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a b s t r a c t

Physical properties of molten iron at 1500–2500 K, which are poorly understood at high temperature and
in undercool state, are calculated based on the molecular dynamics method in this paper. The model of
molten iron is developed by LAMMPS. The embedded atom method potential is applied to calculate the
interaction between iron atoms. The system is heated to 2500 K, then cooled to the target temperature to
obtain the molten iron. Different physical properties of molten iron between 1500 K and 2500 K, includ-
ing the density, the viscosity, the specific heat capacity and the self-diffusion coefficient, are calculated
using the proposed model. The accuracy of the method is validated by comparing the numerical results
with the available data in the literature. It is found that almost all the physical properties of molten iron
at 1500–2500 K can be accurately calculated with the molecular dynamics method. However, owing to
the fact that the specific heat of liquid metal is sensitive to the potential function, the numerical deviation
of the specific heat is larger.

� 2017 Published by Elsevier Ltd.

1. Introduction

The physical properties of molten iron are of great importance
in blast furnace iron making process. In the past several decades,
a number of experiments [1–5]and theoretical calculations [6,7]
have been carried out to obtain these properties. All of these stud-
ies showed that the properties, including the density, the viscosity,
the heat capacity, the self-diffusion coefficient and the thermal dif-
fusivity, are affected by temperature. Beutl et al. [1] investigated
the specific heat and various dependencies among enthalpy, elec-
trical resistivity, temperature, and density for molten iron up to
5000 K. Wille et al. [5] used a CO2 laser to heat molten iron and
obtain the ratio of the melting enthalpy versus the heat capacity
of molten iron. The density of molten iron has been deduced from
the image size and the mass of the molten iron drops. Nishi et al.
[4] measured the thermal diffusivity of molten iron at tempera-
tures close to 1900 K by a laser flash method. Zhang et al. [6] cal-
culated the diffusion parameters over a broad temperature range
and pressure range based on the available P-V-T equation of state
of iron. The above research provides abundant data for physical
properties of molten iron. Owing to the oxidation of the molten

iron, interaction between iron and vessel, and the limited measure-
ment accuracy under high temperature, comprehensive and com-
plete data regarding physical properties are hard to obtain.
Specifically, in special conditions, such as high pressure and over-
cooled states, physical properties are difficult to measure
accurately.

With the continual enhancement of computer processing
power, the molecular dynamics method has become an important
method of calculating the properties of materials, as it is unaf-
fected by the limitations of experimental conditions, such as high
temperature and pressure, by calculating in the micro level of sys-
tem. Physical properties of material, the diffusion process between
the various substances, can be calculated under various environ-
mental conditions via the molecular dynamics method. Therefore
the molecular dynamics simulation technology has been widely
applied in material science, biology, etc. [8–14].

Research on the physical properties of liquid metal using molec-
ular dynamics simulation has been increasingly reported in recent
years [15–19]. Yu et al. [15] used the molecular dynamics method
to study the transport coefficients and the infinite frequency shear
modulus of molten iron at high temperatures and high pressures.
The result showed that both shear viscosity and diffusion coeffi-
cient along the melting line rise simultaneously, and liquid iron
can vitrify under Earth-core conditions. Koci et al. [16] applied
the molecular dynamics method to study the properties of molten
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iron under the pressure-temperature conditions of the Earth’s
outer core. In addition, using the molecular dynamics method,
Cao et al. [17] have calculated the transport coefficients under high
temperature and Earth-core pressure conditions.

From the current research status, we can see that the molecular
dynamics simulation of molten iron research has mainly concen-
trated on hot metal viscosity and the diffusion coefficient at very
high temperatures and pressures, while the physical properties
near the melting point and in the overcooled state are rarely exam-
ined. In most of metallurgical processes, molten iron temperature
is in the range 1800–2500 K. And the thermal physical properties
of molten iron have great effect on the quality of iron products.
Therefore, the aim of the present work is to study the physical
properties of the pure molten iron at 1500–2500 K using the
molecular dynamics method.

2. Methodology

Molecular dynamics modeling is a computer simulation of
nuclear motion. The structure and properties of the system can
be calculated by statistical average method, in which the move-
ment of every atom is based on Newton’s second law under the
empirical potential field provided by all other atomic nuclei and
electrons [20]. This method builds a bridge between purely theo-
retical studies and experimental research, and all the information
in the process of thermodynamics can be output. The temperature
and pressure can be freely chosen in the molecular dynamics sim-
ulations. Moreover, the method can provide the temperature and
the pressure that are difficult to reach within experiments, and
the physical properties of the materials can be obtained under
extreme conditions.

From the perspective of the potential energy function, it is dif-
ficult to use pair potential, three-body potentials to approximate
the interaction between metal atoms, because the metal belongs
to special material [21]. The embedded atommethod (EAM) is usu-
ally adopted to simulate the interaction between metal atoms,
which can obtain the mechanical and thermodynamic properties
of metals [22]. The total potential energy U of the system is
expressed by the following equation:

U ¼
X
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1
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where Fi is the embedding function for atom i, qi is the electron den-
sity of atom i embedded in the background, and /ij is the pair poten-
tial interaction between atom i and j. In addition, rij is the distance
of atom i and atom j.

In this paper, the EAM potential function between iron atoms
proposed by Mendelev [23] was adopted. The size of the simula-
tion system was 20 � 20 � 20 (aFe)3. The structure of iron cell
was BCC (Body-Centered Cubic) structure, and the lattice constant
was aFe = 2.87 Å. The total number of atoms was 16,000 in this sys-
tem. The periodic boundary conditions were used in x, y and z
directions, and the Nose-Hoover method was used to control the
temperature and pressure of the system. The initial velocity distri-
bution of Fe atoms was given according to the Maxwell velocity
distribution. The verlet-velocity method was used to integrate
the Newton equation numerical integration, in which the time step
was 2 fs. The master list distance cutoff in our simulation is 7.3 Å.
LAMMPS (large-scale atomic/molecular massively parallel simula-
tor) is a free open-source code which excels at the molecular
dynamics of metals. We can calculate the thermal physical proper-
ties with suitable potential energy function. The present study
used LAMMPS to run the simulation.

In order to obtain high temperature molten iron, the initial
model was heated to 2500 K from 1 K and then cooled down to

the target temperature. The heating process is shown in Fig. 1. It
can be determined from the phase-change curve that the iron is
transformed from the solid state to the liquid state when the vol-
ume of the system increases sharply. Fig. 1 shows that the iron is
still in the solid state when it is heated to 2000 K. The cause of
overheating lies in that the initial Fe model is composed of a num-
ber of cells, which are perfect crystals with no interface, no defects,
and the overall energy is at a minimum level. However, real iron
has different degrees of defects, which leads to higher overall
energy. Therefore the temperature is usually higher than the actual
melting point 1812 K of the iron in molecular dynamics simula-
tions [24]. When heating the iron to a high temperature, and then
cooling it to about 1500 K, we find that the iron is still in the liquid
state, which is undercool state. Therefore, the iron is heated to
2500 K from 1 K and then gradually cooled down to the target tem-
perature to obtain the molten state of iron at the target tempera-
ture, where the heating and cooling rates are 1 K ps�1. Physical
properties of molten iron at the target temperature in the subse-
quent calculation are obtained by this method.

3. Results and discussion

3.1. Calculation on density of molten iron at different temperatures

There is abundant experimental data [1,25–32] on the density
of molten iron at and above the melting point. However, in the
undercool state, few results were reported about the density of
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Fig. 1. Heating and cooling process to the target temperature.
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Fig. 2. Density of molten iron at different temperatures.
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