x(r,z)=

2k /A /A
e KM EH KM g o (),

0(r,0)>06,, r<l;

where A\ =A /1y, Ay =AM, /1y, zp =2 11y, O =T /T, .
Boundary conditions for the equations (1), (2) are the
following. On an axis of symmetry

00

—==0, r=
or

, =z, <z<0. 3)

4

On the external side border of calculated area

00
5:0, r=ry, —z, <z<0. “)

On the upper bound (z=0). When heating from a
source ¢ <ty

00
g=a(96—9), l<r<r,. )

After completion of an impulse (> 1)

00

—=0o(6.-0), 0<r<r,. Sa
oz ( ¢ ) o (52)
On the lower bound of calculated area

00

6—Z=O, 0<r<r,z=-z,. (6)

Here oo =ayry /A, o, =860(T2+Tcz)(T +T,), 6 —

a Stefan—Boltzmann constant, & — degree of blackness
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of material of a substrate, 7,— environment temperature
(eL’ = 7-;, / Tm ) °
When melting material speed v, for each point of the

border “melt — solid phase” {(r, z,¢) is defined by a condition
PrStv, =06/on|_, —0o6/on| _,

where n — a unit vector of a normal.

During solidification it is supposed that all nano-size
particles are crystallization centers, then the portion
of a solid phase f in the two-phase melt zone is defined

according to [14] of aratio f, =1 —exp{— QN

» } where

3
Or,z,t-) = 4{[,, +K, [, —T)dc}
<

the volume of the growing nucleus which arose in an
instant £ =&, N, — number of nanoparticles in the unit

of melt volume, r,=d,/2, K, —an empirical constant.

f;=0.95 corresponds to the end of solidification.
When melting metal in the area 0 >1 with the border
“melt — solid phase” {(7,z,t) the flow in liquid is described

by the Navier—Stokes equations in the Boussinesq
approximation

u, +(V-u)u = -Vp+Vu+kGr(6-1),
V-u=0.

()

Here p — pressure (p =pl/F, R = pvé , p — substrate
material density), Gr =, gro3 T,/ v? — Grasgof’s number,

g — a free fall acceleration, B, — coefficient of a cubic

thermal expansion of a melt,

a coordinate axis of z.
Boundary conditions for the equations (7) are the fol-

lowing. On the surface “melt — solid phase” {(r,z,t)

k — unit vector along

u=0, w=0. ®)

On an axis of symmetry r = 0, —z,(1)<z<0

(=z,(¢) — coordinate of the border of phase transition)

=0, —=0, 9
! or ©

On the surface of liquid z=0, 0<r<r,(?)

ou_ Mn 20

~ s WZO:
oz Pr arn

(10)

where r,(#) — radius of the cavity of molten metal on the

free surface. In the presence of surface-active substance in
the melt, for the description of the interfacial tension the
empirical formula [9] is used

o=0y—ks(T-T,)-TRT In(1+KC,),

K =5, exp[—AHO /(RT)J ,

where o, — the interfacial tension in clear metal at melt-
ing point; k, =—0c /0T — for clear metal; R — universal

gas constant; C,— concentration of surface-active sub-

s

stance impurity on a melt surface; S, — the constant cor-
responding to an entropy of segregation; AH % _ standard
absorption heat; I'; — excess of impurity in the surface
layer per unit area, then

KC, T,AH°
%Ok —RT,In(+KC,)——Cs LA
or 1+KC, T

)]

from where are defined Mn=-k.T,r /(pva) — Maran-
goni’s number and m

KC, T,AH®
1+KC, Tk,

n=1+RI In(1+KC,)/ k, +

Initial conditions for the heat transfer equation (1)

0=0,, (12)
for (7) in just melted metal
u=0, w=0. (13)

It is supposed that well moistened modifying nano-
size particles under the influence of convective flows
penetrate into the depth of the melted cavity. Movement
and distribution of nanoparticles in the melt was estimated
by means of M markers which initial position is de-

scribed by coordinates (ro zo), 0< rn? <1, 22 =—r

m><m m p°
m=1, ..M.

Markers move according to locally average speeds in
the closest vicinity of everyone.

At realization of model (1)—(13) which includes the
equations of Navier—Stokes and convective heat transfer
the finite-difference algorithm was applied. Discretization
of dimentional calculated domain was carried out on
IxK cells. Step 1 along a temporary variable is con-
stant. Distribution of temperature was described by values
in grid clusters. Systems of difference equation were
under construction by means of implicit approximation of
the balance ratios received by an integration of the equa-
tions (1), (2), (7) taking into account the corresponding
boundary conditions. At approximation (7) in the field of
the melted material, by analogy with MAC and SIMPLE
methods [15; 16], components of velocity u, w, were
defined in the middle of lateral faces of cells, and pressure
p — in the centers of cells.

The algorithm of each temporary step has the follow-
ing operations procedure. Initially the temperature profile
in a substrate at influence of energy of a high-frequency
electromagnetic field was calculated. After occurrence
of the fluid cavity on each temporary step the border of
phase transition was established. Substitution of the found
values of temperature in momentum equations made pos-
sible the determination of the field of velocities compo-
nents. Further, with the use of a method of simulated
compressibility [17] pressure was culculated. Several
iterations were performed to coordinate found pressure
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distribution and speeds before realization of inequality
max|V-u| <y where y — the given small number. The

solution of the algebraic systems received at approxima-
tion of motion equations and a heatmass transfer was car-

ried out by iterative methods.

- -1 -1
By means of ratios 7, =1, +u,t, z, =z, +V,T,

m

n

m=1, ..M, new coordinates of markers r,, z,

on

n
m

a n-temporary step were calculated. Here u,, v
speeds of particles movement, defined according to locally
average speeds in the nearest neighborhood of each of
them.

Calculations were carried out on spatial grids /xK
from 120x150 to 240x300. Value of a temporary step
1=10" vy =107, A6 =0.001, M =25.

After completion of an impulse the solution of a task
proceeded until disappearance of overheat in molten
metal of a substrate. Convective redistribution of markers
occurred only in the melt, and in the solid area the last
calculated coordinates were fixed.

Results of numerical experiments. Numerical
researches were conducted at the following parameters:
ro = 0.001 M, z; = 0.0012 M, r, = 0.0015 M; £ = 70 mc;
T, = 300 K; T, = 300 K; p, = (6.5-7.0)-10° Br/m%;
f = 1200 x['m; K, = 2.5:10° m/(cK); d, = 510° m;
N, = 2.0-10" 1/m’. Properties of metal [9-11]:
p = 7065 Kkr/m’, ¢, =787 x/(xr-K), A = 27 Br/(mK),

K =2.77-10° Jlx/xr, v = 8.5-10 " m/c, k, = 4.3-10* H/(mK),
B, = 1.18:10* 1/K, R =8314.3 Jlx/(Monb'K), S, =3.18 x
x 107, T, = 1.3-10° moms/m®, AH® = —1.88:10° Jlsx/mons,

T,=1775K,e=0.7, 6y = 5.7-10 * Bt/(M*K*), Tx = 1141 K,
w, =14, p,, =52:107Omm, p, =1, p,, = 1.0-10° Omm.

06 08

The considered sulphur load in iron is C, = 0.001-0.04 %

s
of weight.

In fig. 2, 4 regarding calculated area adjacent to a zone
of molten metal in the dimensionless coordinates, the
structure of flows, trajectories of movement and distribu-
tion of the modifying particles at surface-active substance
in the melt 0.002 % of weight for various characteristics
of an impulse are displayed. Arrows in drawings specify
the direction, and their length characterizes intensity
of a flow.

Fig. 2 shows the results received at p,= 6.5-10° W/sq.m,
ty =70ms. Fig. 2, a illustrates the field of speeds in the

melt at the time of completion of inductive influence.
From the submitted data it appears that by the time of the
impulse termination a big whirlwind with the direction
of a flow near the free surface of liquid from border of a
phase transition to the center of the cavity with the strong
downflow in this area is formed. The similar structure of
a flow exists from the moment of emergence of the melt
to the completion of an impulse on condition of a small
overheat of its surface regarding phase transition
temperature. It leads to the fact that the modifying
particles penetrate into the central part of the cavity in the
considerable depth, and then are evenly distributed by the
dispersing flow on all melt volume (fig. 2, b). A small
local whirlwind in the central part of the cavity at the free
surface does not have any influence on markers movement.
The depth of melt penetration is about 450 microns that
is 2-3 times more than at laser processing by a beam with
the close values of radius and power [7]. It should be
noted that slight overheat of a surface of molten metal
promotes preservation of its flatness and allows to avoid
the subsequent after-treatment. After completion of an
impulse the melt cools down and solidifies that is
promoted by heat removal from its surface and in not
warmed material. Movement of nano-size particles

happens as long as the molten metal exists.

0,8

Fig. 2. The field of speeds (a), trajectories and distribution of markers (b) in the melt
at g, = 6.5-10° W/sq.m , ty =70 ms

Puc. 2. ITone ckopocteii (@), TpPaeKTOPHUU U pacHpe/eleHIe MapKepoB (6) B pacIuiaBe
mpu g, = 6.5-10° Br/v?, ty =70 mc
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Fig. 3 illustrates distribution of the dimensionless
temperature and the y function over substrate thickness
from its surface in a point of the maximal warming up
(r=0). It follows from the presented results that the depth
of penetration of current does not exceed the thickness
of the considered sheet, and the main energy release oc-
curs in the metal layer heated higher than the temperature
of magnetic transformations of z = —0.65. As a result, the
temperature accepts maximal values on the processed
surface and monotonically decreases in the process
of removal from it, and the substrate warming up through
all thickness does not occur.

Fig. 4 shows the results received at po=7.0-10° W/sq.m,
ty = 70 ms, that is at higher specific power absorbed by

a surface unit of the heated body. It follows from the
submitted data that by the time of the termination of a
laser impulse in the melt two toroidal-shaped whirlwinds
determined by the parameter dc /0T which accepts both
positive, and negative values are formed. That is a surface
temperature increase changes the structure of molten
metal. Near the free surface a flow from the border of a
phase transition to the center of the cavity occurs (fig. 4, a)
promoting that the modifying particles do not penetrate
into the depth of the melt on its periphery (fig. 4, b). Also
near the surface a flow dispersing from the center which

appears at collision with the counter flow, an intensive
downflow is formed. As a result chaotic movement of the
particles which got into molten metal in the field of inten-
sive whirlwinds appears. In the central part of the cavity
the modifying additives penetrate into the considerable
depth only at the beginning of melting, and further when
the considerable overheat of the melt is formed, upward
movement of liquid obstructs it. In general it turns out
that particles are not distributed in all volume of molten
metal, are absent in the central part and on peripheries of
the melt and the considered processing mode of the sur-
face layer is impossible to be called efficient.

On completion of an impulse temperature gradients in
liquid decrease, intensity of a convection decreases, metal
cools down and solidifies (13—15 ms) that is promoted by
the low initial temperature of material. After overheat
decrease in the melt there takes place a volume-
consecutive crystallization in the direction to a substrate
surface. By results of numerical calculations it is defined
that homogeneous nucleation of crystals in the presence
of highly activated nano-size particles in the melt does
not happen and does not affect crystallization kinetics as
at the existing cooling rates conditions necessary for this
are not reached.

1,21
0,81 1
=
<) 2
0,41
0,0 . : )
0,0 04 - 08 1,2

Fig. 3. Change of temperature 0 (1) and y (2) function
in a substrate at » =0 for g, = 6.5-10° W/sq.m, tyy =70 ms

Puc. 3. U3menenue temnepatypst 0 (1) u pyskmmu y (2)
B mojuIokke pu = 0 114 g, = 6.5-10% BT/MZ, ty = 70 mc

N T
VRSN

.......

Fig. 4. The field of speeds (a), trajectories and distribution of markers () in the melt
at g, = 7.0-10° W/sq.m, tyy =70 ms

Puc. 4. ITone ckopocteit (@), TPaCKTOPHUHU U PaCIIpeIcICHIE MapKepoB (6) B pacIuiaBe
mpu. g, = 7.0-10% Br/v?, tyy =70 mc
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2600+
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Fig. 5. The maximal values of melting temperatures at various concentration surface-active substance
in metal for receiving homogeneous distribution of the modifying particles

Puc. 5. MakcumanbHble 3HaUE€HUS TEMIIEPATyp paciuiaBa MpH pa3InYHbIX KOHIeHTpauusax [IAB
B MeTaJlIe IJIsI HOJTyYEHHs TOMOT€HHOTO pacipeieIeHUsI MOAUDHITIPYIONIIX JaCTUL]

By results of the analysis of a formula (11) and
numerical experiments for various concentration surface-

active substance in metal (0.001 % <C < 0.04 %) maxi-

mum temperatures of warming up of the free surface of
the melt are determined (fig. 5) at which the steady flow
near it is formed with the direction from border of phase
transition to the center of the cavity similar to the pre-
sented in fig. 2, a.

Conclusion. By results of numerical modeling the
possibility of the use of inductive processing for modifi-
cation of molten metal by the nano-size particles of re-
fractory compounds allowing to improve its structural
components when solidifying is determined. The results
of calculations show that the existence of surface-active
substance in the melt significantly influences physical
processes during modifying and in particular the flow in
the melt. To improve the processing quality of the metal
layer surface it is necessary to take into consideration its
structure and accounting it to choose the modes of an
impulse of a high-frequency inductive field. The use of
optimum modes can promote the homogeneous distribu-
tion of the modifying particles in full volume.
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