
ORIGINAL ARTICLE

Smelting Process of Chromite Ore Fines to Produce Crude
Fe–Cr–Ni–N Alloy

Raj Kumar Dishwar1 • Shavi Agrawal2 • Arup Kumar Mandal3 • O. P. Sinha1

Received: 25 September 2019 / Accepted: 17 January 2020 / Published online: 29 January 2020

� The Indian Institute of Metals - IIM 2020

Abstract The smelting behavior of waste chromite ore

fines containing Cr and Ni to produce crude Fe–Cr–Ni–N

alloy was investigated in this study. In the experiments, for

each heat, liquid steel melt (metal pool 1 kg) was prepared

in a 3–capacity laboratory-scale electric arc furnace for the

absorption of reduced metals like chromium, nickel, etc.,

under hydrogen and nitrogen plasma atmosphere at

* 1600 �C temperature. The result shows the formation of

crude alloy containing * 13% Cr, * 3% Ni along with

* 500 ppm nitrogen. The highest recovery level of chro-

mium was achieved * 63% in 20-min nitrogen plasma

exposure. A negligible amount of chromium recovery

(14.73%) in case of only hydrogen plasma and improved

recovery (60%) for a combination of carbon and hydrogen

plasma was observed. Suitable nitrogen level in the Fe–Cr

melt can replace the required nickel content for making

austenitic stainless steel. Hence, smelting reduction of

chromite ore fines in the plasma arc furnace could be

feasible to produce crude Fe–Cr–Ni–N alloy. This alloy

could be used for making austenitic stainless steel after

adopting suitable decarburization techniques.

Keywords Fe–Cr–Ni–N alloy � Plasma smelting �
Stainless steel � Chromium recovery � Hydrogen plasma �
Nitrogen plasma

1 Introduction

Stainless steel is used in various applications by different

sectors due to their excellent corrosion properties [1].

Chromium is the major alloying element which is respon-

sible for good corrosion resistance properties in the stain-

less steel. Older route of stainless steel making through the

blast furnace hot metal (before 1952) was replaced by

electric arc furnace (EAF) route. Nowadays, stainless steel

is generally manufactured by EAF-AOD/VOD route, uti-

lizing steel scrap and ferroalloys [2].

Chromite—FeO.Cr2O3 (68%Cr2O3, 32%FeO)—is the

primary mineral of chromium. Around 40% of Indian

chromite ore reserves are suitable for metallurgical use,

33% for refractory bricks making, and remaining 27% for

chemical industries [3–5]. The addition of the chromium in

stainless steel has been done in the form of ferrochrome

because the melting point of pure chromium is very high

(1875 �C). About 60–70% of the mined chromite is utilized

in the production of ferrochrome for metallurgical use

where around 65% of this ferrochrome goes into the

manufacturing of stainless steels. Production of the fer-

rochrome by EAF requires a large amount of electric power

2.4–4.8 MWH/ton. Slag produced during the production of

ferrochrome has carcinogenic hexavalent chromium (Cr6?)

which affects the environment significantly [6, 7]. Ahmed

et al. [8] studied the feasibility of making direct chromium

alloy by smelting reduction using chromite ore in the

electric arc furnace. They proposed that the production of

high-chromium iron and steel alloys are feasible by the

smelting route of chromite ore at the higher temperature

after suitable decarburization by secondary refining.

Hu et al. [9] studied the direct alloying of steel with

chromium by using briquettes made from chromite ore,

mill scale, and petroleum coke. They found that the steel
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scrap can be alloyed with chromium by the chromite ore

present in the briquettes. Chromium yield from the chro-

mite ore increases with the increases in mill scale addition

into the briquettes. The maximum chromium yield from the

chromite ore is 99.9% when the Cr to (Cr ? Fe) ratio in

briquettes is 0.05, while it is only 67.1% when the Cr to

(Cr ? Fe) ratio is 0.20. In this study, the reduction of

chromite ore is promoted by the solid-state reduction

mechanism. Lot of work have been done by researchers in

the field of reduction of stable oxides by the plasma tech-

nology [10, 11]. Plasma processing of metal oxide is an

interdisciplinary field which requires deep knowledge of

both physics behind the plasma and metallurgical engi-

neering. Hydrogen plasma provides thermodynamic

advantages for reduction of oxides because of the presence

of atomic, ionic, as well as excited hydrogen species that

are energetically much more effective for reducing metal

oxides compared to molecular hydrogen. Kinetic barrier

associated with hydrogen plasma reduction processes can

be removed because of higher local temperature generated

due to plasma-assisted reactions. The activation energy of

the plasma-assisted reaction is lower compared to the

corresponding standalone reaction. Hydrogen plasma pro-

cessing to reduce oxide minerals provides a potential future

option [12]. Plasma technology is known as sustainable

process because it is eco-friendly due to the generation of

less noise and emission [13, 14]. Therefore, this technology

is gaining popularity day by day for the smelting reduction

of stable oxides [15]. Cobalt oxide can be successfully

reduced by low-temperature (823–1039 K) hydrogen

plasma. The activation energy of the process is found to be

26.2 kJ/mol for Co3O4–CoO reaction and 13.3 kJ/mol for

CoO–Co reduction. These lower values of activation

energy open up new possibilities of in-flight reduction by

low-temperature hydrogen plasma for mass production

[16]. Use of hydrogen plasma provides the reducing

atmosphere whereas nitrogen plasma provides the inert

atmosphere around the melt [17]. 2–4% nickel can be

replaced under nitrogen plasma for making austenitic

stainless steel by introducing 1500 ppm nitrogen [18].

Nitrogen not only replaces the nickel content but also

improves the mechanical and corrosion resistance (espe-

cially pitting corrosion) properties of steel significantly

[19, 20].

The aim of this work is to develop crude Fe–Cr–Ni–N

alloy by smelting process of waste chromite ore fines using

plasma smelting route. The subject of this work is to study

the effect of plasma environment, charge chemistry, and

plasma exposure time on the recovery of chromium and

nickel from chromite ore and absorption of nitrogen from

the plasma environment.

2 Experimental

2.1 Materials

The chromite ore fines were used for smelting study, pro-

cured from Sukinda mines, Odisha, India. Mild steel was

used for making pool of liquid iron melt. Coke powder was

used as a reducing agent with lime powder which maintains

the required basicity of slag. The chemical composition of

raw materials was analyzed with the help of XRF, Foundry

master, and proximate analysis, reported in Table 1. The

Cr2O3 content of chromite ore was 52.3% along with minor

amount of NiO (0.14%). The total content of other impu-

rities like Al2O3, P2O5, TiO2, and V2O5 was * 20%,

which formed a good amount of slag in the refining step of

stainless steel. Therefore, the smelting process of chromate

ore fines by adjusting the slag chemistry was crucial for

obtaining the Fe–Cr–Ni alloy. Due to the presence of lower

amount of nickel content in the chromite ore fines, extra

nickel addition or nickel replacement by other elements

like Mn or nitrogen was required to achieve the targeted

composition of stainless steel. Figure 1 shows the phase

analysis (XRD) of chromite ore. Phase analysis shows

chromium present as FeCr2O4 in the ore. Chromium does

not exist in the free form.

2.2 Methods

In the smelting experiments, for each heat, liquid steel melt

pool was prepared in a 3-kg-capacity laboratory-scale

plasma arc furnace to act as a liquid metal bath for

absorption of reduced metals like chromium and nickel

from the chromite ore. The addition of charge mix was

made in the metal pool under hydrogen/nitrogen plasma

atmosphere at * 1600 �C temperature. Hydrogen or

nitrogen was introduced in the furnace from the top with

the help of hollow graphite rod to create the plasma by

ionizing process. Figure 2 shows the schematic sectional

view and isometric diagram of the furnace setup used in the

present study. Three types of charge material were pre-

pared for melting. Table 2 shows the details of the charge

mix composition used for the present study. Charge Mix-1

did not contain carbon. It was used to determine the effect

of hydrogen on the reduction of chromite ore. Charge Mix-

2 contained carbon. It was used to determine the effect of

combination of carbon and hydrogen as well as carbon and

nitrogen on the reduction behavior of chromite ore. Charge

Mix-3 contained the double amount of chromite ore, car-

bon, and ferrosilicon to study the effect of charge quantity

on the reduction behavior of chromite ore.

After complete melting of charge mix, samples were

taken out at 10, 20, and 30 min from the metal pool.
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Samples of each heat were analyzed for their chemical

composition using Foundry Master (model WAS,

01J0054). The detailed analysis of samples is shown in

Table 3.

Table 3 explains the chemical composition of the sam-

ples which was achieved after 30-min time exposure for

each heat. There were four heats taken to understand the

behavior of chromite ore reduction under different condi-

tions. In the case of the first heat, Charge Mix-1 was added

in the melt pool under hydrogen atmosphere to determine

the effect of hydrogen on the reduction of chromite ore. For

the second heat, Charge Mix-2 was used to determine the

effect of combination of carbon and hydrogen on the

reduction behavior. For the third heat, Charge Mix-2 was

used to determine the effect of combination of carbon and

Table 1 Chemical composition of raw materials used for the present study

Chromite ore (wt%)

Cr2O3 Fe2O3 Al2O3 P2O5 TiO2 V2O5 NiO Others

52.3 23.77 18.59 0.48 0.19 0.18 0.14 Rest

Mild steel (wt%)

Iron Carbon Silicon Manganese Sulfur Phosphorous Others

99.2 0.05 0.11 0.55 0.04 0.05 Rest

Proximate analysis of coke (wt%) Lime (wt%)

Fixed carbon Moisture Volatile matter Ash content CaO LOI

67.55 2.15 4.13 26.17 [ 90 Rest

Fig. 1 Phase analysis (XRD) of chromite ore: chromium iron oxide

(Cr0.75Fe1.25) O3, bayerite (H3Al1O3), iron chromate (Cr2FeO4),

magnetite (Fe3O4)

Fig. 2 Diagram of furnace used to melt the material: a schematic diagram of cross sectional view and b isometric diagram
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nitrogen atmosphere on the reduction behavior of chromite

ore. In the fourth heat, Charge Mix-3 containing the double

amount of chromite ore, carbon, and ferrosilicon was used

to study the effect of charge quantity on the reduction

behavior of chromite ore. In Table 3, data of the fourth heat

show chemical composition of sample at different time

intervals. It was used to determine the effect of exposure

time on the reduction behavior with absorption of nitrogen.

From Table 3, it is very clear that with increasing time of

exposure, carbon content decreases and chromium, nickel,

nitrogen content increases in the melt.

3 Results and Discussion

3.1 Effect of Reductant on the Recovery

of Chromium

The chromium recovery at 30-min exposure time under

hydrogen plasma and by addition of carbon under hydrogen

plasma is shown in Fig. 3a. It is observed that no signifi-

cant recovery (14.73%) of chromium has occurred in the

case of hydrogen plasma without carbon, whereas it

improves significantly (60%) for the carbon addition. This

behavior may have happened due to the carbothermic

reduction at high temperature which reduces the iron

chromate efficiently and increases the recovery of chro-

mium. The reaction between carbon and Cr2O3 occurs

below 1573 K [2]. Thermodynamic and kinetics study of

the chromite ore reduction with carbon shows the follow-

ing type reactions [21].

Cr2O3 þ 3C ¼ 2 Cr½ � þ 3CO 21½ � ð1Þ

Chromite ore is always found in the combined form. The

following reactions occur:

FeCr2O4 þ 4C ¼ Fe½ � þ 2 Cr½ � þ 4CO 21½ � ð2Þ
MgCr2O4 þ 3C ¼ MgOð Þ þ 2 Cr½ � þ 3CO 21½ � ð3Þ

It is assumed that in all cases, carbon is in the excess

amount. Although hydrogen plasma creates the reducing

atmosphere, due to the absence of carbon, no more

recovery is observed in the case of only hydrogen

plasma. Therefore, carbon is necessary for the reduction

of chromite ore at a higher temperature. Carbon content in

metal greater than 5% and temperature greater than

1600 �C have been identified as the main key factors for

the maximum recovery of chromium (90%) for the

stainless steel making [21].

3.2 Effect of Atmosphere on the Recovery

of Chromium

The recovery from chromite ore at 30 min exposure time

using different plasma atmosphere with carbon is shown in

Fig. 3b. In case of hydrogen plasma atmosphere, recovery

of chromium is observed as 60%, while in case of nitrogen

plasma atmosphere, it is 63%. Hydrogen plasma creates a

reducing atmosphere, but recovery is observed to be

Table 2 Charge mix composition (gm) used for the present study

Material Mix-1 Mix-2 Mix-3

Mild steel 1000 1000 1000

Chromite ore 504 504 900

Manganese 220 220 220

Carbon Nil 200 400

Lime 100 100 100

Ferrosilicon 50 50 100

Table 3 Chemical analysis (%) of products sample after each heat

Input parameter Heat No. Heat-1 Heat-2 Heat-3 Heat-4

Plasma Hydrogen Hydrogen Nitrogen Nitrogen

Mix Mix-1 Mix-2 Mix-2 Mix-3

Exposure time (min) 30 30 30 10 20 30

Chemical composition analysis of metal (wt%) C 0.0681 0.232 0.401 2.28 2.1 1.67

Si 0.01 0.045 0.039 1.15 1.29 1.32

Mn 8.22 7.04 6.100 6.30 6.19 5.97

P 0.05 0.021 0.016 0.037 0.027 0.032

S 0.03 0.042 0.056 0.034 0.04 0.037

Cr 1.88 8.17 10.00 11.5 12.9 13.2

Ni 1.94 2.05 2.67 0.125 0.126 0.128

N (ppm) Nil Nil 209 480 500 519
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slightly higher in the case of nitrogen plasma. Nitrogen

plasma creates the inert atmosphere which protects the re-

oxidation loss of the chromium from the melt, while

hydrogen plasma consumes the carbon at a higher tem-

perature and retard the activity of the carbon in the melt

pool [15]. The amount of absorbed nitrogen is * 500 ppm

during the nitrogen plasma exposure. It can promote the

saving of the nickel for making austenitic stainless steel

[17]. The nitrogen absorption by melt does not obey the

regular fashion because absorption and desorption phe-

nomena of nitrogen may take place in a short time interval.

The amount of nitrogen absorption can reach up to

2000 ppm which can save * 4% nickel during stainless

steel making [13, 17].

3.3 Effect of Charge Chemistry on the Recovery

of Chromium

The recovery of chromium at 30 min exposure time by the

addition of different quantity of charge material is shown in

Fig. 3c. In the first set, mixture of 500 g chromite ore and

200 g coke has been charged, while in the case of the

second set, mixture of 900 g chromite ore and 400 g coke

has been charged. In the first, chromium content and

recovery of chromium are 10 wt% and 63%, respectively,

while in the second case, it is 13.2 wt% and 61% respec-

tively (Table 3).

Chromium content more than 10% promotes this route

for stainless steel making. There are no significant changes

in the recovery of chromium on an increasing amount of

chromite ore addition but increased the content of chro-

mium a little bit in the alloy at constant time (30 min). It

can be possible to increase the amount of chromium

recovery by increasing the exposure time. Basicity is a

major factor used to control the slag foaming. It is rec-

ommended that complex basicity between 2 and 2.5% is

used for the reduction of chromite ore [21].

3.4 Effect of Exposure Time on the Recovery

of Chromium

The recovery of chromium with respect to time and rate of

chromium recovery are shown in Fig. 4. From the previous

experiment, it is clear that the recovery of chromium is

highest in the nitrogen plasma environment. Samples have

been taken out after complete melting of charged materials

for nitrogen plasma exposure of 10-min interval to deter-

mine the kinetics of the reaction. Figure 4a shows the

percentage of chromium present in the total melting pool at

different interval of time and their recovery from the

chromite ore. Figure 4a shows that the amount and

recovery of chromium, both increase up to 20 min and then

remain almost constant. It means that after 20 min expo-

sure time, recovery becomes very slow. Figure 4b shows

that average rate of recovery is increased up to * 10-min

exposure time. In the initial stage, amount available for the

reaction is more; that is why more product formation takes

place. After 10 min time, amount available for the reaction

decreases, so rate of reaction also decreases. From Fig. 4b,

it can be seen that in the first 10 min, maximum recovery

takes place. In next 10 min, means during the 10–20 min

time, recovery decreases drastically, and this shows that the

amount available for the reaction decreases. In next

20–30 min, time exposure recovery becomes very slow.

This indicates that reduction of Cr2O3 is almost completed

in 20 min [2].

Two mechanisms have been proposed by which the

recovery of chromium from the chromite ore can be cor-

related. The grains of chromite ore dissolved into the slag

matrix can react with solid carbon particles [22, 23]. The

second mechanism is based on the ionic diffusion model.

According to this mechanism, CO diffuses inside the

chromite matrix and by diffusion, a different variety of ion

comes outside. In the first stage, iron-containing minerals

are reduced first by the CO gas. Once the reduction of iron-

bearing materials is complete, then the reduction of

Fig. 3 Effect of smelting process parameters on grade and recovery of chromium; a reductant (with and without reductant in a hydrogen

atmosphere), b atmosphere (reducing and neutral atmosphere), c charge material quantity (single and double)
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chromite ore takes place [24, 25]. It can be due to the

carbothermic reduction. In the starting, carbon reacts very

fast with the chromite ore and produces chromium, but

after 10 min, the amount of both carbon and chromium

decreases which makes the process slower, but still it is

continued up to 30 min. Due to the high arc plasma pres-

sure, it may form the bubbles, which increases the surface

area for the reduction of chromite ore. It may be another

reason for increased chromite reduction in plasma. Chro-

mium and contents of the metallic phase increase with the

temperature and time of the reduction. Finally, Cr/Fe ratio

increases with higher reduction temperature and residence

time [6].

4 Conclusion

The following conclusions can be drawn based on the

present study:

• Chromite ore can directly be used for the production of

crude Fe–Cr–Ni–N alloy.

• Suitable nitrogen absorption and manganese addition in

the Fe–Cr melt can replace the required nickel content

for making austenitic stainless steel.

• This process can be used to eliminate the step of

production of ferrochrome to produce stainless steel

after refining.
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