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The purpose of this work is to study in detail the process of phosphorus segregation during steel
solidification. A mathematical model considering a spherical melt cell with the nucleus of a solid
phase in the center has been created. It has assumed that the thermal processes in this system are in
accordance with the law of thermal conductivity and the mass transfer of phosphorus in the liquid
and solid phases obeys the law of diffusion. In addition, it has assumed that a local equilibrium is
maintained at the interface between these phases and the parameters of this equilibrium can be de-
termined from the equilibrium phase diagram Fe—P. It has been assumed that the outer boundary
of the system is cooled according to a mode that is set arbitrarily. Based on the obtained equations,
a computer program has been created, that allows obtaining the temperature and the phosphorus con-
tent at any point at any time. The calculations have shown that the temperature alignment in of
the system is almost instantaneous, and the concentration of phosphorus in the liquid phase has
aligned quickly. However, the phosphorus concentration in the solid phase aligns much slower due
to the small phosphorus diffusion coefficient in the solid phase. The principal factors determining
the segregation of phosphorus are the initial concentration and the melt cooling mode. The results

will help to calculate the cooling mode of the melt to produce a metal with the desired properties.
Keywords: mathematical model, physical metallurgy, phase diagram, segregation, local equi-

librium.

Introduction

The segregation of steel impurities during its
solidification largely determines its quality [1-10].
A promising method of its research is mathemati-
cal modeling [11-13].

We have developed a mathematical model
based on the following basic principles. A two-
component melt is investigated. The whole melt
has been divided into cells with the size equal to
the average size of the mature grains observed in
the crystallized metal. A nucleus of the solid
phase grows in each cell. It was assumed that
the solid phase nucleus and the outer boundary of
the melt are spherical. The temperature of
the outer surface of the melt cell decreases ac-
cording a mode that is set arbitrarily.

Naturally, there is no equilibrium in the melt
or in the solid phase during real cooling. Howe-
ver, we assumed that a local equilibrium is main-
tained at the interface between these phases and
the parameters of this equilibrium can be deter-
mined from the equilibrium phase diagram.

Due to the small size of the system under
consideration, convective flows can be ignored,
so it has assumed that thermal processes are in

accordance with the laws of thermal conductivity
and the mass transfer of phosphorus in the liquid
and solid phases obeys the laws of diffusion.

The mathematical model is based on the equa-
tions of thermal conductivity and diffusion in
the solid and liquid phases and the equations of
the equilibrium concentrations of phosphorus in
the solid and liquid phases near the surface of
the solid particle.

1. The mathematical model of the system

In accordance with general theory of
the growth of chemical reactions products particles,
described in [13], the equations of thermal conduc-
tivity and diffusion of phosphorus are as follows.

1. The equations for the solid phase (S)
consist of the heat conduction equation
or _ 1 1 a( 2 SGTJ
== =
ot pscg r? or or
and the phosphorus diffusion equation
ﬁ_D_Su(rz GLJ
ot pdrler or )
Here r is the distance from the current point
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to the center of the solid particle (the center of
the whole system), t is time, ¢ (f=fi(t,r)) is
the mass fraction of phosphorus, p is density,
A is thermal conductivity coefficient, c, is spe-
cific heat capacity, and D is diffusion coefficient
of phosphorus. The superscript S indicates
the solid phase.

2. The equations for the liquid phase (L)

consist of the heat conduction equation

ﬂ;LLi(rzxL 5_TJ+
ot ch'F; rZ or or

ps —py RZdR aT
T 2 g A
p r? dt or

and the phosphorus diffusion equation

L L
at_ptofeat),
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pL r2 dt or .
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pL r2 dt or’ pL
appear because a growing particle of the solid
phase “pushes” the liquid phase around itself,
causing its mechanical movement. In these ex-
pressions, the superscript L indicates the liquid
phase, the subscript # indicates the value refers
to the interphase boundary.
3. The basic equations of the interface
boundary consist of the heat transfer equation

ﬁng[t,R(t)—O]—KégT[t’R(t)JrO]JF

Members

the equations of mass transfer of the phosphorus
between the phases

o
pgosacg [t.R(t)-0]+

+¢5 (LR(1))(Ige +1p) =15 =0,
Lot O L
psD G [t.R(t)+0]+
+¢5 (LR(1))(Ige +1p) = 1p =0,
and the equation of the solid phase particles growth

dR 1
E:p_s(lFe_"IP)'

I
Here, AHp,, AHpare the specific enthalpies of
the transition of iron and phosphorus from solid

to liquid, I, Ipare the mass transfer rates of Fe

and P from the liquid phase to the solid phase per
unit surface area.

2. Solution method

The boundary between the phases L and S
moves. We used difference scheme with front recti-
fication for solving multifront problems of the Stef-
an type [14] in which the boundary is not moving.
After that a finite difference method [15] has been
applied and then an algorithm for solving the re-
sulting difference problem has been developed.

A computer program for calculating the tem-
perature and the phosphorus content at any point
of the solid particle and the melt at any time and
drawing the corresponding graphs was developed.

3. The source data for the calculation
A fragment of the Fe-P phase diagram has
been used (Fig. 1).
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Fig. 1. A fragment of the Fe—-P phase diagram

The coordinates of points A B,E,K,D

were determined and the line AD was approxi-
mated by a linear dependence, and the line ABE
by quadratic dependence:

¢’ =-6.198347-10"°T +0.09508264463,
ck =-6.30282-107°T2 +

+14.7369036 107°T —77.7488824.

The following physical characteristics of
the system components were used [16-19]
(Table 1).

The diffusion coefficients of P in the liquid
and solid phases were taken equal to

1-10°m?~ and 1-10™*m?s ™ respectively.
Here are the calculation results for a melt
with a mass fraction of phosphorus equaled
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Table 1
Data for the calculation
Parameter Fe P
Specific heat of melting (kJ-kg™) 270 917
Specific heat capacity, sol. (J-kg *-K™) 770 685
Specific heat capacity lig. (J-kg *-K™) 673 436
Density, sol. (kg-m ) 7700 2200
Density, liq (kg-m®) 7000 900
Thermal conductivity, sol. (W-m*K™) 37 0.24
Thermal conductivity, lig. (W-m-K™) 34 0.16

Co =0,05%. The liquidus and solidus tempera-

tures of such a system equal, respectively,
TL =1532.2010 °C and Ts = 1525.6260 °C.

Based on the approximate volume of
the melt per grain, the radius of the whole system

was assumed equal to Ry, =10 pm, and the ini-
tial size of the solid particle was assumed equal
to Ry =10 nm. It was assumed that at the initial
moment the whole system was at the same tem-
perature T, =T, , the composition of the liquid
and solid phases was the same everywhere and

equal to c,. The cooling rate of the outer surface

of the system is assumed linear and such that so-
lidification occurs in 10 minutes.

4. The calculation results

Calculations have shown that the tempera-
ture alignment in both the liquid and solid phases
is almost instantaneous.

Fig. 2 shows that in less than 0.03 seconds,
the solid phase particle grows to two-thirds of its
maximum possible size (10 microns) and then
grows relatively slowly.

R (um)

0

t(s)

Fig. 2. Growth of the solid phase particle
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Fig. 3. The changes in the phosphorus concentration in the solid phase over time:
1 —in the center, 2 — on the surface
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Fig. 3 shows that for agiven such asmall
coefficient of phosphorus diffusion in the solid
phase, the composition of the solid phase does
not have time to equalized even in 5 minutes. The
concentration of phosphorus in the center and on
the surface of the particle by the end of the three
hundred seconds differs by 0.15 %. But, as Fig. 4

shows, the concentration of phosphorus in
the liquid phase at the surface of the solid particle
and at the outer surface of the system begin to
coincide after 0.038 s.

Fig. 5 shows the redistribution dynamics of
the phosphorus mass contained in the initial
melt between the liquid and the solid phases

0.15

01

A

T e T P —————

tis)

Fig. 4. Changes in the concentration of phosphorus in the liquid phase over time:
1-on the border with the solid phase, 2 — on the outer border
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Fig. 5. Change of the relative mass of phosphorus (relative to the total mass of phosphorus
in the system under consideration) over time: 1 —in the solid phase, 2 —in the liquid phase
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Fig. 6. Change in relative mass (relative to the total mass of the system) over time:
1 -solid phase, 2 - liquid phase
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Fig. 7. Distribution of the phosphorus concentration in the solid phase after 300 s

over time.

Fig. 6 shows the solidification dynamics of
the melt.

Fig. 7 shows the unevenness of phosphorus
distribution in solid phase particles after 300 s.
The composition of the liquid phase is leveled
after 0.038 s.

Conclusions
Calculations have shown that the tempera-
ture alignment is almost instantaneous, and

the liquid phase composition alignment is also
quite fast. Alignment of the solid phase composi-
tion with a small diffusion coefficient is not
achieved in real time.

Calculations also showed that the initial con-
centration of phosphorus and the nature of changes
in external temperature play a principal role in the
inhomogeneity of the crystallized metal. A comput-
er program that implements the proposed mathe-
matical model allows selecting cooling modes for
obtaining solid phase with the specified properties.
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MATEMATUYECKASA MOAEJDb JIMKBALWUA
NMPU OXNAXOEHWUU PACIJIABA XEJIE3A C $OCDPOPOM

A.4. Opo3uH, E.FO. KypkuHa
FOxHO-Ypanbckuli 2ocyOapcmeeHHbIlU yHusepcumem, 2. YensbuHck, Poccus

Lenbio naHHOM PabOTHI SABUIIOCH AETabHOE M3yUYeHUE Npoliecca JIMKBauu Gpochopa npu 3aTBepe-
BaHuu cranu. Co3naHa MatemMaTiyeckas MoJieslb, paccMaTpUBaoias chepruyecKyro siueiKy pacria-
Ba C AIpoM TBepAoH ¢asbl B 1eHTpe. [IpuHAIN, YTO TEIIOBBIE MPOIECCH B CUCTEME MPOTEKAIOT B
COOTBETCTBHH C 3aKOHOM TEILIONPOBOJHOCTH, a MaccomepeHoc ¢gocdopa B KHUIKOIM U TBepHoit da-
3ax TOMYMHACTCS 3aKOHY Mudpdy3un. Kpome Toro, mpuHs;IM, YTO HA TpaHHIE pasnena 3Tux (a3
MOIIePIKUBACTCS JIOKAaJhbHOE PAaBHOBECHE, U TIAPAMETPEI 3TOTO PABHOBECHS MOTYT OBITh ONPEIeIICHEI
13 paBHOBECHOHU JMarpaMMBI COCTOSHHA. BHEIIHSAS TpaHUIa paciuiaBa OXJIaKAaeTcs O IPOU3BOIIb-
HOMY pexxuMy. Ha oCHOBe MoiTydeHHBIX ypaBHEHHUH ObLIa CO3/laHa KOMITBIOTEPHAsS IMpOorpaMma, Io-
3BOJISIFOINAST OTIPEACTIATh coziepkanue (ocdopa B 1000 ToUKe paciuiaBa B 000 MOMEHT BpEeMEHH.
PacueTtsl TIoKas3aji, 4YTO BbIPABHUBAHUEC TEMIIEPATYPHI B CUCTEME IMMPOUCXOAUT MPAKTUICCKU MI'HOBCH-
HO, a KOHIeHTpanus (ocdopa B xuaKoit ¢ase OpIcTpo BbIpaBHKMBaeTcs. OnHaKo KOHIEHTpanus (oc-
¢dopa B TBepoi (paze BHIpAaBHMBAETCS TOpA3o MeJieHHee u3-3a Majoro kodddummenta nuddy3uu
¢dochopa B TBepa0# aze. OCHOBHBIMHU (haKTOPaAMH, OTIPEIEISIONTUMHE cerperauio Gocdopa, SBISIOT-
CA Ha4daJibHAsA KOHIICHTpalusA W PEXKHUM OXJIAXKIACHUA paciuiaBa. HonyquHHe pe3yabTaThl IOMOTYT
OIOMPATh PEXKHUM OXJTAXICHHS paciiiaBa JUIs TOTyYCHUS METaJlia C 3aJaHHBIMU CBOWCTBAMHU.

Knroueswie cnosa: mamemamuueckas MO()e]lb, Memaﬂﬂoge()eime, duaepaMMa COCMOAHUA, JTUK-
eayusl, 10KAjlbHoe pasHoesecue.
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