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• FeCr production and
then alloying of
steels.

• Similar as process
route (a);

• Potential energy-
saving due to process
integration.

(c) Direct alloying by smelting reduction of chromite  

• No FeCr production;
• Potential energy-

saving due to
integration.

Characteristics:
Smelting reduction; high C in the
iron melt; Cr yield: 70-100%

 Cr alloying: the state of the art
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Direct alloying steel with Cr in the EAF → 
production of Cr low-alloyed steels

Chromite ore + magnetite 
+ reductant 

Cr pre-alloyed iron 
powder or DRI

Solid-state reduction

Direct alloying iron powder or DRI 
with Cr. 

Expected benefits:
 Energy saving
 Raw materials saving

 Cr alloying: the new proposal

Chromite 
+ FeOx + C

Proposal: direct alloying steels by solid-state reduction of chromite ore
Method: carbothermic reduction of chromite ore together with FeOx (mill scale, 
magnetite, etc.)
Principle: FeOx will be reduced to iron first and the formed iron will enhance the 
reduction of chromite due to the decrease of Cr activity in the formed alloy. 
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Chromite ore + magnetite + anthracite 

Direct alloying iron 
powder/DRI with Cr

Chromite ore + mill scale + coke 

Effect of FeOx on the 
reduction of chromite

FeCr2O4 + graphite + iron powder 

Effect of Fe on the 
reduction of chromite

 The carried-out work

80 kg scale
7 kg scale

0.2 kg scale
Chromite + mill scale + coke

Direct alloying steel with Cr



Effect of iron addition on the reduction of FeCr2O4
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 Results
1. The effect of FeOx addition on the carbothermic reduction of chromite 

Effect of mill scale addition on the reduction of chromite ore
(#1b: 78 wt.% addition; #2b: 38 wt.% addition; #3b: no addition.)

TGA results: FeOx addition significantly enhances the carbothermic reduction of chromite. 
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XRD results:

Dissolution of Cr into the iron
and mixed carbides (Cr,Fe)7C3
during the reduction of chromite

Selected diffraction peaks of graphite, (Cr,Fe)7C3 and Fe-Cr-C alloy for 
sample S1, sample S3 and sample S5 

No iron addition

40 wt.% iron addition

80 wt.% iron addition Direct Cr alloying during 
the reduction 



2. Carbothermic reduction of chromite ore and magnetite

TGA results by using different mixtures 

TGA results: 

• The reduction of chromite 
ore with lower Cr/(Cr+Fe) 
ratio is easier.

• Chromite ore can be 
almost completely reduced 
at and below1473 K.
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Magnetite + anthracite
Chromite ore + magnetite + anthracite

Cr/(Cr+Fe)=2.5%

Chromite ore + magnetite + anthracite
Cr/(Cr+Fe)=6.2%
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Fe:Cr = 37.9:1
Fe:Cr = 26.7:1

Fe:Cr = 58.2:1

(a)

+

+

+

Fe:Cr = 10.5:1 

Fe:Cr = 15.1:1 

Fe:Cr = 34.6:1 

(b)

SEM observation: (a) Mixture 2 after reduction and (b) 
Mixture 3 after reduction. 

Formation of powder-form 
Cr-alloyed iron.
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(a) Chromite ore + magnetite + anthracite
Cr/(Cr+Fe)=2.5%

(b) Chromite ore + magnetite + anthracite
Cr/(Cr+Fe)=6.2%



3. Induction furnace trials with the briquettes made from ‘chromite 
ore + mill scale + petroleum coke’
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Cr/(Cr + Fe) in the alloying briquette(s)/mixture
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Mill scale addition can improve the Cr
yield from chromite ore.
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 Conclusions
• FeOx (iron powder, mill scale or magnetite) can enhance the carbothermic

reduction of chromite; the Cr yield from chromite ore increases when increased
amounts of FeOx are added.

• “Chromite ore + mill scale + carbonaceous materials” can be potentially used to
directly alloy steels with Cr; “chromite ore + magnetite + carbonaceous
materials” can be potentially used to produce Cr pre-alloyed iron powder or DRI.

• The proposed processes imply improved energy efficiency and raw materials
efficiency.
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