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1. INTRODUCTION 

Interface is the prime location to focus for the steel-maker/researcher in order to get a complete 

picture of the appropriate phenomenological studies; refining, slag entrapment or inclusion 

removal. In spite of this, the current industrial softwares/modules used for metallurgical property 

control utilize bulk properties pertaining both to the metal as well as slag. Little focus has been 

made on this narrow zone called the „interface‟, primarily due to the extreme difficulty in 

designing experimental methods to replicate these phenomena. Also the conflicting school of 

thought to the basic understanding of the definitions of various interfacial properties that define 

this zone contributes heavily to its ignorance. Currently the only interfacial properties that are 

clearly understood and widely used in metallurgy are interfacial tension and contact angle. The 

present work aims in delivering a better understanding to various interfacial properties that are 

quite common in colloidal sciences however are yet to be explored in metallurgy.  

 

Figure 1: Project layout, the left portion represents the topics addressed by the current thesis.  

This thesis closely follows the strategy plan depicted in the left portion of Figure 1 to approach 

the problem. The slag and metal properties need to be well-defined in order to estimate the 
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properties at the interface. For this, suitable slag-metal systems have been explored. Extensive 

research has been made in the evaluation of various thermophysical properties of the liquid 

metals. Thus, in the present work, primary focus has been made on the evaluation of some 

thermophysical properties of slag systems especially density and diffusivity measurements while 

other properties have been adapted from various literature data available. 

In order to explain the various thermophysical properties of slag and slag-metal interface 

evaluated in this thesis, we shall consider an example of the transport of surface active species 

like sulfur from the gas phase to the iron metal phase via a multi-component slag phase as shown 

in Figure 2. This infact, is the reverse process of desulfurization at the slag-metal interface; but is 

amenable to experimentation as the reaction is slower. Based on the assumption that the 

transport through the gas phase is extremely fast in comparison to the slag and metal phases and 

also that the intrinsic reactions taking place at the gas-slag and metal-slag interfaces are extremely 

fast, the following bulk properties as shown are of importance in order to describe the interfacial 

properties of the system. As mentioned earlier, since extensive research has been made in the 

evaluation of these properties in the metal phase, focus here has been made on the slag bulk 

properties. 

 

Figure 2: Schematic of sulfur transport through the slag to the slag-metal interface. 
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2. THERMOPHYSICAL AND THERMOCHEMICAL PROPERTIES OF SLAG 

AND METAL PHASES  

2.1 Activity and Sulfide Capacity 

The sulfur gas reaching the gas-slag interface then undergoes an electro-chemical reaction by 

which it forms S2- ions and positive charges. 

                   (1) 

These sulfur ions then move down through the slag phase due to the chemical potential 

difference and migrate to the slag-metal interface where they again undergo an electro-chemical 

reaction in which the sulfur ions are converted to atoms in the metal phase. 

                 (2) 

The partial pressure of oxygen in Ar-CO-SO2 gas mixture is well-maintained below 10-7 Pa using 

gas purification system. Hence the sulfur is present in the slag phase as sulfide and not as 

sulphate 1. The equilibrium constant for the reaction (2) would depend on the activities of sulfur 

in the metal and slag phases given as: 

aS= (wt%   in metal).        (3) 

aS2-= (wt% S in slag).γS2-      (4) 

Where the terms aS and aS2- refer to the thermodynamic activities in the metal and slag phases 

respectively at appropriate standard states. It should be pointed out that the concept of ion 

activities is complicated due to the uncertainty in the choice of standard state despite the 

clarifications put forward by Førland and Grjotheim2.    and γS2- represent the activity 

coefficients of sulfur in the metal and the sulfide ion in the slag respectively. The sulfur partition 

ratio, LS , is then given by the relationship 

     
                

               
      (5) 

This parameter is of vital importance especially for diffusivity calculations which will be 

mentioned later. Another parameter which is of great importance in order to estimate the 

diffusion time for the sulfur to reach the interface is the sulfide capacity. According to Fincham 

and Richardson3, the sulfide capacity of a slag can be expressed as 
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      (6) 

Where      is the activity of oxygen ions in the slag,      is the activity coefficient of the 

sulphide ions in the slag, R is the gas constant, T is the temperature in K and    is the standard 

Gibbs energy change for the following reaction. 

½ S2(g) + O2- (slag) = S2- (slag) + ½ O2(g)    (7) 

In terms of measurable quantities, the sulfide capacity can be expressed as  

CS = (wt% Sslag) (pO2/pS2)
1/2      (8) 

In the present thesis, most of the sulfide capacity values were taken from literature data. 

However, in case of slag systems, where experimental literature data is not available, suitable 

reliable data was take from Thermoslag ®, a software4 developed by the Division of Materials 

Process Science at Royal Institute of Technology, Stockholm, Sweden. In this software, the 

thermodynamic activity, sulphide capacity as well as viscosity data for various slag system could 

be estimated.  

As previously mentioned, the concept of ion activities is unclear as suitable standard states could 

not be suitably defined. In Thermoslag ® pure FeO was taken as the standard for which 
    

    
 was 

taken as unity. Further details are explained elsewhere 5. 

2.2 Density 

Density is the most fundamental thermophysical property that is directly amenable to the 

structure correlations of molten slags. The corresponding thermochemical counterpart, viz. molar 

volume, which is the reciprocal of density, has direct reflections of Gibbs energies of the slag 

system. A better understanding of these properties leads to obtain conclusive evidence regarding 

the types and coordination of ions present in molten slags. Density is required in order to 

estimate other fundamental properties like surface tension, diffusivity, viscosity and thermal 

conductivity from thermal diffusivity so that a relatively complete picture regarding the behavior 

of high temperature molten oxides could be made. From an applied view point, density values of 

slags is required in slag volume estimations, process energy calculations etc. 

In the present thesis, two methods were adopted to find the density of slags viz. Archimedes 

Principle and Sessile Drop Technique. The first technique was used to find the density of low 

silica CaO-SiO2-Al2O3 slags and these values were later used in the diffusivity measurements of 

sulfur in the same slag. The Sessile Drop Technique was used to find the slag height above the 
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liquid iron drop in order to get an approximate time required for the sulfur to reach the slag-

metal interface. Also the density of the slag was used to find the interfacial tension.  

2.2.1 Archimedes Principle 

The density of low silica CaO-SiO2-Al2O3 slags was measured using Archimedes principle. The 

details of the experimental procedure are mentioned elsewhere 6. A Pt-30%Rh bob and wire 

arrangement was used for measuring the density in the apparatus shown in Figure 3. 

 

Figure 3. The experimental apparatus showing the bob and wire arrangement as well as the 

arrangement used for measuring the molten height of the slag. 

Density at any temperature is given as: 

ρT = (W argon – W molten slag)/ V0 ( 1+ (LT/L273)
3)   (9) 

where, 

T is the temperature, K 

W argon  is the weight of the bob in argon atmosphere, g 

W molten slag is the weight of the bob in molten slag, g 
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V0  is the volume of the slag being displaced, cm3 

LT/L273 is the ratio in the change in length of a Pt-30% Rh wire at any temperature T, K to the 

same at 273 K 

The density obtained was later compared with the model developed by Persson et al.7 and also 

with the works of Zielinski and Sikora 8. It was also possible to obtain the density values of the 

corresponding binaries viz. CaO- SiO2 and CaO- Al2O3 by extrapolating from the ternary. Figure 

4 shows the comparison between the experimental results and the model predictions and Table I, 

the binary density estimation from the ternary slag values along with other literature values. 
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Figure 4. Experimental results for density values of low silica CaO-SiO2-Al2O3 slags along with 

the model prediction at 1683 K from the works of Persson et al.7 and the works of Zielinski and 

Sikora8 (1723 K). 

Table I. Density values of the binary slags estimated from the ternary slag system along with the 

model predictions and literature data available. 

CaO 

(wt%) 

SiO2 

(wt%) 

Al2O3 

(wt%) 

ρ1683  

experimental 

(g.cm-3) 

ρ1733  

experimental 

(g.cm-3) 

ρ1683 

MODEL 

(g.cm-3) 

ρ1733 

MODEL 

(g.cm-3) 

ρ from 

literature 

(g.cm-3) 

51.5 - 48.5 3.14 2.94 3.28 3.29 2.94 8 

51.5 48.5 - 2.54 2.29 2.92 2.86 2.72 9 

8 Composition: 50.12% CaO- 49.88% Al2O3, Temperature: 1723 K 
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9 Composition: 50% CaO- 50% SiO2, Temperature: 1773 K 

2.2.2 Sessile Drop Technique 

Density values of ternary and quaternary slag systems, CaO-SiO2-Al2O3 and CaO-SiO2-FeO-

Al2O3 respectively were estimated using the sessile drop technique on a Pt-30% Rh substrate. In 

both cases the slags were saturated with alumina. Further details about the experimental set-up 

and procedures are mentioned elsewhere10. Table II shows the density of the slags measured at 

1823 K and 1873 K. 

Table II: Density of slags measured by sessile drop technique  

CaO 

(wt%) 

SiO2 

(wt%) 

Al2O3 

(wt%) 

FeO 

(wt%) 

ρ1823  

experimental 

(g.cm-3) 

ρ1873  

experimental 

(g.cm-3) 

ρ1823 MODEL 

(g.cm-3) 

ρ1873 MODEL 

(g.cm-3) 

 

35 10 55 - 2.59 2.58 2.82 2.79 

22.9 18 54.1 5 2.74 2.69 2.97 2.94 

 

2.3 Diffusivity 

In metal-slag-gas reactions taking place in any steelmaking process, the rate of such reactions 

would depend on the rate of the slowest process in the system. The process of transport of an 

impurity species, as for example, sulfur from the molten metal to the gas phase through a slag 

intermediate phase can be divided as follows: 

 

a. Transport through the bulk molten metal 

b. Interaction at the slag-metal interface 

In the case of sulfur, the reaction would be  

 

S(liq. metal)  +  O2- (slag) =   O(liq. metal)  +  S2-
(slag)    (10) 

 

c. Transport of these species through the slag media, which is a diffusion process  

d. Interaction at the gas-slag interface through which the species enters the gas phase 

The interfacial reaction in the case of sulfur would be 

 

S2-
(slag)  +  ½ O2(gas)  =  O2-

(slag)  +   ½ S2(gas)    (11) 

 

e. Gas phase mass transfer of the species involved 
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It is well known that the transport of species through gas media is very fast and also that the 

interactions at the interface are electrochemical in nature and are likely to take place rapidly1 if the 

charge transfer is enabled suitably. The only remaining process would be the transport through 

the metal and slag media. It has been well-established that the diffusion coefficients of a species, 

as for example S, in the metal phase is about two orders of magnitude higher than the 

corresponding species through slag11. Thus, the rate-determining step in such reactions would be 

the diffusion through the slag phase. Hence, the estimation of diffusion coefficients in the slag 

phase is of extreme importance for a better control of such processes. 

 

The most common method to measure the diffusion coefficients in slags was by the radioactive 

tracer method. In the case of the measurements of the diffusion coefficient of sulfur in slag, a 

diffusion couple method involving S35 tracer was used by early researchers12. Very little research 

work has been carried out to estimate the chemical diffusion coefficient of sulfur in slag. To the 

knowledge of the present authors, the only work reported on the measurement of chemical 

diffusion coefficient of sulfur in slag was by Derge et al.13 .The experimental technique adopted 

by these authors was a “liquid-liquid diffusion couple”, to keep a high sulfur slag in contact with 

a slag with a similar composition devoid of sulfur at high temperatures. The slag was analyzed 

after rapidly cooling the diffusion couple by shutting off the furnace power and rapidly cooling 

the bottom of the crucible in comparison to the top. The authors have claimed that such cooling 

reduces stirring and piping effects. However, it is well known that a temperature gradient in the 

crucible could result in stirring and would result in homogenizing the sulfur content in slag. Since 

the slags are fluids at the experimental temperatures, the diffusion of sulfur would be 

accompanied by convection effects due to minor temperature gradients and mixing or stirring 

effects could take place at the interface probably due to the enthalpies of the interfacial reactions. 

These phenomena would lead to an increase in the amount of sulfur transported through the 

interface. It was realized that it would be quite difficult to arrive at a reliable value for the 

diffusion coefficient of sulfur in slag by rapid cooling method and hence a new method for the 

in-situ measurement of sulfur content in the system is to be sought out. It was proposed to have 

slag-metal system wherein in-situ metal samples can be taken out and subsequently analyzed to 

determine the diffusivity of a particular species of interest in the slag. For that, the metal has to 

be carefully chosen so that the diffusion coefficient of the particular species of interest in metal is 

much higher than that in the slag.  In such a methodology, the whole system need not be 

disturbed through quenching.   
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2.3.1 Methodology 

A schematic of the present proposed methodology for measuring diffusivity is illustrated in 

Figure 5.  The system consists of liquid slag and metal with a known composition in a non-

interacting crucible kept under isothermal condition.  

 

Figure 5: Schematic diagram showing the sulfur transport from the gas medium to the bulk metal 

through the slag. 

A model was developed which took into consideration all possible variables like sulfur partition 

ratio, slag density, sulfide capacity that play a direct role in determining the diffusion coefficient. 

Since the diffusivity calculations were made analyzing the sulfur content in the metal phase, the 

error involved in estimating the diffusivity of sulfur in slag using the proposed methodology 

would depend on the extent of uniformity of sulfur distribution in the metal phase. The details of 

the model along with its dependence on major factors like height ratio (Hslag/Hmetal), diffusivity 

ratio (Dslag/Dmetal) and partition ratio (Kslag/metal) along with the normalized time are mentioned 

elsewhere 14.   

 

2.3.1 Experimental  

 

In order to validate the proposed model, suitable experiments were designed. The realization of 

the experiments is discussed in detail elsewhere 15. Figure 6 shows the experimental set-up used 

for measuring the diffusivity of sulfur in 51.5% CaO- 9.6% SiO2- 38.9% Al2O3 slag. 

Approximately 31 g of slag was taken along with 350 g of silver metal. The crucible was designed 
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so that the slag–metal interface was not disturbed during the sampling process. Figure 7 shows 

the crucible design. Armco iron was used as the crucible material which limited the experimental 

temperature range to be between 1673 – 1723 K. 

 

 

Figure 6. Experimental set up for the diffusion coefficient estimation. 

CaS pellets of approximately the same mass as that of the slag were used as the source for sulfur. 

They were pelletized, dried in a muffle furnace at 373 K and later hung above the slag using Pt 

wires. Since pure iron was used as the crucible material, the partial pressures of oxygen and sulfur 

had to be accurately controlled in order to prevent any formation of FeO and FeS. The desired 

values of pO2 and pS2 were 10-7 and 10-1 Pa respectively. CaS floats on the liquid slag surface owing 

to its lower density. Further, thermodynamically, at the temperature of interest, CaS provides the 

required sulfur partial pressure. Hence only pure refined argon was used as the protection gas. 

Experiments were conducted at temperatures 1680, 1700 and 1723 K as shown in Table III. The 

experiments were checked for reproducibility and the values for the diffusivity obtained were 

confirmed by slag quenching experiments. 
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Figure 7. Crucible design for the slag diffusivity experiment. 

Table III: The diffusivities of sulfur in 51.5% CaO- 9.6% SiO2- 38.9% Al2O3 slag at 1680, 1700 

and 1723 K. 

Temperature (K) Diffusion Coefficient x 106(cm2.sec-1) 

1680 3.98  

1700 4.04 

1723 4.14 

 

2.4 Viscosity 

Viscosity is one of the most important themophysical properties that are quite often encountered 

during mass transfer and heterogeneous reaction involving fluid flow. In case of interfacial 

reactions, viscosity plays a very important role as it would significantly decide the extent of 

motion taking place at the interface. In this thesis although no experimental measurements of 

viscosities have been carried out, the values of viscosities used are taken from literature. 

However, in the absence of proper literature data the viscosity values have been taken from 

Thermoslag ®, a software developed by the Division of Materials Process Science at Royal 

Institute of Technology, Stockholm, Sweden. Further details about the model used for viscosity 

estimation is mentioned elsewhere. 
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2.5 Surface tension and Contact angle 

Surface tension is of major importance in surface phenomena as it represents the force acting on 

the surface due to the imbalance in the chemical bonds prevailing on the surface of any fluid. In 

case of interfaces, the equivalent terminology is interfacial tension. In fact, surface tension is a 

particular case of interfacial tension. There are various methods in order to measure the tension 

at the surface/interface in metal, slag and slag-metal systems. In the current work, sessile drop 

technique has been used to measure the surface tension of the metal as well as slag phases. 

Contact angle, which is an indication as to the extent of wetting that takes place between the 

substrate materials and the material of interest has also been measured by the same technique. 

The contact angle also represents the interfacial area available for the reactions to occur.  

3. INTERFACIAL PHENOMENA 

3.1 Interfacial Tension  

As mentioned in the previous section, interfacial tension would pertain to the tension force at the 

interface between materials of interest. Examining Figure 2, as the sulfur enters the slag as ions, 

they diffuse through the slag layer and the time for the sulfur to reach the slag-metal interface 

could be estimated from the diffusion coefficient of sulfur in slag. Once the sulfur reaches the 

interface, since it is surface active, interfacial tension would decrease. Kasama et al.16 in their 

works, have shown that the introduction of sulfur at 1823 K reduces the surface tension of pure 

liquid iron by the relationship 

γ = 1913 – 195 ln [ 1 + 365 as]    (12) 

where, as is the sulfur activity at 1823 K. 

Table IV shows the variation of the tension on free iron surface, iron- slag interface and iron-slag 

interface with sulfur. It can be seen that the tension on the iron surface decreases when in the 

presence of slag and further decreases when surface active element like sulfur are introduced into 

the slag-metal system. 

Table IV: Surface/Interfacial tension variation of liquid iron with sulfur addition. 

Surface/Interface 

Tension (mN/m) 

Pure Iron 17 Pure Iron – Slag 10 Pure Iron – Slag with sulfur 

saturated (270 minutes)18 

1840.6 1417.8 1000.79 

 * Slag composition – 22.9% CaO- 18% SiO2- 5%FeO- 54.1% Al2O3 
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3.2 Work of Adhesion and Interaction coefficient 

The work of adhesion19 is an indication of the work required to be done in order to separate the 

metal and slag phases. This represents (at least partially) the force that would oppose the 

movement of sulfur at the interface. It also represents the degree of interaction between the 

metal and slag phases. When the work of adhesion increases, the interfacial velocity of sulfur 

would decrease.  It is defined as  

                   (13) 

The interaction coefficient (ϕ) given by Girifalco and Good equation20, is a measure of the 

interaction between two condensed phases (here slag and metal). It is defined as the ratio of the 

work of adhesion between the two phases and the square root of the work of cohesion of each 

individual phase as follows 

  
   

    
    

  
 
 

 
         

        
     (14) 

where, 

    is the surface tension of the metal at temperature T, K 

   is the surface tension of the slag at temperature T, K and 

    is the interfacial tension at the slag-metal interface at the same temperature. 

For pure iron the surface tension is given as 17  

                       (15) 

Where, TM is the melting point of pure iron. 

   
  is the work of cohesion of the metal phase given as twice the surface tension of the metal at 

temperature T, K 

   
  is the work of cohesion of the slag phase given as twice the surface tension of the slag at 

temperature T, K 

For the current slag-metal system, the work of adhesion is computed as shown in Table V. 
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Table V: Work of Adhesion and interaction coefficient variation with temperature10. 

Temperature 

(K) 

   (mN.m-1)    (mN.m-1)     (mN.m-1) Wad (mN.m-1) Interaction 

coefficient 

(ϕ) 

1823 1865.1 325.4 1417.8 772.7 0.496 

1873 1840.6 292.3 1375.9 757 0.516 

  

The table shows that the interaction between slag and metal phases increases with increase in 

temperature. The interaction being repulsive, there would be a lower energy required for the 

sulfur atoms to move along the interface at 1873K. The same is observed by a decrease in the 

work of adhesion with respect to temperature increase. 

3.3 Interfacial Velocity 

The concept of interfacial velocity is absolutely new to metallurgical science. However, an 

understanding of the concept is relatively easy if one visualizes the interface of slag-metal to be a 

2D plane of finite thickness usually of the order of 2-3 atomic layers. Although till date a few 

experiments have been designed to evaluate the interfacial viscosities, measurements pertaining to 

the interface would require a tracing element with comparable size to the thickness of the 

interface. Experimentalists are yet to achieve this task.  

Experiments were carried out earlier in the division of Materials Process Science at Royal 

Institute of Technology, Stockholm 21 wherein sulfur was transported through a slag phase to 

reach the slag-metal interface using predetermined sulfur and oxygen potentials. It was observed 

that the liquid iron drop shape changed due to the interfacial tension difference. The mechanism 

of this shape change was explained using Figure 8.  Owing to the contour of the sessile drop, the 

slag above the iron drop was divided approximately into two regions. Region 1 was the shortest 

path to the metal drop and hence, the sulfur would reach the slag-metal interface at this region 

initially. This would result in an interfacial tension gradient along the slag-metal interface which 

would induce marangoni flow leading to the flattening of the drop. The flow of sulfur along the 

contour of the metal drop together with the diffusion of sulfur into the bulk would result in the 

depletion of sulfur from the top of the metal drop, which in turn, would regain its shape 

temporarily. A mathematical formulation was made through which the order of magnitude of the 

interfacial velocity was determined as 10-6 m.s-1.  
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Figure 8: Droplet oscillation due to sulfur movement along the surface and bulk of the metal 

droplet. 

As mentioned earlier, the estimation of interfacial properties would be possible if and only if the 

size of the tracer was comparable to that of the interface thickness. Hence it was decided to use 

sulfur as a tracer in order to estimate the interfacial properties. At the same time it would be 

beneficial for the metallurgist to understand the mechanics of surface active elements at the 

interface. Moving on similar lines, an experimental technique was designed so that the oscillation 

phenomenon was triggered by sulfur introduction in to the system. The sulfur diffusivity 

experiments carried out earlier helped in estimating the time for sulfur to reach the interface via 

the slag, thus making it possible to capture the oscillation at the right moment. The experimental 

set-up is shown in Figure 9. The details of the experimental set-up and methodology are given 

elsewhere 10, 22. It was observed that the oscillation was a combination due to the marangoni 

effect as well as a dilatational effect. Further, the asymmetric nature of the liquid iron drop 

introduced another mode of oscillation the details of which are shown along with the symmetric 

oscillations in Figure 10. 
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Figure 9: The experimental set-up for interfacial velocity studies 
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Figure 10: Modes of oscillation occurring during mass-transfer of sulfur (a) symmetric (b) 

asymmetric. 

The oscillations were assumed to follow a sinusoidal curve and hence the total angular 

displacement due to the combination of symmetric and asymmetric parts could be written as 

R= A1*Sin(ω1*t)+A2*Sin (ω2*t + Ɵ)     (16) 

where, 

A1 and A2 are the amplitudes of the symmetric and asymmetric oscillations respectively 

ω1 and ω2 are the oscillation frequencies and  

Ɵ is the phase difference between the oscillations 

An effort was made to mathematically distinguish these oscillations; however, it was quite 

difficult to get reasonable non-linear curve fit from the data points. Figure 12 shows the 

symmetric as well as asymmetric oscillations of the liquid iron drop. 

 

Figure 12: Hybrid oscillations of the drop measured as a function of the change in the contact 

angle from the stable configuration of the metal drop. The star symbol represents the asymmetric 

oscillations. 
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For the estimation of the interfacial velocity due to sulfur concentration variation at the interface, 

the oscillation of the drop should be taken into consideration. The oscillations of the drop would 

lead to a change in area. A circle of equivalent area corresponding to that of the surface area of 

the sessile liquid iron drop was considered for every time frame. The change in area of this 

equivalent circle was noted for each picture frame in an oscillation. From the change in area, the 

change in corresponding radius was measured. Hence the change in the drop shape due to 

oscillation would lead to the change in area and consequently, change in radius. As both the cause 

and effect of the change in drop area could be attributed to the sulfur concentration change along 

the interface, one cycle consisting of a dip and rebound of the interface area are needed to be 

considered at a time. 

If Rt is the radius of the circle of the developed drop of initial area At  at any time t and Rt+∆t is 

the radius of the circle or the developed drop of area At+∆t at the next instant t+∆t, 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 drop is given by the equation  

Vnstantaneous = 
        

  
      (17) 

Based on this methodology, the interfacial velocity was calculated. The variation of the interfacial 

velocity measured by the concentration variation of sulfur at the slag-metal interface as a function 

of time as well as temperature is shown in Figure 13. The error in the measurement was 

calculated to be ±6 %. 

  

Figure 13: Interfacial velocity variation as a function of time and temperature. 
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3.4 Interfacial Viscosity 

The viscosity at the interface is very different from that of the bulk. The reason for this change is 

the difference in the forces of attraction at the surface as well as the surface energy changes 

owing to the surface tension. Goodrich 23 had clearly mentioned for a monolayer by the means of 

a fluid element, that the major viscosity forces at the interface are shear (when the force is in the 

plane) and dilatational (the forces are perpendicular to the fluid element surface). Further 

experimentation on various colloidal systems showed that the importance of interfacial dilatation 

viscosity is more than that of the interfacial shear viscosity, the reason being that the former was 

roughly 1000 times larger than the latter. Further, it provides a complimentary method to 

describe the surfactant adsorption quantitatively24. The measurement of dynamic dilatational 

behavior of surface-active molecules adsorbed at the interface has been proven to be a powerful 

technique to probe the interfacial structure of film formed by many kinds of protein molecules 25, 

26. 

In metallurgical slag-metal systems, these properties have not yet been focused upon. Although 

some experimentalists27, 28 have tried to measure the surface viscosity, such measurements would 

only reflect the nature of the bulk rather than the surface. The interfacial viscosities 

predominantly dilatational viscosity would play a significant role in slag foaming, inclusion 

removal, degasification and metal separation.  

Accurate measurement of dilatational viscosity would require sophisticated instruments. 

However, with the help is sulfur as the surface active element and using an X-ray source and 

CCD camera attached to a high temperature furnace, the oscillations in the sessile liquid iron 

drop could be recorded. The change in area interfacial dilatational modulus which is the 

resistance to the change in interfacial area could be calculated. 

  
  

    
       (18) 

Where    is the interfacial dilatational modulus in mN.m-1 is,    is the change in interfacial 

tension from the equilibrium value and A is the interfacial area change from the equilibrium 

value. In the present calculations the equilibrium value is taken as the equilibrium state prior to 

the injection of the surface active element source. 

Another aspect is the calculation of the interfacial tension. The estimation of the interfacial 

tension from the sessile drop contour under dynamic mass transfer is very difficult due to the 

unstable sessile drop contour, the fact being that the stable condition of the drop is obtained 
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from the force equilibrium between the gravitational force and the surface/interface tension 

force. A change in the interfacial tension could cause a sudden imbalance in the drop shape. The 

time lag for the drop to relax from this unsteady position is more than the frame speed at which 

the individual frames are obtained from the software. 

Taking this into consideration, the interfacial tension was measured from the surface tension of 

the individual phases with the same substrate. The interfacial tension could be calculated from 

the equation: 

  
               

    
      (19) 

where, 

  is the interfacial of the slag-metal interface with alumina substrate, mN.m-1. 

   is the surface tension of iron  on alumina substrate, mN.m-1. 

   is the surface tension of slag  on alumina substrate, mN.m-1. 

      is the contact angle of metal with alumina substrate . 

      is the contact angle of slag with alumina substrate . 

Experimental methodology is explained elsewhere 29. Figure 14 shows the comparison of the 

surface tension change observed by Huang et al.24 with surfactant adsorption at the gas-water 

interface at 303 K and the present study of oxygen adsorption at the slag-metal interface at 1823 

K. It can be observed that the trend is the same confirming the existence of a dilatational term 

during adsorption of surface active elements at slag-metal interfaces.  

 

Figure 14: Change in surface tension during surfactant adsorption 24 (left) and change in 

interfacial tension during adsorption of oxygen at the slag-metal interface at 1823K (right). 
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Figure 15 shows the change in the interfacial tension as well as the interfacial dilatational modulus 

using sulfur as the surface-active element for the left side and right side of the drop respectively. 

The value of the interfacial dilatation modulus for both the left and right sections of the interface 

was calculated using equation 18. The slag-metal interface at 1823 K was taken as the stable 

configuration. It can be seen that the values of the interfacial dilatational viscosity for slag-metal 

interfaces are roughly 5-10 times more than that observed in surfactant solutions dealt with in 

colloidal science. This attributed essentially to the higher change in interfacial tension at the slag-

metal interface. A drastic change in interfacial tension especially around 1016 seconds from sulfur 

entry in the left portion of the slag-metal interface is observed which leads to higher interfacial 

dilatational viscosity.  

It is known that the interfacial dilatational viscosity is compositional as well as frequency 

dependent30. Drastic changes in the dilatational viscosity show that sulfur is not uniform at the 

interface. Further atomistic investigations could throw light upon the preferential bonding 

between sulfur and the iron free surface. It can also be observed that the left and right portions 

of the slag-metal interface constitute of different sulfur concentration which again can be verified 

by the interfacial tension difference. Another factor that could affect this change is the change in 

surface pressure. Since the drop does not have a flat surface, the pressure exerted on the surface 

would be less at the centre portion of the drop where the liquid slag height is less while the 

pressure would increase towards both ends. In colloids the frequency of the dilatational modulus 

increases with increase of surface pressure30.   

According to the definition of interfacial dilatational viscosity, it is the resistance to the change in 

interfacial area. For a small time period, if there is a drastic difference in the dilatational viscosity, 

it could result in a sudden increase in area which consequently would lead to a higher interfacial 

velocity of the surface active species. From Figure 14, it can be seen that, by about 1016 seconds 

from sulfur entry into the slag-metal system, there is a drastic change in interfacial dilatational 

viscosity. This in fact, coincides with the maximum interfacial velocity of sulfur obtained earlier 

10. 
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Figure 15: The variation of interfacial tension and dilatational modulus with time of introduction 

at the slag-metal interface using sulfur as the surface-active element for the left portion if the slag 

metal interface (left) and the right portion (right).  

The equation to estimate the interfacial shear viscosity was evaluated by conducting experiments 

using tracers. The experimental set-up and methodology are mentioned elsewhere 29. The 

equation for evaluating the surface shear viscosity for extremely small particles can be written as  

   
 

 
        (20) 

For liquid metal surfaces as well as slag-metal interfaces with a transparent slag surface inclusions 

could be used as a suitable tracer material. Assuming a circular inclusion of 1μm radius, the 

immersion depth would be of the same order. The average order of the interfacial velocity10, 22 is 

taken as 10-5m.s-1obtained from previous experiments. Using equation (20) the order of the 

interfacial shear viscosity would be roughly between 10-1-10-2 mN.m-1 (sP, also called surface 

poise).  
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4. SUMMARY 

The current thesis shows a systematic way to approach the evaluation of interfacial properties. 

The density of the slags used was estimated by Archimedes principle and Sessile Drop technique 

and these values were later used for the diffusivity estimation of sulfur in slag. A new 

experimental technique was developed to measure the diffusion coefficient of sulfide ions in the 

ternary 51.5% CaO- 9.6% SiO2- 38.9% Al2O3 slag  in the temperature range 1673-1723 K . The 

order of magnitude of the diffusion coefficient was used to estimate the time required for sulfur 

to reach the slag –metal interface so that the oscillation caused by Marangoni flow as well as 

interfacial dilatation could be captured using a X-ray source and CCD camera. The video file was 

processed into picture frames. Later the height and width variation was measured using 

MATLAB ® code. Areas with maximum change in height and width were selected for further 

estimation of contact angle variation. The deviation of the contact angles from the equilibrium 

(prior to SO2 injection) were plotted against time and the oscillation was identified based on the 

contact angle variation. The frames of the oscillation were later digitized in order to get the area 

change occurring due to oscillation. From this data, both the interfacial velocity as well as the 

interfacial dilatational modulus was evaluated at the slag-metal interface. Based on cold model 

experiments using water as well as mercury, an equation of the dependence of the interfacial 

shear viscosity on the interfacial velocity and interfacial tension was established. This paved way 

for the estimation of the interfacial shear viscosity at the slag-metal interface. Although most of 

the thermophysical properties pertaining to the slag-metal interface were evaluated, due to lack of 

sophisticated equipments in order to trace the nature of oscillations (frequency and amplitude) 

precisely, the interfacial dilatational viscosity could not be evaluated.  
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5. FUTURE WORKS 

Study of interfacial velocity of various slag-metal systems using surface active elements like sulfur, 

oxygen and phosphorous could be carried out and a formulation of the relationship of various 

interfacial properties on the basis of the composition of the metal and slag could be obtained. 

The concept of interracial velocity as well as interfacial viscosity could be verified using Confocal 

Scanning Laser Microscopy (CSLM) for various liquid metal, slag and slag-metal systems usig 

inclusion as tracers.  
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