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A simulation model for inclusion precipitation kinetics during solidification of steel was
proposed in this work. With the aim to calculate the inclusion size distribution during
solidification of steel, the microsegregation calculation combined with the Kampmann–Wagner
numerical (KWN) model for nucleation and growth of inclusion was incorporated into the
present simulation model for calculating the evolution of inclusion size distribution during
solidification of steel. The inclusion agglomeration due to Brownian collisions was also taken
into account. The present simulation model was first applied in simulating precipitation of MnS
during steel solidification and validated by the experimental data available in the literature. The
effects of cooling rates and sulfur concentrations on the precipitation of MnS were investigated
by the model calculations. Then, the present simulation model was applied in simulating the
precipitation of TiN inclusions during steel solidification. The calculated mean size was found to
be in good agreement with data available in the literature. Finally, the model was employed for
studying the effects of interfacial tension between TiN and steel due to sulfur concentration
change and cooling rates on the inclusion precipitation kinetics. It was found that interfacial
tension between TiN and steel has a crucial influence on the precipitation of TiN. With an
increase of the cooling rate, the size distribution of TiN transforms from the lognormal
distribution to the bimodal distribution.
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I. INTRODUCTION

NONMETALLIC inclusions in steel are detrimental
to properties of steel products, such as strength,
toughness, fatigue strength, and surface quality.[1] Solid
inclusions can also gradually deposit on the wall of a
submerged entry nozzle and eventually cause its clog-
ging. Therefore, one of the most important tasks for
steelmakers is to control the inclusion formation during
steelmaking and continuous casting. Exogenous inclu-
sions mainly originate from wearing of refractory and
the entrapment of slag.[1] Most endogenous inclusions
are generated by the deoxidation of steel during sec-
ondary metallurgy.[1–3] Owing to the supersaturation of
segregated elements in the interdendritic liquid, some
new oxide and sulfide inclusions precipitate from steel
during continuous casting; these could be called

‘‘secondary endogenous inclusions.’’ The secondary
inclusions are typically small, but sometimes they can
be harmful to the properties of steel. Therefore, it is also
important to control the composition, size, and spatial
distribution of inclusions during solidification to achieve
a better quality of steel.
Many experimental investigations have been per-

formed on the inclusion formation during solidifica-
tion.[4–9] Sui et al.[6] investigated the growth of sulfides in
free-cutting stainless steel and found that sulfide inclu-
sions are coarsened during the slow cooling and heat
treatment process due to Ostwald ripening. Suzuki
et al.[8] investigated the inclusion particles in continu-
ously cast stainless steel slab and laboratory-scale ingot
casting steel. They found that an Ostwald ripening
model provided the best correlation with experimental
data.
There have been many attempts to model the forma-

tion of inclusion by combining microsegregation with
thermodynamics.[10–14] Various segregation models[15–19]

have been employed to calculate the element enrich-
ments in residual liquid due to the rejection from
dendrites during solidification. The formation of inclu-
sions due to the supersaturation of solutes was further
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calculated in an equilibrium manner. To this end,
commercial thermodynamic tools, e.g., FactSage and
ChemApp, have frequently been applied.[11–13]

A thermodynamic model for inclusion formation
during solidification provides only the information of
equilibrated inclusion composition. The inclusion size
distribution can be calculated only by a kinetic model
considering the nucleation, growth, and coarsening
phenomena. Only a few models[20–24] dealing with
kinetics of inclusion formation have been proposed in
the literature. Rocabois et al.[20] developed a model
coupling nucleation, mixed-controlled growth, and
microsegregation to calculate the precipitation kinetics
of TiN during solidification. Their microsegregation
calculation is oversimplified and size distribution could
not be obtained from their model. Recently, You
et al.[23] developed a comprehensive kinetic model to
simulate MnS formation during solidification of steel.
However, they have to introduce an adjustable param-
eter for collision to fit with experimental data. Besides,
they did not consider the coarsening of inclusions due to
Ostwald ripening.

Based on a theory by Langer and Schwartz,[25]

Kampmann and Wagner[26] treated nucleation, growth,
and coarsening as couple processes by using a frame-
work suitable for numerical calculation. The Kamp-
mann–Wagner numerical (KWN) model has been
extensively applied in estimating phase precipita-
tion.[27–32] However, so far, this model has not been
applied for modeling inclusion formation during
solidification.

In the present work, a kinetic model for inclusion
evolution during solidification combining the microseg-
regation calculation with the KWN model was proposed
to calculate the evolution of inclusion size distribution
during the solidification of steel. The model was
validated by the experimental data of precipitations of
manganese sulfide and titanium nitride inclusions during
the solidification of steel.

II. MODEL DESCRIPTIONS

The present model combines the microsegregation
calculation with the kinetic model for nucleation,
growth, and agglomeration of inclusions. The following
assumptions are made in the present model for the sake
of simplification

(1) During microsegregation calculations, the equilib-
rium partition coefficients between solid and liquid
are assumed to be constant during solidification.

(2) Only one kind of inclusion was assumed to be pre-
cipitated from liquid during solidification and only
homogenous nucleation is taken into consideration
for precipitation of inclusions during solidification.

(3) The morphology of inclusion particles during
nucleation, growth, and agglomeration is assumed
to be spherical.[2,23,33,34]

(4) The interfacial tension between inclusion and steel
remains the same for inclusion particles of all sizes.

The Gibbs–Thomson equation pertains to inclusion
particles of all sizes.

(5) The growth and coarsening of inclusion particles is
assumed to be controlled by the diffusion from the
bulk steel phase to the interface between inclusion
and steel.

There are many submodels employed to finally fulfil the
aim of the present simulation model. First, the compo-
sitions for interdendritic liquids at various temperatures
were calculated by using a stepwise form of the
Ohnaka[17] model. Then, the compositions were em-
ployed as inputs for a kinetic model for nucleation,
growth, and agglomeration of inclusions. The nucle-
ation and growth of inclusions was simulated by
employing the KWN[26] model. The agglomeration was
modeled using the population balance equation (PBE),
which is solved by the particle size grouping (PSG)
method. The submodels are described in detail as
follows.

A. Microsegregation Model

Ohnaka[17] presented a segregation model to calculate
the concentrations of solute in residual liquid during
solidification. You et al.[15] modified Ohnaka’s model
into stepwise form as follows:

Cþ
L ¼ CL

1� C � fs
1� C � fs þ Dfsð Þ

� �1�k
C

withC ¼ 1� 4ak
1þ 4a

and a ¼ 4Dtf

k2ð Þ2
½1�

where fs is the solidification fraction; Cþ
L and CL are

the concentrations of the solutes in the residual liquid
at the solidification fraction of fs and fs + Dfs, respec-
tively; D is the diffusion coefficient of solute in solid
solution; k2 is secondary dendrite arm spacing (SDAS);
k = CS/CL is the equilibrium partition coefficient
between solid and liquid during solidification; and tf is
local solidification time and can be calculated by the
following equation:

tf ¼
TL � TS

CR
½2�

where TL and TS are the liquidus and solidus tempera-
ture for steel, respectively (in Celsius), and CR is the
cooling rate.

Won and Thomas[35] compiled the data for the
diffusion coefficients of solutes in solid solution and
the equilibrium partition coefficients of elements
between solid and liquid during solidification. The data
related to the present study are listed in Table I.
There are several correlations of liquidus and solidus

temperature with steel compositions in the literature. In
this work, the correlations presented by Diederichs and
Bleck[36] are employed to calculate the liquidus and
solidus temperature (in Celsius) as follows:
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TL ¼ 1536� 83 pct C½ � � 31:5 pct S½ � � 32 pct P½ �
� 5 pct Mnþ pct Cu½ � � 7:8 pct Si½ �
� 3:6 pct Al½ � � 1:5 pct Cr½ � � 2 pct Mo½ �
� 4 pct Ni½ � � 18 pct Ti½ � � 2 pct V½ �

½3�

TS ¼ 1536� 344 pct C½ � � 183:5 pct S½ � � 124:5 pct P½ �
� 6:8 pct Mn½ � � 12:3 pct Si½ �
� 4:1 pct Al½ � � 1:4 pct Cr½ � � 4:3 pct Ni½ �

½4�

The solid fraction could be calculated by temperature
at the solidification front using the following equa-
tion[14]:

fs ¼
TL � Tð Þ 1536� TSð Þ
1536� Tð Þ TL � TSð Þ ½5�

where T is the temperature at the solidification front
of steel (in Celsius).

The application of the microsegregation model
requires the data of SDAS for various steel grades.
Several correlations of SDAS with steel compositions
were proposed in the literature based on measurements.
Won and Thomas[35] critically reviewed the correlation
and experimental data and proposed the following
equations for steel with a wide range of carbon contents:

When 0< [pct C]< 0.15,

k2 ¼ 169:1� 720:9C0ð ÞCR�0:4935 ½6�

When [pct C]> 0.15,

k2 ¼ 143:9C
0:5501�1:996C0ð Þ
0 CR�0:3616 ½7�

where k2 represents SDAS (lm), C0 represents the car-
bon concentration (in mass percentage) in steel, and
CR represents the cooling rate (in �C/s).

B. Thermodynamics of Inclusion Formation

1. Precipitation of sulfide
During the solidification of steel, sulfur is often

heavily segregated. The reaction for precipitation of
manganese sulfide during solidification of steel is often
considered:

Mn½ � þ S½ � ¼ MnSð Þ

The solubility product KMnS is given by[23,37]

log10 KMnS ¼ log Mn pct½ � S pct½ �ð Þ ¼ � 8750

T
þ 4:63

½8�

2. Precipitation of nitrides
Precipitation of titanium nitrides occurs during solid-

ification of Ti-stabilized stainless steel or other steel
grades containing Ti. The reaction can be represented by

Ti½ � þ N½ � ¼ TiNð Þ

The solubility product KTiN is given by[38]

log10 KTiN ¼ log Tipct½ � Npct½ �ð Þ ¼ � 14; 400

T
þ 4:94 ½9�

C. KWN Model

1. Basic equations
The nucleation of inclusion could follow the way of

homogenous or heterogeneous nucleation. In this work,
for the sake of simplification, only homogenous nucle-
ation is taken into consideration for precipitation of
inclusions during cooling. Thus, the steady-state nucle-
ation rate I can be expressed as[39]

I ¼ IAexp
DG�

hom

kbT

� �
½10�

where IA is a pre-exponential factor, kb is the Boltz-
mann constant, and DG�

hom is the free energy barrier
for homogeneous nucleation and can be calculated as

DG�
hom ¼ 16pr3

3DG2
V

½11�

where r is the interfacial tension between inclusion
and residue steel liquid andDGV is Gibbs free energy
change per molar volume for inclusion formation.

The crystals would undergo growth or dissolution
depending on whether the interfacial concentration is
larger than the matrix concentration. The rate for
growth or dissolution can be calculated as follows:[40]

Table I. Data for the Diffusion Coefficient of Solute in Solid Solution and the Equilibrium Partition Coefficient between Solid and

Liquid during Solidification[12,35]

Element

d Phase c Phase

k D 9 104 (m2/s) k D 9 104 (m2/s)

Mn 0.77 0.76 exp(� 224,430/RT) 0.785 0.055 exp(� 249,366/RT)
S 0.05 4.56 exp(� 214,639/RT) 0.035 2.4 exp(� 223,426/RT)
C 0.19 0.0127 exp(� 81,379/RT) 0.34 0.15 exp(� 143,511/RT)
Ti 0.38 3.15 exp(� 247,693/RT) 0.33 0.15 exp(� 250,956/RT)
N 0.25 0.008 exp(� 79,078/RT) 0.48 0.91 exp(� 168,490/RT)
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v ¼ dr

dt
¼

�C� Ci

CP � Ci

D

r
½12�

where �C is the concentration in residue liquid steel, Cp

is the concentration in inclusion, Ci is the concentra-
tion at the interface, D is the diffusion coefficient of
the element in liquid steel, and r is the radius of the
inclusion.

The concentration at the inclusion-steel interface
could be calculated from equilibrium concentration Ce

by the Gibbs–Thomson equation:

Ci ¼ Ceexp
2rVm

rRT

� �
½13�

where r is the interfacial tension between inclusion
and residue steel liquid and Vm is the molar volume of
inclusion.

Through Eqs. [12] and [13], both growth and coars-
ening of inclusion particles can be modeled. The critical
size r* for the transition from dissolution to growth can
be calculated by combining Eqs. [12] and [13]:

r� ¼ 2rVm

RT ln
�C
Ce

� �� � ½14�

2. Numerical methods
Myhr and Grong[32] proposed a control volume

approach to calculate the particle size distribution using
the Kampmann–Wagner theory. Particle size distribu-
tion was discretized into a series of small radius
elements, which could be treated as control volumes
according to the definition and terminology used by
Patankar.[41] Following the method by Myhr and
Grong,[32] in this work, the total size distribution was
discrete into a series of radius elements ri with width of
Dri. The radius for each element increases by a constant
factor of Rr compared with the previous neighbor
element. According to the classic grid configuration for
the control volume method in CFD, the grids employed
in the present study are shown in Figure 1. If we use the
up-wind scheme by Patankar,[41] the following discrete
equations can be obtained for calculation of number
density at grid P from the number densities at grids P, W
(west), and E (east) in the last iteration:

NP ¼ N0
P þ DNW þ DNE ½15�

vW> 0:

DNW ¼ N0
WvWDt

�
DrW ½16�

vW< 0:

DNW ¼ N0
PvWDt

�
DrP ½17�

vE> 0:

DNE ¼ N0
PvEDt

�
DrP ½18�

vE< 0:

DNE ¼ N0
EvEDt

�
DrE ½19�

where NP denotes the present number density at the P
grid; N0

P, N
0
W, and N0

E denote the number densities at
P, W, and E grids before iteration, respectively; Dt is
the time-step; and DrW, DrP, and DrEare the radius
width for W, P, and E grids, respectively. vW and vE
are the rates of growth and dissolution for grids W
and E.
The mass conservation law enables us to calculate the

matrix solute concentration in interdendritic liquid steel
after the inclusion precipitation:

�C ¼
C0 � Cp

qst
qP
Vp

1� qst
qP
Vp

; with Vp ¼
X1
i¼1

4

3
pr3i Ni ½20�

where Cp represents the solute concentration in inclu-
sions; C0 is the initial solute concentration in interden-
dritic liquid steel; qst and qP represent the density of
liquid steel and inclusion, respectively; and Vp is the
total volume of inclusions.
In the residual liquid during solidification, there also

could be some agglomeration of inclusions due to
collisions. In the ladle treatment and tundish, different
collisions, including Brownian, stokes, and turbulent
collisions, were considered in modeling the behavior of
inclusions.[33,34,42] However, in intradendritic liquid
during casting, the velocity of liquid cannot be easily
determined, but it can be assumed that the turbulence of
liquid is weak due to the lack of strong stirring.
Especially for some types of inclusions (e.g., MnS),
which are only precipitated at very high solidification
fraction, the motion of inclusions is rather limited.
Accordingly, only agglomeration due to Brownian
collision was accounted for in the present work.
The well-known PBE was employed to describe the

agglomeration of inclusions in residual liquid[43]:

dnk
dt

¼ 1

2

Xk�ic

i¼ic;iþj¼k

bCij ninj �
X1
i¼1

bCiknink ½21�

where the Brownian collision frequency function bBij
can be represented by

bBij ¼
2kBT

3l
1

ri
þ 1

rj

� �
ri þ rj
	 


½22�
Fig. 1—Grid configuration in the present model.
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The PSG method[42] is an efficient method to solve the
PBE. According to this method, the particles can be
divided into M groups. The size of particles in each
group is increasing by Rr times compared with the size
of particles in the previous group. The following equa-
tion could be obtained to replace the PBE:

dnk
dt

¼
Xk�1

i¼ic;k�1

ni;k�1b
C
ij nink�1 þ

Xic;k�1

i¼1

ni;kb
C
ij nink

�
XN�1

i¼ic;k

1þ dikð ÞbCij nink ½23�

where ni denotes the number density of group i and
ic;k denotes the critical size number, which was deter-
mined by the Rr ratio. When Rr = 21/3,
ic;k ¼ k� 1.ni;k�1 and ni;k are the correction factors
and can be calculated as follows:

ni;k�1 ¼ vi þ vk�1ð Þ=vk ½24�

ni;k ¼ vi=vk ½25�

where vi denotes the volume of particle in group i.

D. Inclusion Behavior at Solidification Interface

At the solid–liquid steel interface, the inclusions can
be engulfed by the solid steel or pushed into the
residual liquid. A critical solidification velocity above
which the inclusion would be engulfed was defined in
previous modeling and experimental work.[44,45] In
these studies, inclusions were often assumed to be
engulfed in solidified steel. Yamada et al.[46] assumed
that inclusions at the solidification front are com-
pletely captured by the solid. The inclusions were
distributed homogenously in liquid and the amount of
captured inclusion could be calculated by the solidifi-
cation step. You et al.[11,23] employed this method to
calculate the distribution of inclusions in solid and
residual liquid steel.

In this work, we consider two situations: engulf-
ment and pushing of inclusions, depending on the
cooling conditions. For validation of the MnS model,
the engulfment of inclusions was assumed since the
cooling rate is high (>13 �C/s). In contrast, the
pushing of inclusions was assumed for validation of
the TiN model due to the low cooling rate of 0.37 �C/
s. In the case of engulfment, we use the same method
to distribute the inclusions into solid and liquid steel.
The number density of inclusions trapped in solid

steel during one iteration is Dfs
fs Ni, where Ni is the

total number density. It is also assumed that there will
not be any nucleation and growth for trapped
inclusions in solid steel since no supersaturation is

expected in solid steel. The coarsening of trapped
inclusions is possible, but we neglect this effect for
simplification. In the case of pushing of inclusions, all
inclusions are pushed into residual liquid and there is
no existence of inclusions in the solidified part. The
pushed inclusions will undergo growth and coarsening
in the residual liquid.

III. RESULTS AND DISCUSSION

A. Precipitation of MnS Inclusions During Steel
Solidification

MnS inclusions are frequently found in steel grades
containing sulfur. Elongated MnS inclusions increase
the hydrogen-induced cracking susceptibility in steels
exposed to aqueous H2S environments.[47] MnS inclu-
sions could initiate pitting corrosion of stainless steels in
environments containing chloride.[48] MnS could also
have some positive effect on properties of steels. In
free-cutting steel, MnS plays a role in improving the
machinability of steel.[6] MnS could also act as a
potential nucleation agent for the formation of acicular
ferrite.[49] In the present work, the precipitation of MnS
was modeled by combining the microsegregation calcu-
lation with the KWN model. The modeling results were
validated by employing the data by You et al.[23] on
solidified steel.

1. Model parameters for MnS precipitation
According to the assessment performed by Bester and

Lange,[50] the diffusion coefficients of sulfur in liquid
iron can be calculated according to the following
equation:

Ds ¼ 4:33� 10�8e�35;600=RT ½26�

where DS is the diffusion coefficient of sulfur in liquid
iron, R is the universal gas constant, and T is the tem-
perature in Kelvin. The temperature fitting range for
Eq. [26] is from the melting point of iron to 1700 �C.
The diffusion coefficient of nitrogen in steel can be
obtained by extrapolating Eq. [26] to the temperature
below the melting point.
The value of interfacial tension between steel and

MnS has not been reported in the literature. However,
Oikawa et al.[51] estimated this value to be in the region
of 0.2 N/m by extrapolating the data on the interfacial
tension between steel and MnO-SiO2-CaO-MnS slag. In
a simulation by You et al.,[23] 0.2 N/m was also
employed for interfacial tension between steel and
MnS; we adopted this value.
The equation for calculating the density of liquid steel

qst at various temperatures was obtained from a
handbook[52] compiled by The Iron and Steel Institute
of Japan as the following equation for Fe-0.29 mass pct
C:

qst ¼ 8309� 0:7258T ½27�

where T is the temperature in Kelvin.
The model parameters for the simulation of MnS

precipitation during solidification are shown in Table II.
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2. Validation of the model for MnS precipitation
You et al.[23] simulated the solidification process of

steel using the submerged split chill tensile (SSCT)
experiment. Three steels with different sulfur contents
(60, 50, and 21 ppm) were melted and solidified using
the SSCT experiment. The chemical compositions of
steel investigated are shown in Table III. The inclusions
in the sample solidified were measured by using auto-
mated energy-dispersive X-ray spectroscopy of a scan-
ning electron microscope. The size distribution and
number density of inclusions in a defined area were
determined. The effects of the cooling rate and the sulfur
concentration on the precipitation of MnS inclusions
were investigated by sampling different horizontal posi-
tions in the solid steel shell and varying sulfur concen-
trations in the sample, respectively.

Figure 2 shows the comparison between the measured
size distribution and calculated size distribution of MnS
in cooled steel samples S1 at a cooling rate of 25.4 �C/s.
It can be seen that the calculated size distribution fits
well with the experimental size distribution, which
indicates that the present model could give a good
prediction of the size distribution of MnS during
solidification.

3. Effect of cooling rate and sulfur concentration
on MnS precipitation
The cooling rate during steel solidification has an

impact on the MnS precipitation. It was reported in a
high carbon steel that the number of oxides per unit area
decreased and the size of oxides increased with increas-
ing distance from the surface of the bloom, which had
solidified at the highest cooling rate.[54] You et al.[23]

measured the size distribution of MnS inclusions at the
different positions in the test body, which correspond to
different cooling rates (42.3, 25.4, and 13.5 �C/s). The
calculated size distributions of MnS in steel sample S1
by the present model at cooling rates of 42.3, 25.4, and
13.5 �C/s are shown in Figure 3. As seen in Figure 3, the
radius corresponding to the maximum number density
(Rp) increases with decreasing cooling rates. It can be
seen also that the maximum number density decreases
at lower cooling rates. The number density of MnS
decreases with decreasing cooling rates for particles
with a radius less than Rp, while the number density

1E-8 1E-7 1E-6 1E-5
0.01

1E8

 Experimental data
 Calculated data

N
um

be
r d

en
si

ty
 (m

-3
)

Radius (m)

Fig. 2—Comparison between calculated and measured size
distributions of MnS inclusions in steel sample ([S] = 60 ppm) after
solidification with a cooling rate of 25.4 �C/s.

Fig. 3—Effect of cooling rate on size distribution of precipitated
MnS in steel sample S1 after solidification.

Table III. Chemical Composition (in Mass Percent) of Steels
Investigated by You et al.[23]

Sample C Si Mn S P

S1 0.22 0.03 1.40 0.0060 0.0055
S2 0.22 0.03 1.46 0.0050 0.0048
S3 0.21 0.04 1.50 0.0021 0.0036

Table II. Simulation Parameters for Formation of MnS Inclusions During Solidification

Parameters Values Unit References

Density of Steel 8309 – 0.7258T kg/m3 [52]
Density of MnS Inclusion 3990 kg/m3 [53]
Molar Mass of MnS 0.087 kg/mol [53]
Diffusion Coefficient of Sulfur in Steel Melts, DS Ds ¼ 4:33� 10�8e�35;600=RT m2/s [50]
Interfacial Tension Between MnS and Steel Melts 0.2 N/m [51]
Solubility Product for MnS: [Mn] + [S] = MnS log10 KMnS ¼ � 8750

T þ 4:63 J/mol [23,37]
Pre-exponential Factor 1023 m�3Æs�1 —
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increases with decreasing cooling rates for particles
with a radius larger than Rp. This indicates a more
developed coarsening of MnS inclusions with lower
cooling rates. The present results are consistent with
the results by You et al. regarding the changing trend
of mean particle size with decreasing cooling rates. The
tendency for variation of the number density and mean
size with cooling rate is also consistent with the
investigation on high-carbon steel bloom by Faraji
et al.[54]

The sulfur concentration in steel could also affect
the precipitation of MnS in steel by changing the
supersaturation for nucleation. The size distributions
of MnS for three steels with different sulfur concen-
trations (60, 50, and 40 ppm) were calculated by the
present model and are shown in Figure 4. It can be
seen that Rp decreases for steels with lower sulfur
concentration, as does the maximum number density
for these steels. This is consistent with the experimen-
tal data by You et al.[23] with respect to the changing
tendency of Rp and maximum number density. How-
ever, the experimental result for steel with 20 ppm
cannot be reproduced since very few MnS could be
precipitated according to the model calculation results.
This inconsistency between model calculations and
experiments could be due to the possible heteroge-
neous nucleation in steel samples with low sulfur
concentration. There is no micrograph for inclusions
reported in the work by You et al.,[23] and the
possibility of heterogeneous nucleation cannot be
excluded. Heterogeneous nucleation would promote
the precipitation of MnS in samples with low sulfur
concentration. However, heterogeneous nucleation was
not accounted for in the present model, leading to the
inconsistency of samples with low sulfur concentra-
tion. The reduced number density with lower sulfur
concentrations should be attributed to the lower
nucleation rate due to reduced supersaturation.
According to Eq. [13], as the concentration of sulfur
decreases, the growth rate of crystals also decreases,
which would lead to the movement of size distribution
toward a smaller radius.

B. Precipitation of TiN Inclusions During Steel
Solidification

TiN is one of the most important types of inclusions
in stainless steels[55] and bearing steels containing
titanium.[56] TiN inclusions are often observed to have
sharp edges and corners in the steel matrix and can be
sources of cracks in the rolling process.[57] TiN inclu-
sions could initialize single pits, which act as cathodes vs
the steel, and accelerated breakdown of the passive layer
in corrosive environments, such as those including
chlorine.[58] Large TiN inclusions seriously affect the
fatigue properties of the bearing steel.[56] Therefore, it is
strongly desirable to control the precipitation of TiN
inclusions during solidification of steel. Much experi-
mental and model work on precipitation of TiN
inclusions during solidification of steel has been
reported in the literature.[20,59–63] In the present work,
the precipitation kinetics of TiN was modeled by
combining microsegregation calculation with the
KWN model. The model calculation was validated by
the experimental data by Rocabois et al.[20] on quenched
directionally solidified steel.

1. Evaluation of model parameters
Bester and Lange[50] critically assessed the diffusion

coefficients of nitrogen in liquid iron and obtained the
following equation:

DN ¼ 2:586� 10�7e�50;200=RT TLto 1700 �Cð Þ ½28�

where DN is the diffusion coefficient of nitrogen in liq-
uid iron and T is the temperature in Kelvin. The tem-
perature fitting range for Eq. [28] is from the melting
point of iron to 1700 �C. An extrapolating procedure
can be made to calculate the diffusion coefficient of
nitrogen in steel below the melting point.
There is no experimental data reported for interfacial

tension between TiN and steel. Nishizawa et al.[64]

estimated the interfacial tension between TiN and liquid
iron to be 0.3 N/m by employing an improved version of
the Becker’s model for interfacial energy calculations at
liquid metal–liquid metal interfaces to calculate the total
energy of interatomic bonds across an interface. Con-
sidering that there are some surface-active elements,
such as oxygen and sulfur, in liquid steel, we employed
an interfacial tension value of 0.28 N/m between TiN
and liquid steel for samples with low sulfur concentra-
tion. The high sulfur concentration of steel could lead to
a further decrease of interfacial tension between TiN
and liquid steel. The influence of interfacial tension
between TiN and liquid steel on the inclusion distribu-
tion is discussed in Section II–C.
The model parameters for precipitation of TiN during

solidification of steel are listed in Table IV.

2. Validation of the model for the precipitation of TiN
Rocabois et al.[20] investigated the precipitation of

TiN inclusions in quenched directionally solidified steel
rods (5-mm diameter and 300-mm long) with a conven-
tional vertical apparatus with a static induction coil
under controlled thermal conditions. The cooling rate
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Fig. 4—Effect of sulfur concentration on size distribution of
precipitated MnS inclusion in steel after solidification.
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employed in their experiments was 0.37 �C/s. Longitu-
dinal and transverse cross sections containing the
quenched mushy zone were analyzed using the metallo-
graphic method. The observation of the position of
inclusion toward dendrites showed that TiN inclusions
were pushed out of the solid-liquid front in the
interdendritic regions. Two compositions of steels with
low (25 ppm) and high (440 ppm) sulfur concentrations
were investigated. The chemical compositions of these
two steels are shown in Table V. The sizes of the TiN
inclusions at different stages of the solidification for low
sulfur steel were measured.

The precipitation of TiN during solidification was
simulated by the present model. The model parameters
in Table IV were employed for the calculation of low
sulfur (25 ppm) steel. It is assumed that all inclusions
were pushed out of solid steel during solidification.

The calculated mean sizes of TiN inclusions are
shown in Figure 5. For comparison, the experimental
mean sizes of TiN from Rocabois et al.[20] are also
shown in Figure 5. It can be seen from the figure that the
growth is predicted to start already at higher tempera-
tures and continue above the plateau level measured by
Rocabois et al.[20] Generally, the calculated mean sizes
of TiN inclusions at different temperatures were in
reasonable agreement with the experimental data from
Rocabois et al.[20] This indicates that the present model
could give a good prediction of precipitation character-
istics of TiN inclusion during solidification.

The size distributions of inclusion at different tem-
peratures were calculated and are shown in Figure 6. It
can be seen that the total distribution shifts toward the
larger radius as the solidification proceeds. The peak
-value radius of TiN inclusion increases with decreasing
temperature, while the maximum and total number
density only change slightly. All size distributions can be
found to obey lognormal distribution, which is a
common characteristic for distribution after nucleation
and growth.[2,4,29–32] These characteristics of size distri-
bution can be explained with competitive nucleation and
growth of TiN inclusions. The growth and coarsening of
inclusion particles would lead to larger particles as the
solidification proceeds. The lowering of number density
due to the coarsening is compensated by the continuous
nucleation of inclusion particles, so the maximum and
total number density remains nearly invariant. Rocabois
et al.[20] also found that the number density NV remains
nearly constant during the solidification with a value of
around 3.3 9 1012/m3. A comparison could be made
between the calculated and experimental results on

number density. The calculated maximum number
density in the present work is also almost constant
during solidification. The calculated maximum number
density (1013 m�3) is somewhat higher than the exper-
imental data (3.3 9 1012 m�3). But, considering that the
number density values are from scanning electron
microscope examinations on sections, the difference
between calculated and experimental data is still
reasonable.

3. Effect of interfacial tension between TiN and liquid
steel on precipitation of TiN
Oxygen and sulfur are well-known surface-active

elements in liquid steel. The surface tension of liquid
steel can be decreased with increasing concentrations of
oxygen and sulfur. In experiments by Rocabois et al.,[20]

two steel compositions with low and high sulfur
concentration were investigated. The interfacial tensions
between TiN and two liquid steel compositions should
differ from one another.
Since the information on the interfacial tension

between TiN and liquid steels with different sulfur
concentrations is scarce, a sensitivity analysis on the
effect of the interfacial tension and sulfur concentration
on the precipitation of TiN was conducted.
The final size distributions of TiN for steels were

calculated with varying interfacial tensions between TiN
and liquid steels (c= 0.28, 0.275, 0.27, 0.26, and 0.25 N/
m). The other parameters in Table IV were employed for
calculation. The size distributions of TiN with varying
interfacial tension are shown in Figure 7. It can be seen
that the maximum number density and peak-value radius
of TiN inclusions varied with decreasing interfacial
tension from 0.28 to 0.25 N/m. As the interfacial tension
decreases from 0.28 to 0.27N/m, the peak-value radius of
TiN decreases, while the maximum number density
increases. The further decrease of interfacial tension from
0.27 to 0.25 N/m only produces a slight change of
peak-value radius and maximum number density. Roca-
bois et al.[20] also observed in their experiments that the
number density of samples with high sulfur concentration
is higher than that of samples with low sulfur concentra-
tion. The mean sizes of TiN in experimental samples
showed no large difference, but the mean sizes calculated
by their model showed a decrease with increasing sulfur
concentration. The increase of the maximum number
density in size distribution with decreasing interfacial
tension could be attributed to the enhanced nucleation
due to the lower energy barrier for homogeneous nucle-
ation, as shown inEq. [12]. The decrease of the peak-value

Table IV. Simulation Parameters for Formation of TiN Inclusions during Solidification

Parameter Value Unit References

Density of Steel 8309 – 0.7258T kg/m3 [52]
Density of TiN Inclusion 5210 kg/m3 [65]
Molar Mass of TiN 0.0619 kg/mol [65]
Diffusion Coefficient of Nitrogen in Steel Melts DN DN ¼ 2:586� 10�7e�50;200=RT m2/s [50]
Interfacial Tension Between TiN and Steel Melts 0.28 N/m [64]
Solubility Product of TiN:
[Ti] + [N] = TiN

log10 KTiN ¼ � 14;400
T þ 4:94 J/mol [38]

Pre-exponential Factor 1034 m�3/s —
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radius of TiN inclusions with decreasing interfacial
tension should be due to the suppression of coarsening.
The coarsening (Ostwald ripening) of particles is often
interpreted by employing Lifshitz–Sloyzov–Wagner the-
ory.[66,67] If it is assumed that the ripening during
solidification is controlled by diffusion, we can obtain

�d3 � �d30 ¼ kt ¼ 64DrSLVSc0
9RT

t ½29�

where �d and �d0 are the mean crystal size at time t and
at the beginning of coarsening, respectively; D is the
effective diffusion coefficient; rSL is the interfacial ten-
sion between solid and liquid; VS is the molar volume
of crystal; and c0 is the mass concentration of mobile
species in liquid equilibrated with a crystal with infinite
large size.

According to Eq. [29], the coarsening rate k is directly
proportional to the interfacial tension rSL. Conse-
quently, a decrease in rSL leads to a corresponding
relative decrease in the value of k. The decrease of
peak-value radius with decreasing interfacial tension
should be attributed to the suppressed coarsening.
As seen in Figure 7, the size distribution of TiN

becomes wider also with decreasing interfacial tension.
All these findings indicate that the size distribution of
inclusions is very sensitive to interfacial tension between
inclusion and steel. Consequently, in order to make
more detailed calculations in the future, it might be
relevant to direct more research using experimental
techniques toward clarifying that aspect.

4. Effect of cooling rates on the precipitation of TiN
The cooling condition has an impact on the precipita-

tion of TiN particles from steel during solidification.[7]

Sage and Cochrane[59] established an inverse linear
relationship between the size of TiN particles and the
logarithmic cooling rate during and after solidification.
Stock et al.[60] confirmed this relationship by using their
data for higher cooling rates. Although Rocabois et al.[20]

only investigated the TiNprecipitation at one cooling rate
(0.37 �C/s), it will be interesting to investigate effect of
different cooling rates by the model simulation.
The TiN precipitations at three cooling rates (0.37,

3.7, and 37 �C/s) for a low S steel sample whose
composition is shown in Table V during solidification
were simulated by using the present model. The size
distributions of TiN inclusions precipitated from sam-
ples cooled at different rates are shown in Figure 8. As
seen in Figure 8, the size distributions at cooling rates of
3.7 and 37 �C/s have distinct characteristics that differ

Table V. Compositions of Steels (in Mass Percent) Investigated by Rocabois[20]

Steel Sample Mn Si Al Cr Ti O S N C

High S 0.002 0.315 0.069 0.691 0.092 0.0016 0.0440 0.0129 0.392
Low S 0.002 0.315 0.069 0.691 0.092 0.0018 0.0025 0.0122 0.403

Fig. 5—Comparison between calculated and measured mean radii of
TiN precipitated at different stages of solidification for steel with
sulfur concentration of 25 ppm at 0.37 �C/s cooling rate[20]

Fig. 6—Size distributions of TiN inclusion precipitated at different
temperatures for steel with sulfur concentration of 25 ppm.

Fig. 7—Effect of interfacial tension between TiN and steel on the
size distribution of precipitated TiN after solidification of steel.
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from those at a cooling rate of 0.37 �C/s. The distribu-
tion at 0.37 �C/s basically follows a lognormal distribu-
tion, while the distributions at higher cooling rates
exhibit bimodal distributions. This kind of bimodal
distribution for TiN inclusions was also observed by
Ohta and Suito[61] in Fe-1.5 pct Mn-0.05 pct C-0.1 pct Ti
alloys and Stock et al.[60] in a low-carbon steel. It can be
also seen in Figure 8 that the size distribution curves
move toward lower radius positions, indicating that the
size of TiN precipitations decreases with increasing
cooling rates. The mean radius values at the three
cooling rates (0.37, 3.7, and 37 �C/s) are 5.42, 0.107, and
0.0229 lm, respectively. This kind of cooling rate
dependence of TiN size has been reported by many
researchers.[59,60] Meanwhile, the maximum number
density in size distribution curves increases with increas-
ing cooling rates, which is also in line with the size
distribution previously reported.

Calculating the microsegregation of titanium and
nitrogen at different cooling rates should be useful for
interpreting the results of the calculated size distribu-
tions. Figure 9 shows the calculated Ti and N

concentration using the Ohnaka model[17] in the inter-
dendritic liquid steel during solidification of the low S
steel sample shown in Table V. It can be seen that there
is a rapid increase of Ti concentration near the solidus
temperature. This increase becomes more significant as
the cooling rate increases. It is presumed that the
nucleation rate at the final stage of solidification is so
high that many smaller particles form, which leads to
the second logarithm normal peak. The calculated size
distributions of TiN at different solidification fractions
(fs) with a cooling rate of 37 �C/min are shown in
Figure 10. It can be seen that the bimodal distributions
only appear after solidification proceeds at fs = 0.95.
This supports our presumption that the bimodal distri-
bution should be due to the high nucleation rate at high
solidification fraction. The decreased size of precipitated
TiN particles at a higher cooling rate should be due to
the lack of sufficient coarsening. The increased maxi-
mum number density of TiN particles observed in our
calculation at high cooling rates also supports the
notion that the coarsening is weaker than that at lower
cooling rates.

IV. SUMMARY

1. A kinetic model for evolution of inclusion size dis-
tribution during solidification combining microseg-
regation calculation with the KWN model was
proposed in this work.

2. The model was applied to simulate the precipitation
of MnS during solidification. The calculated size
distributions of precipitated MnS are compared with
experimental data by You et al. The comparison
showed a good agreement between calculated and
experimental size distributions.

3. The effects of cooling rate and sulfur concentration
on precipitation of MnS were investigated by model
calculations. As cooling rates decrease, the radius
corresponding to the maximum number density (Rp)
increases and the maximum number density of MnSFig. 9—Calculated Ti and N concentration in the interdendritic

liquid during solidification of low S steel sample.

Fig. 8—Effect of cooling rates on the size distribution of TiN after
solidification of low S steel sample.

Fig. 10—Calculated size distributions of TiN at different
solidification fractions with a cooling rate of 37 �C/min.
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decreases. Both Rp and the maximum number density
decrease for steel with lower sulfur concentration.

4. Further application of the present model in precipi-
tation of TiN was validated by the unidirectional
solidification data from Rocabois et al.[20] The cal-
culated mean sizes of precipitated Ti inclusions are in
good agreement with the experimental data.

5. The effect of variation of interfacial tension between
TiN and steel due to the sulfur content change on the
TiN precipitation was investigated by the model
calculation. It was found that the peak-value radius
of TiN decreases and the maximum number density
increases with decreasing interfacial tension, which
was attributed to enhanced nucleation and sup-
pressed coarsening. The size distribution of TiN be-
comes wider also with decreasing interfacial tension.
The size distribution of TiN inclusions is very sensi-
tive to interfacial tension between inclusion and steel.

6. The effect of cooling rates on the TiN precipitation
was also investigated by model calculations. The size
distribution of TiN at a cooling rate of 0.37 K/s
basically follows a lognormal distribution, while size
distributions at high cooling rates exhibit bimodal
distributions. The existence of the second logarithm
normal peak could be due to the extreme high
supersaturation at the final stage of solidification
leading to the precipitations of many smaller parti-
cles. The size distribution curves move toward lower
radius position, indicating that the size of TiN pre-
cipitations decreases with increasing cooling rates.
The decreased size of precipitated TiN particles at
higher cooling rates should be due to the lack of
sufficient coarsening
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