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Computer simulation of microsegregation of sulphur and manganese and formation of MnS
inclusions while casting rail steel

The quality of rail steel is conditioned by its high mechanic qualities, which greatly depend on the presence of undesired
nonmetallic inclusions. The paper is devoted to the segregation of components, mainly sulphur, and the formation of manganese
sulphide in the process of steel solidification, at the casting rate of 100 and 500 K/min. Sulphur is a steel component which
disadvantageously influences its numerous parameters. The oxide-sulphide and sulphide precipitations cause cracks and lower
the strength of the material. This phenomenon was modeled with the use of author’s computer program based on Matsumiya
interdendritic microsegregation model. The main assumptions of this model and thermodynamic conditions of inclusion
formation during casting of steel are discussed in this paper. Two cases were analyzed: in the first one the MnS was assumed
to form a pure and constant compound, whereas in the other one the manganese sulfide was precipitated as a component of
a liquid oxide solution, and its activity was lower than unity. The final conclusion is that chemical composition of steel is the
major parameter deciding about the formation of MnS inclusions.
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1. Introduction
Materials used for the rails production must meet high
requirements regarding the properties of materials, shape
and durability. The Rolling Contact Fatigue (RCF) is an
important issue in the exploitation of a rail steel. Nonmetallic
Al2O3, SiO2 and MnS inclusions which frequently appear in
the material have a negative impact on the durability of rail
and lower RCF. Big and brittle inclusions containing Ca, Al,
O and Si may initiate critical cracking under the surface of
the rail head. These precipitations may directly influence the
generation of cracks because they are not deformed in line
with the matrix. This stems from the stresses on the inclusion
and matrix interface. In this case the cracks may propagate
causing permanent damaging of the material. Big nonmetallic
inclusions, e.g. Al2O3 and SiO2 are possible initiators of the
cracking than their smaller counterparts, e.g. sulphides. The
results of experiments conducted by Liu [1] revealed that in
the nonmetallic inclusions are not deformed evenly the course
of rolling. Pure MnS inclusions are deformed in the direction
of rolling. In the case of complex inclusions containing
manganese sulphur the deformation considerably differs from
that of pure MnS. The manganese sulphide may be surrounded
by brittle oxidic phases, it may constitute a plastic cover on
oxidic phase in the course of heterogeneous nucleation [2,3].
In this case their deformation may result in flattening and
elongation of inclusions, and in the presence of brittle phases
– cracks may appear. The removal of oxidic inclusions, i.e.
refinery products was fully managed by a number of operations

of secondary and tertiary metallurgy, though the problem of
sulphide formation is mainly associated with the final stage of
steel production, i.e. casting.
One of the factors influencing the strength parameters of
rail steel is sulphur, i.e. the main component of MnS. Sulphur
is commonly considered to be a negative element of steel,
except for the situation it is purposefully added to improve its
machinability. The phase plot of Fe-S reveals the existence of
eutectics of melting temperature 988°C and sulphur content
31 wt.%. This eutectics was precipitated on the boundary of
grains where the steel solidifies. This makes the steel brittle
during rolling [4].

Fig. 1. Phase equilibrium of Fe-S [4]
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Sulphur also acts negatively in steel which works at
low temperatures, as it lowers the resistance to mechanical
notch in varying load conditions. For this reason steel
should not contain more than 0.005% of sulphur, which
is an insurmountable value for materials from which are
made constructions, vehicles and pipelines operating in low
temperature conditions, as well as materials for transport [1].
Chemically, manganese is closer to sulphur than iron; the
MnS precipitations not only lower the mechanical properties
of steel but also cause hydrogen accumulation on the grain
interface during welding jobs, bringing about microckacks
[2]. It was experimentally concluded that this shortcoming is
closely connected with sulphur content in steel [3]. Another
unfavorable effect caused by the presence of sulphur is the
process of absorption of gaseous bubbles by the solidification
front at an early stage of crystallization as a result of gradient
of surface tension near the solidification front. This in turn, is
connected with the gradient of sulphur content in steel, which
will be generated as a consequence of sulphur segregation
in the solidification front [3-7]. The paper is devoted to the
processes of sulphur and manganese microsegregation in the
process of rail steel crystallization. Another issue is modelling
of MnS precipitations in the casting process of rail steel
containing 0.016-0.039% of sulphur.

CMn and CS denote actual concentrations of components in the
liquid solution (expressed in mass percent).
- denotes equilibrium value of the product, which
stems from the condition:

(4)
where: K – equilibrium constant of chemical reaction, T –
temperature [K], aMnS – activity of MnS, R – gas constant
[J·mol-1· K-1], fS, fMn – activity coefficients.
The thermodynamic criterion of precipitations formation
refers to the current composition of liquid phase, which
undergoes changes changes during steel solidification due to
the segregation of components. The analysis of the liquidus and
solidus plots of proper bi-component (iron-steel component)
system reveals that this component will accumulate in liquid
phase, i.e. successive portions of solidifying liquid will be
enriched in it. If the crystallization has a dendritic character,
then the last portions of the solidifying liquid located between
the secondary dendrite arms will have the highest concentration
of soluble components. Microsegregation favors formation of
inclusions as a result of chemical reactions, mainly oxidic and
sulphidic. The quantitative measure of microsegragation of
a component is its equilibrium partition coefficient into solid
and liquid phases k i , defined as:

2. Microsegregation of components during solidification
Microsegregation of alloy components can bring about
certain undesired features, unless other thermal operations
are conducted to make the concentration of steel components
more uniform. If controlled, it has a decisive influence on
the formation of precipitations and formation of the desired
structure. Manganese sulphide precipitations of liquid oxidicsulphidic solution are mainly formed in the process of steel
solidification, and the phenomenon is conditioned by the
thermodynamic criterion of nonmetallic phase formation and
by obtaining suitable concentrations of elements in liquid steel.
In the case of rail steel these are mainly sulphur, manganese
and oxygen. In the process of steel solidification the steel
components are segregated on the solidification front, thanks
to which their concentration increases, and on the other hand
the distribution and size of the oxidic or sulphidic inclusions is
conditioned by the solidification rate.
The formation of the manganese sulphide in liquid steel
can be written in the following way [8]:
[Mn] + [S] = (MnS)

(1)

logQ = - 8 627 / T + 4.745
where: T – temperature [K], Q – solubility product.
The formation of manganese sulphide is possible if the
following dependence holds true:
Qreal > Qequilibrium

(2)

(5)
*
CS
- concentration of a component in the solid phase on the

*
solidification front, CL - in the liquid phase, k - equilibrium
partition coefficient for solid/liquid phase interface.
The effect of enrichment of liquid phase in alloy
components is weakened by the concurrent diffusion of
components in the forming solid phase, i.e. back diffusion.
The concentration of the component in the solid phase on
the solidification front is formed by the solidification front
movement rate and the diffusion rate in the solid phase. The
participation of back diffusion for an individual component
„i” of liquid solution is characterized by the back diffusion
parameter α i :

(6)
αi – back diffusion parameter, Di - diffusion coefficient of
a component in the formed solid phase [m2·s-1], l - movement
of solidification front [m], ], ts – time [s].
Crystallization with the back diffusion was described
with some equations. Wołczyński equation was used in this
paper [9]:

(7)

(3)
Qreal
means a real value of the MnS solubility product.

The activity of the formed oxide or sulphide plays a very
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important role because it determined whether or not inclusions
are formed. Two cases are possible here: particular compounds
precipitate sequentially (a=1), or two or more compounds
are simultaneously precipitated in a certain interval of
temperatures, and which form a liquid compound (a<1). If
the activity of the formed compound is taken into account, the
condition in which precipitations are formed has the following
form:

(10)
x – horizontal coordinate:

3. Results of calculations of microsegregation and MnS
precipitations formation

(8)
The dependance of the solubility product Q on
temperature for manganese sulphide is presented in fig. 2. The
equilibrium value of the solubility product strongly varies with
temperature.

Fig. 2. Course of equilibrium dependence of MnS solubility vs.
temperature

The work makes use of a model based on the concept
worked out by Matsumiya et al. [10], which was also
employed in other works [8, 11-13]. It accounts for the
coupling of microsegregation and inclusions formation,
which allows for approaching the real course of this process.
If the microsegregation of components were calculated
separately (e.g. with equation 7), and on this basis the
number of inclusions then in some cases the concentrations
in the end parts of the liquid phase would be overrated. This
was revealed in the work by Ma and Janke [11]. It was also
assumed that the boundary of phases s/l moves following the
parabolic law:

0 ≤ x ≤ λ 2 		

The process of microsegregation and inclusion formation
in rail steel of chemical composition as in Table 2 was
simulated. Authors used own computer software based on the
worked out model [7,14]. The calculations were performed for
two kinds of rail steel: steel no. 1 is low in manganese (0.05%
Mn) as compared to steel no. 2. In this case the Mn/S ratio
equaled to 1.28, and 32 in steel no. 2.
The results of calculations of sulphur and manganese
segregation real and equilibrium solubility manganese
sulphide product for steel no. 1 at MnS activity equal to 0.6
and 1 were presented in the form of plots in figures 3 to 8.
During solidification the liquid phase is enriched with sulphur
and manganese, and a consequence of this is a high content
of components dissolved in the last portions of liquid steel.
The analysis of the sulphur and manganese segregation line for
steel no. 1 reveals that sulphur content in liquid steel with back
diffusion would increase over 100 times, whereas at the MnS
activity equal to 1 the sulphur final concentration in liquid
steel would be higher than for MnS activity of 0.6. The course
of the real and equilibrium product of solubility shows that at
the casting rate of 100K/min the manganese sulphide is not
formed either for MnS activity of a=0.6 nor a=1 (Fig. 4 and
Fig. 6). It was observed that MnS precipitation (a=1) is formed
at a casting rate of 500 K/min (Fig. 8).

(9)
The back diffusion effect was described by diffusion
equation (II Fick’s II Law) for each steel component:

Fig. 3. Microsegregation of Mn and S during solidification of steel
no. 1 at the cooling rate of 100 K/min for steel no. 1. MnS activity in
precipitations equals to 1

Table 2

Chemical composition of rail steel, wt.%
C
0.054
0.71

Mn
0.05
0.89

Si
0.23

P
0.007
0.023

S
0.039
0.028

Al
0.0056

V
0.005

Cr
0.05
0.05

Ni
0.03
0.03

Mo
0.06
0.005

O
0.001
0.001
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Fig. 4. Comparison of equilibrium and real solubility product at a cooling
rate of 100 K/min for MnS. MnS activity in precipitations equals to 1

Fig. 5. Mn and S microsegregation during solidification of steel
no. 1 at a cooling rate of 100 K/min for steel no. 1. MnS activity in
precipitations equals to 0.6

Fig. 6. Comparison of equilibrium and real solubility product at
a cooling rate of 100 K/min for MnS. MnS activity in precipitations
equals to 0.6

Fig. 7. Microsegregation of Mn and S during solidification of steel
no. 1 at the cooling rate of 500K/min for steel no.1. MnS activity in
precipitations equals to 1

Fig. 8. Comparison of equilibrium and real solubility product at a cooling
rate of 500 K/min for MnS. MnS activity in precipitations equals to 1

The sulphur and manganese segregation plots and the course
of real and equilibrium solubility MnS product for solidification of
steel no. 2 are presented in figures 9 to 12. The MnS precipitation
was observed at a casting rate of 100 K/min both for pure sulphide
(a=1) and a component of a solution (a=0.6). The main factor
conditioning MnS formation in this steel is high Mn content. In
this case the MnS inclusions are formed with the participation of
solid phase of ca. 0.8, while in steel no. 1 the sulphide phase is
formed with the participation of about 0.97 of solid phase. It was
also noted that the casting rate has an influence on the precipitation
processes. In the case of steel no. 2 at the casting rate of 100 K/
min the sulphide phase precipitates with the solid phase at a level
of 0.77 for a=0.6 and 0.825 for a=1. The increased rate of casting
to 500 K/min causes that the precipitation process takes place at
a higher participation of solid phase and the sulphide precipitation
of activity 0.6 occurs earlier.

Fig. 9. Microsegregation of Mn and S during solidification of steel
no. 2 at the cooling rate of 100K/min for steel no. 1. MnS activity in
precipitations equals to 0.6

Fig. 10. Comparison of equilibrium and real solubility product at a cooling
rate of 100 K/min for MnS. MnS activity in precipitations equals to 0.6
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Fig. 11. Microsegregation of Mn and S during solidification of steel
no. 2 at the cooling rate of 500K/min for steel no. 2. MnS activity in
precipitations equals to 0.6

preceded by observations of the structure with an optical
microscope. There was also performed point microanalysis
of the precipitation with a microprobe and X-ray
microanalyzer. Figures 13 to 16 depict the microstructure
of steel no. 2, i.e. picture of the microstructure and result
of X-ray microanalysis of the precipitation area. Elongated
precipitations were noted to dominate; they were mainly
composed of Mn and S, identified as manganese sulphides.
The elongated shape of the inclusions results from the plastic
processing of steel and the direction of rolling. There are
also fine irregular inclusions (fig. 15). The X-ray analysis
of the inclusion area revealed that the object includes: Mn,
S and O, therefore it can be postulated that the inclusion has
a oxidix-sulphidic character (fig. 15). The inclusion was not
deformed in the direction of rolling, which is also indicative
of the fact that this inclusion was not purely sulphidic.

Fig. 12. Comparison of equilibrium and real solubility product at
a cooling rate of 500 K/min for MnS. MnS activity in precipitations
equals to 0.6

It follows from the results obtained from the simulation
of the process of segregation and MnS inclusions formation
that the precipitations generation is determined by the
concentration of both components making up the inclusion.
The moment of formation and quantity of MnS depends on
the concentration of the component, whose deficiency is
observed first. In this case this is manganese for steel no.
1 and sulphur for steel no. 2. Figures 7 and 9 illustrate the
course of manganese and sulphur concentration; at both
solidification rates the plots break showing to the formation of
precipitations. The comparison of the sulphur and manganese
segregation curves reveals a considerable difference lying in
the fact that after sulphur concentration has been lowered by
MnS formation, its concentration rapidly grows in the last
portions of the solidifying liquid. This effect is caused by
strong microsegregation of sulphur, stemming from the low
value of equilibrium interfacial division, which equaled to 0.05
for sulphur.

Fig. 13 Microstructure obtained with SEM

4. Analysis of the steel structure
For the sake of identifying nonmetallic inclusions in
rail steel the microstructure was analyzed with the use of
Scanning Electron Microscopy (SEM). During experiments
various types of precipitations were analyzed for their
shape and chemical composition. Proper experiments were

Fig. 14. Plot of point X-ray analysis obtained for point 1 of the
inclusion marked in figure 13
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