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ABSTRACT 

Chromite ore fines were injected directly in iron-carbon bath for production of crude stainless 

steel. Reduction behavior takes the path of first order reaction kinetics and mechanism was found 

to be chemical reaction rate control Carbothermic reduction of chromites carried out in extended 

plasma arc with coal/charcoal attained better degree of metallization. 200 kwh/t energy can be 

saved using unagglomerated ore fines. 
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INTRODUCTION 

Ferrochrome is a very important gradient for the production of various grades of special steels 

and castiron. The basic raw materials for this is chromite and fortunately we have good reserve 

of it in India. The conventional process of producing ferrochrome by direct smelting of 

concentrates in a submerged arc furnace is a highly energy intensive process. Hence 

investigations
1
 were carried out in search of an alternative route of smelting chromite using a 

cheap and available energy. It is possible to utilize chromite ore fines directly
2,3

 in an iron-carbon 

bath which is a potential area for the production of Fe-C-Cr melt or crude stainless steel. 

                           

Fig 1: Logarithmic of dissociation pressures of some oxides of steelmaking interests at various 

temperatures. 
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The stability of all oxides decreases with increasing temperature an exception being CO. An 

element which forms a strong oxide under suitable conditions can be used as reductant of less 

stronger oxide. Fig 1 shows that the curves of Cr2O3
4
, MnO, SiO2 lie below the CO and CO2 

curves. While their po2 values are smaller than that of CO2 within the normal metallurgical 

temperature range, they increase and become more than that of CO in the temperature range 

1300ºC and above. Thus, while CO is unable to reduce them at any temperature (since the 

oxidation of CO yields CO2 whose oxygen pressure is more than that of the oxide mentioned) it 

is possible for carbon to reduce these oxides into metal at high temperature. The presence of iron, 

iron oxide facilitates the reduction process due to the dissolution of metal in iron and hence 

decreasing in its activity. The presence of iron lowers the melting point of alloy thus, resulting in 

better consolidation and slag-metal separation. 

In AOD stainless steel making process
5
 carbon is oxidized in preference to Cr because the CO 

formed is diluted with Ar 

(Cr2O3) + 3[C] = 2[Cr] + 3CO 

(Fe2O3) + 3[C] = 2[Fe] +3CO 

Cr2O3(s) + 3C(in Fe) = 2Cr (in Fe) + 3CO(g) 

It is possible thermodynamically
6
 for the reaction  

Cr2O3 + 3C = 2Cr + 3CO 

to occur at 1240ºC . But at this temperature the metal is unstable in the presence of carbon which 

forms Cr23C6, Cr7C3, Cr3C3 etc. 

As temperature increases lower carbides react with Cr2O3 to form higher carbides, until the 

temperature reaches 1820ºC when Cr metal is the stable phase. The question is to whether 

chromite reduction is a pure solid-solid reaction or a gas-solid reaction or a mixture of both has 

not been decided conclusively. 

REASONS FOR THE USE OF INJECTION METALLURGY: 

In Fe-Cr making mass transfer at 1500 C the rate limiting steps3 are the most frequently the 

transport barriers 

(Material flow)  F= AD/δ. ∆c   δ- thickness of boundary layer 

      ∆c-concentration gradient 

      D-Diffusion constant 

      A-Specific surface. 

 

‘A’ can be improved by breaking solids into powders, liquid into droplets and gases into small 

bubbles. ‘δ’ can be minimized by stirring. Injection metallurgy is the logical application of the 

optimum mass transfer condition and is the only possible technique where powders must be used 

in pyrometallurgical process. 
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SMELTING BY INJECTION: 

 

Dried powders of Chromite Red (CR), Chromite Grey (CG) and Chromite Brown (CB) were 

sieved to obtain proper particle size (-72μ to 240μ). The ore and coal/charcoal/ graphite were 

thoroughly mixed in the ratio of 10:3, 10:2 and 10:1.5. The mixture was fed into a specially 

designed dispenser which has an inlet to allow argon to fluidise the material and an outlet for 

injection. 

 

The fluidized powder was then injected deep inside the melt through a graphite lance in a molten 

mild steel/cast iron bath kept in an induction furnace. A prefused slag (10 gms) of CaO: Al2O 3: 

CaF2 = 6:3:1 was maintained for all the experiments. During the process of powder injection 

metal samples were collected with the help of a suction device. Some experiments were 

conducted by charging chromite directly into Fe-C melt. Samples were collected directly at an 

interval of two minutes by using a small permanent steel mould for casting. The samples were 

individually analysed for Cr, Fe, C, S and P by sparking in spectrometer. For each samples 

analysis an average of two sparks were considered. About 600 gms mixture was taken and about 

100 gms were injected in each heat. Five samples were collected per heat. Chemical analysis of 

CR, CG, CB, CK (Chromite for plasma smelting) coal, charcoal and graphite are given in Table 

1 and 2, 2A. 
Table 1. Chemical analysis of chromite ores 

CONSTITUENTS %CR %CG %CB %CK 

Cr2O3 30 36 43.93 51. 

Fe2O3 30  21.00  

FeO 4 20.8  24.00 

Al2O3 13 5.32 19.48 10.50 

MgO 4 17.50 7.52 8.00 

SiO2 10 17.95 7.42 8.50 

Rest NiO, CoO, CaO 9 CaO 35%   

Cr 21 25 30 34.89 

Fe 24.1 16.1 14.7 18.67 

Cr/Fe 0.87 1.54 2.31 1.87 

 

 

Table 2. Chemical analysis of coal, charcoal and graphite 

CONSTITUENTS COAL CHARCOAL GRAPHITE 

MOISTURE 7.0%  8.0% - 

ASH 17.5% 4.5% - 

V.M 31.0% - 2% 

F.C 44.7% 87.5% 98% 
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Table 2 A. Data for smelting of Chromite by Plasma Reactor 

Sr. No. Chromite Ar Flow Rate 

(1/m) 

Particle 

Size(micron) 

Smelting 

Time (min) 

Wt of 

Reduc- (gm) 

Wt. of 

Slag 

(gm) 

1. CB 2 -250µ to +300µ 20 100 (coal 

45% F.C) 

10 

2. CR 1.6 -300µ to +500µ 25 120 (graphite 

98% F.C) 

25 

3. CG 1.6 -300µ to +500µ 30 120 (graphite 

98% F.C) 

25 

OPERATION OF PLASMA REACTOR: 

 

Thermal plasma used for metallurgical applications
7

 is a partially ionized Argon gas which is 

easily produced by passing through an electric arc discharged across a pair of electrodes. 

Research and Development and academic institutions take particular interest for the preparation 

of ferrochrome by various thermal plasma reactor perhaps due to fast depletion of hard lumps 

and high grade chromite concentrates. High Cr steel and low carbon steel, an important goal in 

the oxidation of carbon to very low values without successive simultaneous loss of Cr can be 

carried out i.e. CrxOy + YC = xCR + yCO with following steps: 

 

a) Dissolution of Cr2O3 at the oxide metal interface  Cr2O3 (s) = 2Cr + 3C. 

b) The transport of Cr and Oxygen from the oxide/metal boundary to the bulk metal. 

c) Transport of oxygen. 

d) Carbon from the bulk metal to the mixed phase boundary. 

e) Reaction of carbon and oxygen at the metal/ gas/ phase boundary to form CO i.e.                                                      

C+O=CO(g) 

 

The charge of preparation of ferroalloy is placed in the reactor hearth by keeping mild steel strip 

in contact with the bottom electrode. Arc was then struck against the mild strip by bringing the 

top electrode in contact with in and slowly separating away to a critical distance. At one end of 

the reduction the graphite plug from tap hole was removed to drain the alloy and slag in suitable 

container. About 1000 gms mixture with 20% carbonaceous reductant and 20 gms of flux was 

charged. (Fig 3) shows the schematic sketch
8
 of a plasma reactor. 

 

Fig 2: Experimental set-up for powder injection 

1.Graphite lance; 2. Magnesite crucible; 3. Molten Fe-C melt; 4. Induction furnace; 5. Powder 

dispenser; 6. Fluidised powder; 7. Rotameter; 8. Argon gas cylinder 
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Fig 3: Schematic diagram of an indigenously developed extended arc plasma reactor 

1.Plasma; 2. Magnesia Coating; 3. Graphite Crucible; 4. Bubble Alumina; 5. M.S. Casing; 6. Tap 

Hole; 7. Alumina Bush; 8. Bottom Graphite Electrode; 9. Wafer Inlet; 10. Water Outlet; 11. 

Outlet for Exhaust Gases; 12. Graphite Sleeve; 13. Top Graphite Electrode; 14. Axial Hole; 15. 

Copper Block; 16. Plasma Forming Gas; 17. Electrical Insulation; 18. Rack & Pinion 

Mechanism; 19. Hopper 

SLAG CHEMISTRY: 
 

The addition of certain basic oxides lowers the liquidus temperature of different slag containing 

CaO and Al2O3. This means sufficient super heat is available to make the slag sufficiently fluid 

at the working temperature. CaF2 is said to reduce the viscosity of slag. Slag contains 30 wt% of 

CaF2  has the lowest liquidus temperature
9
. Based on this, a flux containing CaO (60%), Al2O3 

(30%) and CaF2 (10%) was chosen which has lower viscosity and lower liquidus temperature, it 

is effective in improving the kinetics of the slag metal reaction and proper slag metal separation.  

 

RESULT: 

 

The fraction reacted (f) was calculated on the basis of total Cr in the metal at any instant of time 

divided by the total Cr charged for both the experiments of smelting by injection and in plasma 

reactor. Following studies were carried out. 

i. Recovery of Cr and the fraction reacted (f) against time (t). 

ii. Variation of [%C] of the melt with time. 

iii. Variation of [%P] of the melt with time. 

iv. Variation of [%S] of the melt with time. 

v. Calculation of % matallisation of Cr and Fe by smelting in plasma reactor. 

vi. Slag analysis. 
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DISCUSSION: 

 

As soon as a chromite particle enters the Fe-C system both Fe2O3 and Cr2O3 get partial reduction 

during floating in slag phase forming Cr2O3, CrO and FeO. They react with gangue materials of 

ore (SiO2, Al2O3) fuse and assimilate in the slag phase. Thereafter the remaining particles i.e. 

oxides of Cr and C get reduced by carbon of Fe-C melt. Injection of chromite powder is therefore 

expected to accelerate the dissolution of these oxides in the slag phase which in turn helps in the 

easier reduction of these oxides. 

 

This mechanism is supported by the observations made by direct charging and injection of same 

grade chromite (fig.4). It shows that CB + 20%C shows much faster rate of reduction when 

injected in Fe-C melt than in the case of direct charging. In fig.5 there is a comparison of CB 

with 20% coal, 20% charcoal and 20% graphite. It seems that graphite reduction gives the 

maximum Cr recovery. Its density is higher when compared to charcoal and coal and during 

fluidization graphite can be injected efficiently with chromite inside the melt
6
 whereas coal dust 

and charcoal particles get fluidized earlier and burn out at the outlet of graphite lance. 

 

REACTION MECHANISM AND RATE DETERMINING STEPS: 

 

Differentiation is to be made between the reduction of pure oxide, oxide diluted in slags and 

mixed oxides as well between type of reduction agent e.g. solid carbon dissolved in metal, or 

slag or gaseous CO. During the reduction the change of concentration often gives rise to a 

change in rate determining steps. 

 

 23Cr(s) + 6C(s) =  Cr23C6(s)   25-1400ºC (Temperature of existence). 

 7Cr(s) + 3C(s)   =  Cr7C3(s)   25-1200ºC (Temperature of existence). 

 3Cr(s) + 2C(s)   =  Cr3C2(s)   25-1700ºC (Temperature of existence). 

 

In the above mentioned carbides, their stability have been predicted in between 1200ºC - 1700ºC. 

The maintaining of the bath at 1800ºC may favour the reverse reaction and hence more solid 

carbon is available for CrO and FeO reduction during smelting by injection. 

The resistance of stainless chrome nickel steels to corrosion increases as the carbon content 

decreases. During stainless steel, Cr is oxidized in preference to carbon by evolution of strong 

brown fumes resulting in serious loss of valuable metal in slag. Solid slag creates operational 

difficulties. Lack of carbon boil lessens the removal N2 and H2 from the bath. Hitly
11

 found that 

the Cr and C oxidations are reversed at very high temperature at 1800ºC (in the present 

investigation also the temperature of melt was maintained at 1800ºC) where carbon is oxidized 

before Cr and these conditions can be reached rapidly by injection metallurgy as discussed 

earlier which favours the following reaction. 

CrO + [O] = [Cr] + CO 

The plot of the logarithms of [%C] & [%Cr] give straight lines for CB5 + 20%C, CB + 15%C 

injection (fig.5). According to Ricnardson and Dennis
12

 the decarburization take place according 

to 
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   (Cr2O3) + 3C = 2Cr + 3CO 

Activity of carbon is influenced by the concentration of Cr and C and the straight lines must be 

due to the fact that activity coefficient of carbon is lowered by Cr in such a way that 

[%Cr]/[%C]= a constant Table 3. This reveals the fact that the chromite reduction with 

carbonaceous reductant is Chemical reaction rate control (Fig 5). From Figs. 6, 7, 8 we see – 

In(l-f) x 10 Vs time(min) plots show a straight line behavior. Therefore, such reactions follow 

the path of first order reaction kinetics. 

 
Fig 4: Comparison of processes of chromite powder (CB+ 20% Coal) in Fe-C melt  

(f-t plots) at 1620ºC. 

 

Fig 5: Relation between [%Cr] & [%C] of Chromite injection in induction furnace.  

 

Fig 6: Plots of fraction reacted against time during injection of chromite powder 

containing coal/charcoal/graphite in high carbon Fe-C melt at 1620ºC. 
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Fig 7: Plots of –ln(l-f) x 10
1
 against time in low carbon Fe-C melt during chromite 

powder (CB + 20% Coal) injection. 

 

 

Fig 8: Plots of –ln(l-f) x 10
1
 against time in high carbon Fe-C melt during injection of 

chromite powder containing coal/charcoal/graphite. 

 

Table 3. Table showing [%Cr]/[%C] = a constant 

Heat %Cr / %C value vs Time (min) 

2 min. 4 min. 6 min. 8 min. 10 min. 

CB + 15% C  0.83 3.00 5.00 5.00 5.50 

CB + 20% C 0.15 0.16 0.16 0.15 0.19 

CB + 30% C 0.4 1.05 1.09 0.82 0.19 
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Fig 9: Variation of [%C] with time in low carbon Fe-C melt during injection of 

chromite powder with charcoal. 

 

 

Fig 10: Variation of [%C] with time for directly charged chromite powder containing 

coal/charcoal in high carbon Fe-C melt. 

CARBON PICKUP: 

Initially there is a drop in the carbon content of the melt. But towards the end of the blow carbon 

content increases, pickup from graphite tube outlets during powder injection. The average carbon 

content at starting and finishing of powder injection remain in the range of 0.2% to 0.3%. A part 

of the carbon injected goes to replenish the carbon of the melt, a part of it dissolves in the melt 

and the rest burns in the atmosphere. (Fig.9 and 10). In high carbon melt the starting and 

finishing of carbon varies from 3.36% to 3.81%. 

DEPHOSPHORISATION: 

P comes from the chromite and from reductants. Its level decreases to 0.019% from an initial 

level of 0.03% during smelting (Fig.11). It indicates that both phosphorus pickup and 

dephosphorisation are taking place in the bath. Initially the bath picks up P during powder 

injection due to the presence of CaO rich slag 2/3H2 + P = PH3. Further phosphorus of the melt 

react with H2 liberated by the volatile matter to form PH3 gas which escapes from molten bath. 
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Fig 11: Variation of [%P] with time in low carbon Fe-C melt during injection of 

chromite powder (CB + 20% coal). 

 

 

Fig 12: Variation of [%S] with time in low carbon Fe-C melt during injection of 

chromite powder with coal. 

DESULPHURIZATION: 

Sulphur level initially increases and later decreases due to desulphurization by the slag. The 

sulphur level has been brought down from 0.05% to 0.01% (fig.12). The high degree of  

desulphurization is possible because of the lime rich slag and the reducing conditions due to the 

presence of carbon in the melt. 

CARBOTHERMIC REDUCTION OF CHROMITE ORE FINES: 

a) High Temperature Superkanthal Furnace: 

Chromite ore fines with 10% coal was taken in a zirconia crucible and treated for 60 

minutes in Ar atmosphere inside the furnace at 1550ºC. Later the crucible was broken to 

take out the sample. Fused mass obtained and slag metal separation was not possible. The 

reason being the absence of a proper slag with good fluidity. There was no arrangement 

for stirring the material which is an essential step. Metallisation in the range of 40%-50% 

was obtained. 
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b) Injection of chromite in Induction furnace: 

500 gms ore was taken in a graphite crucible in a graphite crucible with 20% coal. The 

top of the crucible was covered with lid having a hole in which a graphite stirrer was 

used. Flux was added and Fe-C-Cr alloy was produced. The reaction temperature was 

kept at 1600ºC for 60 minutes. Molten metal was tapped in a cast iron mould. Fluidity 

was not good, hence metal droplets were obtained because the temperature was not 

sufficient to produce a fluid slag. Reaction kinetics were controlled by gasification 

reactions. Increasing temperature would enhance the rate of reduction and the recovery of 

Cr. 

SMELTING OF CHROMITE IN PLASMA REACTOR: 

Recovery of metal with three types of ore fines were found to vary in the range of 67% to 97%. 

Ar flowrate (2 1/min) was very high. In another experiment. 1.6 1/min Ar flowrate was used to 

prevent escaping of fines for 25 minutes. Metal recovery was 75% with 53% metallization. The 

fluidity of the metal and slag was very good and resulted in excellent slag metal separation 

(Table 4 and 5). It can be compared to reported value
10

. 

Table 4. Results of smelting of Chromite in Plasma Reactor 

Sr. 

No. 

Chromite Reduction time 

(min) 

% Recovery Metalisation 

%Cr %Fe 

1. CB 20 66.96 56.83 67.24 

2. CR 25 74.32 52.95 97.95 

3. CG 30 96.90 63.73 79.00 

Table 5. Smelting of Chromite in Plasma Reactor variation of Recovery and Metalisation with 

respect to reduction period 

Sr. 

No. 

Reduction time (min) % Recovery Metalisation 

%Cr %Fe 

1. 40 68.53 34.00 33.70 

2. 50 86.43 78.81 68.53 

3. 60 92.43 92.83 64.46 

4. 70 93.63 87.07 92.02 

CONCLUSION: 

1. Injection accelerates the dissolution of Cr2O3, Fe2O3, FeO etc. in the slag phase and the 

smelting reduction becomes easier. 

2. Injection increases the rate of recovery of Cr% as compared to direct charging. 

3. –ln (l-f) x 10 Vs time plots show the reduction takes the path of first order reduction 

kinetics. 

4. Mechanism of smelting reduction of chromite is chemical reaction rate control. 
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5. The slag analysis of smelting experiments show around 1/3
rd

 of Cr goes into slag in the 

form of Cr2O3 which shows the poor recovery of Cr. Slag ratio was 0.22 to 1.15 (Table-

X). 

6. The flow rate of plasma forming argon gas, smelting time and a proper slag are important 

factors controlling recovery of Cr. 

7. Injection of chromite fines with coal dust will certainly yield low carbon crude stainless 

steel to the market and will save substantial amount of electrical energy. 
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