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Abstract 
 

The present work was initiated to investigate the surface- and interfacial phenomena for 
iron and slag/iron systems. The aim was to understand the mechanism of the effect of 
surface active elements on surface and interfacial properties. In the present work, the 
adsorption of oxygen and sulfur on iron surface as well as adatom surface movements 
were studied based on the ab initio method. BCC iron melting phenomena and sulfur 
diffusion in molten iron were investigated by Monte Carlo simulations. The impact of 
oxygen potential on interfacial mass transfer was carried out by X-ray sessile drop method.  

Firstly, the structural, electronic and magnetic properties as well as thermodynamic 
stability were studied by Density functional theory (DFT). The hollow site was found to be 
the most stable adsorption site both for oxygen and sulfur adsorbed on iron (100) surface, 
which is in agreement with the experiment. The relaxation geometries and difference 
charge density of the different adsorption systems were calculated to analyze the 
interaction and bonding properties between Fe and O/S. It can be found that the charge 
redistribution was related to the geometry relaxation. In addition, the sulfur coverage is 
considered from a quarter of one monolayer (1ML) to a full monolayer. It was found that 
the work function and its change ∆φ increased with S coverage, in very good agreement 
with experiment. Due to a recent discussion regarding the influence of charge transfer on 
∆φ, it is shown in the present work that the increase in ∆φ can be explained by the 
increasing surface dipole moment as a function of S coverage. S strongly interacts with the 
surface Fe layer and decreases the surface magnetic moment as the S coverage increases. 

Secondly, a two dimensional (2D) gas model based on density functional calculations 
combined with thermodynamics and statistical physics, was proposed to simulate the 
movement of the surface active elements, viz. oxygen and sulfur atoms on the Fe(100) 
surface. The average velocity of oxygen and sulfur atoms was found to be related to the 
vibration frequencies and energy barrier in the final expression developed. The calculated 
results were based on the density function and thermodynamics & statistical physics 
theories. In addition, this 2D gas model can be used to simulate and give an atomic view of 
the complex interfacial phenomena in the steelmaking refining process. 

A distance dependent atomistic Monte Carlo model was developed for studying the iron 
melting phenomenon as well as effect of sulfur on molten iron surface. The effect of 
boundary conditions on the melting process of an ensemble of bcc iron atoms has been 
investigated using a Lennard-Jones distance dependent pair potential. The stability of 
melting process was energetically and spatially analyzed under fixed wall and free surface 
conditions and the effects of short and long-range interactions were discussed. The role of 



boundary conditions was significantly reduced when long-range interactions were used in 
the simulation. This model was further developed for investigating the effect of sulfur on 
molten iron surface. A combination of fixed wall and free surface boundary condition was 
found to well-represent the molten bath configuration while considering the second nearest 
neighbor interactions. Calculations concerning the diffusion of sulfur on molten surface 
were carried out as a function of temperature and sulfur concentration. Our results show 
that sulfur atoms tended to diffuse away from the surface into the liquid bulk and the 
diffusion rate increased by increasing temperature. 

Finally, impact of oxygen potential on sulfur mass transfer at slag/metal interface, was 
carried out by X-ray sessile drop method. The movement of sulfur at the slag/metal 
interface was monitored in dynamic mode at temperature 1873 K under non-equilibrium 
conditions. The experiments were carried out with pure iron and CaO-SiO2-Al2O3-FeO 
slag (alumina saturated at the experimental temperature) contained in alumina crucibles 
with well-controlled partial pressures of oxygen and sulfur. As the partial pressure of 
oxygen increased, it was found that interfacial velocity as well as the oscillation amplitude 
increased. The thermo-physical and thermo-chemical properties of slag were also found to 
influence interfacial velocity. 

 

Keywords: Sulfur; Oxygen; Adsorption; Iron surface; ab initio calculations; Adsorption 
energy; Work function; Difference charge density; Magnetic properties; Thermodynamic 
stability; Average velocity; Monte Carlo simulation; X-ray sessile drop method; Mass 
transfer; Interfacial velocity. 
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1. Introduction 
 

In view of the increasing demands on improved steel quality, a better understanding of the 
mechanisms of steel refining reactions is necessary in order to optimize the process. It is 
common knowledge that the refining reactions occurs at the slag-metal interface. Surface 
active elements like oxygen and sulfur in iron have been known to play an important role 
in surface and interface reactions [1-3]. The role of  these elements on molten iron/steel 
needs particular attention as this is a key factor affecting the slag/metal contact area, which, 
in turn, would have a strong impact on the mass transfer at the slag/metal interface.  

A quantification of the interaction between liquid iron surface and the various surface 
active elements, such as oxygen and sulfur, is essential both from fundamental as well as 
industrial viewpoints [4-8]. Important properties such as surface tension, adsorption energy, 
electronic properties, magnetic properties and thermodynamic stability can be expected to 
depend sensitively on the microscopic structure of the surface. Therefore, a pertinent 
question is how the surface active element is adsorbed on the iron surface at the atomic 
level – how the change of the structure could be related to changes in electronic and 
stability properties, and what would be the impact of the amount of surface active element 
adsorbed on the properties. Hence, it is essential to study the influence of surface active 
elements on iron surface from an atomic view for a better understanding of the surface and 
interface reactions. 

In the present thesis, the interactions between surface active elements and iron surface 
have been systematically studied using density functional theory (DFT). A 2D gas model 
is proposed to simulate the surface active elements movement as the first step towards the 
development of a comprehensive model. The average velocities of oxygen and sulfur 
atoms are computed based on density functional calculations combined with 
thermodynamics and statistical physics.  

During the last three decades, atomistic modeling has played a significant role in surface 
and interface phenomena [9]. The Monte Carlo method has earlier been applied to 
ironmaking and steelmaking processes, as well as complex phenomena occurring at the 
solid graphite/Fe-C melt interface. The effect of sulfur on the solubility of graphite in iron melts 
and the influence of sulfur during surface decarburization reactions in Fe-C-S alloys have also 

been investigated [10, 11]. In the present work, a distance dependent Monte Carlo 
simulation was found to be an effective tool in extending the atomistic calculations at zero 
K to steelmaking temperatures. This would enable an improved understanding of the 
interfacial phenomena due to surface-active sulfur on the iron surface. Monte Carlo 
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simulations have been carried out first to study the BCC iron melting phenomena and 
transfer of sulfur on the iron surface at high temperature.  

Surface velocity is a new concept. A critical survey of the interfacial phenomena at the 
atomic level reveals that the surface velocity of surface active elements may be induced by 
the movement of these elements on the substrate surface. The surface velocity is a very 
important parameter in understanding interfacial phenomena. Very few reports are found 
in literature on this subject presumably because of the difficulties in designing experiments 
for the measurements or developing simulations.  

The impact of oxygen potential on sulfur mass transfer at the slag/metal interface, was 
carried out by X-ray sessile drop method. This technique is one of the most successful 
methods to investigate the dynamic interfacial phenomena between slag and metal [12-16]. 
Oxygen and sulfur both are surface active elements on iron surface, which are commonly 
present at slag/metal interface. It would be very interesting to see the impact of oxygen 
potential on sulfur mass transfer and interfacial velocity at slag/metal interface.   

The X-ray sessile drop experiments were designed so that sulfur from the gas phase 
reached an iron drop through an intermediate slag layer. The drop, the shape of which was 
monitored by the X-ray visualization method was found to undergo oscillations after sulfur 
presumably reached the metal surface. In order to analyze the droplet oscillations, the 
difference in droplet shape needs to be taken into account very carefully. The main reason 
of the droplet oscillation was considered to be the mass transfer of the surface active 
elements [3]. Thus, it is necessary to define the surface/interface velocity, which is the 
resultant surface flow due to the surface movement of the active elements. It was found 
that several factors may influence the interfacial velocity, such as slag and gas composition 
as well as temperature.  

The experimental results are explained combining the experimental results with the atomic 
level studies which form the first part of this dissertation. A bridge is built between 
theoretical and experimental studies to give a better understanding at surface and interface 
phenomena involving steel surfaces.  
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Fig. 1.1 A schematic diagram of the structure of the present study. 
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2. Methodology 
 

2.1 Calculation method 

2.1.1 Density functional theory 

Density functional theory (DFT) is one of the most successful theories for an ab initio 
description of materials properties. For a variety of applications ranging from structural 
properties to electronic and magnetic properties, this theory gives very good agreement 
with experimental results, even though some excited state properties may not be given 
accurately with the standard local density approximation (LDA) frame-work. The only 
input parameter is the atomic composition of the system. Several program packages have 
been developed for calculations from first principles based on the DFT. In the present 
work, all calculations were performed by the Vienna Ab-initio Simulation Package 
(VASP), which is based on DFT and the plane-wave basis pseudopotential method [17-19]. 
In this chapter, the theory and the approximations introduced in the density functional 
theory, which yields the total energy for the system in its ground state, are briefly 
described. 

DFT is a theory of correlated many-body systems. It is included here in close association 
with independent-particle methods, because it has provided the key step that has made 
possible development of practical, useful independent-particle approaches that incorporate 
effects of interactions and correlations among the particles. The remarkable successes of 
the LDA and generalized-gradient approximation (GGA) functional within the Kohn-
Sham approach have led to a widespread interest in density functional theory as the most 
promising approach for accurate, practical methods in the theory of materials. 

The modern formulation of density functional theory originated in a famous paper written 
by P. Hohenberg and W. Kohn in 1964 [20]. Their work showed that all properties of the 
system can be considered to be unique functional of the ground state density. Shortly 
afterwards, in 1965, the other classic work in this field by W. Kohn and L. J. Sham [21] 
was published. The formulation of density functional theory by these authors has become 
the basis of much of present-day methods for treating electrons in atoms, molecules, and 
condensed matter.  

The total energy function can be written as 

1/2
| |

                (1) 

where the first term is the kinetic energy, the second term is the external potential energy, 
the third term is the Coulomb interaction energy of the electron density with itself and the 
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last term is the exchange-correlation energy. Kohn and Sham proposed a method for 
computing the contributions to the energy functional with good accuracy. Since the 
dependence of kinetic energy on  is unknown, Kohn and Sham used the earlier 
Thomas-Fermi model to substitute T with T0 which is the kinetic energy of a non-
interacting electron gas. 

The many-body Hamiltonian is mapped onto an effective one-electron Hamiltonian 

ℏ
                                                                                           (2) 

where the effective potential  can be expressed as a functional of the electron 

density and includes the effect from all the other electrons. This mapping is in principle 
exact. 

′
′

| ′|
                                                               (3) 

The different terms correspond to the same terms for the energy functional with this 
Hamiltonian, the Kohn-Sham equation and can solve for the one-electron wave functions, 

 : 

                                                                                                        (4) 

From these wave functions, the electron density can be obtained as 

∑ | |                                                                                                        (5) 

Then, the solved Kohn-Sham wave functions can give us the ground-state electron density, 
thus solving the ground state problem. 

 

2.1.1.1 The exchange‐correlation energy 

The exchange-correlation interaction is a purely quantum mechanical effect due to the fact 
that electrons are indistinguishable fermions. The Pauli principle implies that electrons 
with the same spin cannot occupy the same region in space. This means that electrons with 
the same spin will be separated and thus the Coulomb energy will be reduced.  

The simplest approximation for the exchange-correlation energy within DFT is LDA [22, 
23]. The exchange-correlation energy for an electron at point  is assumed to be equal to 
the exchange-correlation energy of a homogenous electron gas with the same electron 
density  

d ℎ                                                                                                  (6) 
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where ℎ  is a known quantity. 

The LDA approach based on the homogenous electron gas does not account for gradients 
in the electron density and therefore it is less accurate for systems where the density varies 
rapidly. Improvement over LDA has led to the GGA, where the density gradient is 
included in the approximation; hybrid functional, in which the exchange energy is 
combined with the exact energy from Hartree-Fock theory [24, 25, 26]. 

 

2.1.1.2 Pseudopotentials 

The core states do not contribute much to chemical bonding, nor to solid-state properties. 
Hence, one may treat the core electrons as frozen in their atomic states and replace the 
atom by a pseudoatom with only valence electrons. The pseudopotential [27] in which the 
valence electrons reside has a Coulomb attractive potential plus a repulsive potential to 
mimic the effect of the core electrons. The eigenvalues and the wave functions outside a 
cut-off radius for the valence electrons have to be the same for the pseudopotential as the 
physical ones. This approximation greatly decreases the computational cost compared to 
all-electron methods. This is due to reduction of the basis set size and reduction of the 
number of electrons. Especially for heavy atoms, the number of degrees of freedom is 
reduced by orders of magnitude. This enables simulation of larger systems and 
investigation of more complex phenomena. 

 

2.1.1.3 Relaxation of atomic positions 

DFT finds the ground state electron density for the given configuration of the atoms. This 
configuration however need not be the equilibrium positions for the atoms. If the 
equilibrium positions are desired, these can be found from the DFT calculations by a 
procedure called structural optimization or relaxation. 

In order to optimize all the atomic positions, one has to find the minimum of the total 
energy as a function of atomic positions. This can be achieved by calculating the 
derivative of the total energy with respect to small displacements of the nuclei, the so-
called Hellman-Feynman forces [28]. These are used to move the atoms towards their 
equilibrium positions. Here several algorithms exist for the update of the positions. In the 
present work, the quasi-Newton algorithm is used to relax the ions into their instantaneous 
groundstate.  
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2.1.1.4 Adsorption energy and Electronic properties 

2.1.1.4.1 Adsorption energy 

The adsorption energy Ead for different coverages (coverage is defined as the ratio of the 
number of adsorbed atoms to the number of atoms in an ideal substrate layer) of on-
surface sulfur was calculated using the expression 

 1
ad slab Fe AE E E NE

N
                                                                                                (7) 

where N is the number of sulfur atoms per unit cell, Eslab is the total energy of the sulfur 
atoms and the Fe slab, EFe is the total energy of the clean Fe surface, and EA is the isolated 
total energy of adatoms. A positive Ead indicates that adsorption is unfavorable, while a 
negative value indicates that adsorption is likely, with the lowest value being the most 
stable. 

 
2.1.1.4.2 Work function 

In solid state physics, the work function is the minimum energy  (usually measured 
in electron volts) needed to remove an electron from a solid to a point immediately outside 
the solid surface (or energy needed to move an electron from the Fermi energy level into 
vacuum). Here "immediately" means that the final electron position is far from the surface 
on the atomic scale but still close to the solid on the macroscopic scale. The work function 
is a characteristic property for any solid face of a substance with a conduction band 
(whether empty or partly filled). For a metal, the Fermi level is inside the conduction band, 
indicating that the band is partly filled. For an insulator, the Fermi level lies within the 
band gap, indicating an empty conduction band. In this case, the minimum energy to 
remove an electron is approximately the sum of half the band gap and the work function. 
In the present work, the work function was calculated from the standard expression 

vac FV E                                                                                                                       (8) 

where Vvac is the electrostatic potential in the vacuum region and EF is the Fermi energy of 
the slab. 

 

2.1.1.4.3 Difference charge density 

The difference charge density (∆ρ) gives an important insight into the bonding properties 
and the electron redistribution due to the O or S adsorption. The difference charge density 
is defined as 
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∆ρ ρ
/

ρ ρ                                                                                       (9) 

where A represents oxygen or sulfur,  ρ
/

 is the density of the adsorption system, 

and ρ  and ρ  are the densities of the isolated clean Fe(100) surface and adatoms, 

respectively. 

 

2.1.1.4.4 Planar averaged charge density changes 

We calculated the planar averaged charge density changes, Δρ(z), defined as 

∆ /                                                                 (10) 

where z is perpendicular to the surface plane, /  is the density of the adsorption 

system, and  and   are the densities of the isolated clean Fe(100) surface 

and S atoms, respectively, each in the optimized positions in the adsorption system. 

 

2.1.1.4.5 Dipole moment change 

The dipole moment change (Δ) induced by S adsorption on either side of our symmetric 
slab is defined as 

∆ ∆                                                                                                            (11) 

where ∆  is the density change upon S adsorption, a is the distance from the bottom of the 
slab, b is the total height of the slab and the vaccum. 

 

2.1.2 Average velocity 

In the present work, the 2D model developed was based on the following assumptions.  

1) The system was simplified so that only iron and oxygen or sulfur atoms were assumed 
to be present on the iron surface.  

2) Simultaneous presence of oxygen and sulfur is not considered in the present model. 

3) The oxygen or sulfur atoms on the Fe surface were treated as independent systems.  

4) A possible driving force was not considered in the present model – the oxygen and 
sulfur atoms moved randomly. 
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Statistical distribution of nearly independent of atomic systems is usually described by 
Boltzmann distribution,  

       ni=gi                                                                                                               (12) 

where  is atomic energy level; gi is the degeneracy of ; ni is the number of atoms with 
energy ; 1/ , where kB is the Boltzmann constant and T is the absolute 
temperature. , where μ is the chemical potential.  

In order to investigate the movements of the atoms adsorbed on the surface, two 
assumptions were made.  

1) Adsorbed atoms have the diffusion energy barrier ; atoms which have a lower energy, 
vibrate harmonically near the balance position, and do not diffuse. On the contrary, the 
atoms which have a higher energy will participate in the diffusion process. 

2) If the atom energy  , then the kinetic energy is  , where p is the 

momentum, m is the mass of the adatom (=adsorbed atom).  

The important statistical variable of the Boltzmann distribution is the partition function: 

β ∑ g e βε                                                                                                              (13) 

Total number of atoms 

∑ n e α                                                                                                             (14) 

So 

                                                                                                                           (15) 

The partition function of the adatoms has two parts, one for the atoms with energy lower 
than the diffusion energy barrier, and one for the atoms with energy higher than the 
diffusion energy barrier: 

                                                                                                           (16) 

In Eq. (16), the zero potential energy point was defined as the adatom adsorbed on the 
balance position. 

Let us start with considering the first term in Eq. (16). The adatoms with energy lower than 
the diffusion energy barrier have three vibration frequencies near the balance position: v1 

v2 and v3. For harmonic vibration, the energy level is ℎ , h is Planck constant. 

Hence,  
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∑ ∑ ∑
ℎ ℎ ℎ∞∞∞   

ℎ ℎ ℎ ℎ ℎ ℎ
  

∏ 1/ ℎ ℎ                                                                                    (17) 

where NFe is the number of possible adatom positions on the Fe surface, which in our case 
is the same as the density of Fe atoms on the surface. 

When  > , using the free particle distribution for two dimension gas, density of state is  

ℎ                                                                                                                 (18) 

Now, according to the assumption, the energy level of adatom can be written as 

                                                                                                                     (19) 

So, 

ℎ
/   

ℎ
  /∞

∞

∞

∞
  

ℎ                                                                                                                   (20) 

where A is the surface area of the substrate. 

Combining Eq.(17) and Eq.(20) 

∏
ℎ ℎ ℎ                                                             (21) 

The partition function per unit area is 

∏
ℎ ℎ ℎ                                                                 (22) 

Because momentum , v is the velocity, so the velocity (or momentum) distribution 
of the adatoms becomes 

ℎ                                                                                             (23) 
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where Z is the per unit area partition function in Eq.(22) 

The average velocity for an adatom moving in x direction is  

̅ ℎ   

ℎ   

√

ℎ /
                                                                                  (24) 

The final expression of the average velocity is  

̅
√

ℎ
/ ∏

ℎ ℎ ℎ                                (25) 

After numerical calculation, it is found that 

≫                                                                                                                   (26) 

So the second part of the right hand side of Eq.(22) could be ignored. And if ℎ  is very 
small, we could use the first-order approximation,  

ℎ 1 ℎ                                                                                                         (27) 

Hence, the horizontal vibration frequencies vh are the same. Then, according to the 
approximation above, the partition function will be 

ℎ ℎ
                                                                                                                     (28) 

where vv is the vertical vibration frequency. 

Using Eq.(28) in Eq. (24), we find our final expression for the average velocity 

̅
√ / ℎ ℎ                                                                                                   (29)   

 

2.1.3 Pair potentials and Monte Carlo algorithms 

Due to the importance of iron in a number of fields such as magnetism, earth sciences and 
iron/steel making, a very large number of distance dependent potentials have been reported 
in the literature that mimic both cohesive and repulsive energetics of the system. For the 
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sake of simplicity, we begin with one of the earliest and most familiar forms of distance 
dependent models, i.e. Lennard-Jones (L-J) type pair potential. Other interatomic distance 
dependent potentials will be examined later in future work. 

The total internal energy u(rij)  is the summation of interaction potentials and can be 
represented as  

 ])()[(4)( 612

ijij
ij rr

ru
                (30) 

where the parameter  represents the depth of the potential at the minimum;  is the closest 
distance at which u(rij) is equal to zero and rij is the inter-atomic distance. These 
parameters are empirically determined for each material and several sets of parameters for 
iron have been found in the literature [29-33]. We follow the same approach and set the 
values of these parameters as ε=3000 K and σ=2.4 Å for Fe-Fe and ε=4000 K and σ=2.2 Å 
for Fe-S interactions, such that closest agreement with experimental results is achieved.  

One need to set up the range of interactions very carefully, since it relates to how many 
inter-atomic interactions are taken into account. In the following section, the ranges of 
interaction distance cutoff were limited to 2.75 Å and 3.4 Å, which respectively represent 
first nearest neighbor interaction and second nearest neighbor interaction. 

The energy of the system was computed using Eq. (30). Using a random number generator, 
random changes to atom locations in three directions were generated within preset limits 
for all the atoms in the system. The absolute value of maximum range of the displacement 
at each Monte Carlo step was chosen to be less than three percent of the iron lattice 
parameter, and it can be both positive and negative. The energy difference ΔE resulting 
from the atom movement at each MC step was calculated. The movement was accepted for 
ΔE ≤ 0. For ΔE > 0, the change could be accepted with a transition probability W, [9] 
defined as 

 )]/exp(1[)/exp( TkETkEW BB                 (31) 

where kB and T are the Boltzmann constant and temperature, respectively. W was 
compared to a random number , chosen uniformly between 0 and 1. The movement was 
accepted for W > ; otherwise the old configuration was counted once more for averaging. 
The dynamics of the model consisted of generating a Markovian trajectory through the 
configuration space. This “Kawasaki dynamics” conserves the concentration of the system 
and is expected to lead to equilibrium distribution in the limit where the number of states 
generated tends to infinity. In general, the 107–108 MC steps are expected to achieve fairly 
accurate results. In the present work, the 5×109 Monte Carlo steps were used in most of the 
computations. 
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2.2 Sessile drop method 

2.2.1 Materials 

The slag used in the present work consisted 25wt% CaO, 50wt% Al2O3, 15wt% SiO2 and 
10wt% FeO. The composition of the slag was designed in such a way that it was close to 
the alumina-saturation boundary according to the phase diagram [34]. This was to ensure 
that the slag would not have any significant reaction with the alumina (purity 99.7%) 
crucible. Iron with 99.995% purity was used as the metal phase. FeO was produced from 
iron powder and Fe2O3, mixed in a suitable ratio to reach the FeO/Fe phase boundary. The 
mixture was then heated in a closed iron crucible in argon atmosphere at 1273K for 24 
hours. All the slag components except FeO were heated at 1273K for 24 hours to remove 
the residual moisture and stored in a desiccator before use.   

The gas atmosphere used in the present work was a mixture of CO, SO2 and Ar with well-
defined sulfur and oxygen potentials at the experimental temperatures. The materials used 
along with their purity are listed in Table 2.1. 

Table 2.1. Chemicals and gases used for the dynamic Fe-Slag interfacial measurements 

Material Al2O3 CaO SiO2 Ar CO SO2 

Purity 99.97 pct 99.95 pct 99.8 pct Argon plus 
(>99.99 pct) 

S grade S grade 

 

2.2.2 Gas cleaning system 

In view of the extremely low oxygen partial pressures involved in these experiments, it is 
necessary to purify the gases with great care before mixing and introducing them into the 
reaction tube. Fig. 2.1 shows the gas-cleaning train with the various cleaning steps. 
Columns of silica gel, magnesium percholorate and ascarite were used to remove the 
moisture and carbon dioxide in the gases. Columns of copper turnings and magnesium 
chips were used at 773K, 673K respectively to remove residual O2. With the mass flow 
meters from Bronkhorst High-Tech Flow-Bus E600, the flow rates of the various gases 
were accurately controlled, and the gases were mixed in a gas-mixture chamber before 
being introduced into the reaction tube. The partial pressures of oxygen and sulfur in the 
gas mixture at the experimental temperatures were calculated by both ThermoCalc and 
FactSage. The SSUB3 database was used for ThermoCalc, in which 29 corresponding 
gaseous species were taken into consideration. The database FACT was used for FactSage 
calculations. The partial pressure of oxygen and sulfur (PO2 and PS2) obtained from 
ThermoCalc and FactSage, as shown in Table 2.2, were found to be in good agreement 
with each other.    
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Fig.2.1. Schematic diagram of gas cleaning system 1- silica gel; 2-magnesium percholorate; 3- 
ascarite; 4-copper turnings; 5-magnesium chips; 6- flowmeter. 

 

Table 2.2. Experimental gas flow rates and the partial pressures of oxygen and sulfur in the present 
experiments.  

* TC and FS denote the calculated values from ThermoCalc and FactSage, respectively. 

2.2.3 Apparatus and procedure 

The X-ray sessile drop method was used for present study. The apparatus used for the 
sessile drop measurements consisted of an X-ray image analyzer and a graphite resistance 
furnace, as shown in Fig. 2.2. The X-ray unit is a PHILIPS BV-26 imaging system with an 
X-ray source of 40 to 105 kV. An IBM PC equipped with an image acquisition card 
enabled the recording of the X-ray images at a rate of 25 frames per second. A CCD 
camera with digital noise reduction was used in the imaging system. 

In the present measurement, a piece of pure iron was placed in an alumina crucible. The 
slag components in suitable proportions were well-mixed and added to the top of the iron. 
Extreme care was taken to ensure that the crucible bottom was planar and even. 

 Inlet gas flow rate (ml/min) PO2 (Pa) PS2 (Pa) 

 Ar CO SO2 TC FS TC FS 

Exp. I 50 244.5 2.54 7.47×10-6 7.20×10-6 3.15×102 3.28×102 

Exp. II 50 163.8 5.1 7.12×10-5 6.85×10-5 9.55×102 9.76×102 
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Fig. 2.2. Schematic diagram of the X-ray sessile drop unit. 

Purified argon gas was passed through the reaction tube for approximately 12 hours in 
order to flush the system completely. The furnace was heated to 1873 K at a heating rate of 
5 K/min. After reaching this temperature, the furnace was allowed to stabilize for at least 1 
hour. The gas mixture consisting of CO, SO2 and Ar (purified as described earlier) was 
introduced into the reaction tube. The shape of the drop was monitored every 5 min in the 
computer due to the 30 min recording capability of the image system. The shape changes 
of the droplet were analyzed using an image analysis software [35]. The graphic part of the 
image analysis program, used together with this software, was developed at the Division of 
Materials Process Science, Royal Institute of Technology (KTH). Calibrations of the 
sessile drop measurements were earlier carried out in the Division of Materials Process 
Science, KTH [13, 15, 36].  
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3. Results and discussion 
 

3.1 Structure, electronic and magnetic properties  

Vienna Ab-initio Simulation Package (VASP), which is based on DFT and the plane-wave 
basis pseudopotential method, was performed for all calculations [17-19]. The spin-
polarized version of the generalized gradient exchange-correlation functional proposed by 
Perdew and Wang (PW91) [37] was used. It should be mentioned that only the GGA 
correctly describe the structure and magnetic ground-state of iron [38, 39], while the LDA, 
AM05 and PBEsol predict Fe to be non-magnetic and hexagonal close-packed [40]. The 
electronic wave functions were expanded as linear combinations of plane waves, using an 
energy cutoff of 300 eV. Core electrons were represented by ultra-soft pseudopotentials to 
enhance efficiency [41]. The Brillouin zone integrations were performed on an 8×8×1 
special k-point mesh generated by the Monkhorst-Pack scheme [42]. For the calculation of 
fractional occupancies, a broadening approach by Methfessel-Paxton [43] was used with a 
smearing width of 0.2 eV. A dipole correction [44, 45] was added in the direction 
perpendicular to the surface, since the slab is asymmetric with the adsorbate placed only 
on side of the slab.  

 

3.1.1 Oxygen adsorbed on the Fe (100) surface ‐ Supplement 1 

3.1.1.1 Bulk bcc Fe 

As a test of the reliability of the calculations, lattice parameter a, cohesive energy and 
magnetic moment (μB) of bulk bcc iron were evaluated. The calculated results are 
summarized in Table 3.1, where we also compare with experimental results. From Table 
3.1, it can be seen that the lattice parameter a is 2.884Å, which is only 0.06% higher than 
the experimental values [46].  

Table 3.1. Structure and properties of bulk bcc Fe. 

 Lattice constant a (Å) Cohesive energy (eV) Magnetic moment (μB) 

This work 2.884 4.893 2.52 

Exp. [46]  2.866 4.28 2.22 
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3.1.1.2 Three adsorption sites 

With regard to the results of the surface calculations, surface relaxations are performed in 
the present work. The Fe (100) surface is cleaved from a crystal structure of bcc Fe, 
corresponding to the (100) Miller plane and modeled in 5 layers, as shown in Fig. 3.1. We 
checked that this configuration was sufficient to avoid interaction between adjacent 
surfaces. A vacuum spacing of 11.4 Å was inserted in the z-direction between surface 
slabs. This vacuum size was seen to be sufficient to avoid the nonphysical interactions 
between slabs in the setup. A lattice constant of 2.884 Å was used in the calculations (the 
bulk cell lattice constant obtained from GGA). The oxygen atoms lie 1Å above the Fe (100) 
surface. In our calculation, the adsorption energy of oxygen atom is evaluated in the three 
different sites, top, bridge and hollow, as shown in the Table. 3.2. In agreement with 
experiment [47], the hollow site on the Fe (100) surface is found to be the most stable site. 
This also agrees with the ab initio calculation [8]. Having the geometry optimized for each 
structure one can calculate the electronic properties and, in particular, the work function of 
each system. 

 

Fig.3.1. Models of oxygen atoms adsorbed on the Fe (100) surface. Top view of (a) top, (b) bridge 
and (c) hollow adsorption sites. The solid lines indicate directions of the charge density slices 
presented in Fig. 3.2. 

In Table 3.2, the values of the work function obtained from the calculations are 
summarized. The work function increases as the adsorption site varies from hollow, bridge 
to top site. This means an adlayer of oxygen increases the Fe surface dipole layer and 
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hence the work function. For the hollow site, the calculated work function is 4.51 eV, 
which is in agreement with Ref [8], 4.62 eV. 

Table 3.2. Adsorption energy of O atom adsorbed on the Fe (100) surface in the top, bridge and 
hollow sites. 

* Ref [8] 

3.1.1.3 Relaxation geometries 

For a mono layer (1 ML) coverage, a summary of the calculated adsorption site geometries 
is presented in Table 3.3. In the hollow site, the oxygen atom lies 0.413 Å above the first 
iron layer, which is in agreement with the experimental results 0.53 0.06 Å and Ref [8] 
0.45 Å, while 2.081 Å from its neighbors in the first iron layer and 2.04 Å above the 
second iron layer. The distances between the oxygen atom and its five nearest iron atoms 
are almost same, closely corresponding to the value of 2.15 Å in the bulk FeO, which 
indicate the formation of oxide-like bonds upon sufficient exposure of Fe (100) to oxygen 
[48]. The height of O atom above the Fe (100) surface decreases for the top, bridge and 
hollow sites, respectively. It can be seen from Table 3.3 that, from the calculated D12 and 
D23, compared with the clean Fe surface, the oxygen atom induces an expansion of the 
distance between the first and second Fe layer and reduces the distance between the second 
and the third Fe layer. 

Table 3.3. Calculated geometry values of clean Fe (100) surface and O/Fe (100) obtained for the 
Fe (100) surface.  

Site DOÅ D12Å D23Å Reference 

Clean surface - 1.218 1.479 Present work 

Bridge 1.053 1.609 1.420 Present work 

Top 1.589 1.361 1.443 Present work 

Hollow 0.413 1.629 1.452 Present work 

 0.53 1.54 1.43 Experiment [47] 

 0.45 1.66 1.436 Cal. Ref[8] 

*DO is the height of the O atom above the first layer, D12 is the distance of the first and second 
layers, and D23 is the distance between the second and the third layers. 

 Top site Bridge site Hollow site 

Adsorption energy (eV) 

Work function (eV) 

-5.585 

7.68 

-6.632 

7.04 

-7.577 

4.51, 4.62* 
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Interestingly, in the top site, the distance between the first Fe layer and the second Fe layer 
is much smaller compared to the bridge and hollow sites, whereas the height of O on the 
top site is the largest in the three sites. In order to understand the change of geometries 
after relaxation, the difference charge density was investigated. 

 

3.1.1.4 Difference charge density 

The difference charge density values are plotted for oxygen atom adsorbed in the three 
different sites, hollow, bridge and top, respectively, as shown in Fig. 3.2. The cleaved slice 
directions are illustrated in Fig. 3.1. First, it can be observed that in all three sites, the 
interaction between the first Fe layer and O appears significantly larger than that between 
the second Fe layer and O. O semicore electrons are polarized. Charge is depleted from 
between and outside the O nuclei and accumulates between O and the first Fe layer. From 
the shape of the difference charge distribution around the Fe and O, it can be seen that the 
charge accumulation around Fe is mostly d-type, and p orbital occupation for O. 

 

Fig.3.2. Difference charge density plots of oxygen atom adsorbed on the Fe (100) surface in (a) 
hollow, (b) bridge and  (c) top adsorption sites, the directions of the cleave slice were marked in 
Fig. 3.1. 

Fig. 3.2 (a) shows an accumulation of charge between the oxygen atom and the five 
nearest neighbor Fe atoms in the first and second layers. In Fig. 3.2 (b), the difference 
charge density for the bridge site indicates that O atom is directly bonded to its two nearest 
neighbor Fe atoms, and charge accumulation between these atoms. As shown in Fig. 3.2 
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(c), an accumulation of the charge can be seen between the O atom and the nearest Fe in 
the first layer, which may make the first iron layer move to the second iron layer. This is 
also consistent with our conclusions above.  

The adsorption of oxygen on an iron surface and energy calculations have significance in 
modeling the slag-metal reactions using the above calculation methods. Oxygen is a 
surface active element and in oxidic melts, there is likely to be an oxygen accumulation on 
the Fe surface. The situation is akin to the metal-gas interface with respect to the surface of 
metallic Fe.  This work is expected to be the first step towards an understanding of the 
slag-metal interfaces and the energies involved by means of ab initio calculations. 

 

3.1.2 Sulfur adsorbed on the Fe (100) surface ‐ Supplement 2 

The sulfur atoms were initially placed 1 Å above one surface of the slab. The top two Fe 
layers and all the sulfur atoms were then allowed to relax. The occupation numbers were 
calculated assuming an atomic radius of 1.42 Å for Fe and 0.85 Å for S.  

 

Fig. 3.3. Model of sulfur atoms adsorbed on the Fe (100) surface. (a) Top perspective view of 
hollow, bridge and top adsorption sites. The solid line indicates the direction of the charge density 
slices presented in Fig. 3.9. (b) Side view of the model of the hollow site on the surface.  Fe-I is the 
first layer of Fe atoms, Fe-II indicates the second to fifth layer of the Fe atoms.  

 

3.1.2.1 Geometry of the sulfur layer  

First, the adsorption energy of a sulfur atom adsorbed in one unit cell was calculated for 
three different sites: top, bridge and hollow (see definitions in Fig. 3.3). The adsorption 
energies were found to be -4.18 eV, -5.25 eV and -5.73 eV, respectively. All three values 
are negative, indicating that sulfur adsorption is energetically favorable at all three sites. 
From these results, we also conclude that the hollow site is the most favored one, in 
agreement with experimental results [49]. 
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Fig. 3.4. Top perspective view of models for S adsorbed on the Fe (100) surface from 0.25ML to 
1ML coverage. The grey atoms are the first Fe layer. 

 

We now turn to a more detailed analysis of the geometries of the possible different 
arrangements (hollow site only) of the adsorbed sulfur layer. Fig. 3.4 shows different 
possible arrangements of the sulfur atoms adsorbed on the Fe (100) surface from 0.25 ML 
to 1 ML coverage. At 0.5 ML coverage, two different configurations were studied – with 
the adsorbed sulfur atoms in their final positions, either a p(21) or a c(22) structure may 
be formed at this coverage. The surface relaxations are indicated by the changes in D1-2, DS 
and DS-Fe, as shown in Table 3.4.  D1-2 stands for the first Fe interlayer distance, DS is the 
distance to the sulfur atoms from the top Fe layer, and DS-Fe means the shortest S-Fe 
distance. For 0.5 ML coverage in the c(22) configuration (the only configuration for 
which experimental data is available), our calculated D1-2, DS and DS-Fe are in a very good 
agreement with experimental results [49]. From the data in Table 3.4, it can be seen that at 
higher coverage, the equilibrium positions of the adsorbed sulfur atoms tend to be closer to 
the Fe surface. For example, for a 1 ML coverage, DS is about 5% smaller than that at 0.25 
ML. At the same time, the interlayer distance between the first and second Fe layers 
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increases from 1.42 Å (at 0.25 ML) to 1.51 Å (at 1 ML). Hence, higher coverage causes an 
expansion of the first interlayer Fe-Fe distance, in contrast to what is seen for the clean Fe 
surface where surface relaxation causes the corresponding interlayer distance to contract. 
In this case, the bonding interaction between S and the first Fe layer increases as the S 
coverage increases, resulting in weaker bonding between the two top Fe layers and thus a 
larger equilibrium distance. Further, we see from Table 3.4 that the shortest distance 
between the S and Fe atoms, DS-Fe, decreases when going from 0.25 ML to 1 ML. We will 
analyze the S-Fe bonding as a function of S coverage further in the section “Difference 
Charge Density”. Finally, at 1 ML coverage, DS-Fe is 2.28 Å, which is very close to the 
corresponding distance in FeS2 (pyrite), 2.27 Å, thus indicating the formation of a thin 
epitaxial layer of FeS2. This result is in agreement with experimental observations [50].  

Table 3.4. Calculated geometries for the clean Fe (100) and S/Fe (100) surfaces.  

Coverage (ML) Structure D1-2(Å) DS(Å) DS-Fe (Å) 

0 - 1.272 - - 

0.25 p(2×2) 1.420 1.078 2.372 

0.5 p(2×1) 1.433 1.045 2.336 

0.5 c(2×2) 1.435,1.43* 1.035, 1.09* 2.288, 2,30* 

1.0 p(1×1) 1.510 1.025 2.282 

* D1-2 stands for the first Fe interlayer distance, DS is the distance to the sulfur atoms from the top 
Fe layer, and DS-Fe means the shortest S-Fe distance. The values marked with * are experimental 
results [49]. 

3.1.2.2 Adsorption Energy 

Further, we studied the effect of sulfur coverage on the adsorption energy, Ead. The sulfur 
coverage was varied from 0.25 ML to 1 ML (with S always in the hollow site on the Fe 
surface). The results of the model calculations are shown in Fig. 3.5. From this figure, we 
see that the magnitude of the adsorption energy per sulfur atom decreases with increasing 
coverage – the magnitude of the adsorption energy at 1 ML is about half of that at 0.25 
ML.  It also can be seen that the adsorption energy per atom appears to have a close to 
linear dependence on sulfur coverage. 



24 
 

0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,1
-11

-10

-9

-8

-7

-6

-5

Coverage (ML)

E
ad

 (
e

V
/a

to
m

)

 

Fig. 3.5. The adsorption energy per adatom, Ead, calculated as a function of S coverage on the Fe 
(100) surface. The circle is the value for the 0.5 ML p(21) structure. 

3.1.2.3 The Change of the Work Function  

 

Fig. 3.6.  calculated as a function of S coverage on Fe (100) surface in hollow site. The star is 
the calculated value for S adsorbed on Fe (100) in the p(2×1) structure. The white and black circles 
are the work function change measured experimentally at 300K and 673K, respectively [50]. The 
solid line binding together the calculated data points is drawn only to enhance visibility. 
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The calculated  as a function of S coverage is shown in Fig. 3.6, where we have also 
plotted experiment results for as a function of the deposition time.  is defined as the 
difference of the work function between the S adsorbed surface and the clean iron surface. 
For comparison, we mention that our calculated clean Fe (100) surface work function is 
3.80 eV (Nelson’s calculated value is 3.94 eV [7] and the experimental value is 4.67±0.03 
eV [51]). From Fig. 3.6, it can be seen that our calculated  increases as the S coverage 
increases from 0.25 ML to 1 ML. We also see that the trend in our results (calculated at 
absolute zero temperature) is very similar to that in the experimental data sets [50], 
measured at 300 K and 673 K, respectively. From the two experimental curves, it appears 
that  decreases somewhat with an increasing temperature. Thus, due to temperature 
effects, one may expect the calculated  to be slightly larger than the experimental results.  

is an interesting property related to the nature of the bonding between the surface and 
the adsorbed species. Thus,  may give us an idea of how charge is reorganized upon 
adsorption.  In general, an increase in the work function after adsorption indicates a charge 
transfer from the substrate to the adsorbate. Recently, however, in  the works of 
Michaelides et al. [52] and Migani et al. [53], it is pointed out that, in reality, the relation 
between charge transfer and work function change is more complex. Therefore, in this 
study, in order to understand the behavior of , the changes in the charge redistribution at 
the surface are investigated.  

 

Fig. 3.7. Planar averaged charge density changes Δρ(z) for S adsorbed on Fe(100) surface from 
0.25ML to 1ML. The bold lines indicate the S adsorption position upon the Fe surface. 
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Fig. 3.7 shows the planar averaged charge density change upon S adsorption. A large 
charge accumulation region is clearly seen just above the Fe surface. The peak of the 
curves are almost at the position of the S adatom, whereas for the 0.5 ML c(2×2) coverage, 
the largest change is concentrated in the interface region. The accumulation of charge just 
above the Fe surface increases as the S coverage goes from 0.25ML to 1ML. This implies 
an increase in the surface dipole upon S adsorption.  ∆  is calculated by integrating over 
the Fourier transform grid in the z direction of our system, and is plotted in Fig. 3.8 as a 
function of S coverage. Comparing with Fig. 3.6, it can be seen that the trends in ∆  and 
are the same, i.e, increases as the surface dipole moment goes up, in accordance 
with our expectations.  

 

Fig. 3.8. The dipole moment change, (∆ ), as a function of S coverage. The star is the value for the 
p(2×1) arrangement. 

3.1.2.4 Difference Charge Density 

The difference charge density ∆  gives further insight into the bonding properties and the 
electron redistribution due to the S adsorption. In Fig. 3.9, difference charge densities are 
shown for the four relevant cases. First, we observe that in all cases, the interaction 
between Fe1 and S appear significantly larger than that between Fe2 and S although the 
Fe1-S and Fe2-S distances are almost the same (for definitions of Fe1 and Fe2, see Fig. 
3.9).  Judging from Fig. 3.9(a-b), the Fe1-S bonding appears to be covalent with metallic 
character. We draw this conclusion based on the strong charge accumulation in the 
interface region, mainly along the Fe1-S directions. 
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Fig. 3.9. The difference charge density from 0.25ML to 1ML coverage of S adsorbed on the Fe 
(100) surface. The charge density is shown along the (110) plane of the system, as marked in Fig. 
3.3. 

Table 3.5. Orbitally resolved and total electron occupation numbers for the Fe1, Fe2 and S atoms 
(see Fig. 3.9 for definition of Fe1 and Fe2). 

 Fe 1    Fe 2    S    

   s p d total s p d total s p d total 

Clean Fe surface 0.502 0.386 6.409 7.298 0.559 0.61 6.335 7.503 - - - - 

0.25ML_p(2×2) 0.493 0.462 6.287 7.243 0.498 0.59 6.413 7.501 0.779 1.271 0.024 2.074 

0.5ML_p(2×1) 0.48 0.536 6.388 7.404 0.503 0.599 6.411 7.514 0.792 1.257 0.031 2.081 

0.5ML_c(2×2) 0.474 0.569 6.411 7.455 0.514 0.623 6.433 7.57 0.778 1.277 0.033 2.088 

1ML_p(1×1) 0.48 0.685 6.613 7.777 0.52 0.61 6.375 7.505 0.809 1.231 0.041 2.081 

 

It can be seen that the first layer of Fe atoms experiences a charge polarization and that 
there are delocalized electrons accumulated between the S atom and the first layer Fe 
atoms. Interestingly, in Fig. 3.9(c), for the 0.5ML c(2×2) arrangement, the S semicore 
electrons are polarized. Charge is depleted from between and outside the S nuclei and 
accumulates between S and the first Fe layer. This seems to suggest that the Fe-S bonding 
in panel c in Fig. 3.9 has more ionic character than the Fe-S bonding in panels a and b. For 
the 1ML-case (panel d in Fig. 3.9), the charge accumulation around Fe1 appears 
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significantly increased.  It is interesting to relate these changes in bonding to changes in 
the occupation numbers (see Table 3.5). In Table 3.5, it can be seen that the S and Fe2 
total occupation numbers are basically independent of S coverage, whereas the Fe1 total 
occupation number increases with about 0.5 electrons as coverage increases from 0.25 ML 
to 1 ML. The Fe2-S bonding is clearly stronger for the c(2×2) structure (Fig. 3.9(c)) than 
for the p(2×1) structure (Fig. 3.9(b)). This fits well with the fact that the c(2×2) structure is 
the experimentally observed structure of the two and it also fits with the fact that our 
calculated adsorption energy for the c(2×2) structure is lower than that of the p(2×1), see 
Fig. 3.5. Finally, we note that the change of the charge density inside the Fe slab is 
insignificant compared to that at the interface, as expected.  

It is also interesting to analyze the influence of S coverage on the difference charge density 
around the Fe and S atoms using the orbitally resolved (s, p, d) electron occupation 
numbers. We calculated the orbitally resolved occupation for the Fe1, Fe2 and S atoms for 
the four relevant S coverages, as shown in Table 3.5. It can be seen that the main 
contribution to the total occupation number comes from the d orbitals for Fe1 and Fe2, and 
the p orbitals for S. The charge accumulation around Fe1 is mostly of p and d type, 
whereas the s orbital occupation decreases. In effect, this changes the orbital character 
around Fe1 from predominantly d (Fig. 3.9(a)) to more of a combination of p and d (Fig. 
3.9(d)), probably because the relative increase in p occupation is much larger than the 
relative increase in d occupation. The Fe1 s electrons appear to reside mostly in the 
interstitial, making up the major part of the Fe-S bonding. Compared to Fe1, the total 
occupation numbers of the Fe2 and S atoms are basically independent of S coverage, as 
already mentioned.  

3.1.2.5 Magnetic properties 

Table 3.6. Calculated Magnetic Moment, µB, resolved by layer for S adsorbed from 0.25 ML to 1 
ML as well as the clean Fe(100) surface. 

 1st Fe layer 2nd Fe layer 3rd Fe layer 

Clean Fe surface 3.094 2.390 2.639 
Ref.[4] 2.98 2.39 2.44 

0.25 ML 2.939 2.593 2.644 

0.5 ML c(2×2) 2.681 2.539 2.647 
Ref.[5] 2.30 2.23 2.37 

0.5 ML p(2×1) 2.692 2.563 2.634 

1 ML 1.73 2.642 2.601 

 

The magnetic properties of iron surface are different from the iron bulk. The magnetic 
behavior of modified iron surfaces can describe the influence of the adsorption of the 
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sulfur. The magnetic moment of a bulk Fe atom amounts to 2.52 µB, which was determined 
using the same computational parameters. Table 3.6 shows the calculated average local 
magnetic moments for Fe atoms in the top three Fe layers at all coverages. The calculated 
results show good agreement with the values reported in Refs [4, 5]. The surface magnetic 
moment of clean Fe (001) surface is strongly enhanced and is about 3.094 µB in our 
calculations, which is attributed to the reduction in coordination of the surface atoms. 

For the surface Fe layer, the presence of S adatoms leads to a decrease of the magnetic 
moment. The higher coverage of S adatoms, the more magnitude of magnetism is reduced. 
At 0.5ML c(2×2) arrangement, the surface magnetic moment is found to have a reduction 
of 13% compared to the clean surface, which was reported roughly 20% reduction in 
experiment [6]. For the second Fe layer, the magnetic moments increase with S coverage 
increase. In contrast, there is a small change in the magnetic moments at the third Fe layer, 
indicating the interaction with the adsorbed S is weak. Larger changes are found for the 
surface and the second layers, indicating that S primarily interacts with these layers. 

The magnetic moment of the adsorbed S is found to be almost zero for all the coverages, 
indicating spin pairing due to bond formation between the adsorbed S and Fe surface 
atoms.  

3.1.2.6 Density of state 

The large magnetic changes of the Fe (100) surface upon segregation of S, are the 
consequence of the electron state determined by the bonding of the iron surface atoms with 
S. Fig. 3.10 shows the spin-resolved local density of states (LDOS) of the top two Fe 
layers in s, p and d orbitals for all coverages, respectively. The corresponding clean 
surface Fe LDOS are presented for comparison.  

The LDOS shows some significant changes after S adsorption at the first Fe layer d orbital, 
which is most affected by the bonding to S. It can be seen from Fig. 3.10(a) that there is an 
energy increase in states at ~5 eV below EF. The energy of this peak increases significantly 
at the first Fe layer as the coverage increase to 0.5 ML. At 1 ML, the energy increases 
more at the second Fe layer around 5 eV, indicating that the interaction between S and the 
second Fe layer becomes stronger. The energy of the new state is consistent with the 
angular-resolved photoemission spectra data [6] which shows a S-induced peak at 4.4 eV 
below EF. As the S coverage increases, the LDOS at Fermi level is reduced with respect to 
the clean Fe surface, which is in good agreement with experimental results [6]. 

For all coverages, S also interacts with the Fe p and s orbitals, as shown in Fig. 3.10 (b) 
and (c). Increases in the energy around 5 eV are found for both p and s orbitals as the 
coverage increases, indicating the interaction with S. There is an additional peak around -
14 eV for Fe s and p LDOS. 
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Fig. 3.10. Spin resolved local density of states (LDOS) for the S adsorbed iron surface and clean 
iron surface in d, p and s orbitals. The vertical lines mark the Fermi level. The LDOS of the first Fe 
layer and the second Fe layer are shown in black and red, respectively. 

 

3.2 Average velocity of oxygen and sulfur on iron surface ‐ Supplement 3  

3.2.1 Potential energy surface 

In order to find the Minimum Energy Path (MEP) for adsorbed atoms and the active 
energy barrier ε0 on the iron surface, the Potential Energy Surface (PES) of Fe (100) for 
oxygen or sulfur adsorbed atom was calculated. In the PES calculations, all the Fe atoms 
are fixed. The unit surface was divided in to 5×5 grids. When inducing an oxygen or sulfur 
atom on the surface grid, the adatom was only allowed to move in the z direction to find 
the most stable adsorption position. Fig. 3.11 shows the PES of oxygen atom adsorbed on 
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the Fe (100) surface. It can be seen that point A or B is the most stable adsorption position. 
We compute the energy barriers associated to the diffusion paths that connect the 
identified adsorption sites by applying the Nudged Elastic Band (NEB) algorithm [54, 55]. 
From the calculated results, the MEP for oxygen atom diffused on the Fe (100) surface 
from point A to B is marked in Fig. 3.11. 

3.2.2 Vibration frequency 

An adatom staying in the potential well will vibrate – to a good approximation 
harmonically. The vibration frequencies for an adatom have three different directions, v1, 
v2 on the horizontal direction and v3 on vertical direction. Here, we assume the horizontal 
frequencies v1 and v2 are same. In order to determine the energy barrier ε  and the 
horizontal frequencies, the potential energy profile was calculated along the MEP from 
point A to B. In addition, the vertical frequency can be calculated from the potential 
energy profile as a function of distance of adatoms adsorption on the hollow site on the Fe 
(100) surface. The obtained results for the horizontal and vertical frequencies for oxygen 
or sulfur are summarized in Table 3.7.         

 

 

Fig. 3.11. The potential energy surface of O adsorbed on the Fe (100) surface. Points A and B are 
the minimum energy positions. The dash line shows the Minimum Energy Path (MEP) from Point 
A to B.   
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Table 3.7. The horizontal and vertical vibration frequencies and energy barrier of oxygen or sulfur 
on Fe (100) surface.  

Adatom Horizontal 
frequency (s-1) 

Vertical 
frequency (s-1) 

Energy barrier 
ε  (eV) 

Average velocity 
at 1873 K (m/s) 

Oxygen 2.57×1011 6.81×1011 0.894 3.0×10-2 
Sulfur 1.85×1011 4.02×1011 0.504 1.5×10-1 

 

3.2.3 Average velocity 

Now, using the calculated vibration frequencies and energy barrier, the average velocities 
of oxygen and sulfur atoms on the Fe (100) surface were calculated. In Fig. 3.12, the 
average velocities of the adatoms in terms of the natural logarithm are plotted as a function 
of energy barrier at 1873 K. It can be seen that the average velocity decreases as the 
energy barrier increases, as expected. In the present work, the average velocity of oxygen 
atoms on the Fe (100) surface was 3.0×10-2 m/s at 1873 K, and 1.5×10-1 m/s for sulfur 
atoms. Comparing the energy barriers of O and S, it can be seen that the energy barrier of 
O is higher than that of S, which indicates that sulfur atoms may escape the potential well 
much more easily than oxygen. In our previous calculations [56-58], after the relaxation of 
the adatom on the hollow site of Fe (100) surface, the height of the O atom above the Fe 
surface is 0.41 Å, whereas it is 1.02 Å for S. This means that the interaction between O 
and the first iron layer is stronger than that of S and the first iron layer. Thus, the average 
velocity of S is larger than that of O. If one considers the slag phase above iron, the energy 
barrier of oxygen will be affected, which may also influence the final average velocity.  

 

Fig. 3.12. The average velocities (m/s) of the O and S in terms of the natural logarithm as a 
function of energy barrier at 1873K. 
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It is admitted that the assumptions in the present model may influence the final calculated 
results; however, the present work can give an atomic view of the atom’s movements on 
the iron surface, which forms an important foundation for further development of the 
model for application to slag/iron interface.  

 

3.3 The role of boundary conditions for BCC iron phase transition ‐ 

Supplement 4 

Next, we consider an ensemble of N×N×N×2 iron atoms arranged on a bcc lattice. N is 
varied between 16 and 24 with the number of atoms in the simulation cell ranging from 
8192 to 27648. It should be pointed out that we have limited the range of interactions to 
first nearest neighbors (nn) and to second nearest neighbors (nnn) interactions. Two 
distinct sets of simulations have been carried out. 

3.3.1 Fixed wall boundary 

Using the canonical ensemble, simulations were carried out on a constant number of iron 
atoms arranged on a bcc lattice at constant temperature. The constant volume condition 
was satisfied by keeping the walls fixed and by refusing any random displacement of 
boundary atoms to take place. Temperature was used as a parameter and simulations were 
carried out in a batch mode at a range of temperatures.  

The simulations in which the Hamiltonian comprises exclusively the short-range nearest 
neighbor interactions, are expected to yield equilibrium states that are the resultant of a 
balance between the repulsive nature of the force fields and the constraints imposed on the 
walls to contain the ensemble together. On the other hand, as the second nearest neighbor 
interactions are also included in the Hamiltonian, the short-range repulsive forces are 
partly overcome by the long-range cohesive fields and the balance thus achieved, should 
lead to equilibrium states somewhat different from the previous case. 

The temperature dependence of the final equilibrium mean internal energy of the ensemble 
representing short-range (nn) interactions is shown in Fig. 3.13(a). Three distinct regions 
were observed each marked by discontinuities that can be attributed to phase transitions as 
the temperature is raised. Indeed the temperatures at which energy breaks occur are very 

close to the experimental temperatures where transitions from region I ( phase) to region 

II ( phase) and from region II ( phase) to region III ( phase) represent phase transforma- 
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Fig. 3.13. Temperature-energy phase diagram of a canonical ensemble of bcc iron with fixed walls 
where (a) the Hamiltonian includes only first neighbor interactions and (b) second nearest neighbor 
interactions are also considered in the Hamiltonian. 

tions in Fe phase diagram. Fig. 3.13(b) illustrates the phase diagram obtained from 
simulations where long-range (nnn) interactions are allowed for and de-cohesive (nn) force 
fields are partly overcome by them. As a result, the energy discontinuities observed in Fig. 
3.13(a) were significantly blurred. The breaks appeared as a change of slope for the first 
transition and as a much smaller break for the second transition.  

 

Fig. 3.14.  Calculated radial distribution function g(r) at (a) T=100 K and (b) T=1800 K. 

To identify the occurrence of solid-liquid transition, the atomic spatial correlations were 
obtained by calculating the radial distribution function g(r). The sharp peaks representing 
the first nearest and second nearest neighbors of an ordered bcc lattice at 100 K illustrated 
in Fig. 3.14(a) is seen to be much broader at 1800 K (Fig. 3.14(b)), representing the 

(Å) (Å) 
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disorder caused by melting. These results clearly show that melting had occurred at 1800 
K; sharp peaks at 100 K had been replaced by much broader peaks in the radial 
distribution function.  

3.3.2 Free surfaces 

 

Fig. 3.15. Internal energy of the simulation cell having free surfaces where the Hamiltonian 
includes (a) short-range interactions and (b) short and long-range interactions. 

Processes involving molten iron that take place during ironmaking/steelmaking are 
significantly different from the case studied in the previous section. One major difference 
is the existence of free surfaces in molten iron. We therefore removed the constraints on 
the boundary atoms of the simulation cell in order to mimic free surfaces and to examine 
their effects on the stability of the system. The removal of the constraints on the surfaces 
of a system under the exclusive influence of repulsive force fields is expected to lead to a 
massive instability. This is revealed in Fig. 3.15(a), where the simulation has only taken 
into account short-range nearest neighbor interactions, a considerable instability was 
observed in the internal energy of the system at high temperatures. Conversely, should the 
attractive force fields be incorporated into the Hamiltonian of the system, we can expect a 
restoration of stability which was indeed confirmed by Fig. 3.15(b) where the second 
nearest neighbor interactions were also taken into account. These results are quite similar 
to those observed in the fixed wall scenario. 

In addition to energy analysis, the positions of the atoms in the simulation cell, after 5×109 
Monte Carlo steps per site present a direct evidence of the degree of the stability of the 
system. Fig. 3.16(a) shows that when first nearest neighbor interactions were exclusively 
accounted for, the system could not be contained at high temperatures. In contrast, Fig. 
3.16(b) illustrates the cohesive role of the attractive interactions of second nearest 
neighbors that keep the melting iron contained despite the fact that free surfaces will not 
impose any limitation on the displacement of atoms. Having incorporated the free surfaces 
of molten iron in our model, we are now in a position to investigate an ensemble that most 
closely represents the iron melting process.   
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Fig. 3.16. Positions of the atoms in the simulation cell, after 5×109 Monte Carlo steps per site 
where (a) short-range interactions and (b) short and long-range interactions are taken into account 
in the internal energy. 

3.3.3 Constant pressure ensemble  

The simulations were carried out on a constant number of atoms at constant temperatures. 
A constant pressure is applied to the system to represent a typical isothermal-isobaric 
ensemble of bcc iron atoms that will most intimately mimic the physical conditions of the 
real world melting process [59]. No fixed walls have been imposed on the simulation cell 
and the boundary atoms were free to fluctuate periodically. Such fluctuations incorporating 
trial changes of the simulation cell dimensions were allowed to be made following every 
~8000 random displacements of the non-boundary atoms. We have carried out two sets of 
simulations on this NPT ensemble as in previous cases. The Hamiltonian in the first set 
was expressed as the summation of first nearest neighbor interactions whereas in the 
second set, the second nearest neighbors were also included. The results of the first nearest 
neighbor interactions are presented in Fig. 3.17(b). 

These phase diagrams closely resemble the ones obtained by the simulations carried out 
for the fixed wall canonical ensemble shown in Fig. 3.17(a) (presented alongside Fig. 
3.17(b) for ease of comparison) and the discontinuities therein indicate various structural 
transitions in iron phase diagram. These transitions constitute some of the key aspects to 
understanding iron and steel-making process. The discontinuity observed at nearly 1158 K 
corresponds to the transformation of the iron unit cells from body centered to face centered 
cubic structure. The next discontinuity occurring at almost 1667 K represents deformation 
of the latter phase back to the former structure. The energy discontinuity at nearly 1811 K 
coincides with the final melting phase transition. The figure reveals, furthermore, another 
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Fig. 3.17. Temperature-energy phase diagrams of bcc iron where the Hamiltonian includes only 
first nearest neighbor interactions. The boundary condition is (a) fixed walls and (b) an isothermal-
isobaric ensemble. 

anomaly (labeled as ‘A’ in Fig. 3.17(b)) in the temperature-dependent equilibrium energy 
may represent the phase transition of iron at low temperature. Simulation results for 
second nearest neighbor interactions were very similar to those achieved in the other two 
scenarios.  

3.4 Sulfur diffusion in molten iron bath ‐ Supplement 5 

3.4.1 Atomic model of Fe‐S system and simulation geometry 

In the atomic model of Fe-S system, the liquid surface was represented by a missing layer 
of atoms above the bulk liquid. A molten bath configuration was generated using an 
L×L×L×2 bcc lattice, where L represents the edge dimension in the x–y plane (base area 
of the bath) and the bath depth along the z direction is also assumed to be equal to L. Rigid 
walls surrounded the molten liquid on all sides except the exposed surface. The grids in the 
lattice were Fe atoms. S atoms were introduced on the top layer and their diffusion was 
investigated as a function of time and temperature. The periodic boundary condition was 
implemented only to x and y directions so that the surface of the bath can be presented by 
z=L. The surface atoms and those in the bulk are also differentiated from each other by 
absent atomic planes/bonds. This may lead to major differences in overall energies. L is 
chosen to be quite large, and varied from 16 to 24, corresponding to 8192 to 27648 atoms 
in the simulation cell. Similar results were obtained for L>16. In this section, the 
simulation results are based on L=24. In order to simulate a liquid bath and the effect of 
temperature on sulfur diffusion, the system was studied within the temperature range from 
10 K to 2000 K. 
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3.4.2 Role of free surfaces and simulation cell configuration 

During our investigations on the role played by fixed walls, free surfaces and isobaric-
isothermal ensembles, it was found that boundary conditions did not play an important role 
when long-range interactions were included in the simulations [60]. In order to represent 
the molten bath, the combination of free surface and fixed walls is used in the present 
study. This allows us to take into account the molten bath surface effect. Monte Carlo 
simulations based on this configuration were carried out using two different atomic 
interaction ranges, first nearest neighbor and second nearest neighbor, respectively. The 
simulations started with atoms in their ground state configuration and then these were 
randomly displaced and energy was calculated. Temperature was kept constant during a 
given run. With continuous thermal cycling and downward energy movement, the system 
was expected to reach the equilibrium configuration at the end of the simulation. The two 
final equilibrium configurations at 100 K and 1800 K are shown in Fig. 3.18 for first 
nearest neighbor and second nearest neighbor, respectively.  

 

Fig. 3.18. The molten bath configurations evaluated by considering (a) the first nearest neighbor 
interactions and (b) the second nearest neighbor interactions at 100 K and 1800 K, respectively. 

At 100 K, the systems become slightly disordered. The surface atoms move outwards in a 
direction normal to the free surface and accumulate together to form a lower energy 
configuration. Atoms close to bath surface are more disordered compared to those in the 
bulk of the bath. After the temperature is increased to 1800 K, the system becomes much 
more disordered in the bulk of the bath. It can be seen from Fig. 3.18 (a), the first nearest 
neighbor interactions taken into account exclusively, lead to strong repulsive force caused 
more surface atoms and the atoms near surface move in the z direction and the system 
becomes significantly disordered at 1800 K. When second nearest neighbor interactions 
are also included in the Hamiltonian, simulations yield a balanced state with both repulsive 
and attractive interactions. The bath forms a stable equilibrium surface configuration, as 
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shown in Fig. 3.18 (b). Based on the above evaluation, the interaction range is chosen to 
include second nearest neighbor interactions. 

The mean energy of the system in the final equilibrium configuration is plotted in Fig. 3.19 
(a) as a function of temperature. Three regions with different slopes can be clearly 
observed in Fig. 3.19 (a) and the discontinuities in energies suggest possible phase 
transitions as the temperature increases. These were also observed in previous studies [60]. 
The temperatures for the three regions are very close to the experimental temperatures 
where phase transitions happen from  to  and from  to  phases as well as the melting 
transition. Fig. 3.19 (b) illustrates the calculated radial distribution function (RDF) g(r) at 
1800 K. The first and second peaks are found to be around 2.5 Å and 5 Å, respectively. 
This corresponds to the system disorder caused by melting of well-defined crystalline 
scales with short-range order. These phase diagram calculations establish that simulation 
temperatures are close to actual temperatures. Further studies are required to establish 
exact correspondence.  

 

Fig. 3.19. (a) Equilibrium configuration energies as a function of temperature. Regions I, II and III 

represent the iron ,  and  phases, respectively. (b) Calculated radial distribution function (RDF) 
g(r) for molten iron at 1800 K. 

3.4.3 Simulation of the diffusion of sulfur in molten iron 

3.4.3.1 Effect of temperature 

The liquid bath configuration is further investigated to probe the influence of temperature 
and sulfur concentration in the molten Fe-S system. The simulation temperature is varied 
from 10 K to 1800 K, and the sulfur concentration in the system is studied from 5 wt% to 
15 wt%. Sulfur is introduced on the top layer of the liquid bath and distribute randomly. 
The temperature effect is studied with sulfur concentration maintained at 10 wt%. As 
shown in Fig. 3.20, the numbers of sulfur atoms are reported in the top 6 layers at each 

(Å) 
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temperature. These figures also show the evolution of sulfur distribution as a function of 
time; four stages indicated in the figures show the system after 5×103, 1×104, 1.5×104 and 
2×104 MC steps, respectively. 

 

 

Fig. 3.20. Concentration of sulfur in the top six layers in a molten bath configuration from 10 K to 
1800 K. The four stages, a, b, c and d, shown in this figure correspond to system after 5×103, 1×104, 
1.5×104 and 2×104 MC steps, respectively. 
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Fig. 3.20 shows a similar trend of distribution of sulfur atoms in the top 6 layers as a 
function of MC steps as the temperature was varied from 10 K to 1800 K. Firstly, sulfur 
atoms are found to diffuse from the top surface to the second and third layers, and then 
more sulfur atoms diffuse from the top surface to the second layer with slightly increased 
sulfur atoms at fifth and sixth layers. The number of sulfur atoms at the top surface layer 
decreases significantly with time thereby indicating a tendency for sulfur not to be present 
on the outermost surface. This result is in good agreement with atomistic simulation 
studies of Khanna et al [10] where the top surface layer was found to be predominantly 
covered with iron. In the second layer, there is a sharp increase in the sulfur concentration 
accompanied by a corresponding decrease in the iron concentration. Sulfur concentration 
is found to be highest in the second layer; this result is observed for all temperature ranges 
under investigation. As seen in Fig. 3.20, the concentration of sulfur in the sixth layer is 
found to predominantly increase with increase of temperature. This result indicates that 
sulfur atoms tend to diffuse away from the surface into the liquid bulk and the diffusion 
rate increases with temperature increase.  

3.4.3.2 Effect of sulfur concentration 

 

Fig. 3.21. Concentration of sulfur in the top six layers for initial sulfur concentration varied from 5 
wt% to 15 wt% at 1800 K. 

In order to determine the effect of the sulfur concentration on sulfur diffusion in the 
molten bath, the sulfur concentration is varied from 5 wt% to 15wt% at 1800 K. It can be 
seen from Fig. 3.21 that the sulfur concentrations on the top six layers follow a similar 
trend for 5 wt% and 10 wt%. While the second layer continues to contain the maximum 
number of S atoms, the number of S atoms is seen to increase from the top layer to fifth 
layer with increasing the sulfur concentration. When the sulfur concentration is increased 
to 15 wt%, sulfur atoms tend to concentrate mostly near the top layer and the sulfur 
concentration decreases significantly in the second and third layers. It is quite likely that 
much longer time may be required for achieving significant levels of sulfur diffusion and 
re-distribution in liquid iron. 
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As it was reported in Kitchener et al.’s work [61], when the sulfur concentration was 
increased, iron can get gradually transformed into FeS or a sulfur rich melt. The Fe-S 
system can be regarded as a solution of FeS in iron melt. Even though this solution is non-
ideal, it is completely miscible and forms a homogeneous phase. It was shown that the 
activity of sulfur has been approximately doubled by the presence of carbon. This is in 
conformity with the Wagner interaction coefficient of S with respect to C [62]. The effect 
of carbon in sulfur activity in liquid iron will be studied in the future work. 

 

3.5 Impact of oxygen potential on interfacial velocity ‐ Supplement 6 

 

Fig. 3.22. X-ray images of the iron drop in slag at 0 min, 46 min, 47 min, and 360 min from the 
SO2 injection. 

In the sessile drop experiments undertaken in the present study, the dynamic studies of the 
slag/iron drop interface were carried out at 1873 K. The partial pressures of oxygen in the 
gas mixture, PO2 were 7.2×10-6 Pa and 6.8×10-5 Pa. The corresponding partial pressures of 
sulfur PS2 were 9.8×102 Pa and 3.3×102 Pa. Fig. 3.22 shows the X-ray images taken at 0 
min, 46 min, 47 min and 360 min after SO2 injection from one of the experiments. In both 
experiments, it was observed that, after SO2 injection, there was a depression formed at the 
top portion of the metal droplet. The drop reverted to the rounded form shortly afterwards 
only to get back to the depression again. This cyclic phenomenon was observed repeatedly. 
The same was also observed in previous experiments [15, 36].   

3.5.1 Interfacial oscillations   

Earlier reports [15, 36] attribute the interfacial oscillations to the interfacial phenomena 
occurring at the slag/metal interface with respect to sulfur transfer. No oscillations could 
be observed before the introduction of the gas mixture into the system. Thus, the 
oscillation of the drop may only be attributed to the surface active elements such as sulfur 
and oxygen migrating on the metal surface. Since partial pressure of sulfur is much higher 
than that of oxygen in the system, it is reasonable to assume that the observed oscillations 
are primarily induced by sulfur transfer. Fig. 3.23 shows the schematic drawing of the 
mechanism of sulfur transfer from the gas phase to metal phase. The slag above the metal 
can be divided into two regions, I and II, respectively. The thermal convection in the metal 
and slag phases is assumed negligible because the temperature was kept uniform over the 
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entire slag-metal system within ± 2 K. The sulfur in the slag phase will first reach the top 
of metal droplet in region I, reaching the point at the shortest distance to the slag-gas 
interface, as can be seen in Fig. 3.23. The time difference between sulfur reaching the top 
point of the metal drop and a point 0.01 mm away from the drop was estimated to be about 
0.1 s [36]. The difference in the dynamic interfacial tension results in a gradient in the 
interfacial tension along the metal droplet surface. Marangoni force due to the gradient of 
interfacial tension becomes the main driving force of the surface movement of sulfur. This 
concentration difference would lead to a mass flow on the surface. This surface mass flow 
along with diffusion of sulfur into the bulk of the metal phase results in the removal of 
sulfur from the top of the droplet. This would lead to a temporary regaining of the droplet 
shape.    

 

Fig. 3.23. Schematic diagram of the slag/metal system. 

In order to investigate the impact of the oxygen potential on interfacial velocity, the 
oscillations of the droplet were taken into account very carefully. The frames extracted 
from the recorded video were analyzed using an image analysis software [35], where the 
droplet image was thresholded for edge detection, as shown in Fig. 3.24. This facility can 
analyze the changes of metal droplet shape. A uniform threshold value was used to convert 
all X-ray images. This would help in identifying individual oscillations and also could 
record the time for depression and expansion. During the interfacial oscillations, it was 
observed that the contact angles and interfacial tension of the metal droplet changed 
instantaneously, which would result in the shape change of the metal droplet. In order to 
analyze the interfacial oscillations, a circularity shape descriptor was used to analyze the 
droplet shape changes in all X-ray images. The equation used can be represented as  

 
2

4 * s
C

l


    .                                                                                                                    (32) 
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Fig. 3.24. Converted image from X-ray image by image analysis software [35]. 

In Eq. (32), s and l are the area and perimeter of the metal droplet, respectively. A value of 
1.0 for C indicates a perfect circle. As the value approaches 0.0, it indicates an 
increasingly elongated shape. Thus, the changes in circularity value represent the droplet 
oscillations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.25. Calculated circularity as a function of time for two experiments. PO2 and PS2 are 7.2×10-6 
Pa and 3.3×102 Pa for (a) and (b), and 6.8×10-5 Pa and 9.8×102 Pa for (c) and (d), respectively. 
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Fig. 3.25 (a) and (c) show the calculated circularity as a function of time for 5 min video, 
corresponding to around 7000 X-ray frames. Fig. 3.25 (b) and (d) show the same in 50 
seconds to give a better view. It can be seen from Fig. 3.25 (a) that calculated circularity 
first increases from 2770 seconds to around 2785 and reach the maximum value, then keep 
decreasing to 2800 seconds. The same phenomena repeat afterwards. A similar trend is 
observed in Fig. 3.25 (c) as well.  

As mentioned earlier, the sulfur transfer on slag/metal interface would change the shape of 
the droplet. Thus, the instantaneous changes of the calculated metal droplet circularity 
indicate the sulfur transfer on metal droplet surface. It also can be observed that the 
maximum oscillation time are roughly 30 and 20 seconds for Fig. 3.25 (b) and (d), 
respectively. The change in the oxygen pressures is much more significant in comparison 
to that of sulfur. Thus, it is reasonable to attribute the faster interfacial oscillation to the 
increase in the oxygen partial pressure. The faster oscillation would imply a faster 
interfacial velocity. A detailed discussion of the impact of oxygen partial pressure on 
interfacial velocity will be presented in the next section. The amplitudes of the circularity 
were also calculated to analyze the droplet oscillation. The calculated standard deviations 
of circularity amplitude are 0.0429 and 0.0461 for Fig. 3.25 (a) and (c), respectively. This 
indicates the amplitude of the interfacial oscillation increases as the oxygen partial 
pressure increases. Experiments conducted independently [15, 36] are in conformity with 
the present observations. 

3.5.2 Interfacial velocity 

As reported in previous work [15, 36], the metal droplet surface area representing the 
interfacial area would change during the interfacial oscillation. Hence, it is possible to 
calculate the interfacial velocity due to the concentration difference of sulfur at the 
interface by change in droplet surface area. The droplet surface area is converted to a circle 
with the same area with radius R. This change in area could be identified by comparing the 
circles with different radii. The relationship between the change in interfacial velocity of 
sulfur at the interface and the rate of change of the radius causing the oscillation of the 
droplet is given by the following equation, 

instantaneous
t t tR R

v
t

 



                        (33) 

where Rt+Δt and Rt are the radii for the converted circle, Δt is the time difference between 
these two radii. 

Four frames were randomly chosen to calculate interfacial velocity for both experiments. 
These frames were analyzed using a Didge image digitzing software [63]. The surface area 
of the metal droplet was then calculated by using the input coordinates of the contour of 
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the droplet. From the calculated average interfacial velocity, it can be seen that the velocity 
increases from 9.9 ×10-4 m/s to 4.4 ×10-3 m/s which is mainly attributed to the PO2 increase. 

In our earlier studies [56-58, 64], the interaction between oxygen and sulfur and solid iron 
surface as well as the average surface velocity were studied by Density functional theory 
and thermodynamics & statistical physics theories. After relaxation of the adatom on the 
iron surface, the height of O atom above the iron surface is 0.41 Å, whereas it is 1.025 Å 
for S. This means oxygen has a stronger bonding interaction with iron surface. The charge 
accumulation between O and iron surface is thus denser, which would weaken the bonding 
interaction between S and iron surface. When both of oxygen and sulfur are present on the 
iron surface, the oxygen would displace sulfur from iron surfaces [65]. Thus, more sulfur 
atoms are released from the iron surface and contribute to the movement on the interface 
as PO2 increases. This indicates that interfacial velocity of sulfur will increase 
correspondingly, in agreement with the measurement results. 

Table 3.8. Interfacial velocity and the themo-physical and themo-chemical properties of the slag at 
1873 K. 

 Basicity 
(%CaO/%SiO2) 

aFeO logCs Viscosity 
(poise) 

Interfacial 
velocity (m/s) 

Present work 1.67 0.123 -3.43 2.32 ~10-3 

Ref. [36] 1.27 0.055 -3.82 4.29 ~10-4 

 

Thermo-physical and thermo-chemical properties of slag were calculated by ThermoSlag 
[66]. The results as well as interfacial velocities are also compared with the results of 
Muhmood et al [36], and presented in Table 3.8. As the slag basicity increases, it can be 
seen that the activity of FeO increases. Furthermore, the sulphide capacity increases and 
the viscosity of the slag decreases. These changes make sulfur move faster along the 
interface, resulting in a higher interfacial velocity.     
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4. Conclusions 
 

In the present work, the influence of oxygen and sulfur on the surface and interfacial 
phenomena involving steel surfaces were systematically investigated by ab initio, Monte 
Carlo and experimental methods. The adsorption of oxygen and sulfur on iron surface as 
well as adatom surface movements were studied based on the ab initio method. BCC iron 
melting phenomena and sulfur diffusion in molten iron were investigated by Monte Carlo 
simulations. The impact of oxygen potential on interfacial mass transfer was carried out by 
X-ray sessile drop method. The experimental results were explained by combining 
theoretical studies. The conclusions are summarized as follows:  

(1) After oxygen or sulfur adsorbed on the Fe (100) surface, the most stable adsorption 
site is the hollow site, followed by the bridge and top sites, which is in agreement 
with experimental results reported in literature. 

(2) For oxygen adsorbed on the Fe (100) surface, from the difference charge density 
calculations, it can be seen that the adsorbed O was bonded to its nearest one Fe 
atom on the top site, whereas it bonded to its nearest two and five Fe atoms on the 
bridge and hollow sites, respectively. The adsorbed oxygen atom induces an 
expansion of the distance between the first and second Fe layers and reduces the 
distance between the second and the third Fe layer. On the top site, the interaction 
between O and the first Fe layer atom is very strong, which may force the first Fe 
layer move to the second Fe layer. The charge redistribution was found to be 
related to the relaxation in geometries. In the case of S adsorbed on the Fe (100) 
surface, for S coverages varying from 0.25 ML to 1 ML, the adsorption energy per 
atom decreases almost linearly with coverage. At the same time, the distance 
between the sulfur atoms and the top Fe layer decreases and the top Fe interlayer 
distance expands.  

(3) Another important result of our study is that we find that (the difference in work 
function between a clean Fe surface and one with sulfur adsorbed) increases as the 
S coverage increases. The calculated trend in as a function of S coverage is in 
excellent agreement with experimental results, as is the magnitude of if we take 
temperature effects into account. Our analysis shows that increases as the 
surface dipole moment increases. 

(4) We also studied the charge density, occupation numbers, bonding, magnetic 
properties and spin-resolved local density of states (LDOS) in the S/Fe(100) 
system in some detail. Our analysis gives a plausible explanation for why the c(2×2) 
configuration is more stable than the p(2×1) configuration for 0.5 ML – put simply, 
in the c(2×2) structure, the S atoms bind to more Fe atoms than in the p(2×1) 
structure. The calculated results of magnetic moments µB and LDOS showed that 
the S adsorption strongly decreases the Fe surface magnetic moments in 
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comparison with the clean Fe surface. The more S coverage, the larger reduction of 
Fe surface magnetic moment is. The greater µB changes were found only on the top 
two Fe layers, indicating that S only interacts with these Fe layers. In addition, it 
can be seen from the LDOS that S induces a peak around -5.0 eV below EF, which 
is in good agreement with experiment data. 

(5) A 2D gas model was proposed to simulate the oxygen and sulfur atom movement 
on the Fe (100) surface. The average velocities of oxygen and sulfur atoms were 
found to be related to the energy barrier and vibration frequencies in the final 
developed expression. The calculated oxygen average velocity on the Fe (100) 
surface is 3.0×10-2 m/s at 1873 K, whereas it is 1.5×10-1 for sulfur atoms. The 
average velocities of oxygen and sulfur decrease as the energy barrier increases. 

(6) Monte Carlo simulations on a bcc model of iron atoms using a Lennard-Jones 
distance dependent pair potential have been shown to clearly describe key features 
of structural transitions in the iron phase diagram. The simulations were performed 
on a number of statistical ensembles considered under various boundary conditions. 
Two sets of simulations representing short and long-range interactions respectively 
were carried out; the energy-temperature phase diagrams of a canonical ensemble 
with fixed walls, free surface and constant pressure were obtained. From the 
calculated results, it can be seen that boundary conditions do not play an important 
role when long-range interactions are included in the simulations. 

(7) The distance dependent atomistic Monte Carlo model was further developed for 
studying the liquid bath configuration, as well as the influence of temperature and 
sulfur concentration of sulfur diffusion on molten iron surface region. Simulation 
results clearly show that liquid bath can be described by combining fixed wall and 
free surface configurations change with periodic boundary in x-y directions. The 
interaction range was found to be more suitably represented by second nearest 
neighbor interactions. Three structural phases are observed very close to the 
experimental phase diagram of iron and a correspondence was established between 
simulations and experimental temperature.  

(8) The influence of temperature on sulfur diffusion was studied with sulfur 
concentration maintained at 10 wt%. As temperature increases from 10 K to 1800 
K, the sulfur concentration in the top layer decreases slightly; the second layer 
contains the maximum number of sulfur atoms, the number of sulfur atoms in the 
other layers increase correspondingly. The top surface layer is found to be 
predominantly covered by iron atoms. These results are observed for all 
temperatures under investigation. The effect of sulfur concentration was 
investigated from 5 wt% to 15 wt% at 1800 K. These results indicate that much 
longer time may be required for achieving significant levels of sulfur diffusion and 
re-distribution in liquid iron. 



49 
 

(9) The non-equilibrium dynamic studies of the interface of CaO-SiO2-Al2O3-FeO slag 
and molten iron were carried out by monitoring the change of the apparent droplet 
shape using X-ray sessile drop technique. The partial pressures of oxygen and 
sulfur were well-controlled by a suitable mixture of CO, SO2 and Ar gases. The 
circularity of the droplet was calculated as a function of time to determine the 
droplet oscillations, which were induced by the change in interfacial tension. The 
impact of oxygen potential was investigated on the amplitude of droplet 
oscillations as well as interfacial velocity of sulfur transfer. It can be seen that the 
amplitude of oscillations and interfacial velocity increase as the oxygen potential 
increases. The order magnitude of the interfacial velocity is determined as 10-3 m/s. 
The thermo-physical and thermo-chemical properties of the slag are also found to 
influence the interfacial velocity. 
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5. Future work 
 

In future, following calculations and experiments are suggested to be carried out in order 
to obtain a better understanding of the surface and interfacial phenomena between slag and 
steel in steelmaking refining processes. 

(1) The interactions between iron surface and other surface active elements, for 
example phosphorus, can be studied. 

(2) More potential forms can be investigated in Monte Carlo simulations for surface 
active elements and molten iron surface. 

(3) More impact factors on interfacial velocity at slag/iron interface need to be 
explored by performing X-ray radiographic experiments. 
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