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Abstract 
 
With the progress of high alloy steelmaking processes, it is essential to minimize the 
loss of valuable metals, like chromium and vanadium during the decarburization 
process, from both economic as well as environmental view points. One unique 
technique to realize this aim, used in the present work, is the decarburization of high 
alloy steel grades using oxygen with CO2 in order to reduce the partial pressure of 
oxygen. In the present work, the investigation on the oxidation of iron-chromium and 
iron-vanadium molten alloys under CO2-O2 mixtures was carried out and presented in 
this dissertation.  
 
For oxidation study on Fe-Cr molten alloy with CO2-O2 mixtures, on the basis of 
thermodynamic analysis, energy balance calculation and modeling results, 
experimental validation in laboratory was carried out, and later on, the oxidation 
kinetics of Fe-Cr and Fe-Cr-C melts under controlled partial pressure of oxygen was 
investigated. Thermodynamics calculation and energy balance estimation 
demonstrated that, it is possible to use CO2 or CO2-O2 mixtures as decarburizers 
during EAF process and high initial carbon contents in the steel can be adopted at the 
beginning in order to reduce the cost. 
 
A generic model has been developed to describe the overall process kinetics 
prevailing in metallurgical reactors containing liquid metal and gas bubbles. This 
model is general and can be extended further to consider any gas liquid reactions in 
any chemical engineering reactor, and especially the metallurgical ones, like AOD. In 
the present dissertation, the model is applied in predicting the evolution of Cr and C 
contents in a Fe-C-Cr melt during injection of different O2-CO2 mixtures. The related 
simulation results illustrated that CO2 is efficient in Cr retention.  
 
In order to verify the modeling results, 1kg induction furnace experiments were 
carried out in the present laboratory. The results indicated that the predictions of the 
model are in good agreement with the experimental results. Meanwhile, the 
experimental results indicated that the Cr-losses can be significantly lowered by 
replacing the oxygen with CO2 in the injected gas, specifically for Fe-Cr-C melts with 
carbon levels higher than about 0.8 mass%. Subsequently, the oxidation kinetics of 
Fe-Cr and Fe-Cr-C melts was investigated under different CO2-O2 mixtures. It is 
indicated that, the oxidation rate is controlled by the chemical reaction at the initial 

stage and the reaction rate can be expressed as 
2

0.23 0.41 exp( )
CO

a
Cr

Edm C C
dt RT

−
= Λ  at the Cr 

range of 11-21 mass% in the Fe-Cr melt. 
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For oxidation study on Fe-V liquid alloy, the investigation of the oxidation kinetics 
was carried out under CO2-O2 mixtures, which is followed by the study on 
thermodynamic properties of vanadium containing slags. During oxidation of Fe-V 
melt, in the case of alloys with vanadium contents exceeding 10 mass%, there exists 
an incubation period before the chemical reactions prevail the process. In addition, the 
‘incubation time’ increased with the increase of temperature and the vanadium content, 
whereas it decreased with the increase of oxygen partial pressure in the oxidant gas. 
 
High-temperature mass spectrometric method was used to determine the activity of 
the vanadium oxide in CaO-MgO-Al2O3-SiO2-V2O3 slags, whereas, the oxidation 
states of vanadium in the CaO-MgO-Al2O3-SiO2-VOx slag system was studied by 
XANES method. The results indicated that, higher basicities stabilize higher 
vanadium oxidation state, whereas, higher temperature stabilizes lower vanadium 
oxidation state.  
 
The present work, which was carried out within the ECO-STEELMAKING project 
funded by MISTRA via Jernkontoret is expected to lead to implementation of some 
modifications in high alloy steel production based on fundamental concepts towards 
more environment-friendly steel processing. 
 
Key words: Oxidation, High-alloy steelmaking, Retention, CO2-O2, Fe-Cr melt, 
Fe-Cr-C melt, Fe-V melt, Vanadium containing slags, Kinetics, Thermodynamics 
properties. 
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1 Introduction 

1.1 Importance of the present work 

The slag that is rejected during alloy steel making process contains large quantity of 
valuable metals such as Cr and V. For example, Cr content of the Electric Arc Furnace 
(EAF) slag from Uddeholm Tooling AB, Sweden is in the range of about 6 to 10 wt 
pct depending on the steel grade. In the cases of chromium and vanadium in the slag, 
the oxidation to Cr6+ and V5+ makes them extremely cancerigenic substances and thus, 
the slag poses an environmental hazard. From economic as well as environmental 
view points, it is essential that the loss of these metals is minimized during the 
decarburization of high alloy melts. 
 
In view of the high affinities of these metals for oxygen, even if the oxygen blown 
during the decarburization step is diluted with argon, a significant extent of the 
oxidation of metals occurs, especially during the last stages of decarburization. This 
also depends upon the activity of the oxide concerned in the slag phase. In order to 
optimize the technique with the aim of valuable metal retention as well as 
decarburization, it is essential to have a deep understanding of the oxidation 
mechanism, the thermodynamic properties of the slag as well as kinetic conditions 
during the whole process.  
 
The present work describes the attempts made in the present laboratory to regulate the 
oxygen partial pressure by mixing O2 of CO2 so that the Cr and V losses are 
minimized. In order to get a deeper understanding of the phenomena involved, the 
melting points, the valences state of vanadium as well as activity of vanadium oxide 
in the case of vanadium-containing slags have been studied, which provide necessary 
basic data for optimizing the retention of vanadium in the steel melt. 
 
The schematic diagram of the strategy adopted in the present Ph. D. work is illustrated 
in Figure 1.1. 
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Figure 1.1 The strategy of present study. 

1.2 The state of art today with respect to valuable metal retention 

during decarburization 

Retention of the valuable metals during decarburization is a ‘balance act’ in the high alloy steel 

production industry. This aim is realized by diluting oxygen with argon gas in order to reduce the 

partial pressure of oxygen which is traditionally practiced in the Argon Oxygen Decarburization 

(AOD) process. Fruehan [1], Choulet et al. [2], Fulton and Ramachandran [3], as well as Nelson [4] 

have indicated that dilution of oxygen by argon was effective in lowering chromium oxidation. 

However, it is to be noted that a decrease in the oxygen partial pressure in the gas injected for 

decarburization should not lead to a significant decrease in the process efficiency with respect to 

the decarburization itself as it will have a strong negative impact on process economy. Further, if 

the oxygen partial pressure exceeds the threshold limit, this will lead to a high degree of Cr 

oxidation. An optimum level is to control the oxygen partial pressure continuously taking into 

account the activities of C and Cr in the metal phase and the activity of chromium oxide in the 

slag phase. Introduction of CO2 in suitable amounts could thus offer a unique solution in view of 

the fact that an environmentally undesired gas is being used for decarburization. 
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1.3 Importance of an understanding of the oxidation kinetics of Fe-Cr, 

Fe-Cr-C, Fe-V melts 

As pointed out earlier, during the production of high alloy steels containing Cr or V, it 
is desirable to minimize the loss of these metals to the slag phase, in view of the 
economic and environmental impacts. In this case, an understanding of the 
mechanism of the oxidation process of Fe-Cr, Fe-Cr-C and Fe-V melts is very 
important. And it would be meaningful to compare these results with the 
corresponding oxidation behaviors in pilot plant or production levels. It is also meant 
to open up the possibilities for the extension of the strategy using of CO2-containing 
oxidants in decarburizing other high alloy steel grades. 

1.4 Thermodynamic properties of vanadium containing slags 

The study of the oxidation behavior of Fe-V alloys under different oxidation 
conditions was carried out with a view to prevent the loss of vanadium to the slag 
phase. In this connection, it was necessary to have a clear understanding of some 
thermodynamic aspects of vanadium containing slags, like the melting points, the 
activity of vanadium oxide and valence states of vanadium in slags. Besides, a 
significant amount of the vanadium used at present is produced from the slags 
containing vanadium oxide. For the thermodynamic treatment of the redox reactions, 
it is essential to know the oxidation states of vanadium in the liquid slags. It is stated 
that the oxides VO, V2O3, VO2 and V2O5 can be stable phases in solid state. With 
respect to slag melts, several investigations have been carried out to deduce the 
vanadium oxidation state in the following systems [5-14]: Na2O-VOx, 
Na2O-SiO2-VOx, CaO-SiO2-VOx, FeOy-SiO2-VOx, CaO-MgO-SiO2-VOx, 
CaO-Al2O3-SiO2-VOx, CaO-CaF2-SiO2-VOx, FeOy-SiO2-CaO (Na2O, MgO, Al2O3 
and Ti2O3)-VOx and CaO-SiO2-FeOy-MgO-VOx. However, to the knowledge of the 
present author, no work has been carried out with respect to the vanadium oxidation 
states in the case of CaO-MgO-Al2O3-SiO2-VOx slag system. Besides, the results 
obtained by former researchers are scattered and are in disagreement with each other. 
In this case, it is necessary to carry out the vanadium oxidation state study on the 
CaO-MgO-Al2O3-SiO2-VOx slag system with a reliable and accurate method. The 
X-ray Absorption Near-edge Structure (XANES) method was employed in the present 
work for its reliability. In addition, high-temperature Knudsen cell-mass spectrometry 
method has been used to study the thermodynamic properties of vanadium oxides in 
the case of the slag system CaO-MgO-Al2O3-SiO2-VOx. This method has the 
advantages of measuring simultaneously the vapour pressures of most of the 
components present in the system and carrying out the studies at higher temperatures.  

- 3 - 



1.5 Industrial implications of the present study 

The introduction of CO2 can decrease the partial pressure of oxygen, and at the same 
time, it could improve the efficiency of decarburization as pointed out by earlier 
researchers [15]. The advantage can be fully realized if CO2-bearing gas could have 
an impact on the minimization of Cr-losses. The usual practice of oxygen injection 
followed by large use of ferrosilicon and aluminum to reduce the resulting Cr2O3 
before tapping into the ladle can be replaced by injection with CO2 at high carbon 
contents, progressively decreasing the CO2 content in the gas mixture. This would 
result in substantial saving in ferroalloy usage. Or that would permit the use of hot 
metal and high carbon ferroalloys in EAF as a lower cost charge mix. It is admitted 
that there will be additional energy cost to compensate for the endothermic reaction 
with CO2. 
 
With respect to the study on V-containing alloys and slags, the oxidation kinetics of 
Fe-V by CO2-O2 gas mixtures can provide the basic information on the possibility of 
retention of V in the melt, whereas, the investigation on thermodynamic properties of 
vanadium containing slags is a good preparation of the data on the retention in molten 
steel and recovery of V from the slags. 
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2 Retention of Cr by diluting O2 with CO2 during 

decarburization process 

2.1 Theoretical analysis  

Traditionally, O2 is selected as an oxidizer for decarburization in EAF process. 
However, as reported by earlier researchers, it is realizable to decarburize with CO2 
also. The principle of decarburization of Fe-C melts using CO2 has been expounded 
by Mannion and Fruehan [16]. Their results showed that nearly one-fifth of CO2 
supplied was consumed during the decarburization reaction. Zughbi [17] reported 
higher decarburization rate and more vigorous reaction when O2 was used as the 
oxidizing gas instead of CO2. Sain and Belton [18] have studied the decarburization of 
liquid iron by CO2 at great length. CO2 was also introduced into the argon-oxygen 
refining process by Heise et al.[15]. It is reported that the carbon removal efficiency 
in argon-oxygen decarburization was improved by using CO2 in argon-oxygen 
refining. Some authors [19-22] also carried out the study on the surface 
decarburization of Fe-Cr-C melts. To the knowledge of the present author, no 
systematic investigation has been carried out with respect to the simultaneous 
decarburization and Cr-loss in Fe-Cr-C melts. 

 
The order of oxidation ability for O2, CO2 and [O] in Fe-C melts is shown in Table 2.1. 
The overall chemical reaction of decarburization with CO2 can be described by 
equation (2.2). In the present calculations, ω[i] = 1% (Henrian) was chosen as the 

standard state of C  and O . 

 

Table 2.1 The oxidation ability for O2, CO2 and O . 

Reactions No. 0GΔ , J/mol (1873K) 

2
1C+ ( ) (g)
2

O g CO=  (2.1) -216697 

2C+C ( ) 2 (g)O g CO=  (2.2) -97909 

C+O (g)CO=  (2.3) -94082 

2 2 3
32 ( )
2

Cr O g Cr O s+ = ( )  (2.4) -514162 

2 2 32 3 ( ) ( ) 3 (Cr CO g Cr O s CO g+ = + )  (2.5) -138944 
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It is seen in Table 2.1 that CO2 is a weaker oxidizing agent compared to O2. From a 
thermodynamic point of view, it is possible to use CO2 as an oxidizer for 
decarburization, realizing that Cr will also be oxidized by CO2 during this process 
from reaction (2.5). 
 
It is well known that, in order to keep the Cr in the molten metal phase from oxidation, 
at the same time decarburization, reaction (2.6) given below should be prevented. 
This can be illustrated by introducing the parameter, referred to in the present work as 

the ‘critical temperature Tc’ for Cr  and C . Critical temperature is the temperature 

at which . 6 0rGΔ =

 

2 33 ( ) 2 ( ) 3CO g Cr Cr O s C+ = +  (2.6)

   

The standard state of Cr and C  was chosen as ω[i] = 1% (Henrian), and the pure 

substance standard state was taken for Cr2O3 in the slag. The standard state of 1 atm 

was for CO. of equation (2.6) is given by equation (2.7). 0
rGΔ

           
0
6 748740 476.68 ( / )rG TΔ = − + J mol  (2.7)

                                                               
The activity of (Cr2O3) is 1 as it is precipitated from the slag, 

 

2 3

3 3 3
( )0 0 %

6 6 62 3 2 2
%

[ ]ln ln
( / ) [ ] ( / )

C Cr O C
r r r

Cr CO Cr CO

a a f CG G RT G RT
a p p f Cr p pθ θ

ω
ω

⋅ ⋅
Δ = Δ + = Δ +

⋅ ⋅ 3⋅
 (2.8)

 
where, a refers to thermodynamic activities and f refers to Henrian activity 
coefficients; pCO is the pressure of CO gas and pθ refers to total pressure. 
 
Here, 
 

10 % %log [ ] [ ]C Cr
c C Cf e C e Crω ω= ⋅ + ⋅  (2.9)

10 % %log [ ] [ ]Cr C
Cr Cr Crf e Cr e Cω ω= ⋅ + ⋅  (2.10)
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The interaction parameter values of and can be obtained from 

literatures [23, 24, 25].   

, ,C Cr C
C C Cre e e Cr

Cre

 
The value of the Gibbs energy change for reaction (2.6) thus is given by: 
 

% %
6

%

0.66 [ ] 0.0714 [ ] 3lg [ ]
748740 476.68 19.14

2lg [ ] 3lg( / )r
CO

C Cr
G T T

Cr p pθ

ω ω ω

ω
%C⎧ ⎫− +⎪ ⎪Δ = − + + ⎨ ⎬

− −⎪ ⎪⎩ ⎭ (2.11)

 
   
The critical temperature Tc was calculated at different situations and the result is 
presented in Table 2.2. Cr can be kept in the metal bath only if the temperature of the 
melt exceeds Tc. This indicates that a lower value of Tc is better for the retention of Cr 

 the bath temperature is constant.  

Table 2 ature C for different [C] and [Cr]. 

if
 

.2 The critical temper  T

Composition of steel 
No. 

ω[C  ω[Cr]  /Pa ]% %

PCO 
6 /rG J molΔ （ ） 

0
6 748740 476.68 ( / )rG TΔ = − +  J mol

Tc /K

1 3.5 15 101325 748740 486.61T− +  1538

2 2.5 15 101325 748740 465.52T− +  1608

3 1.5 15 101325 748740 440.22T− +  1701

4 0.5 15 101325 748740 400.19T− +  1871

5 3.5 18 101325 748740 479.49T− +  1561

6 3.5 12 101325 748740 494.39T− +  1514

748740 503.30T− +  7 3.5 9 101325 1487

 

Figure 2.1 illustrates the variation of Tc with respect to Cr and C contents. From this 
figure, it can be seen clearly that Tc increases with the increasing of Cr content when 
C content is a constant. Further, Tc decreases with the increasing of C content when 
Cr content is stable. Thus, if the temperature of the melt is kept constant, Cr-loss will 
increase with progress of decarburization. It should be noted that the activity of Cr2O3 
was assumed to be unity in the above calculations. If the activity of chromium oxide 

 decreased due to the dissolution in the slag, chromium oxidation will be favored. 
 
is
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Figure 2.1 The effect of C and Cr contents on Tc. 

 
Another aspect to be considered with respect to the reduction of Cr2O3 formed by the 
carbon dissolved in the steel is the formation of 3 molecules of CO gas according to 
reaction (2.12): 
 

2 3( ) 3 3 ( ) 2Cr O s C CO g Cr+ = +  (2.12)

( )( ) (FeO l C Fe CO g+ = + )  (2.13)

                                                                 
The formation of 3 molecules of CO by the reduction of Cr2O3 in the melt is similar to 
the oxidation of Cr in the melt as represented by reaction (2.5). The CO gas bubbles 
thus formed either by reaction (2.5) or by reaction (2.12) will not further react with 
the components in the metal bath. 

 
One of the significant differences between O2 and CO2 injections is that, for every 
molecule of O2 injected, 2 moles of C from the melt can be removed; however, for 
every mole CO2, only one carbon atom in the melt will be removed. Accordingly, in 
order to achieve the same metal composition at the end of the blowing, one needs to 
blow twice the amount of CO2 compared to O2. It may be also noted that for every 
CO2 bubble injection, two CO bubbles are formed; the number of CO bubbles will be 
twice that corresponding to O2 injection. This can facilitate good mixing between 
metal and slag phase leading subsequently towards a near-equilibrium situation, 
corresponding to equations (2.12) and (2.13).  

 
In the above considerations, the temperature of the metal bath was assumed to be 
constant. In reality, decarburization with O2 injection (reaction (2.1)) would be 
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exothermic while, reaction (2.2) will be endothermic. Thus, decarburization with CO2 
would require additional energy input in order to keep the temperature of the metal 
bath constant. 

2.2 Materials and energy balance calculation 

Since decarburization with CO2 is an endothermic reaction, the temperature of the 
steel bath will decrease. This, in turn, will increase the consumption of electrical 
energy in EAF, or lead to further loss of Cr if heat is not supplied. In this case, the 
materials and energy balance calculation on introduction of CO2 is essential. In the 
present study, HSC software was selected for this purpose.  
  
Using this software, the raw materials consumption, the electrical energy consumption 
(EEC) and the effect of process parameters (here CO2 is replacing O2) on the EEC 
could be evaluated. For EAF process, the materials and energy balance system 
boundary is shown in Figure 2.2 and the balance calculation is based on this definition 
of the boundary [26]. 
 

 
Figure 2.2 The materials and energy balance system boundary of EAF process. 

 
Before carrying out the calculation, the input and output parameters in the system 
should be defined in the program. In present cases, all input and output parameters are 
defined and set according to the practical production parameters in a 61ton EAF in 
Uddeholm Tooling AB, Sweden. Meanwhile, one should mention that the air 
infiltration in EAF process is large, and it needs to be considered as input data, as 
shown in Figure 2.3 [27].  
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Figure 2.3 The schematic diagram of exhausting at EAF process [27]. 

 
For energy consumption calculation in the present, the amount of CO2 introduced into 
O2 was ranging from 0% to 40%. The calculation results obtained by HSC software 
are presented in Figure 2.4. 
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Figure 2.4 The energy consumption with different gas mixtures at 1943K. 

 
From Figure 2.4, one can see that, with the increase of CO2 in the oxidant gas mixture, 
the electrical energy consumption is increasing. By adding 20% CO2 in the system, 
the electrical energy will increase 17 kWh/tls. However, if one can save 0.3 wt% Cr in 
the melt, the cost saving will then be larger than the energy consumption according to 
the calculation shown in Table 2.3. This table shows the rough calculation of the cost 
for 61t EAF, where assuming the price of electricity is 1.0 SEK/kWh and the 
ferrochrome price is about 8500 SEK/t. 
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Table 2.3 The rough calculation of the cost saving by introducing CO2. 

Items Cost 

20%CO2 -17kWh/t *61t *1.0SEK/kWh = -1037 SEK 

Cr retention +0.3%* 61t* 8500 SEK/t = +1556 SEK  

Net saving +519 SEK/heat 

 
As pointed by the previous researchers [28-30], one way to save energy consumption 
is enhancing the adding amount of hot metal in EAF process. But the increase of hot 
metal amount will increase the initial carbon content in EAF in large scale, hence 1) it 
will prolong the duration of decarburization; 2) decarburization with O2 will increase 
the temperature in EAF. High initial carbon amount would lead to intensive slag 
foaming. Here, if certain amount of CO2 is added to the oxidant gas in the beginning, 
this may reduce the temperature increasing during decarburization. In this case, 
energy consumptions due to the addition of hot metal in case of CO2-O2 blowing 
could also evaluated, as shown in Table 2.4. The parameters for calculation were 
taken as following: EAF, Steel = 110t, Aim C = 0.06 wt%. 
 
Table 2.4 Energy balance calculation of materials selected as Hot-metal and scrap. 

Hot Metal 
(wt%) 

Scrap 
(wt%) 

Gas 
Total Energy 

(kWh) 
40 60 100%O2 24957.11 
40 60 95%O2+5% CO2 25875.39 
40 60 75%O2+25% CO2 29548.49 
60 40 100% O2 15836.79 
60 40 95%O2+5% CO2 16755.07 
60 40 75%O2+25% CO2 20428.17 
60 40 50%O2+50% CO2 25019.55 

 
It indicates clearly in Table 2.4 that, for pure O2 injected to 40% hot metal + 60% 
scrap, the energy consumption is the same with that 60% hot metal + 40% scrap 
blowing 50%O2+50%CO2, which indicates that enhanced hot metal amount will 
compensate the energy loss by introducing CO2. This also shows the possibility of 
using high initial carbon at EAF process. Hence, one can add high carbon 
ferrochrome to EAF to save the cost, since the price of low carbon ferrochrome is 
1.5-2 times of that of high carbon ferrochrome. 
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2.3 Modeling 

2.3.1 Model setup 

On the basis of the analysis above, it is possible to introduce part of CO2 in EAF 
process for decarburization as well as Cr retention, especially with high initial carbon 
content. In order to understand the behavior of gas-liquid reactors like EAF, 
mathematical modeling becomes important. By setting up the model, it will help in 
exploration of novel ways of improving process performance.  
 
In the present case, a theoretical model has been developed to describe the 
physico-chemical phenomena underlying gas-liquid metal reactions in metallurgical 
reactors. When a gas is injected into a bath of liquid metal, bubbles formed will rise 
through the bath. During bubbles ascent, chemical reaction takes place at the 
gas-liquid interface, accompanied by mass transfer of reactant species from the bulk 
gas and liquid phases to the interface and vice versa for product species. Significant 
volume fraction of gas is present in the plume, and the resultant buoyancy-driven flow 
gives rise to good mixing in the liquid.  
 
In order to simplify the reaction, a single bubble rising through a column of liquid 
steel was considered. It is quite reasonable to assume equilibrium at the gas-liquid 
interface since the temperatures for steel processes are quite high. Therefore, the 
reactions are limited by transfer of species from the bulk gas and liquid phases to the 
interface or vice versa.    
 
For the case of a bubble containing O2, CO2 and CO gas mixture (CO2 could function 
as an oxidant as well as a diluent and can be replaced by Ar according to process 
requirements), rising through a carbon-containing liquid steel bath (temperature 
around 1873 K), it can be modeled through the following steps: 
 
1) Transfer of C from the bulk liquid steel to the gas-liquid interface. 
2) Transfer of O2, CO2 from the gas phase to gas-liquid interface and transfer of CO 
from the interface to bulk gas phase. 
 
CO, CO2 and O2 are considered to be in equilibrium with the dissolved C at the 
interface. This is illustrated schematically in Figure 2.5.  
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Figure 2.5 Schematic of equilibrium at the gas-liquid interface. 

 
Mathematically, this can be written as,  
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where, i is the rate of transfer of species i; Ab is the surface area of the bubble; k is 

the mass transfer coefficient; ρm is density of liquid steel; subscripts m and g refer to 
metal and gaseous phases respectively; Ci is the concentration in gas phase and 
superscripts B and * refer to bulk and gas-liquid interfaces respectively. 

n
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Equilibrium at the gas-liquid interface gives: 
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where, K1 and K2 refer to equilibrium constants for the reactions R1 and R2 given 
below. The standard state of carbon activity was chosen as 1 wt% Henrian standard 
state. fC refers to Henrian activity coefficient of carbon. 
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In addition, neglecting the oxygen dissolution into the liquid metal (can be added in 
each specific case if necessary), oxygen and carbon mass balance at the interface will 
lead to,  
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+ + =  (2.21)

 
For a given bulk composition in the gas bubble and in the metal, equations 2.14-2.21 
need to be solved simultaneously to obtain the 8 unknowns, namely, the interface 
concentrations and the rates of species’ transfer. 
 
This can be extended further for oxidation of other solutes like Cr, Mn and Ni etc. For 
example, concerning Cr in liquid steel in addition to carbon, one needs to consider an 
equation representing the mass transfer of Cr from the bulk metal to the interface and 
an additional equation for equilibrium which is as follows: 
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Here, K3 is the equilibrium constant for the reaction 

  

2 2
32 ( )
2

Cr O g Cr O s
−

+ → 3( )  (R3)

 
In the present case, the product of oxidation of Cr dissolved in Fe is assumed to be 
pure solid Cr2O3 since as per thermodynamic calculations, the product of oxidation in 
Fe-Cr melts will be solid Cr2O3 down to Cr content of approximately 3 wt%. Thus, its 
activity can be taken as 1. In more complicated cases as in complex slags, the 
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appropriate activity value can be inserted in the model.  

2.3.2 Modeling results 

Simulations were carried out with an objective of understanding the effect of a 
systematic replacement of O2 with CO2 in the gas injected into liquid steel containing 
C and Cr. For this purpose, simulations for a steel melt containing 22 wt% Cr and 
1.2wt% carbon were carried out. This composition is typical of the melt with the 
composition during EAF stainless steelmaking. Simulations were implemented for 
three injection gas compositions, i.e. 100%O2, 50%O2-50%CO2 and 100%CO2 (Table 
2.5). Gas flow rate of 1360 Nml/min was employed for all 3 cases. 

 
Table 2.5 Three cases considered for simulation to understand the effect of 
replacement of O2 with CO2 in the gas injected into Fe-C-Cr melt. 

Case Wt % C Wt % Cr Composition of gas being injected 

1 1.2 22 100 % O2 

2 1.2 22 O2:CO2= 50:50 

3 1.2 22 100% CO2 

 
Figure 2.6(a) and 2.6(b) show the simulated oxidation rates of chromium and carbon 
respectively, when blown with different gases to a melt at 1873K containing 1.2 wt% 
C and 22 wt% Cr, initially. It can clearly be seen that at this relatively high carbon 
content, chromium is clearly protected for some time when blowing with CO2 
containing gases. This protection continues till the carbon content falls to about 0.8 
wt% when blowing with pure CO2 and about 0.9 wt% when blowing with the 50:50 
mixture. Pure oxygen blowing on the other hand leads to chromium oxidation right 
from the beginning.  
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(a) 

 
(b) 

Figure 2.6 Composition evolution in a Fe-1.20C-22Cr melt injected with a gas 
containing 100%O2, 50%O2-50%CO2 and 100%CO2. (a) Cr variation; (b) C variation. 
 
Simultaneous oxidation of C and Cr in the melt can be best understood by plotting the 
evolving C against the Cr content in the melt for cases 1, 2 and 3 (see Table 2.5), 
shown in Figure 2.7. Please note that for all the three cases, the C and Cr amounts in 
the steel bath are 1.2 wt% and 22 wt% respectively. Further, they progressively 
diminish with blowing time. In order to aid the discussions, C and Cr contents in the 
melt in equilibrium with carbon monoxide at one atmospheric pressure and solid 
Cr2O3 are also depicted in Figure 2.7. Based on this equilibrium consideration, one 
can clearly see from the figure that Cr can be protected without being oxidized till the 
carbon content in the melt reduces to 0.77 wt%. However, in the actual oxidation 
process, oxidation of Cr starts much above this carbon content of 0.77 wt %. It should 
be noted that as per the present model, the equilibrium prevails at the gas-melt 
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interface. Therefore, the C and Cr concentrations in the bulk are much above the 
equilibrium values because of mass transfer resistances. 
 
It can be clearly seen from Figure 2.7 that the increase in CO2 content in the injected 
gas leads to bulk metal compositions moving closer to the equilibrium line. In other 
words, with increasing CO2 content in the injected gas, higher amount of Cr is 
protected from oxidation. This clearly demonstrates that the loss of chromium by 
oxidation can be lowered by injecting CO2 especially during the initial stages of 
blowing where in the carbon contents are high.  
   

 
Figure 2.7 Carbon and chromium composition evolution in a Fe-1.20C-22Cr 

melt injected with gases containing 100%O2, 50%O2-50%CO2 and 100%CO2 
separately (Case 1, 2 and 3 in Table 2.5). 

2.4 Experimental validation  

Since modeling results indicated that the introduction of CO2 can decrease the Cr loss 
during decarburization process, it is necessary to carry out the experiments in 
laboratory for validating the model results. 

2.4.1 Experimental apparatus 

In the present laboratory, two kinds of experiments were set up for validating the 
modeling result. 
 
1) 25 g Fe-Cr-C alloy in a horizontal furnace with gas-mixtures flowing above the 
melt. The gases were carefully cleaned and mixed before passing into the furnace. The 
details for gas cleaning system are described elsewhere [31]. The furnace arrangement 
is shown in Figure 2.8(a). 
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2) 1 kg Fe-Cr-C alloy in an induction furnace with gas mixtures injected into the 
crucible. A schematic diagram of the experimental set-up is presented in Figure 2.8(b). 
The steel and slag samples were placed in an Al2O3 crucible of 45mm ID and 130mm 
height and positioned inside an outer graphite crucible, which in turn, was positioned 
inside an induction furnace. The oxidant gas was injected into the melt through an 
alumina lance of 3.5mm ID. The lance was immersed into the melt to a depth of 50 
mm (total height of the bath was about 80mm) from the top of the melt.  

Furnace Shell

Gas Outlet

Stopper

Crucibles Cooling Water

Gas Inlet

Thermocouple
Al2O3 Tube Pads

 
(a) 

 
(b) 

Figure 2.8 The schematic diagrams of experimental setup (a) the horizontal furnace 
experiments; (b) the induction furnace experiments. 

For the first step experiment, since the gas is flowing above the melt, there would be 
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no stirring of the melt and it differs from the real production, hence it will not be 
discussed in the following text. For modeling validation, just induction experiments 
are taken into consideration. 

2.4.2 Experimental results and the validation to modeling 

The data obtained in the induction experimental work is compared with the 
predictions of the model, since the model was developed for the evolution of 
composition in the well-stirred plume region, where competing oxidation reactions 
take place. Because the amount of metal in the present experiments is quite small, the 
bath can be considered to be well-stirred and therefore the predictions of the model 
should be directly applicable. 
 
Figure 2.9 compares the predicted evolution of C and Cr concentrations in the bath 
with those obtained from experiments in three cases of high carbon melts. The 
predictions agree reasonably well with the experimental results, considering the 
scatter in data expected in these experiments. 
 

 
Figure 2.9 Simulated profiles of C and Cr in the liquid steel along with the 

corresponding experimental data. 
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In the industrial scale, the chromium loss from the melt to the slag during refining is 
more than that expected from pure thermodynamic calculations in the bulk. This is 
due to the gas-liquid interface concentration being considerably different from the 
bulk melt composition as the reactions are limited by mass transfer in the liquid phase. 
This was clearly brought by the model. Therefore, any process improvement that can 
bring down the difference between the bulk and the interface concentrations will be 
beneficial. In the case of oxygen being injected, the number of moles of gas inside the 
bubble as it (the bubble) ascends through the melt can decrease depending on the 
oxygen that has been consumed for Cr oxidation. However, in the case of CO2, the 
number of moles of gas in the ascending bubble will remain the same in case of Cr 
oxidation if the carbon content is not low enough for carburization. This can generate 
more convective currents in the bath and can enhance the mass transfer from the bulk 
to the gas-liquid interface. In this context, an interesting observation during 
experimentation was that the sound generated during oxygen injection was quite 
different from that during carbon dioxide treatment for the same flow rate, probably 
due to the difference in bubble volumes.  
 
The following figure (Figure 2.10) may show the clearer picture of effect of CO2 in Cr 
retention. 

 
Figure 2.10 The Cr loss with decarburization in induction furnace at 1873K. 

 
It is seen in Figure 2.10 that, while blowing pure CO2, the Cr content almost kept 
constant during decarbuzaiton, while with oxygen blowing, the Cr loss is maximum 
2%, with high initial carbon content (approximately 3.0wt%). That indicates the 
advantage to use CO2 for Cr retention, especially with high initial carbon content 
melt. 
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As mentioned earlier, in the case of pure oxygen injection, for every mole of oxygen 
gas injected, two moles of carbon will be removed, while, in case of pure carbon 
dioxide injection, for every mole of carbon dioxide, only one mole of carbon will be 
removed. Thus, in order to achieve the same decarburization rate using pure CO2 
injection, one needs to inject twice the amount of gas compared to that for pure O2. 
Figures 2.11 (a) to 2.11 (e) compare the oxygen consumed in decarburization and the 
total oxygen available for oxidation. The oxygen available for oxidation, expressed in 
terms of ‘atomic’ oxygen was calculated based on the injected gas composition as two 
‘moles’ of ‘atomic’ oxygen* are available for oxidation with one mole O2 injected but, 
for one mole of CO2 injected only one ‘mole’ of ‘atomic’ oxygen is available for 
oxidation.  
 

(a) (b) 

(c) (d) 

* Hypothetic state 
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(e) 

Figure 2.11 The utilization of gas for decarburization (a) 1670Nml/min, 100%O2; (b) 
1670 Nml/min, 50%CO2+50%O2; (c) 1670Nml/min, 100%CO2; (d) 900Nml/min, 
100%O2; (e) 900Nml/min, 100%CO2. (a)-(c), high carbon ; (d) & (e), low carbon. 

 
From Figures 2.11(a), 2.11(b) and 2.11(c), it can be seen that approximately only 33% 
of the total available oxygen for oxidation is utilized for decarburization with pure 
oxygen injection, while with pure carbon dioxide, almost all the available oxygen for 
oxidation is consumed in decarburization especially during the initial phase. In the 
case of the 50:50 mixture, utilization is about 50%. In the case of melts containing 
low carbon, on the other hand, the utilization of available oxygen for carbon 
oxidation is almost the same in both cases of O2 and CO2 injections. This 
demonstrates the beneficial effect of CO2 in the injected gas especially during initial 
stages of blowing in industrial reactors where the carbon contents are high.  
 
The discussions so far clearly show that the judicious use of CO2 in the reactors can 
considerably decrease chromium oxidation, especially at high carbon concentrations. 
Higher amount of gas in the bubbles escaping during CO2 blowing would further help 
in reducing of any Cr2O3 in the slag. This would permit the use of hot metal and high 
carbon ferroalloys as a lower cost charge mix. The usual practice of oxygen injection 
followed by large use of ferrosilicon and aluminum to reduce the resulting Cr2O3 
before tapping into the ladle can be replaced by injection with CO2 at high carbon 
contents, progressively decreasing the CO2 content in the gas mixture. This would 
result in substantial saving in ferroalloy usage, at the cost of some energy to 
compensate for the endothermic reaction with CO2.  
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3 Oxidation kinetics of Fe-Cr and Fe-V melts  
 
As seen from the result obtained in present lab-scale experiments, CO2 is beneficial in 
Cr retention compared with O2. In order to understand the mechanisms involved, it is 
essential to study the fundamentals oxidation process of Fe-Cr melts under different 
CO2-O2 gas mixtures. Similar studies are also essential in the case of other alloying 
elements in steel. In view of the importance of vanadium in Swedish context, the 
oxidation mechanism of Fe-V alloys was studied as well. The ultimate goal was to 
take the concept of decarburization with CO2-mixed oxidants to industrial practice. 
This is illustrated in the diagram presented below: 
 

 
Figure 3.1 Strategy in the present studies. 

 
In this chapter, the oxidation kinetics of Fe-Cr and Fe-V liquid alloys will be 
discussed. 

3.1 Materials and experimental procedures 

The oxidation processes of Fe-Cr and Fe-V melts were investigated using 
thermogravimetric analysis (TGA). A SETARAM TAG-92 (France) 
thermogravimetric instrument was employed for this purpose and a schematic picture 
of this unit is shown in Figure 3.2. The instrument is also equipped with a gas 
cleaning system, which has been presented in the earlier publications of the present 
research group [32].  
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Figure 3.2 The schematic of experimental setup. 

 
Iron powder with a purity of +99.9% (<10micro, Sigma Aldrich, Germany) and 
chromium powder with a purity of 99% (Sigma Aldrich, Germany), vanadium powder 
with a purity of 99.5% (<325mesh, Sigma Aldrich, Germany) were used in the present 
experiments. Fe and Cr (V) metal powders were mixed in a horizontal roll mixer for 
24 hours before the experiment. The materials were then pressed into pellets of 
diameter of 6mm and weighted accurately before every investigation. An alumina 
crucible with O.D. 10mm, I.D. 8mm and height 15mm, with a relative density of 
99.5% was used to hold the samples. 400mg alloy was used in each experiment. 
 
The reaction tube was first evacuated for 180s down to a vacuum of 10 Pa and then 
flushed with purified argon gas. The sample was then heated to the target temperature 
with the maximum rate of 15K/min with a constant flow rate of protective argon gas, 
which was purified of oxygen impurity so that the oxygen partial pressure in the gas 
was lower than 10-13 Pa. No weight gain could be noticed during the heating period 
confirming thereby that the purity of the argon gas was quite satisfactory. After the 
attainment of the target temperature, the temperature was maintained for about 1.5 h 
so that the sample attained thermal equilibrium. The oxidant gas was then introduced 
and the oxidation reaction was started. The weight changes of samples were recorded 
every 4s by the computer during the experiments. At the completion of the oxidation, 
the oxidant gas was replaced by Ar gas and the sample was cooled at the rate of 
40K/min.  
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3.2 Kinetic analysis of the oxidation process under CO2-O2 mixtures 

The oxidation mechanism study was carried out with varying Cr (V) contents of 11-21 
wt% Cr and 5-20 wt% V, the temperature from 1823 to 1923K, and gas compositions 
ranging from 40% CO2 to 100% CO2.  

3.2.1 The oxidation kinetics of Fe-Cr melt 

The oxidation process of Fe-Cr melt under air atmosphere was observed by the high 
temperature X-ray unit available in the present laboratory and the description of the 
apparatus is presented elsewhere [33]. As the oxidant gas, in this case air, was 
introduced, the shape of the drop underwent a change and increasing wetting of the 
crucible was observed. The images corresponding to the changes in the drop shape 
were captured every 10 minutes. These photographs are presented in Figure 3.3. 
 

  
(a) Before oxidation (b) 10 minutes after air introduction 

  
(c) 20 minutes after air introduction (d) 30 minutes after air introduction 

Figure 3.3 The oxidation process of Fe+11 wt%Cr at 1873K under air atmosphere. 
 
As shown in Figure 3.3, the shape of the melt changed gradually with the oxidation 
process. After 20 min reaction, the oxide contents of the crucible form a liquid with a 
nearly horizontal surface (the images were somewhat diffuse to show clearly the 
concave meniscus). 
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The mechanism of the oxidation process is schematically illustrated in Figure 3.4: 
 

  

(a) Starting of oxidation with initial 
non-wetting condition of the drop on 

crucible bottom 
(b) Cr2O3 particles are formed 

  
(c) Liquid slag layer builds up (d)Oxidation near completion 

 
Figure 3.4 A schematic diagram of the sequence of the oxidation steps of Fe-Cr melt 

under CO2 atmosphere at 1873K. 
 

Figure 3.4 (a): The initial state after melting under Ar atmosphere. The non-wetting 
alloy drop is found in the middle of the crucible bottom without contact with the 
crucible wall as evidenced by the X-ray photograph in Figure 3.3(a). 
 
Figure 3.4 (b): At the initial stage of oxidation, Cr is oxidized in preference to iron 
and forms Cr2O3 particles. The solid chromium oxide particles are formed on top of 
the droplet. These particles will float on the surface of the droplet. The metal drop 
would flatten to some extent due to the surface dissolution of oxygen. 
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Figure 3.4 (c): The metal drop would flatten further due to surface oxygen. Iron gets 
oxidized to FeO which would be a liquid at 1873 K. The reaction between solid Cr2O3 
and liquid FeO can be considered to occur forming the solid spinel FeO·Cr2O3, which 
has a melting point of 2423K [34]. However, as the FeO amount increases, the 
amount of the liquid phase increases. The liquid FeO carrying small spinel particles 
would spread into the gap between metal droplet and the crucible, forming a 
solid-liquid mixture layer.  
 
Figure 3.4(d): Metal amount decreases with the oxidation and, simultaneously, more 
liquid iron oxide is formed. This would make the slag line and the metal line nearly 
horizontal. It should be mentioned that, during oxidation process, FeO and Cr2O3 
would dissolve in the Al2O3 crucible wall. However, in the present discussion, the 
dissolution of the oxide products in the crucible wall is assumed to be a slower 
reaction and has negligible impact on the oxidation kinetics. 
 
With the progress of the oxidation reaction, the liquid oxide layer is likely to cover the 
surface (corresponding to Figure 3.4(c)) and the reaction rate may be controlled by 
diffusion of oxygen in the oxidant gas to the reaction front through the slag layer (in 
the case of CO2, the product gas has to diffuse back through the slag layer). It is seen 
in almost all the thermograms that the initial vertical straight line region in the 
oxidation curve is followed by a region of slow mass increase. This region is obvious 
in the case of the oxidation with CO2 gas. This stage may correspond to the diffusion 
of the reactant and product gas species through the slag layer.  
 
A typical thermogram obtained in the oxidation process of Fe-Cr melt can be divided 
into three parts (as shown in Figure 3.5): 
 
1. The initial part where the chemical reaction is rate-controlling; 
2. The final part where diffusion/mass transfer is rate controlling; 
3. A region in between where the reaction rate may be controlled partly by the 

chemical reaction and partly by the mass transfer mechanism. 
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Figure 3.5 Three steps in the oxidation process marked on a typical thermogram 

representing the oxidation of Fe-Cr melt. 
 
The mass gain of the melt during oxidation can be expressed mathematically as 
follows:  
 
1. Chemical reaction as rate-controlling step 
 
The mass change in this case can be represented by the linear equation, 

 

1m k tΔ =  (3.1)

 
Here, k1 represents the chemical reaction rate, which can be calculated from equation 
(3.2) in present experimental situations. One should point out, that equation (3.2) is 
obtained from an optimization of the present experimental results. 
 

2

0.23 0.41
1 exp( )

CO

a
Cr

Edmk C C
dt RT

−
= = Λ  (3.2)

                                    
where,  is a constant which is related to the system (Λ Λ =19.03 when the gas is CO2; 
while with the same Cr content, at different gas mixtures, Λ =51.97); CCr represents 
mass percent of Cr in the melt; CCO2 is the mole ratio of CO2 in gas mixture. 
 
2. Mass transfer through the slag layer 

 
The two critical mass transfer steps are: (a) Cr transfer from the bulk molt to the 
slag/metal interface; (b) Oxygen transfer from the gas phase to the metal/slag reaction 
interface and/or transfer of Fe (and Cr) to the gas slag interface through the slag. 
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(a) An estimation of the diffusion coefficient of Cr or Fe in the liquid alloy was 
carried out from literature data [35, 36]. Considering the combination of diffusion 
with possible surface turbulence and the convective flow accompanying the same, it 
may be concluded that the mass transfer could be much faster compared to just 
diffusion across the slag layer. Hence the mass transfer in the molten metal phase was 
not considered to have any impact on the reaction rate in the later stages of the 
reaction.  
 
(b) Oxygen transfer from the gas phase to the metal/slag reaction interface and/or 
transfer of Fe (and Cr) to the gas slag interface through the slag may have to be 
considered in arriving at the reaction mechanism. These mass transport steps involve 
ionic transports across the slag layer involving electrochemical reaction on both sides.  
 
In the case of cations’ transfer, if a small amount of Cr is left in the metal phase, it 
would migrate along with Fe across the slag layer. The uncertainties involved in 
estimating the mass transfer of Cr along with Fe makes the estimation of the rate of 
this step somewhat difficult. On the other hand, the impact of the mass transfer of 
oxygen from the gas phase to the slag/metal interface through the slag layer on the 
reaction rate could be estimated with reasonable reliability.  
 
Considering the electrochemical mass transfer of O2- across the slag layer, as the slag 
phase would contain cations of variable valences, as for example, Cr2+/Cr3+ or 
Fe2+/Fe3+, the transport of electrons in the opposite direction with respect to the O2- 
ions would favor the reaction. The diffusion coefficient of O2- through the liquid slag 
has been reported to be Do=10-7 m2/s in pure liquid FexO at 1823K [37]. Assuming 
that the mass transfer coefficients for oxygen at the gas/slag as well as slag/metal 
interfaces are significant, the transport of oxygen ions would be the rate-controlling. 
In order to verify this, an estimation of the mass transfer of oxygen ions across the 
slag layer and its impact on the oxidation rate was carried out in the Fe-Cr melt 
oxidation process. 
 
As calculated from the mass gain in the experiments, the diffusion step starts after Cr 
oxidized to Cr2O3 and Fe to FeO, which indicated that the diffusion reaction would 
be: 
 

2 3 4
13 ( ) (
2

)FeO l O Fe O l+ =  (3.3)

 
Here, one can estimate the diffusion rate of oxygen ions through the oxide layer. The 
corresponding mass gain would be: 
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( )1
g i

O O Om D C CλΔ = − t  (3.4)

where, 1λ refers to a constant related to materials, and in present case, 

; 9 2
1 2.21 10 /mg cm molλ = × ⋅ g

OC  and represent oxygen mole concentration in 

gas bulk and at the interface in the case of reaction (3.3) attainment of equilibrium 
respectively. DO is diffusion coefficient of oxygen ions in slag layer. In the present 
cases, it was estimated that DO=1.14×10-8 m2/s with pure CO2 as the oxidant, which is 
reasonable if compared with the earlier reported values in literature [37]. This would 
further confirm that the assumption that diffusion of oxygen ions across the slag layer 
is rate-determining. 

i
OC

 
3. Chemical and diffusion mixed control region  
 
The mass increase in this region can be expressed as: 
 

( )2 2
g i

O O Om k t D C C tλΔ = + −  (3.5)

 
Here, k2 and λ2 are fractions of contribution to the mass change during chemical 
reaction and diffusion steps separately. 
 
The whole oxidation process can be simulated according to above steps and the 
results of oxidation are presented in Figure 3.6 in the case of two Fe-Cr alloys with 11 
and 16 % Cr with CO2 at 1873 K.  
 

 
Figure 3.6 Simulated results compared with experimental results in the case of the 

oxidation of 11 and 16 mass % Cr at 1873K with pure CO2. 
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It is seen clearly that the simulated results are in good agreement with the 
experimental data. Here, the error between simulated and experimental result can be 
estimated as following: 
 

1

-1 n
i E iC

i iE

m mr
n m=

= ∑  (3.6)

 
Where, n is a number of points; miE and miC are the experimental and calculated mass 
gain respectively. 
 
For simulating the Fe-Cr oxidation process as shown in Figure 3.6, the maximum 
error between simulated and experimental result for different steps was estimated as 
r1=0.032 for chemical reaction controlling step; r2=-0.012 for mixed controlling step; 
r3=0.002 for diffusion controlling step in the present cases. 

3.2.2 The oxidation mechanism of Fe-V melt  

With respect to the oxidation of Fe-V melt, from the thermograms obtained in the 
experimental work, it is found that the oxidation kinetics is somewhat different from 
that of Fe-Cr melt, and it can be mainly divided into three parts. These three regions 
are marked in a typical thermogram similar to those obtained in the present work at 
high vanadium contents in Figure 3.7. 
 
1. The initial “incubation period” in the case of alloys with high vanadium content;  
2. The chemical reaction step with a transition region after the initial slow stage; 
3. The final part with diffusion/mass transfer as a rate-controlling step with a region 

of mixed control.  

 
Figure 3.7 Three steps of oxidation mechanism for FeV melt marked on a 

typical thermogram. 
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Different kinetic steps are listed in detail separately as following: 
 
1. Incubation period 
 
In this period, the oxygen dissolution together with V2O evaporation period stops 
approximately at the phase boundary V-VO with oxygen saturation of the Fe-V liquid 
alloy (This will be further discussed in the next chapter). Describing the net reaction 
as oxygen dissolution in the liquid alloy, the mass increase can be described as a 
diffusion-controlled process, driven by the oxygen potential gradient. Thus, the mass 
increase can be expressed by Flick’s law as:  
 

( )1 ,g i
O O Om D C CσΔ = − 1 t

1

1

  (3.6)

 
where, Δm is the mass gain (mg); σ is a constant related to materials ( ); 

 and  refer to oxygen mole concentration in gas bulk and in condition of 

reaction getting equilibrium on the interface respectively (mol·m-3).  is the 

apparent diffusion coefficient of oxygen ions in Fe-V melt (m2·s-1). The value of  

was assumed to be 1.2×10-8

2 -mg m mol⋅ ⋅
g,1
OC i,1

OC
1
OD

1
OD

2 -m s⋅ in accordance with the literature value available 
[37]; t is oxidation time (s). Equation (3.6) could be used to simulate the incubation 
period.  
 
The simulations of mass gain during the rest of the steps are similar to those in the 
case of Fe-Cr melts. These steps are described as follows: 
  
2. Chemical reaction as rate-controlling step 
 

m ktΔ =  (3.7)

where, k is the chemical reaction rate ( -1mg s⋅ ). 

 
3. Mass transfer through the slag layer 
 

( )g i
O O Om D C CξΔ = − t

m mol⋅ ⋅

 (3.8)

 

where, ξ is a constant related to materials (mg ); 2 -1 g
OC  and  refer to 

oxygen mole concentration in gas bulk and the equilibrium interfacial concentration 
of oxygen corresponding to reaction (3.3) respectively (mol·m-3). DO is diffusion 
coefficient of oxygen ions in slag layer (m2·s-1).  

i
OC
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4. Mixed control region 1 
 
Mixed control region 1 can be treated as a combination of partly chemical reaction 
and partly incubation mechanisms. The mass gain in this region can be 
mathematically described as:  
 

( )1 ,g i
O O Om t D C Cγ ζΔ = + − 1 t

1

  (3.9)

 
where, γ is the assumed chemical reaction rate (mg·s-1); ζ is a constant 
( ).  2 -mg m mol⋅ ⋅

 
5. Mixed control region 2  
 
The mass gain in this region is: 
 

( )g i
O O Om t D C Cη λΔ = + − t  (3.10)

 
Here, η is the assumed chemical reaction rate (mg·s-1); λ is a constant related to 
materials (mg2·m·mol-1). 
  
The oxidation process can be simulated on the basis of the analysis above and the 
results in case of Fe+15%V at two different temperatures are presented in Figure 3.8.  
 

 
Figure 3.8 The simulated results compared with experimental data of Fe+15%V 

oxidized by pure CO2 at different temperatures. 
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It shows that the simulated results are in good agreement with the experimental data. 
The maximum difference between simulated and experimental results for the whole 
process was estimated to be r1=0.0028 at 1848K and r2=0.053 at 1873K. 

3.3 Oxidation of Fe-V melt, further discussion 

As seen in the present experimental results, the oxidation kinetics of Fe-Cr and Fe-V 
melts are slightly different. At high vanadium contents (≧15 wt%), the oxidation 
process exhibits an ‘incubation’ period before the chemical reaction starts. This 
duration was found to increase with increasing temperature. It is also found that the 
‘incubation time’ increases with the increase of V content and decreases with the 
enhancement of O2 partial pressure. This phenomenon is not noticeable in the case of 
V contents below 10 wt% and at relatively lower temperatures (below 1848 K) under 
different gas mixtures. The phenomenon indicates that, as the oxidation of these high 
V alloys commences, there is a significant time for the dissolution of oxygen in this 
melt according to the reaction: 
 

2
1 ( )
2 Fe VO g O −=  (3.11)

  
To the knowledge of the present author, the solubility of oxygen in Fe-V molten 
alloys at the experimental temperatures is not known. On the other hand, the oxygen 
solubility in liquid vanadium is significant as seen in the V-O phase diagram 
presented in Figure 3.9 given below, reproduced from literature [38].  

 

 
Figure 3.9 Phase diagram of the system V-O [38]. 
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At 1873 K, liquid vanadium can dissolve up to 10 mol% oxygen before the two-phase 
region with oxygen-saturated liquid vanadium and β-phase is reached, whereas, the 
corresponding value for liquid iron is nearly an order of magnitude less. Thus, the 
solubility values will increase with increase of vanadium content in the alloy. 
 
FACT SAGE calculations indicate the formation of liquid vanadium sub-oxide, V2O, 
when oxygen dissolves in Fe-V liquid alloys. To the knowledge of the present author, 
no information is available regarding the vapour pressure of V2O at the experimental 
temperatures. In analogy with other sub-oxides as those of Ti or Al, it can be assumed 
that V2O has a relatively high vapour pressure. In this case, the reaction sequence 
would be as follows: 
 

22 (V O V O l+ = )  (3.12)

2 2( ) ( )V O l V O g=  (3.13)

 
This would mean that, as oxygen is dissolving in the molten alloy, there is also likely 
to be a loss of matter as V2O. If this evaporation is a slow process, there is likely to be 
net mass increase even though it would be less than expected if reaction (3.13) would 
take place. This would explain the incubation period where the mass increase is very 
slow. Assuming that oxygen solubility in the liquid alloy would increase with increase 
in the vanadium content, the dissolution of oxygen and consequent loss of V2O (g) 
would account for the incubation period at higher vanadium concentrations. The rate 
loss of V2O in the gas phase would be higher with increase of temperature, which 
would explain the longer incubation time at higher temperature. The longer incubation 
time with the lower oxygen partial pressure in the oxidant gas would be expected, as 
the rate of oxygen dissolution in the alloy will be slower.  
 
It should be noted that the above analysis presupposes that the rate of evaporation of 
V2O is much slower than the rate of dissolution of oxygen from the gas phase. The 
rate of evaporation would, in turn, depend on the flow rate of the carrier gas and the 
gas flow pattern. In the present experiments, the gas flow is around the crucible and 
hence, due to the possible build up of a static zone, the loss of V2O to the gas phase 
may be limited which would concur with the present observations.  
 
Experiments were conducted as part of the present thermogravimetric studies 
arresting the oxidation reaction in the case of Fe+15%V with pure CO2 as the oxidant 
gas at 1873K at Δm=16.33mg. It was noticed by ocular observation that the droplet 
shape was unchanged; but there was a very thin shinning layer (as shown in Figure 
3.10(a)), and there were some small particles splashed besides the droplet after 
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cooling (Figure 3.10(b)). The products were subjected to SEM-EDS analysis and the 
result is presented in Table 3.1. 
 

(a) (b) 
Figure 3.10 The SEM picture of product after 4800s oxidation of Fe+15%V under 

pure CO2. (a) The basal sphere; (b) the particles forming splashed besides the droplet. 
 

Table 3.1 EDS analysis of basal body, layer and separate particles obtained by 
arresting Fe+15%V oxidation. 

 Fe(at.%) V(at.%) O(at.%) 

Basal body 89.19 6.45 4.36 

Outer layer 0.31 64.75 34.94 

Particle 0.81 84.2 14.99 

 
EDS result indicates that the basal body is Fe-V alloy with lower V (6.1 wt%) than the 
initial content (15wt%) at the surface. There is almost no Fe in the oxide layer or in 
the particles. Thus, the layer and the particles consisted entirely of the oxide of 
vanadium. The very thin layer covering the metal droplet consisted of vanadium oxide 
with O at%=34.8%, which is close to the compound V2O. In the case of the particles 
formed, the mole fraction of O in V-O compounds is 14.5%. 
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4. Thermodynamic properties of vanadium containing slags 
 
As pointed earlier, minimization of vanadium loss during high alloy steelmaking 
process would be profitable from both economic as well as environmental view points. 
In this case, thermodynamic properties of vanadium containing slags 
(CaO-MgO-Al2O3-SiO2-VOx system), more specifically, the liquidus temperature, the 
activity of VOx and the valence states of vanadium in the slag were investigated with 
some unique instruments and techniques by present author, viz. high temperature 
microscope technique, high-temperature mass spectroscopy and X-ray Absorption 
Near-edge Structure (XANES) method. 

4.1 Brief introduction of experimental techniques 

4.1.1 Determination of melting point of vanadium containing slags  

The liquidus temperatures of 14 CaO-MgO-Al2O3-SiO2-VOx slag samples were 
determined by high temperature microscope technique constructed by Toropov et al. 
[39]. The apparatus was designed for observations of melting, crystallization and 
polymorphous transitions in crystalline substances at high temperatures and was 
applicable also for studies of wetting of metal surfaces by non-metallic melts. The 
measurements were performed in air. The furnace was provided with Iridium heating 
element which enabled observations in the range from the room temperature up to 
2500 K. 

4.1.2 Calculation of vanadium oxide activity with mass spectrometric approach 

In present cases, a mass spectrometer combined with the Knudsen cell in equilibrium 
vapour was selected to study the high-temperature vapours and the activity of 
vanadium of CaO-MgO-Al2O3-V2O3-SiO2 slags at 1875-2100 K. The schematic of the 
mass spectrometric experiment is illustrated in Figure 4.1. 
 
Using this instrument, the ion current intensities were recorded. The intensities (Ii

+) 
are directly proportional to the partial pressures of vapour species [40]: 
 

TkIp ii
+=   (4.1)
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(a)                                           (b) 

Figure 4.1 (a) A schematic of the high-temperature mass spectrometric experiment: 
1-device for cell positioning; 2-effusion cells; 3-thermal screens; 4-diaphragm; 

5-shutter; 6-ionization cell; 7-ion optical lenses; 8-magnetic mass analyzer; 9-ion 
detector. (b) The Knudsen effusion assembly: 1-lids of the effusion cells; 2- the 

tungsten block; 3- cathodes; 4-supporter of effusion cell; 5-channel for measuring the 
temperature; 6- basement. 

 
According to Frantzeva [41] and later by Frantzeva and Semenov [42], the 
vaporization processes that occur over V2O3 are: 
 

2 3 2 ( )   ( )   ( )V O s VO g VO g= +   (4.2)

2 3 2 2
1( )  ( )  ( )  ( )
2

V O s VO g V g O g= + +  (4.3)

 

And it is also reported by Frantzeva [41] that the probability of occurrence of reaction 
(4.3) was about 10 %. In the present cases, in mass spectra of vapour over V2O3, ions 
V+, VO+ and VO2

+ were also found. However, at the temperature 2173 K, VO2
+: VO+ : 

V+ = 1 : 0.6 : 0.012. So, in the present cases, just reaction (4.2) was taken into 
consideration. 
 
The partial pressures of vapour species over the individual V2O3 and over samples 
under study were found by the ion current comparison method [40]: 
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γσ
TI

TIp
p =   (4.4)

                    
where indices 1 and 2 refer to the sample and the standard, respectively; σi is the 
ionization cross section of molecule that was taken from the atomic cross-sections 
values [43] according to the additivity rule [40]; γi is sensitivity coefficient of a 
secondary electron multiplier.  
 
In the present investigation, the partial pressure of gold was used as the standard. The 
temperature dependence of p(Au) was presented according to the following equation 
in accordance with the data reported in literature [44]: 
 

10

 ( , ) -18013log  10.8772p Au Pa

T
= +   (4.5)

 
For the determination of the V2O3 activities (ai) in the samples under study, one 
section of the cell block was loaded with the analyzed sample and the other one with 
individual vanadium oxide V2O3, taken as a standard. The temperature was increased 
gradually until peaks of VO+ and VO2

+ ions were found in the mass spectrum of the 
vapor above the samples. The activities of vanadium oxide (III) in the samples of the 
CaO-MgO-Al2O3-V2O3-SiO2 system were obtained using Equation (4.6):  
 

)(
)()(

32
0

32
32 OVp

OVpOVa =   (4.6)

.      
In the case of the dissociation of vanadium oxide (III) under the vaporization process 
according to equation (4.2), the V2O3 activities also may be calculated using Equation 
(4.7):  
 

)()(
)()()(
2

00
2

32 VOpVOp
VOpVOpOVa =   (4.7)

 
where pi and pi

o are the partial vapour pressures over sample and the pure oxide, 
respectively. 
 
Combining Equations (4.1), (4.6) and (4.7), the activity of V2O3 can be derived as 
Equation (4.8): 
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where, Ii and Ii 0 are the intensities of the ion currents in arbitrary units over the 
sample and pure V2O3 respectively; k is the sensitivity constant of the device; T is the 
temperature in K. 

  

Equation (4.8) is used to obtain the vanadium oxide (III) activities by alternating 
measurements of the VO+ and VO2

+ ion current intensities in mass spectra of the 
vapour over the samples of the CaO-MgO-Al2O3-V2O3-SiO2 system and pure 
vanadium oxide (III). 

4.1.3 XANES method in determination of vanadium oxidation states 

X-ray Absorption Near Edge Structure (XANES) method was used to identify the 
oxidation states of vanadium in the CaO-MgO-Al2O3-SiO2-VOx system in present 
experiments. Parts of the XANES spectra of slags obtained in the present cases are 
presented in Figure 4.2(a). Since the pre-edge peak is the most useful feature in the 
XANES spectra for determining the valence of vanadium, meanwhile, a quantitative 
analysis of oxidation state of vanadium can be obtained by comparing pre-edge peaks 
obtained with standard materials [45]. The pre-edge features were examined carefully 
in present cases, to determine the oxidation states of vanadium in 
CaO-MgO-Al2O3-SiO2-VOx slag system.  
 
The pre-edge peak analysis procedure is according to the one used by Chaurand et al. 
[46], which, in turn, is inspired by the procedure reported by Wilke et al.[47], Petit et 
al.[48], Galoisy et al.[49], and Farges [50]. The typical pre-edge figure which is 
analyzed following the above procedure is shown in Figure 4.2(b).  
 
Summarized from a number of vanadium pre-edge XANES results reported by the 
former researchers [45, 51-56], the relationship between intensity of vanadium 
pre-peaks and the valence obtained by Sutton et al. [57] can be represented as: 
  

2 3153 199( ) 106( ) 22.4( )I V V V∗ ∗= − + − + ∗ (4.9)

              
where, I is the pre-edge peak intensity and V* is the effective vanadium valence. 
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(a) (b) 
Figure 4.2 (a) V K-edge XANES spectra of CaO-MgO-Al2O3 -SiO2-VOx slags 

with the same basicity under different PO2 at 1873K; (b) Pre-edge fits (Lorentzian) 
for samples at different oxygen partial pressures. 

 
On the other hand, if the three vanadium ions V3+, V4+, V5+ are assumed to coexist at 
high temperature, as Mittelstadt and Schwerdtfeger [8] suggested, the moles of 
vanadium and oxygen nV and nO in a given slag have following relationship: 
 

3 4 5V V V V
n n n n+ += + + +

5V +

 (4.10)

3 41.5 2.0 2.5O V V
n n n n+ += + +  (4.11)

 
Then x in VOx is 
 

3 4

5 5

3 4

5 5

1.5 2.0 2.5

1.0

O

V

V V
n V Vx

V Vn
V V

+ +

+ +

+ +

+ +

+ +
= =

+ +
 (4.12)

 

Here, 
3

5

V
V

+

+ and 
4

5

V
V

+

+ are concentration ratios of oxidation states of vanadium in the 

slag.  
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Hence,  
*

2
Vx =  (4.13)

 
Based on the analysis above, x in VOx can be obtained by analyzing pre-edge 
information in XANES. The pre-edge intensities as function of the energy positions 
obtained from XANES in the present experiments together with x values are presented 
in Table 4.1. 
 
Table 4.1 Vanadium K-edge XANES analysis of pre-edge characteristics for slag 
samples. 

Sample PO2(Pa) Temp.(K) 
Pre-edge 

peak 
position(eV)

Pre-edge 
peak 

height 

Fit 
agreement
index(%)

Valence 
x in 
VOx 

1 10-3 1873 5469.6 272 98.28 3.718 1.859

2 10-3 1873 5469.6 207 98.02 3.507 1.753

3 10-3 1873 5469.7 323 97.19 3.858 1.929

4 10-3 1873 5469.5 409 97.15 4.065 2.032

5 10-3 1873 5469.7 286 96.22 3.756 1.878

6 10-3 1873 5469.7 256 95.76 3.668 1.834

7 10-3 1873 5469.6 327 97.51 3.868 1.934

8 10-3 1873 5469.5 393 97.15 4.030 2.015

9 10-3 1873 5469.6 325 98.85 3.862 1.931

10 10-3 1873 5469.5 478 97.74 4.212 2.106

11 10-3 1873 5469.5 458 97.26 4.171 2.085

12 10-3 1873 5469.6 463 97.42 4.180 2.090

13 10-3 1873 5469.5 469 97.49 4.193 2.096

9 10-5 1873 5469.6 324 97.00 3.860 1.930

9 10-1 1873 5469.6 345 99.21 3.914 1.957

9 10 1873 5469.7 427 98.57 4.105 2.052

9 103 1873 5469.7 451 98.35 4.156 2.078

9 10 1823 5469.7 487 98.88 4.228 2.114 

9 10 1923 5469.7 359 97.78 3.950 1.975
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4.2 Results of measurements of thermodynamic properties 

4.2.1 Melting points of CaO-MgO-Al2O3-SiO2-VOx slags 

Before the determination of the melting point of CaO-MgO-Al2O3-SiO2-VOx slags, 
the graduation curve ‘heater voltage vs. melting temperature’ (Figure 4.3) was plotted 
using several high-melting substances with well established melting points: K2SO4, 
FeO, CaF2, CaSO4, WO3, Nb2O5, CaAl2O4, CoO, TiO2, NiO, γ-Ca2SiO4, as shown in 
Table 4.2. 
 
Table 4.2 The melting points of different compounds. 

Compounds K2SO4 FeO CaF2 CaSO4 WO3 Nb2O5 CaAl2O4 CoO TiO2 NiO γ-Ca2SiO4

Melting 

Temp.( ºС) 
1070 1360 1402 1450 1470 1490 1600 1935 1850 1955 2130 

 

 
Figure 4.3 The calibration curve between melting temperature and voltage 

 
Thus, the determination of the melting points of the CaO-MgO-Al2O3-SiO2-VOx slag 
system is divided into two steps. First, measuring of the heater voltage corresponding 
to the complete fusion of the micro-object (sample), and second, reading of the 
liquidus temperature value from the graduation plot. The liquidus temperatures of 14 
CaO-MgO-Al2O3-SiO2-VOx slag samples are obtained according to above steps and 
presented in Table 4.3.  
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Table 4.3 Liquidus temperatures, temperature ranges for activity investigation and the 
coefficients A and B in the temperature dependencies of the VO, VO2 partial pressures 
log (pi, Pa) = −A/T + B over the slag samples. 

Partial pressure of VO (Pa) Partial pressure of VO2 (Pa) 
No. 

Tmelting, 
 K T, K 

A B A B 

1 1679±20 1945-2088 13118±370 4.48±0.18 16927±227 6.53±0.11 

2 1868±18 1947-2080 12304±709 4.42±0.35 13875±988 5.34±0.11 

3 1890±17 1918-2096 14912±1193 6.00±0.59 15961±1103 6.44±0.55 

4 2022±20 2025-2097 14375±1215 5.68±0.59 16174±1142 6.66±0.55 

5 2066±18 1914-2062 21156±916 9.22±0.46 26675±1090 12.12±0.55 

6 2142±20 1917-2090 19410±304 8.29±0.15 27684±198 12.29±0.10 

7 2049±17 1910-2045 22261±924 9.84±0.47 24544±861 11.12±0.43 

8 1879±18 1935-2095 12859±563 4.90±0.28 15414±895 6.17±0.44 

9 1821±20 1924-2098 15466±1295 6.33±0.65 19016±1264 7.96±0.63 

10 1772±20 1921-2100 19218±438 8.04±0.22 16463±737 6.56±0.37 

11 1879±19 1920-2105 20278±884 8.49±0.44 21500±788 8.86±0.39 

12 1873±20 1917-2105 22001±479 9.12±0.24 14347±141 5.14±0.07 

13 1773±17 1897-2096 19494±395 7.95±0.20 14646±594 5.41±0.30 

14 1879±19 1880-2104 16578±285 6.72±0.14 14540±271 5.42±0.14 

4.2.2 The V2O3 activity in vanadium containing slags 

As mentioned in the former paragraphs, the activity of vanadium oxide could be 
estimated through high-temperature mass spectroscopy method. Figure 4.4 illustrates 
the changes of the V2O3 activities as a function of basicity of samples of slags in the 
CaO-MgO-Al2O3-V2O3-SiO2 system at temperatures 1900 K and 2000 K. It was 
shown that the V2O3 activities decrease as the slag basicity increases at temperatures 
of 1900 K and 2000 K. Considering that the slag basicity may be expressed by various 
ways [58], the comparation of the V2O3 activities changes as a function of slag 
basicities expressed by various approaches was also carried out by the present author. 
The result shows that the tendency of V2O3 activities changing as a function of slag 
basicity was not dependent on the way of expressing of the slag basicity. 
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(a) 

 
(b) 

Figure 4.4 Dependences of the V2O3 activities as a function of the slag basicities in 
the CaO-MgO-Al2O3-V2O3-SiO2 system at (a)1900 K; (b) 2000K. 

4.2.3 Factors affecting vanadium oxidation states 

4.2.3.1 The effect of basicity on the valence states of vanadium 

The effect of basicity (
2 2 3

CaO mol%+ MgO mol%B=
SiO  mol%+Al O  mol%

) on x in VOx was investigated at 

1873K under PO2=10-3 Pa. The results are illustrated in Figure 4.5 together with the 
earlier studies. Even though some of the results from literature are at 1823 K, all the 
experimental results show clearly the trend that the value of x increases with increase 
of basicity of slags in the oxygen partial pressure range 10-4-10-1 Pa. This indicates 
that higher vanadium oxidation states are stabilized at higher basicities. 

- 45 - 



 
Figure 4.5 Vanadium oxidation state as a function of basicity of slag. 

4.2.3.2 The effect of temperature on vanadium oxidation states 

The x in VOx change with temperature is plotted in Figure 4.6 at different basicities 
and partial pressure of oxygen. It is found that the x value decreases with increasing of 
temperature. The slope of the line in present case is quite similar to that obtained by 
Inoue and Suito [13]. As seen in Figure 4.6, the x value in present case at higher 
oxygen partial pressure (10Pa) is lower than those reported in literature at lower 
partial pressure. It is to be noted that basicities of slags in literature [13] are much 
higher than in the present cases (2 to 3 times). Further, there is a larger amount of FeO 
in slags studied earlier [13] (20-50 wt%), which will alter the conditions resulting in 
higher x values. 

 
Figure 4.6 Vanadium oxidation state as a function of temperature. 
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The reduction of a multivalent element is endothermic; hence the valence state of a 
redox couple is dependent on temperature. According to Schreiber [59], if the valence 
state of a redox couple can be approximated to the equilibrium constant, the 
Clausium-Clapeyron equation would be of the form shown below: 
 

10log ( ) - ( )r

o

M la b
M T

= +  (4.14)

 
Here, Mr/Mo refers to the abundance ratio of the reduced and oxidized species 
respectively; a is constant (ΔH/2.303R); T is temperature (K); b is a term related to 
compositions and oxygen fugacity. Equation (4.14) shows that, at a constant partial 
pressure of oxygen, the plot the log of the redox couple ratio vs.1/T, will be a straight 
line. Sutton et al.[57] have pointed out, that variation of the pre-edge peak intensity vs. 
T will be also linear. The results obtained in the present experiments at different 
temperatures together with the value reported in literatures are illustrated in Figure 
4.7. 
 

 
(a) 
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(b) 

Figure 4.7 Temperature dependence of vanadium oxidation state (a)The pre-edge 
peak intensity vs. T; (b)The log10 V4+/V5+ vs. 1/T(Here, V4+/V5+ was calculated by 

assuming there is the only redox pair in the slag, viz. V4+/ V5+). 

4.3 Thermodynamic studies of V-containing slags: summary  

The thermodynamic properties of vanadium containing slags, like melting point, 
activity of vanadium oxide, oxidation states of vanadium were investigated in the 
thesis. And the present results are expected to have a strong impact on the ongoing 
research project on the optimization of alloy steel production processes, wherein the 
loss of vanadium to the slag during the various process steps should be minimized. A 
higher vanadium oxide (III) activity in the slag would help in retaining vanadium in 
the molten steel. An optimal design of the slag requires an understanding of the 
thermodynamic activities of vanadium oxide (III) in the slag phase. Efforts are 
currently made to incorporate the present results in a comprehensive model for 
describing the thermodynamics of multi-component slags involving vanadium oxide 
(III). A minimization of vanadium content in the slag is expected to have strong 
economic and environmental implications. 

- 48 - 



5. General discussions and implications of the present work 

in industrial practice 
 
Industrial reactors, like the EAF or AOD, are quite large. The experimental results 
presented in this thesis, represent the composition change only in the vicinity of 
injection corresponding to the plume region. The changes in the bulk composition of 
the bath are due to exchange of metal in the plume region and the resulting dilution. 
The path followed by the bulk will still be the one followed by the plume, albeit with 
a delay, since much of the reaction will take place at the plume. There may 
additionally be some amount of slag metal reaction, which is aided by vigorous 
bubble stirring.  
   
The results clearly show that the judicious use of CO2 in the reactors can considerably 
decrease chromium oxidation, especially at high carbon concentrations. This would 
permit use of hot metal and high carbon ferroalloys as a lower cost charge mix. 
Higher amount of gas in the bubbles escaping during CO2 blowing would further help 
in reducing of any Cr2O3 in the slag. The usual practice of oxygen injection followed 
by large use of ferrosilicon and aluminum to reduce the resulting Cr2O3 before 
tapping into the ladle can be replaced, at least to some extent, by injection with CO2 at 
high carbon contents, progressively decreasing the CO2 content in the gas mixture. 
This would result in substantial saving in ferroalloy usage, at the cost of some energy 
to compensate for the endothermic reaction with CO2.  
 

 
 

Figure 5.1 The diffusion activation energy of Fe-V liquid alloy with different 
vanadium contents under pure CO2 oxidation. 
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For oxidation mechanism study of Fe-V melt, it was found that the kinetics of 
oxidation can be treated as three distinct steps, viz. incubation (oxygen dissolution 
together with V2O evaporation), chemical reaction, diffusion. And the diffusion 
activation energy of Fe-V melt with different V contents (5, 10 and 15 wt%) oxidized 
under pure CO2, increases with the increase of vanadium content first and it reaches 
the maximum at the V content of 10%; later on, it decreases with the increase of 
vanadium concentration, as shown in Figure 5.1. 
 
The products in this case are in FeO-V2O3 system. According to FeO-V2O3 [60] phase 
diagram, for vanadium content from 5 to 10%, the product formed would be in the 
homogeneous liquid phase region. An alloy containing higher vanadium content 
would lead to an oxidation product with higher vanadium in the slag phase in a 
shorter time, leading to a thicker slag layer. This would, in turn, lead to a slower 
diffusion of oxygen to the reaction interface, with the consequent increase of diffusion 
activation energy. In the case of Fe-V alloys with V contents from 11 to 15%, as seen 
in reactions (5.1) and (5.2), the oxidation of the whole system is an exothermic 
reaction (ΔH = -56950J for 1 mole CO2 oxidizing [61]), that may cause surface 
turbulence enabling a faster oxygen transport.  
 

Reaction 0ΔG (J mol )⋅ -1
[61] 

2 2 3
2 1( ) ( ) ( )
3 3

V CO g V O s CO g+ = +         (5.1) 0 -106325 21.74G TΔ = +  

2( ) ( ) ( ) ( )Fe l CO g FeO l CO g+ = +         (5.2) 0 49375 40.24G TΔ = −  

  
However, this phenomenon needs more experiments with vanadium contents in 
between 5-10% and 10-20% separately to confirm. 
 
The study on melting point, activity and valance states on vanadium containing slag 
are expected to have a strong impact on the optimization of alloy steel production 
processes, wherein the loss of vanadium to the slag during the various process steps 
should be minimized. A higher vanadium oxide (III) activity in the slag would help in 
retaining vanadium in the molten steel. It is interesting to combine the present results 
in a comprehensive model for describing the thermodynamics of multi-component 
slags involving vanadium oxide (III). It has strong economic and environmental 
implications in view of the minimization of vanadium loss to the slag phase. 

- 50 - 



6 Summary and conclusions 
 
The main work of this thesis is on the oxidation studies of iron-chromium and 
iron-vanadium molten alloys. The oxidation of Fe-Cr molten alloy was followed by 
thermodynamic analysis, energy balance calculation, modeling of the gas bubble 
transit, experimental validation in laboratory and oxidation kinetics study. In the case 
of Fe-V alloy, the investigation is mainly on the oxidation kinetics study of the molten 
alloy under CO2-O2 mixtures along with thermodynamic studies of vanadium 
containing slags. The conclusions obtained from the present study are summarized as 
follows: 
 
1) From thermodynamics point of view, it is possible to use CO2 or CO2-O2 mixtures 
as decarburizers during EAF process.  
 
2) Results of energy balance calculation indicated that enhancing the amount of hot 
metal during EAF process can save energy consumption. In this case, it covers the 
energy deficit which is caused by using CO2. Introduction of CO2 for decarburization 
provides a way to use high initial carbon steel or adding high carbon ferrochrome to 
save the cost.  
 
3) A generic model has been developed to describe the reactions between liquid metal 
and gas bubbles. The potential of the model is illustrated by its application in 
predicting the evolution of Cr and C contents in a Fe-C-Cr melt during injection of 
different O2-CO2 mixtures.  
 
4) Since the model frame work is general, it can be extended further to consider 
oxidation of other species. The model can also be advantageously used in conjunction 
with mixing models or models based on CFD to simulate larger systems. 
 
5) The experimental results obtained by induction furnace indicate that the predictions 
of the model are in good agreement with the experimental results. The present work 
indicates that the process cannot be fully described by thermodynamic analysis 
applied to the bulk composition, since the compositions at the reaction site can be 
significantly different due to mass transfer constraints.  
 
6) The induction furnace experimental results also indicate that the Cr-losses can be 
significantly lowered by replacing the oxygen with CO2 in the injected gas, 
specifically for Fe-Cr-C melts with carbon levels higher than about 0.8 wt%.  
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7) The kinetics of oxidation of Fe-Cr and Fe-Cr-C melts can be considered to consist 
of three distinct steps, viz. the chemical reaction and diffusion as rate-controlling steps 
with a transition region between them. In the initial stages of oxidation, the oxidation 
rate is controlled by the chemical reaction and can be described by the relationship 

2

0.23 0.41 exp( )
CO

a
Cr

Edm C C
dt RT

−
= Λ  with the Cr range of 11-21 mass% in Fe-Cr melt.  

 
8) For oxidation of Fe-V melt, in the case of alloys with vanadium contents exceeding 
10 mass%, there is an incubation period before the chemical control step. The 
mechanism involved is likely to be oxygen dissolving in the liquid alloy and possible 
evaporation of V2O. The ‘incubation time’ was found to increase with the increase of 
temperature and the vanadium content. Increase of oxygen partial pressure in the 
oxidant gas was found to reduce the length of this period. 
 
9) High-temperature mass spectrometric method can be used to determine the activity 
of vanadium oxide in multi-components slags. And it is found in present cases, the 
V2O3 activities in CaO-MgO-Al2O3-SiO2-V2O3 slag system decrease as the slag 
basicity increases at temperatures of 1900 K and 2000 K. 
  
10) XANES method was adopted to determine the oxidation states of vanadium in the 
CaO-MgO-Al2O3-SiO2-VOx slag system. The results indicate that, x in VOx increases 
with increase of slag basicity, indicating that higher basicities stabilize higher 
vanadium oxidation state. On the other hand, higher temperature stabilizes lower 
vanadium oxidation state. For a given value of basicity, the value of x was found to 
increase with the increase of oxygen partial pressure. From the present results, the 
V3+/V4+ and V4+/V5+ratios can be estimated under different conditions. 
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7 Suggestions for future work 
 
The work reported in this thesis is a part of an ongoing program as mentioned by the 
present author. Further investigations need to be carried out in order to make clear the 
mechanism of using CO2-O2 in Cr and V retention during high alloy steel making 
process. In view of this, in the future, the following work needs to be paid attention: 
 
1) The attempts in a 5 ton induction furnace will be carried out in Uddeholm Tooling 

AB with CO2-O2 mixtures. Before this industrial trail, the details of experimental 
conditions should be settled, like the lance type, the way for blowing gas, the 
amount of CO2 to be added and the way for introduction of CO2 (gradually or 
constant) etc. 

  
2) Further kinetics study of Fe-C-Cr melt in a bigger scale (100kg, induction furnace 

experiments) needs to be carried out.  
 
3) Further investigation of oxidation of Fe-V, Fe-V-C, Fe-V-P, Fe-Cr-V melts should 

be paid attention to. It is indicated by present kinetic results, when V is 10 wt%, 
the diffusion activation energy is the maximum. This maximum point needs more 
confirmative experiments. The mutual effects of Cr on V could be of interest in 
the case of multi-component steels.   
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List of symbols 
 

Ab Surface area of a bubble ( ) 2m

ai Thermodynamic activity of species ‘i’ (-) 

Ci Concentration of species ‘i’ in gas phase ( -3mol m⋅ ) 

i
OC  

Oxygen mole concentration in equilibrium condition on the interface 
( ) -3mol m⋅

g
OC  Oxygen mole concentration in gas bulk ( -3mol m⋅ ) 

Di Diffusion coefficient for species ‘i’ in liquid steel ( ) 2 -1m s⋅

dl Small distance(m) 

DO Diffusion coefficient of oxygen ions in slag layer ( ) 2 -1m s⋅

e The activity interaction parameter(-) 

Ea Activation energy ( -1kJ mol⋅ ) 

fi Henrian activity coefficient of species ‘i’ (-) 

n
⋅

i The rate of transfer of species ‘i’ ( -1mol s⋅ ) 

I The pre-edge peak intensity(-) 

Ii
+ Ion current intensities in mass spectra of vapour(-) 

1k  Oxidation rate during chemical reaction controlling step for Fe-Cr melt 
oxidation (mg·s-1) 

2k  Chemical reaction rate in mixed control step for Fe-Cr melt oxidation 
(mg·s-1) 

k Mass transfer coefficient ( -1m s⋅ ) 

K Equilibrium constant (-) 

miC Calculated mass gain(mg) 

miE Experimental mass gain(mg) 

ni The number of moles of species ‘i’ (-) 

n
⋅

i 
The rate of transfer of species ‘i’ ( -1mol s⋅ ) 

bN
⋅

 Number of bubbles generated in unit time (s-1) 
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p Partial pressure of gas (Pa) 

pθ Total pressure (Pa) 

R The gas constant( ) -1 -1J K mol⋅ ⋅

ri The error between simulated result and experimental result(-) 

t Time (s) 

T The absolute temperature (K) 

V* The effective vanadium valence(-) 

wt% i Weight percent of species ‘i’ (-) 

γi The sensitivity coefficient of a secondary electron multiplier (-) 

ΔH Enthalpy change （ ） -1J mol⋅

Δm Mass change of samples (mg) 

1λ  
A constant related to materials in diffusion control step for Fe-Cr melt 

oxidation ( ) 2 -mg m mol⋅ ⋅ 1

2λ  
A constant related to materials in mixed control step for Fe-Cr melt 

oxidation ( ) 2 -mg m mol⋅ ⋅ 1

1

Λ  
A constant which related to the system while the control step is 
chemical reaction (-) 

GΔ  Gibbs free energy ( ) -1J mol⋅

0GΔ  The standard Gibbs free energy ( ) -1J mol⋅

η, γ 
Chemical reaction rate during mixed control step for Fe-V melt 

oxidation ( ) -1mg s⋅

λ, ζ, ξ 
Constants related to materials in different control steps for Fe-V melt 

oxidation ( ) 2 -mg m mol⋅ ⋅

ρm Density of liquid steel ( 3kg m−⋅ ) 

ω[i] Mass percent of species ‘i’ in melt(%) 

σi The ionization cross section of molecule(-) 
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