
IOP Conference Series: Materials Science and Engineering

PAPER • OPEN ACCESS

Mathematical modelling of the process of melting alloys of the Si-Cr-Ni-
Fe system in the iron-carbon melt
To cite this article: O V Zayakin et al 2019 IOP Conf. Ser.: Mater. Sci. Eng. 684 012013

 

View the article online for updates and enhancements.

This content was downloaded from IP address 93.88.177.85 on 20/10/2020 at 04:42

https://doi.org/10.1088/1757-899X/684/1/012013
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjss5wxsD4tpgAWFlDnIrvf6KDbMlIpvBP-8tcvupRLbiZ7W6wDTe6CbA3-jyhUnVljViYbrsKl7Zq9h6rbs9y39-ycSm1t0Vy-yyWo3FcL0Ne766Nbk6Yrx1LzT-a8QlURfId2fQptRSdWN6YvanKalzVY3GHBMAbhzCq3GesktrAAAYRemWbG57CJlinBDvZSbZ1briQs0bCC0j5m0KddqvXXE-wDE9lxn59F-GSOp0rC6ZPIph&sig=Cg0ArKJSzKz9_Sn0xJaS&adurl=https://iopscience.iop.org/partner/ecs


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICCPMC 2019

IOP Conf. Series: Materials Science and Engineering 684 (2019) 012013

IOP Publishing

doi:10.1088/1757-899X/684/1/012013

1

Mathematical modelling of the process of melting alloys of the 

Si-Cr-Ni-Fe system in the iron-carbon melt 

O V Zayakin1, D S Renev1, V I Zhuchkov1 and E Yu Lozovaya2 

1 The federal state budgetary scientific institution “Institute of Metallurgy of Ural 

branch of the Russian Academy of Sciences”, 101 Amundsen Street, Yekaterinburg, 

620016, Russia 
2 Ural Federal University named after the first President of Russia B. N. Yeltsin, 19 

Mir Street, Yekaterinburg, 620002, Russia 

e-mail: zferro@mail.ru 

Abstract. The process of melting of the Si-Cr-Ni-Fe ferroalloys in the iron-carbon melt under 

static conditions was studied using the method of mathematical modelling. It was found that the 

melting process takes place in three stages. The effect of silicon concentration and the initial size 

of a piece of alloy on the duration of each stage of alloy melting is revealed. It was shown that 

an increase in the silicon content from 6 to 40 % in the complex ferroalloy of the 50 mm fraction 

containing ~ 27 % Cr and ~ 12 % Ni leads to a decrease in the total melting time of the alloys 

from 67 to 30 seconds at the iron-carbon melt temperature of 1600 ºС. 

1.  Introduction 

In recent years the production of corrosion-resistant chromium-nickel steels has significantly increased 

in the world [1, 2]. In Russia electrolytic nickel is mainly used for smelting of such steels, the high price 

of which doesn’t promote the development of steelmaking [3]. At the same time there is a shortage of 

relatively cheap complex nickel ferroalloys in Russia [4, 5]. The development and application of this 

type of ferroalloys requires awareness of their physicochemical properties [6–8]. One of the most 

important properties of the alloy intended for alloying steel is the melting time and dissolution in the 

iron-carbon melt that determines both the recovery and distribution of the principal alloying elements 

of the ferroalloy in the metal volume [9]. The melting mechanism of alloys is a fundamental factor 

determining the time of its melting in an iron-carbon melt. Extensive research has been carried out in 

this area by both domestic [10, 11] and foreign [12–14] metallurgists. 

2.  Materials and methods 

In this work to study the melting process of complex nickel-containing alloys in an iron-carbon melt a 

mathematical model for calculating the melting time developed by scientists of the Ural Federal 

University and the IMET Ural Branch of the Russian Academy of Sciences was used. The model 

includes hydrodynamic and thermal parts. The thermal part of the model is based on the classification 

of ferroalloys depending on the ratio of their liquidus temperatures ( lT ), bath temperatures ( bT ) and 

crystallization temperatures of the iron-carbon melt ( cmT ). Thus the ferroalloys are divided into low 

melting ( l cmT T ), high melting ( cm l bT T T  ) and ultra-high melting ( l bT T ). 
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The samples of complex alloys of the Si-Cr-Ni-Fe system, corresponding in composition to 

ferroalloys that may be smelt from domestic mineral raw materials, were selected for the study [15, 16] 

(table 1). 

 

Table 1. Chemical 

composition of ferroalloys. 

No. 

Contenta (%) 

Si Ni Cr 

1 5.8 12.2 27.4 

2 13.0 11.9 28.8 

3 20.4 12.1 26.3 

4 40.1 11.7 25.5 

a ~ 0.2 % С, Fe – the rest. 

3.  Results and discussion 

The simulation results are presented in figures 1, 2.  

  

(a) (b) 

 

 

(c) (d) 

Figure 1. Dependence of the melting time of nickel-containing ferroalloys on the fractional composition at 

Tb = 1600 °C by melting stage: (a) – alloy 1; (b) – alloy 2; (c) – alloy 3; (d) – alloy 4. 

 

In the calculations it was assumed that cm 1530 CT =  , the initial temperature of the ferroalloy 

0 25 CT =   and the temperature of the bath of the iron-carbon melt is 1600 °C. The physicochemical 

properties of the ferroalloys were taken from the calculated [17] and previously obtained experimental 

data [18]. Under real conditions the initial temperature of a piece of ferroalloy is always lower than the 

0

10

20

30

40

50

60

70

0 20 40

T
im

e
(s

)

Diameter of a piece of alloy (mm)

time of the first melting stage
time of the second melting stage
time of the third melting stage
total melting time

0

10

20

30

40

50

60

70

0 20 40

T
im

e
(s

)

Diameter of a piece of alloy (mm)

time of the first melting stage
time of the second melting stage
time of the third melting stage
total melting time

0

10

20

30

40

50

60

70

0 20 40

T
im

e
(s

)

Diameter of a piece of alloy (mm)

time of the first melting stage
time of the second melting stage
time of the third melting stage
total melting time

0

5

10

15

20

25

30

35

0 20 40

T
im

e 
(s

)

Diameter of a piece of alloy (mm)

time of the first melting stage

time of the second melting stage

time of the third melting stage

total melting time



ICCPMC 2019

IOP Conf. Series: Materials Science and Engineering 684 (2019) 012013

IOP Publishing

doi:10.1088/1757-899X/684/1/012013

3

crystallization temperature of steel, therefore at first a crust of solid steel is formed on its surface.  The 

thermal part of the model includes Fourier differential heat condition equation for each of the phases 

(crust, solid core, liquid layer of the ferroalloy) and boundary conditions determined by convective heat 

transfer and the melting process. 

 

 

Figure 2. Dependence of the thickness of the 

solidified steel crust on the fractional composition of 

the ferroalloy at Tb = 1600 °C (the numbers of the 

curves correspond to the numbers of alloys in the 

table 1). 

 

All considered alloys belong to the group of low melting ferroalloys in which l cmT T . The process 

of their melting in the iron-carbon melt takes place in three stages. During the first stage the ferroalloy 

warms up, and when the surface temperature reaches T it begins to melt. Pieces of ferroalloy in this case 

are in the shell of solid steel, the thickness of which increases at the beginning of the stage and decreases 

towards the end. In the second stage the ferroalloy melts under the crust of solid steel due to the heat 

coming from the iron-carbon melt. It ends with the complete melting of the solid shell and the contact 

of the not melted but rather heated part of the piece of ferroalloy with liquid steel. The longer the first 

stage lasts the more intensely the crust of the solidified steel warms up and the bigger part of it melts 

thereby reducing the duration of the second stage. For all studied alloys the second stage is the shortest 

(no more than 5 % of the total melting time for a fraction of 50 mm). In the third stage a solid piece of 

ferroalloy melts directly contacting with liquid steel. 

The influence of the initial size of the piece is unambiguous. With diameter decreasing, the total 

melting time is reducing (figure 1). With a decrease in ferroalloy fineness by a factor of 50, the total 

melting time decreases by a factor of 500–600. 

An increase in the Si content from 6 to 40 % in the considered alloys leads to a decrease in the total 

melting time from 67 to 30 s (figure 1) and to a reduction in the thickness of the solidified steel crust 

from 7.1 to 5.6 mm (figure 2) with an initial ferroalloy diameter of 50 mm. This is due to the dependence 

of the thermophysical characteristics of the ferroalloys under study on the silicon concentration. In 

general, alloys of the Si-Cr-Ni-Fe system are characterized by a much faster melting process in steel 

compared to standard ferrochrome and ferronickel [9]. 

4.  Conclusions 

The process of melting ferroalloys of the Si-Cr-Ni-Fe system in an iron-carbon melt under static 

conditions was studied by mathematical modelling. It was revealed that the melting process proceeds in 

three stages. It was shown that an increase in the silicon content from 6 to 40 % in the complex ferroalloy 

of the 50 mm fraction containing ~ 27 % Cr and ~ 12 % Ni leads to a decrease in the total melting time 

of alloys from 67 to 30 sec at the temperature of iron-carbon melt of 1600 ºС. In general, alloys of the 

Si-Cr-Ni-Fe system are characterized by a much faster melting process in steel compared to standard 

ferrochrome and ferronickel. 
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