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Chapter 1 

INTRODUCTION 

Chromium and vanadium are important alloying elements for the production of high alloyed 

steels in order to achieve the desired physical, mechanical and chemical properties. However, 

during the processing of these steel sorts, the alloying elements, which are more susceptible to 

oxidation than iron itself are lost to the slag phase as oxides. The loss of the metal values during 

processing is a serious problem with respect to process economy. Further, the slag phase with 

these elements can not be used for road making or land-filling in view of the hazardous nature of 

these elements to human and animal lives.  

In order to control and minimize the oxidation of chromium and vanadium from the steel phase 

to the slag, it is necessary to have an understanding of the driving force for the oxidation reaction, 

which, in turn, requires a knowledge of the thermodynamic activities of chromium, vanadium in 

steel and those for chromium- and vanadium oxides in the slag phase. Further, the impact of 

process parameters like temperature, slag chemistry and the oxygen partial pressure on the 

activity of chromium- and vanadium oxides in slags needs to be understood clearly. 

Serious efforts are being made to confront this problem in past years. Pretorius et al.[1,2] have 

investigated the oxidation of chromium in CaO-SiO2-CrOX and CaO-SiO2-Al2O3-CrOX systems. 

Villiers[3] studied the liquid-solid relationship in the CaO-CrOx-SiO2 system using CO2/H2 gas 

mixtures keeping the oxygen partial pressure very low. Maeda and Sano[4]studied thermodynamics 

of chromium oxide in CaO-SiO2-MgO-Al2O3 slags coexisting with solid carbon under one 

atmosphere of CO at 1500°C and 1650°C. The activity-composition relationship in the solid 

solutions has been determined by Tsai[5] and the activities of CrOx were reported to exhibit 

positive deviations from ideality. Xiao et al.[6] also studied the same system by solid electrolyte 

galvanic cell and slag/metal equilibrium techniques. Pei[7] employed the slag/metal equilibration 

method under the desired oxygen partial pressure which was controlled by H2O/H2 gas mixtures. 

In addition, Besmann, Morita and other researchers[8,1,9,10,11,12] have also studied the behavior of 

chromium oxide in slag. 
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Thermodynamic studies of vanadium oxide in slags were carried out by a number of 

researchers[13,14,15,16,17,18]. Farah investigated the redox equilibria corresponding to V3+/V4+ and 

V4+/V5+ pairs in CaO-SiO2-Al2O3 and CaO-SiO2-MgO melts. Distribution of vanadium in 

different valency states in slags has also been examined by other researchers[19,16,13,20]. Tsukihashi et 

al.[21] investigated the effect of Na2O addition on the vanadium distribution between CaO-CaF2-

SiO2 melts and carbon saturated iron. Inoue and Suito[ 22 ] investigated the distribution of 

vanadium between liquid iron and MgO saturated CaO-SiO2-MgO-FeOx slag. These authors 

report that vanadium oxide content in the slag increased with increasing of slag basicity. Vermaak 

et al.[23,24,25] studied the distribution of the vanadium and vanadium oxide between hot metal and 

slag. 

In view of the differences in slag chemistry, temperature of the experiments and oxygen partial 

pressures imposed on the systems (which in turn, would influence the distribution of different 

valency states of chromium and vanadium in the slags) during the measurements, it is difficult to 

have a unified description of the thermodynamic behavior of chromium and vanadium in slags. 

The experimental conditions are the main factors that are difficult to control and results available 

in literature investigating the impact of different factors are scarce. In an attempt to consolidate 

the information regarding the thermodynamic properties of chromium and vanadium oxides in 

multicomponent slags, the present work was started.  

In the present work, the thermodynamic activities of the oxides of Cr and V in slags were 

measured. The method to be adopted was the equilibration of the synthetic slag, kept in Pt-

crucibles with a gas mixture consisting of CO, CO2 and Ar with the known oxygen partial 

pressures. The equilibration time was sufficient so that the attainment of thermodynamic 

equilibrium between the slag and the gas phases was ensured. After the equilibration, the 

slag samples were quenched and both the slag as well as crucible were subjected to chemical 

analysis. By knowing amounts of Cr and V in the slag phase as well as dissolved in the Pt 

crucible and from a knowledge of the thermodynamics of the Pt-Cr or Pt-V system, the 

thermodynamic avtivities of the oxides in the slag melts could be calculated. 
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Chapter 2 

GENERAL ASPECTS 
2.1 Pt-Cr and Pt-V alloys  

One of the early studies on the measurements of the thermodynamic activities of chromium in 

slags was due to Pretorius and Muan[2] In this study, a slag-gas equilibration technique was used 

to study the activities of the oxides of chromium in slags. The slag was kept in platinum crucibles. 

At a given oxygen partial pressure, the chromium oxide will partly decompose and the metal will 

dissolve in the noble metal crucible to form an alloy. This method is described in detail in 

Supplements 1 and 2. In order to calculate the activity of the relevant oxide in the slag, it is 

imperative to have a knowledge of the thermodynamics of the noble metal-Cr or noble metal-V 

systems. Pretorius and Muan[26] studied the activity-composition relationship in the platinum-

chromium and platinum-vanadium alloy at 1500°C by equilibrating with these alloys with 

chromium oxide and vanadium oxide, respectively, in CO2-H2 atmosphere of known oxygen 

partial pressure with a soaking time of 48 hours. General reaction between oxide (Cr2O3 or V2O3) 

and metal (Cr or V) was expressed by the equation:  

)g(O
2
3]Me[2)s(OMe 2Pt32 ＋＝ (Me=Cr or V)                     (1) 

Based on the equilibrium reaction, at 1500°C in the composition range 0.22~0.57 (mole fraction) 

and 0.20~0.40 respectively, the activity coefficient of chromium and vanadium were regressed as 

functions of mole fraction of chromium, vanadium: 

2
CrCrCr10 X35.7X39.1142.4log −+−＝γ                      (2) 

2
VVV10 X33.13X66.1772.6log −+−＝γ                      (3) 

In addition, they further noted that the comparison with previous work by Schwerdtfegger and 

Muan[27] at 1225°C indicated that the effect of temperature on log10γCr is negligible. 

2.2 Oxidation states of chromium and vanadium in oxides 
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The knowledge of thermodynamics and phase relations in the binary Cr-O and V-O are essential 

for understanding of the partition of these metals between multi component slags and metal 

phases.  

Granat[28] reported the equilibration of Cr-C2O3 samples with H2-H2O gas mixtures early in 1936. 

It was extended by Flad[ 29 ]and Jeannin et al.[ 30 ] in the subsequent years. Later many 

researchers[31,32,33] used solid electrolyte technique (EMF) to investigate  the same system, but all 

of the observations were at temperatures below 1300°C and focused on the standard Gibbs 

energy of formation of Cr2O3 rather than the phase relationships or the existence of different 

valence states of Cr such as CrO or Cr3O4. Very few investigations on the phase relationships in 

the Cr-O system were conducted. The stability of Cr3O4 was not very certain during the late 

fifties and early sixties[34,35,36,37]. These studies indicated that Cr and Cr2O3 coexist and stable up to 

the eutectic temperature of 1660 or 1675°C. Toker and Darken[38] studied this system in the 

temperature range 1500°C-1825°C in the samples equilibrium with H2-CO2 mixture of known 

oxygen partial pressure. The main results reported are described below: 

Phases of Cr and Cr2O3 are stable at lower temperature of 1650°C; Cr, C2O3 and Cr3O4 coexist at 

1650°C±2°C; Cr, Cr3O4 and liquid, which was found to be close to CrO were observed at 

1650°C±2°C; Cr2O3, Cr3O4 and liquid are the primary phases at 1705°C±3°C and all of 

experiment carried out in the oxygen partial pressure range 10-8.9 atm-10-13.2 atm. 

It is well known that transition metal ions often occur in different oxidation states in varying 

conditions. The most stable state of chromium oxide is Cr2O3 (eskolaite), i.e., Cr3+ is the most 

common oxidation state of chromium over wide temperature and composition ranges. Cr2+ or 

Cr6+ can occur under certain experimental conditions.  

Vanadium oxide-containing systems are more complex than chromium oxide-containing systems 

because vanadium exists divalent (V2+) and tetravalent (V4+), states in addition to the commonly 

known trivalent(V3+), pentavalent (V5+) states. Investigations on the phase relationships in the 

case of V-O system is scarce, hence, in recent years, the behavior of vanadium in multi-

component slags is receiving increasing attention.  

2.3 Analysis for variable valence states of chromium and vanadium in 
slags 
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Wet chemical analysis was commonly carried out to determine valence of chromium in 

chromium-containing slag systems. Except that, more advanced methods were applied by some 

researchers in vanadium system.  

Chemical redox titrations were used to determine the Cr2+ concentrations of the glasses or slags. 

This technique was described previously by Schreiber and Haskin[9], Close et al.[39] as well as Close 

and Tillman[40]. It was also adopted in the investigations carried out by Pretorius and Muan[2]. 

Firstly, the samples containing the chromium oxide were ground thoroughly under an inert 

atmosphere and then dissolved in hot HF/H2SO4/H2O solution which contained excess Fe3+, 

after the attainment of equilibrium between Cr2+ and Fe3+ ions. The solution was then titrated 

against a K2Cr2O7 solution, using barium diphenylamine sulfonate as an indicator. The same 

technique was applied by Xiao et al.[6] as well as Morita et al.[41] in chromium containing slags. 

Considering the variable valence states of vanadium in slags/glasses under changing oxygen 

partial pressure, the analysis method for the valency of vanadium is complex in comparison to 

chromium in slags. Conventional chemical technique was found to be inadequate so the 

thermogravimetric technique was used in the investigation of Mittelstädt and Schwerdtfegger[16]. 

These authors emphasize that the reference state should be confirmed at first and then the mass 

change may be followed under changing the temperature and the oxygen partial pressure. It is to 

be noted that, after each equilibration, the gas phase should be reset to the safe oxygen partial 

pressure which is same with the condition of the reference state. Detailed information has been 

provided by these authors in the appendix of their publication[16]. Another a newly developed 

analytical technique based on Electron Paramagnetic Resonance spectroscopy (EPR) or Electron 

Spin Resonance spectroscopy (ESR) was applied by Farah and the details of the analysis are given 

by this author elsewhere[42,18,43]. 
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Chapter 3 

PRINCIPLE OF THE 
EXPERIMENTAL METHOD 
In the present work, the chromium containing slags kept in Pt crucibles were equilibrated with 

CO-CO2-Ar gas mixtures with fixed oxygen potentials. Because very low oxygen partial pressures 

in the gas mixtures were used for the equilibration studies, all Cr in the slag was assumed to exist 

in the Cr2+ state. Hence, in the present work, the presence of Cr3+ in the slag was considered 

negligible. For slag containing vanadium, vanadium was assumed to exist in the V3+ state on 

similar grounds. 

The equilibration reaction between the slag in the platinum crucible and the gas mixture can be 

represented  

)l()(2)( CrOO
2
1Cr(Pt) =+ gs                       (4) 

)(5.1)(2)( VOO
4
3V(Pt) sgs =+                       (5) 

The equilibrium constant, K can be represented as 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ−
=

⋅
=

RT
Gexp

)P(
K

o
4
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OCr

CrO
4
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a

a                      (6) 
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=
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)P(
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o
5

43
OV

VO
5

2

5.1

a
a

                     (7) 

Where a is the activities of the various species, K is the equilibrium constant and ΔGi
o is the 

standard Gibbs energy of the reaction. The ΔGi
o of the reactions (4) and (5) were given by the 

expression[44]: 

)J(T81.63334218Go
4 +−=Δ                      (8) 

)J(T97.112600405Go
5 +−=Δ                      (9) 
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From a knowledge of the thermodynamics of the Pt-Cr or Pt-V system at the experimental 

temperatures, the activity of chromium, vanadium oxide can be calculated from the experimental 

oxygen partial pressure and temperature. 

)
RT
Gexp(-P

o
421

O2CrCrO
Δ

⋅⋅= aa                    (10) 

)
RT
Gexp(-P

o
543

O2VVO1.5
Δ

⋅⋅= aa                    (11) 

The standard states of Cr and CrO were pure solid Cr and pure liquid CrO, pure solid VO1.5 as 

standard state. 
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Chapter 4 

EXPERIMENTAL WORK 

4.1 Raw materials 

The raw materials used in this investigation are reagent-grade oxide powders. CaO, Al2O3 and 

MgO powders were heated at 1273 K for 12 hours in order to decompose the hydroxides and 

carbonates that might have been formed. Cr2O3 and SiO2 powders were heated at 873 K for 8 

hours in order to remove the moisture. V2O3 powder was kept in the desiccator before use. The 

raw materials were mixed to obtain the targeted composition (total mass of each mixture was 

about 1.5~2 g) and ground thoroughly in an agate mortar and pressed into pellets of 12 mm in 

diameter. Prepared samples were kept in a desiccator with silica gel as the desiccant for use 

before the experiments. The platinum crucibles were made from the platinum foil (99.99%) of 

0.127 mm thickness. 

All of the materials and gases used in this experiment are described in Supplement 2. 

4.2 Experimental set-up 

A sketch of the furnace arrangement is presented in Fig.1. The experimental system consists of a 

high temperature furnace equipped with a PID control unit (Eurotherm) with a Pt30 pct Rh/Pt6 

pct Rh thermocouple as sensor. The furnace was equipped with molybdenum disilicide heating 

elements.  

The slag samples were kept in platinum cups and were placed in an alumina crucible holder. A 

platinum spiral made of a wire of 0.5 mm diameter was placed inside the slag samples in order to 

minimize the sample losses due to creeping up of the slag along the crucible walls. The Pt 

crucible and Pt spiral weighed, together approximately 3.8±0.2 g. The alumina crucible holder 

could hold four platinum crucibles. The holder was placed in the even-temperature zone of the 

furnace which was found, in an earlier calibration, to be about 100 mm. Special attention was 

paid to the gas inlet tube arrangement so that the gas mixture was delivered by a narrow alumina 

tube (inner diameter 4 mm) directly above the sample avoiding thermal segregation of the gases 

during the passage through temperature gradient in the furnace. The temperature of the sample 
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was measured by a Pt-30pct Rh/Pt-6 pct Rh thermocouple placed close to the sample tray. 

Alumina runners were placed under the crucible holder in order to avoid breaking of the reaction 

tube by thermal shock during the quenching of the sample.  

 

Figure 1. The sketch diagram of the experimental equipment 

(1-gas inlet; 2-thermocouple; 3-silicon rubber stopper; 4-cooling water inlet; 5-refractory; 6-pure 

alumina holder; 7-hole on the alumina holder; 8-ceramic ring for pulling; 9-alumina runners; 10-

reaction tube; 11-cooling water outlet; 12-gas outlet) 

4.3 Gas cleaning system 

In view of the extremely low oxygen partial pressures targeted in the present measurements, it 

was considered important to purify the gases used in the gas mixture carefully before introducing 

into the reaction tube. A gas cleaning system was used to further purify the commercially high 

purity grade gases, viz. argon, carbon monoxide and carbon dioxide.  

The gas cleaning train used in the present work is presented in Fig.2. Columns of silica gel, 

magnesium perchlorate and ascarite were used to remove the H2O and CO2 in the gases. 

Columns of copper turnings at 823 K and magnesium chips at 773 K were used to remove the 

residual O2 in the argon gas. The gases were mixed in a gas-mixture chamber filled with glass 

beads before being introduced into the reaction tube.  

Oxygen partial pressure in the outgoing gas was monitored continuously by using an oxygen 

sensor consisting of a ZrO2-7.5 mol% CaO electrolyte tube kept at 973 K with a slow stream of 

dry air as the reference electrode. The oxygen partial pressure values measured were in agreement 

with those estimated by Thermo-Calc software. The gas ratios used in the present experimental 

series along with the oxygen partial pressures computed by the Thermo-Calc software are 

presented in Supplement 2. 
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Figure 2. Gas Cleaning system 

(1-silica gel, 2-ascarite, 3-magnesium perchlorate, 4-bubbler, 5-copper turnings<823 K>, 6-

magnesium chips<773 K>, 7-flow controller 8-gas mixture chamber) 

4.4 The experimental procedure 

About 2 g of each slag sample was used in each experiment. During the measurements, the 

furnace was heated to the desired temperature under argon gas at a flow rate of 200 ml per min. 

The furnace was kept at this temperature for at least one hour in order to ensure the attainment 

of constant value. The alumina holder with four platinum crucibles containing the slag samples 

was then introduced into the reaction tube and positioned in the even-temperature zone under 

flowing argon gas. Refractory radiation shields were kept at both ends inside the reaction tube in 

order to minimize heat loss. The reaction tube was closed using silicon rubber stoppers. The ends 

of the reaction tube were kept at 293 K by a water-cooling system. The gas mixture of CO, CO2 

and Ar was introduced into the reaction tube. After the equilibration time, the alumina holder 

with the samples was quenched by quickly withdrawing the same to the cold end of the reaction 

tube under the protection of argon gas. Samples were then taken out from platinum crucibles and 

stored in a desiccator for chemical analysis.  
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The slag samples were ground and were subjected to chemical analysis by X-ray fluorescence 

spectroscopy. All chemical analyses were performed by NILAB, Stockholm and the results were 

duly certified. The analysis results are presented in Table 3 of Supplement 2 and Table 1 of 

Supplement 3. The chromium oxide content was presented in the analysis report as “Cr2O3”. 

This has been recalculated and the corresponding CrO content is also presented in Table 3 of 

Supplement 2. Due to the small amounts of the samples, it was not possible to get the Cr2+/Cr3+ 

ratio in the slag. As mentioned earlier, all the chromium in the slag was assumed to be present as 

Cr2+ and vanadium existed as V3+ for vanadium containing slags. The Pt wire from the spiral, 

embedded in the sample during the experiment as well as the Pt crucibles were subjected to 

chemical analysis by atomic absorption spectroscopy. The Pt wire was also analyzed with respect 

to Si, Ca, Al and Mg apart from Pt and Cr. The contents of Al and Mg could not be monitored in 

this analysis as the amounts were below the detection limits. The contents of Si and Ca were 

found to be less than 0.1-wt%. Contamination of the crucibles from the sample holder was 

checked by a blank run and was found to be negligible. The cross section platinum spiral wire as 

also the Pt-crucible were analyzed by SEM/EDS technique in order to ensure that the chromium 

dissolved in the platinum was uniformly distributed. 
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Chapter 5 

RESULTS AND DISCUSSION 
5.1 Equilibration time 

Before the actual measurements were started, it was necessary to determine the soaking duration 

in order to ensure the attainment of equilibrium between the mixture gases with slag system and 

the molten slag phase. A mixture of CaO-SiO2-MgO-Al2O3-CrOX system (CSAMV3) was 

equilibrated with pure Pt crucible (99.99%) for various lengths of time (6, 8, 12, 15, 20 hours) and 

the samples were analyzed after furnace-quenching. The relationship between content of 

chromium in Pt crucible as function of soaking time, obtained in these trials is plotted in Fig.3. 

When the soaking time is more than 15 hours, the content of chromium can be seen in the figure 

to be constant. In the present work, an equilibration time of 20 hours was chosen for all the 

experiments. The cross section of each quenched crucible was analyzed by SEM-EDS technique. 

The result of line analysis for 20 hours is shown in Fig.4. It is seen that there is no concentration 

gradient across the thickness of the crucible. Thus, chromium, vanadium concentration 

throughout the crucible is uniform confirming the attainment of equilibrium between the Pt and 

the slag phase as well. 

 
Figure 3. Content of chromium in Pt crucible as function of soaking time 
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Figure 4. Line analysis of cross section of Pt crucibles  

(Slags including chromium and vanadium oxide) 

5.2  CaO-SiO2-MgO-Al2O3-CrOX system 

5.2.1 Activity of chromium in Pt-Cr alloy  

To the knowledge of the present authors, the only investigation of the thermodynamics of Pt-Cr 

alloys so far has been carried out by Pretorius and Muan[26], as mentioned in section 2.1.  On the 

base of the relationship of activity coefficient and mole fraction of Cr in Pt-Cr alloys, a plot of 

the activity of chromium as a function of XCr in accordance with equation (2) is presented in 

Fig.5. Activity of chromium exhibits a strong negative deviation from ideality when the content 

of chromium is very low. Fig.6 shows the relationship of the content of chromium with the 

parameter log10rCr. It is also seen that this relationship is independent of temperature within the 

range 1803-1923 K. 

 
Figure 5. Activity of chromium in Cr-Pt alloy  

(The points in the figure correspond to the experimental points in the present work) 

(PO2=10-3, 10-4, 10-5 Pa; T=1803, 1873, 1923 K) 

Pure solid Cr as the standard state 
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Figure 6. Log10rCr as a function of chromium content in Cr-Pt alloy  

(The points in the figure correspond to the experimental points in the present work) 

(PO2=10-3, 10-4, 10-5 Pa; T=1803, 1873, 1923 K) 

5.2.2 Effect of basicity of slag on final content of chromium oxide  

Slag basicity has a strong influence on the chemical behavior of chromium oxide during high 

alloy steelmaking production processes. In the present work, the basicity, B was defined as 

322 OAl%SiO%
MgO%CaO%B

wtwt
wtwt

+
+

=                    (12) 

This is in view of the fact that the amounts of MgO and Al2O3 in the slags were relatively high 

and their impact on the thermodynamic behavior of chromium oxide needs to be considered.  

Fig.7 shows the final chromium oxide content in the slag as a function of slag basicity. It is seen 

that the chromium oxide content decreases slightly with increase in the basicity of slag at the 

oxygen partial pressure of 10-3 Pa. The results are comparable to those reported by Pretorius and 

Muan[2]. It is to be noted that the definition of basicity used by these authors is different from 

that used in the present work. Further, the experimental temperature as well as the oxygen partial 

pressure in their experiments was lower. Hence, a direct comparison of their result with the 

present work is difficult. It is also seen in Fig.7 that, the content of chromium oxide in the slag 

phase is obviously much more under the higher oxygen partial pressure. At lower oxygen partial 

pressures, the chromium content does not show very significant change as a function of basicity 

at all the experimental temperatures. However, the trend that chromium oxide content in the slag 

decreases with increasing of slag basicity is consistent with the results of Pretorius and Muan[2].  
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Figure 7. Chromium oxide in slag after equilibration as function of basicity of slag 

(
322 OAl%SiO%

MgO%CaO%B
wtwt
wtwt

+
+

=  in present work; 
2SiO%

CaO%B
wt
wt

= in [2]) 

5.2.3 Effect of content of chromium oxide on activity of chromium oxide 

The activity of chromium oxide with chromium in the bivalent state plotted as a function of the 

mole fraction of CrO in slag is presented in Fig.8. The activity of CrO has a stronger positive 

deviation from ideality in the present composition range with increasing of temperature. These 

results are in agreement with those reported by Xiao et al.[6]. 

 
Figure 8. Thermodynamic activity of chromium oxide, CrO, as a function of mole 

fraction of “CrO” in slag  
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(Experimental temperatures are 1803, 1873, 1923 K respectively and PO2=10-4 Pa) 

5.2.4 Effect of temperature on activity of chromium oxide 

Temperature is one of the key parameters and influences the thermodynamic activity of 

chromium oxide. In the present experimental work, four different compositions with weighed-in 

amounts of Cr2O3, 1, 2, 4 and 6 mass percent were prepared and three different temperatures 

(T=1803, 1873, 1923 K) were chosen for the experiments.  

Fig.9 shows the activity of CrO as a function of temperature. It can be seen in this figure that 

there is a decreasing tendency for the activity of CrO with increasing of temperature. The effect 

is hardly noticeable at lower chromium oxide contents, whereas, the temperature effect is 

significant at higher chromium oxide contents and lower temperatures. The latter results have to 

be taken with some caution as, at higher Cr-contents, the amount of Cr3+ may increase and this 

may affect the results. The tendency observed in the present work indicates that temperature has 

a strong influence on the behavior of chromium oxide in slag, especially at higher chromium 

oxide contents. This has a strong implication on the processing of stainless steel. Higher 

temperatures lead to a lowering of the thermodynamic activity of CrO in the slag, leading to 

higher Cr-losses from the metal phase.  

 
Figure 9. Thermodynamic activity of chromium oxide, CrO as a function of temperature 

(The weighed in amounts of Cr2O3 were 1, 2, 4 and 6 wt%; PO2=10-4 Pa) 

5.2.5 Effect of basicity and oxygen partial pressure on activity of 
chromium oxide 
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A plot of activity of chromium oxide, CrO as a function of the basicity of the slag is shown in 

Fig.10. It is seen that the oxygen partial pressure has strong influence on the activity of CrO 

When the basicity of the slag was lower than 1.5 at temperature of 1873K. In addition, one 

anomalous t increase in the activity of CrO has been observed as the slag basicity is between 1.5 

and 1.55.  

 

Figure 10. Activity of chromium oxide (bivalent) as a function of basicity of slag 

322 OAl%SiO%
MgO%CaO%B

wtwt
wtwt

+
+

=  

5.2.6 Estimation of the content of chromium in slag 

The general expression for the chromium–reduction reaction (Eq.13) under low oxygen partial 

pressure was developed in the present work. The expression is similar to that derived in the case 

of sulfide capacity data for slags found in earlier literatures[45,46,47].  

[ ] )g(O
2

Cr)slag(CrO 2Pt
x

x +=                    (13) 

The equilibrium constant of Eq.(13) can be expressed as 

)CrO(

2
2O]Cr[

13

)P(
K

x
a

a
x

⋅
=                     (14) 

In order to arrive at a relationship, the following assumptions were made: 
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I. Henrys law is applicable to the activity coefficient of chromium in the Cr-Pt alloy in 

the range of concentration studied in the present work; 

II. the activity coefficient of chromium oxide is also constant; 

III. the effect of temperature, oxygen partial pressure and slag basicity are to be 

considered 

The expression for the weight percent chromium in slag for a given activity of Cr in the metal 

phase is 

Blog)P(log)(log
T

)Cr(%log 102O10Cr10slag10 edacba ++++=                  (15) 

Where a, b, c, d and e are constants; 

T is the experiment equilibrium temperature; 

slag)Cr(%  represents the weight percent of chromium in slag; 

Cra  represents the activity of chromium in alloy; 

2OP  represents equilibrium oxygen partial pressure; 

B represents the basicity of slag (
322 OAl%wtSiO%wt

MgO%wtCaO%wtB
+
+

= ). 

The constants in the above expression were evaluated using the present results and the equation 

in the final form is follows:  

Blog77.6)P(log59.1)(log84.0
T

1248131.1)Cr(%log 102O10Cr10slag10 ×−×+×++= a      (16) 

A consideration of the estimated and experimental contents of chromium in the slag was shown 

in Fig.11. It is seen that, at oxygen partial pressures above PO2=10-3 Pa, there are strong deviations, 

while, at lower oxygen potentials, there is a good agreement. This would indicate that the 

assumption that all chromium oxide in the present work could be present as Cr2+ appears 

reasonable at lower oxygen partial pressures, while the impact of Cr3+ is stronger at higher oxygen 

potentials. Further work is currently being carried out to study the effect of oxygen partial 

pressure on the Cr2+/Cr3+ ratio. 
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Figure 11. Estimated and experimental content of chromium and vanadium in slag 

5.3 CaO-SiO2-MgO-Al2O3-VO1.5 system 

The thermodynamic activities of vanadium oxide, VO1.5 in the CaO-SiO2-MgO-Al2O3-VO1.5 slag 

system at low VO1.5 concentrations were measured. The starting amounts of VO1.5 were 0.4, 0.7, 

1.0 and 1.2% respectively. The preparation of the raw materials, the experimental set-up, gas 

cleaning system, experimental procedure and the analysis methods used in the vanadium system 

are analogous to measurements of the chromium activities in slags. The detail of slag chemistry 

and experimental conditions can be found in Table 1 of Supplement 3. 

5.3.1 Activity of vanadium in Pt-V alloy  

The relationship between activity coefficient and mole fraction of vanadium in V-Pt alloys has 

earlier been proposed by Pretorius and Muan[26].This has been given in equation (3). 

The activity and logarithm of activity coefficient of vanadium in the Pt-V alloy were calculated 

based on equation (3) corresponding to the mole fraction of vanadium in the metal in the present 

work and these are presented in Fig.12 and 13 respectively as functions of mole fraction of 

vanadium in Pt-V alloy. As can be seen, the activity of vanadium exhibits a strong negative 

deviation from ideality. In the present work, it was assumed that the temperature coefficient of 

the activity of vanadium is negligible in the narrow temperature range studied. On this basis, the 

logarithm of activity coefficient of vanadium was plotted as a function of the mole fraction of 
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vanadium in V-Pt alloy in Fig.13. It is seen that the plot is linear and indicated that logarithm of 

activity coefficient of vanadium in the V-Pt alloy is independence of temperature. 

 

Figure 12. Activity of vanadium for V-Pt alloy 

(PO2=10-3, 10-4, 10-5 Pa; T=1823, 1873, 1923 K) 

Pure solid V as the standard state 

 

Figure 13. Log10rV as a function of mole fraction of vanadium in V-Pt alloy 

(PO2=10-3, 10-4, 10-5 Pa; T=1823, 1873, 1923 K) 

5.3.2 Effect of basicity and oxygen partial pressure on VO1.5 content in 
slag  
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The content of VO1.5 in the slag was plotted as a function of slag basicity in Fig.14. As mentioned 

earlier, all vanadium in the slag was assumed to be in the trivalent state under the present 

experimental conditions. Further, in the present work, basicity was also defined as  

322 OAl%wtSiO%wt
MgO%wtCaO%wtB

+
+

=                    (17) 

A comparison of the content of VO1.5 in the slag at 1873 K and an oxygen partial pressure of 10-3 

and at 10-4 Pa in Fig.14 reveals that the weight percent of vanadium (III) oxide in slag was found 

to be increasing with increasing oxygen partial pressure. This is reasonable as more V will be 

oxidized with increasing oxygen partial pressure. The amount of VO1.5 was also found to increase 

with the basicity of the slag, especially at 1823K at an oxygen partial pressure of 10-4 Pa and at 

1873K the corresponding PO2 being 10-3 Pa. This trend is however, less evident at 1873 and 

1923K corresponding to a PO2 value of 10-4 Pa.  

A comparison of the present results with those of Vermaak and Pretorius[23] reveals that the 

content of VO1.5 is in the range of 0.2~0.9wt% in the present work differs from the earlier results, 

where the VO1.5 contents are as high as 1.4wt% VO1.5 at a much lower oxygen partial pressure. 

The reason for this disagreement is not certain. In the present work, all vanadium has been 

assumed to be in the trivalent state. The present authors do not foresee any serious error arising 

out of this assumption as the vanadium contents are very low. Further work is needed in order to 

clarify this point. Further, the variation of the VO1.5 content with respect to basicity presented by 

earlier workers was different from the present results. Vermaak and Pretorius define their basicity 

as the ratio of CaO to Al2O3. 
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Figure 14. True vanadium oxide content in slag as a function of slag basicity 

(
322 OAl%wtSiO%wt

MgO%wtCaO%wtB
+
+

=  in present work; 
32OAl%wt

CaO%wtB = in Ref.[23]) 

5.3.3 Activity of VO1.5 as a function of mole fraction of vanadium oxide in 
slag  

The relationship between the thermodynamic activity of vanadium (III) oxide as a function of the 

mole fraction of vanadium oxide at different temperatures obtained in the present work is 

presented in Fig.15. The activity-composition relationship shows a strong negative deviation 

from ideality. Further, the activity values do not show any significant change with temperature 

under the present experimental conditions indicating a low partial molar enthalpy of mixing. 

 

Figure 15. Thermodynamic activity of vanadium (III) oxide as a function of the content 

of VO1.5 in the slag  

(Equilibrium temperature is 1823, 1873, 1923 K respectively and PO2=10-4 Pa) 

5.3.4 Effect of basicity on the activity coefficient of vanadium oxide  

Relation between activity coefficient of vanadium oxide and basicity of slag was plotted in Fig.16. 

At 1873K and PO2=10-3Pa. It is seen that the activity coefficient shows a sharp decrease at a 

basicity of about 1, beyond which, the values are nearly constant.  The present results are in good 

agreement with those reported by Vermaak and Pretorius[23]. The results of Vermaak and 

Pretorius indicate that the “break point” occurs at lower basicities. 
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Figure 16. Activity coefficient of vanadium (III) oxide as a function of basicity of slag 

(Equilibrium temperature is 1823, 1873, 1923K respectively and PO2=10-4Pa) 

5.3.5 Distribution of vanadium between slag and alloy 

From the present results, the impact of basicity on the distribution of vanadium between the 

molten steel and slag phases was examined. Fig.17 shows the vanadium distribution coefficient as 

a function of the basicity of the slag. At higher oxygen partial pressure, viz. 10-3 Pa, the 

distribution ratio is high and shows a marked increase with increasing basicity. This is obviously 

due to the oxidation of vanadium from the alloy. It is also seen in Fig.17 that, at lower oxygen 

partial pressures, viz. 10-4 and 10-5 Pa, the distribution coefficient shows an initial increase 

followed by a near linear region at higher basicities. A similar behavior has also been reported by 

Inoue and Suito[22].  
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Figure 17. Equilibrium vanadium distribution between slag and alloy as a function of slag 

basicity in the present experiment condition 

5.3.6 Estimation of VO1.5 content in slag as a function of activity of V in 
metal phase, temperature and oxygen partial pressure 

The vanadium–reduction reaction, which is reverse of reaction (5) can be used to develop a 

relationship between the amount of vanadium (in trivalent state) in the slag as a function of the 

oxygen partial pressure prevailing (valid for only low oxygen pressures) and the vanadium activity 

in the alloy phase in equilibrium. Such a relationship was developed in the present work on the 

basis of the following assumptions:  

I. the activity coefficient of vanadium in the alloy is essentially constant over the range 

of concentration reported here (validity of Henrys law); 

II. the activity coefficient of vanadium oxide is also constant; 

III. Vanadium activity in the slag is affected by temperature, (even though less significant) 

oxygen partial pressure and the slag basicity. 

The expression for the weight percent vanadium in slag was of the form: 

Blog)P(log)(log
T

)V%(log 102O10V10slag10 edacbawt ++++=                  (18) 

Where a, b, c, d and e are constants; 

T is the experiment equilibrium temperature; 

slag)V%(wt  is the weight percent vanadium in slag; 

Va is the activity of  vanadium in alloy (standard state: super-cooled V liquid); 

2OP  is the equilibrium oxygen partial pressure; 

B is the basicity of slag (
322 OAl%wtSiO%wt

MgO%wtCaO%wtB
+
+

= ). 

The constants a, b, c, d and e were evaluated from the present results and the final form of Eq.(18) 

could be represented as  

Blog45.2)P(log46.0)(log28.0
T

1182561.5)V%wt(log 102O10V10slag10 ×+×+×++−= a          (19) 

The relationship between the estimated and actual content of vanadium in slag shows reasonably 

good agreement especially at lower oxygen partial pressures as can be seen in Fig.18. The 
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deviation in the case of the two experimental points corresponding to PO2=10-3 Pa is likely to be 

due to the formation of higher valence states of vanadium in this case. 

 
Figure 18. Estimated and experimental content of vanadium in slag 
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Chapter 6 

CONCLUSIONS 
Thermodynamic activities of chromium and vanadium oxide in CaO-SiO2-MgO-Al2O3 slags were 

measured at low concentrations by using slag-gas equilibration technique under low and well-

defined oxygen partial pressure by controlling the mixture of CO2, CO and Ar gases at 

temperature of 1803, 1823, 1873 and 1923 K. The following conclusions have been withdrawn: 

1. From a survey of the available literature, it was found that the activity of chromium, 

vanadium in Pt-Cr and Pt-V alloy exhibits a strong negative deviation from ideality when the 

content of chromium or vanadium is very low. And the logarithms of activity coefficient of 

chromium, vanadium are increasing with increasing of mole fraction of these metals in the 

alloy. 

2. Activity of chromium oxide, CrO showed positive deviation from ideality, it decreases with 

increasing temperature and decreasing content of chromium oxide in slag and oxygen partial 

pressure in the gas phase. 

3. Activities of vanadium oxide, VO1.5 in slag phase, obtained by experimental measurements 

show a negative deviation from ideality in the present range of composition. Activity 

coefficient of vanadium oxide shows a decrease with basicity of slag and the “break point” 

occurs at about slag basicity of 1 under the oxygen partial pressure of 10-3 Pa and temperature 

of 1873 K. 

4. The final content of vanadium oxide, VO1.5 in the slag shows an increase with increasing of 

basicity of slag especially at 1823 K at an oxygen partial pressure of 10-4 Pa and at 1873 K the 

corresponding PO2 being 10-3 Pa. 

5. The distribution of vanadium between slag and alloy sharply increases with increasing basicity 

of slag at higher oxygen partial pressure. 

6. A relationship for estimating the actual content of chromium, vanadium in the slag as a 

function of activity of chromium or vanadium in the metal phase, temperature, oxygen partial 

pressure and slag basicity were developed from the present results, viz. 
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Blog77.6)P(log59.1)(log84.0
T

1248131.1)Cr(%log 102O10Cr10slag10 ×−×+×++= a  

Blog45.2)P(log46.0)(log28.0
T

1182561.5)V(%log 102O10V10slag10 ×+×+×++−= a  

The agreement between the values obtained by the above equation and the experimental 

results is satisfactory, especially at lower oxygen partial pressures used. 
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Chapter 7 

FUTURE WORK 
The present work is part of thermodynamic measurement of transition metals including 

chromium, vanadium, manganese and niobium containing CaO-SiO2-MgO-Al2O3 and CaO-SiO2-

MgO-Al2O3-FeO slags using slag-gas and slag-metal techniques. Further experiments including 

more complicated slag chemistry, large region of temperature, oxygen partial pressure and so on 

need to be carried out. 

1. The experiments are to be continued in the case of manganese and niobium containing CaO-

SiO2-MgO-Al2O3 slags using the gas-slag equilibration technique and under the experimental 

conditions which is similar to the chromium, vanadium containing system. 

2.  The activity measurements have to be continued for slags with high content of chromium or 

vanadium oxide in slag. A general thermodynamic expression for the entire composition 

range is to be developed. 

3. Addition of FeO and its effect on the activity of the oxides of chromium or vanadium in 

slags needs to be investigated as this will be of interest to the industrial practice. 

4. A comprehensive description of slag systems with the oxides of Cr, V, Mn, Nb etc. is very 

important for the high alloy steel production. 
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