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ABSTRACT 

Traditional process for ferro chromium production presents metallic chromium recovery from chromite concentrate 

bellow 90%. The self-reducing process, using carbon composite agglomerate, reaches this recovery higher than 

95%, and the reduction occurs faster than that of the traditional ones.The reaction rate of self-reducing pellets is 

highly dependent on the temperature and the rate of the temperature increase from the surface to the center of the 

agglomerate. The temperature gradient is dependent on the heat flow from the peripheral areas to the inner parts and 

is affected by many factors, such as the particle size of the raw materials; the components, phases and porosity of the 

pellet; the chemical reactions that occur within the agglomerate; and the counter-flow of the generated gases. This 

gradient is larger in such situations as i) the beginning of the heating process; ii) the use of higher temperatures; iii) 

highly endothermic reactions, such as the carbothermic reduction of chromite; and iv) when larger agglomerates are 

used. Self-reducing Brazilian chromite pellets containing petroleum coke were agglomerated with Portland cement. 

These pellets were heated to 1773 K (1500°C) to analyze the reduction progress at the core and the outer layer of the 

pellets. The products were analyzed by Scanning Electron Microscopy (SEM) and X-Ray Energy Dispersive 

Spectroscopy (XEDS). The surface and the center of the self-reducing pellets had morphological differences, 

illustrating that the average intensity of the reaction depended on the rate of the temperature increase within the core 

of the pellet. This heat flux was improved for smaller pellet sizes, reduced porosity and the formation of a liquid 

slag. This procedure allowed the observation of the chromite reduction process, confirming the reduction 

mechanism and suggesting a coalescence mechanism for the formed metallic phase.  

 

Keywords: Chromite, ferrochromium, self-reducing pellet, non-isothermal.  

 

1.    INTRODUCTION 

Nagata [1,2] reported that the surface and center of hematite self-reducing pellets exhibited a temperature gradient 

during pellet processing. This gradient is a direct function of the processing temperature and the pellet diameter. The 

authors have confirmed these phenomena and have also observed that the temperature gradient was higher at the 

beginning of the reaction and decreased as the reaction progressed, tending to disappear at the end of the reaction. In 

the case of chromite self-reducing pellets, this temperature gradient might be larger because the reduction of 

chromium oxide to chromium metal is more endothermic than the reduction of iron oxide to iron metal. Therefore, 

the overall reduction process occurs under non-isothermal conditions. Indeed, the achievement of thermal 

equilibrium is hindered by the following: i) the reduction occurs before the designed experimental temperature is 

achieved, as this temperature is significantly higher than the minimum temperature required to start the reaction; ii) 

the extremely endothermic Boudouard reaction that occurs at the beginning of the process absorbs most of the 

energy, resulting in great difficulty in achieving thermal equilibrium; and iii) the heat transfer through the pellets is 

slow until most of the porosity has been eliminated by the pellet contraction. 

These factors were indirectly confirmed by Ding 
[3]

 and Iguchi [4] in their studies on the effect of the diameter of 

hematite pellets on the degree of reduction. A higher reduction temperature had a greater effect on the reduction rate 

than the pellet size did, although the relationship between the degrees of reduction between the smallest and the 

largest pellets at each temperature should be considered. These results indicate that the heat transfer through the 

pellet is a limiting factor in the process, as confirmed by a model that was developed by Ding et al [5]. 

This work contributes to the understanding of the reduction process that chromite self-reducing pellets undergo 

when processed at 1773 K (1500°C) over different time spans. The influence of the temperature gradient between 

the surface and the core of the pellets on the reduction process was discussed. This procedure allowed for the 

observation of the chromite reduction process, confirming the reduction mechanism and suggesting a coalescence 

mechanism for the formed metallic phase.  
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2.   MATERIALSD AND METHODS 

Brazilian chromite was used as a raw material in this study, with petroleum coke as a reductant and Portland cement 

as a binder. The particle sizes were all less than 0.147 mm. Table 1 shows the chemical composition of the raw 

materials. The pellet composition is shown in Table 2. The materials were mixed and pelletized with a pellet 

diameter of 13 mm. The pellets were dried at 393 K (120°C) for 180 min before being subjected to the reduction 

process. The mass of loaded pellets ranged from 2.9 to 3.1g. The apparatus used for the reduction experiments was 

the same as that described in a previous paper (6), consisting of an induction heated graphite crucible (with an 

internal diameter of 25 mm and an internal height of 580 mm) with a controlled atmosphere that was regulated by an 

argon gas flow of 2 l / min. The temperature at the central zone of the graphite susceptor (at a height of 

approximately 10 cm) was the highest temperature in the furnace. The temperature was monitored by a B type 

thermocouple (Pt / Pt-30% Rh) that was inserted into the crucible base. Two additional thermocouples were 

positioned at the core and the surface of the pellet, as shown in Figure 1. 

As soon as the temperature of the graphite crucible was reached, the kit pellet-thermocouples was introduced from 

the top of the furnace (Figure 2) and positioned at the center of the susceptor (reduction area). The reduction 

reactions began almost instantaneously and released an off gas. The kit pellet-thermocouples were maintained for 

0.5, 2.5, 5, 10, 28, 40 and 120 min in the isothermal furnace at a temperature of 1773 K (1500°C). Upon the 

completion of the experiments, the reduction reactions were stopped by lifting the kit pellet–thermocouples to the 

top of the furnace for rapid cooling. The argon gas flow was increased to 4 l / min to prevent the re-oxidation of the 

pellet. The thermocouples were disconnected after they were cooled to room temperature, and the pellet was then 

weighed  
 

Figure 1. A schematic drawing showing the location of the two thermocouples in the kit pellet-thermocouples. The pellet 

diameter was 13 mm. 

 

 

 

 

An average of 5 min was required to cool the pellet from the experimental temperature to room temperature. The 

average extent of the reaction was calculated by weighing the pellet in triplicate before and after the experiments. 

The off gases that were produced were not analyzed. 
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Table 1. Chemical composition of raw materials (wt %) 

Components Chromite Petroleum Coke Portland Cement 

Cr2O3 41.2   

Fe2O3 -  2.8 

FeO 16.9   

SiO2 5.7  19.1 

Al2O3 17.3  4.9 

MgO 15.6  0.6 

CaO 0.4  64.3 

CaO free   1.0 

Volatile materials  10.8  

Fe total 13.1   

P 0.007   

C fixed  89.0  

Ash  0.4  

S  0.8  

SO2   2.6 

K2O   0.7 

Na2O   0.04 

Others   4.0 
 

Table 2. Pellet composition on a dry basis (wt %) 

Chromite 76.0 

Petroleum Coke 17.0 

Portland Cement 5.0 

 

 

 
 

Figure 2. Schematic representation of the experimental apparatus. 
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3.    RESULTS AND DISCUSSIONS 
The imaging of the chromium ore (as received) was conducted by electron backscatter diffraction and is shown in 

Figure 3. Seven different phases were observed, notated as 1 through 7. The phases were analyzed by EDX, and 

their compositions are shown in Table 3. Phases 2, 3, 5 and 7 were chromite minerals with variations in the Cr 

content (38% to 56%), Fe, Al and Si. Phases 1, 4 and 6 were gangue, consisting essentially of Si and Mg oxides 

(magnesium silicate), with some Cr, Fe and Al oxides. 

 

 
Figure 3. The electron backscattering imaging of the chromium ore utilized in the experiments. 

 
Table 3. The chemical composition of the phases identified in Figure 3 by EDS. (wt %) 

Phase O Mg Al Si Ca Cr Fe 

1 (gangue) 17.8 25.6 2.7 42.5 0.4 4.8 6.3 

2 

(chromite) 

10.6 11.6 13.7 1.3 0.5 41.9 20.5 

3 

(chromite) 

11.0 6.7 4.9 1.9 0.4 55.1 20.1 

4 (gangue) 30.7 24.9 2.2 35.1 0.9 1.7 4.6 

5 

(chromite) 

15.6 13.4 14.9 1.7 0.2 38.3 15.9 

6 (gangue)  21.3 27.1 1.9 38.8 0.4 2.5 8.2 

7 

(chromite)  

13.7 6.5 1.5 3.3 0.3 56.2 18.5 

 

The chromite ore used is a heterogeneous ore that contains grains (“crystals”) of chromite and gangue with various 

chemical compositions. The chromite “crystal” is considered to be a spinellium mineral (XO.Y2O3) where X is 

divalent (Fe+Mg+Ca) and Y is trivalent (Cr+Al+Fe). At least 2 types of chromite “crystals” are identified in this 

ore: Type 1, which has a lower chromium content (38-42% Cr) and higher aluminum and magnesium contents 

(13.7-15% Al and 11.6-13.4% Mg), and Type 2, which has a higher chromium content (55-56% Cr) and lower 

aluminum and magnesium contents (1.5-4.9% Al and 6.5-6.7% Mg). This finding suggests that the variation in the 

divalent and trivalent forms of iron acts to maintain an electronic balance. The calculations of this balance show that 

type 1 chromite, which has a low chromium content, contains more trivalent iron than type 2. One open question is 

whether the chromite “crystals” with a higher trivalent iron content are kinetically facilitated on reduction.   
 

Figure 4 shows the temperature on the surface and in the core of the chromite self-reducing pellet as a function of 

time at an isothermal furnace temperature of 1773 K (1500 °C). 

 

The temperature at the surface reached the required reduction temperature in 2.5 min, at which point the temperature 

at the center of the pellet was only approximately 1523 K (1250°C). Over 20 min were required to raise the 

temperature at the center of the pellet to 1773 K (1500°C). Therefore, it can be said that the pellet was reduced non-

isothermally even though the furnace was maintained at isothermal conditions. 
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Figure 4. The heating curve as a function of time for the reduction of the self-reducing Brazilian chromite pellet at a temperature 

of 1773 K (1500°C). 

 

 

 

Figure 5. The reduction of the self-reducing Brazilian chromite pellet with time at a temperature of 1773 K (1500°C). 

 

Figure 5 shows the extent of reduction for the self-reducing pellet at a temperature of 1773 K (1500°C). The 

calculated reaction fraction is the average of the reaction fraction at the surface and the core. 

The differences in the microstructures at the pellet surface and core were analyzed, confirming the existence of a 

radial temperature gradient in the pellet. This temperature gradient was the greatest at the beginning, decreased as 

the reaction progressed and tended to disappear by the end of the reaction. This high temperature gradient was 

brought about by the occurrence of highly endothermic carbothermic chromite reduction reactions in the pellet, 

which hindered heat transfer through the pellet. The consequences of these differences are shown in Figures 6 to 12. 
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(a)                                                                       (b) 

Figure 6. SEM imaging of a pellet (chromite, petroleum coke and cement) that was reduced at 1773 K (1500°C) for 0.5 min. (a) 

Pellet surface, (b) pellet core. Fraverage (average reduction fraction) = 0.40. 

 

Table 4. Chemical composition of the phases shown in Figure 6a (wt%) as determined by XEDS on the pellet surface after 

treatment at 1773 K for 0.5 min. 

Phase O C Mg Al Si Ca P S Cr Fe 

1 (FeCrC) - 3.7 - - 0.6 - 0.6 0.5 20.4 74.1 

2 (FeCrC) - 9.5 - - 0.5 - 0.6 0.4 65.9 23.0 

3 (FeCrC) - 9.7 - - 0.5 - 0.5 0.3 67.0 23.0 

4 (chromite) 10.1 - 11.4 14.9 0.5 0.3 - - 43.4 19.4 

5 (initial slag) 15.9 - 12.2 10.5 26.5 30.3 - - 3.2 1.4 

6 Petroleum coke 

7 Resin 

 

Figure 6 shows the cross section of the pellet treated at 1773 K (1500°C) for 0.5 min. The average reduction fraction 

was 0.40. The images show the pellet surface (Figure 6a) and core (Figure 6b). Several chromite particles (Spot 4, 

Figure 6a) were being reduced on the surface (Spots 1, 2 and 3, Figure 6a). A partial coalescence of the metallic 

phases was observed. In Figure 6b, small chromite particles were being reduced and were most  likely iron particles. 

A high coalescence of the metallic phase (Spot 1, Figure 6a) should be facilitated by the reduction of iron in small 

particles of chromite. Metallic iron should be carburized when it is in contact with solid carbon (Spot 6, Figure 6a, 

where the metallic phase is surrounding the carbon particle), lowering the liquid temperature and favoring 

coalescence. These assumptions were supported by the high iron content (Table 4, Spot 1). The porous areas were 

filled with resin (Spot 7, Figure 6a). The contrast between the peripheral regions of the pellet and the pellet core is 

very significant. In the pellet core, an incipient reduction was observed via the presence of small metallic phases on 

the surface of the small chromite particles (Spot 1, Figure 6b). In large chromite particles (Spot 3, Figure 6b), no 

reduction was observed. These observations are in agreement with the heating curves. Half of a minute was 

insufficient for achieving a sufficient reduction temperature at the pellet core (Fig. 4). 

Figure 7 shows the cross section of a pellet that was treated at 1773 K (1500°C) for 2.5 min. The average reduction 

fraction was 0.72. The images show the pellet surface (Figure 7a) and core (Figure 7b). Even the large chromite 

particles were almost completely reduced on the surface of the pellet (Table 5 confirms that the 68-69% Cr content 

in the FeCrC phase corresponds to an almost complete reduction), and that the metallic phase was already 

undergoing coalescence. This microstructure is similar to the microstructure shown in Figure 10b (the pellet core 

after 28 min of reaction, where Fraverage = 0.96). In the core of the pellet, the microstructure showed the reduction of 

the fine particles; however, reduction only occurred on the surface of large particles. The chromite in these large 

particles (Spot 3, Figure 7b) was only reduced slightly. Table 6 shows the high content of iron in FeCrC that was 

formed at this initial stage of reduction and a C content of approximately 7% in the ferro-alloy globule, showing that 

the rate of carburization for FeCr was high at the described experimental conditions, which facilitated the 

coalescence of the metallic phase. Comparing the microstructures that were observed in Figures 6a and 7b, the 

reaction fraction in the pellet core after 2.5 min at 1773 K (1500°C) was less than that at the pellet surface after 0.5 

min of reaction. Table 5 also shows that the composition of the initial slag (cement, gangue and non-reduced oxides 
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from the chromite) was dependent on the formation mechanism as well as its precipitation during solidification 

(Spot 3 in Figure 7a has a high calcium oxide content and Spot 4 in Figure 7a has a high alumina content).  

 

   
(a)                                                                       (b) 

Figure 7. The reduction of a pellet (chromite, petroleum coke and cement) at 1773 K (1500°C) for 2.5 min. (a) Pellet surface, (b) 

pellet core. Fr average = 0.72. 

 
Table 5. Chemical composition of the phases shown in Figure 7a (wt %) as determined by XEDS on the pellet surface after 

treatment at 1773 K for 2.5 min. 

Phase O C Mg Al Si Ca P S Cr Fe 

1 (FeCrC) - 6.5 - - 0.6 - 0.4 0.5 68.0 24.0 

2 (FeCrC) - 7.2 - - 0.4 - 0.3 0.5 69.3 22.3 

3 (initial slag) 18.6 - 5.9 10.7 28.1 33. 9 - - 2.1 0.7 

4 (initial slag) 20.9 - 21.3 38.1 9.1 7.5 - - 2.5 0.6 

 
Table 6. Chemical composition of the phases shown in Figure 7b (wt %) as determined by XEDS on the pellet surface after 

treatment at 1773 K for 2.5 min. 

Phase O C Mg Al Si Ca P S Cr Fe 

1 (FeCrC) - 6.5 - - 0.5 - 0.5 0.3 47.5 44.6 

2 (FeCrC) - 8.2 - - 0.6 - 0.5 0.5 58.6 31.7 

3 (chromite) Chromite 

4 (initial slag) 16.5 - 28.0 24.0 20.6 8.9 - - 1.1 1.0 

5 (carbon) Petroleum coke covered by reduced metal. 

6 Resin 

 

Figures 8 to 12 show the changes in the pellet microstructure after treatment at 1773 K (1500°C) for 5, 10, 28, 40 

and 120 min. The coalescence of the metallic phases was obvious in all regions throughout the pellet. The 

morphology in the pellet core and surface became similar over longer reaction periods because the temperature 

differences decreased.  

After 10 min, the average reaction fraction was approximately 0.86 (Figure 9) and the reduction was expected to be 

almost complete at the pellet surface, which implies that small agglomerates should be useful in aiding the reduction 

process. 

 

After 28 min of reaction at 1773 K (1500°C) as shown in Figure 4, there was no temperature gradient between the 

pellet surface and the pellet core. Figures 10a and 10b confirm that the difference was mainly in the size of the 

metallic phase (coalescence). The average reduction fraction (Fr) was 0.96 and table 7 shows that the composition of 

the formed FeCrC was almost invariant. In the limiting experiment (Figure 12, 120 min, 1773 K), these 

compositions were almost identical. 
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(a)                                                                       (b) 

Figure 8. Reduction of a pellet (chromite, petroleum coke and cement) at 1773 K (1500°C) for 5 min. (a) Pellet surface, (b) pellet 

core. Fr average = 0.78. 

 

  
(a)                                                                       (b) 

Figure 9. Reduction of a pellet (chromite, petroleum coke and cement) at 1773 K (1500°C) for 10 min. (a) Pellet surface, (b) 

pellet 

core. Fr average = 0.86. 

 

  
(a)                                                                       (b) 

Figure 10. Reduction of a pellet (chromite, petroleum coke and cement) at 1773 K (1500°C) for 28 min. (a) Pellet surface, (b) 

pellet core. Fr average = 0.96. 
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(a)                                                                       (b) 

Figure 11. Reduction of a pellet (chromite, petroleum coke and cement) at 1773 K (1500°C) for 40 min. (a) Pellet surface, (b) 

pellet core. Fr average = 0.99 

 

  
(a)                                                                       (b) 

Figure 12. Reduction of a pellet (chromite, petroleum coke and cement) at 1773 K (1500°C) for 120 min. (a) Pellet surface, (b) 

pellet core. Fr average = 1. 

 

Table 7. Chemical compositions of the phases shown in Figures 8, 10 and 12 (wt %) as determined by XEDS on the pellet surface 

after treatment at 1773 K for 5 min. 

Figure Phase O C Mg Al Si Ca P S Cr Fe 

8a  1(FeCrC) - 7.95 - - 0.65 - 0.69 0.36 63.95 26.40 

8b 1(FeCrC) - 6.47 - - 0.21 - 0.52 0.38 63.03 29.39 

10a 1(FeCrC) - 8.06 - - 0.46 - 0.53 0.33 69.29 21.34 

10b 1(FeCrC) - 8.07 - - 0.28 - 0.45 0.37 69.82 21.01 

12a Average* (1 and 2) - 7.42 - - 0.22 - 0.53 0.25 64.9 26.7 

1(FeCrC) - 7.20 - - 0.45 - 0.34 0.23 71.82 19.97 

2(FeCrC) - 7.65 - - 1.30 - 0.40 0.17 47.97 42.51 

3(final slag) 16.11 - 6.35 10.32 26.29 39.79 - - 0.7 0.43 

4 (final slag)  17.82 - 55.50 7.08 9.69 8.80 - - 0.5 0.56 

12b 1 - 7.22 - - 0.10  0.26 0.15 63.93 28.34 

* Composition averaged over a large area of the metallic phase, including Spots 1 and 2.  
 

The reduction of the self-reducing pellet was essentially complete after 120 min of reaction. Figure 12 shows that the 

morphologies of the pellet surface and core are similar, where the reaction fraction in both cases was approximately unity. 

These morphologies consist of a coalesced metallic phase that contained 65% Cr and 27% Fe (an average obtained by 

scanning large area of metallic phase, including Spots 1 and 2, in Figure 12a). The porous regions that were formed 

previously were filled by the slag, causing a contraction in the size of reduced pellet. The residual chromium in the final 

slag (Table 7) was a low value of approximately 0.7% confirming an almost complete recovery of chromium from the ore. 
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It can be observed in Spots 1 and 2 (Figure 12a and Table 7) that the metallic particles show two phases that are 

precipitated when they are solidifying. The final slag also shows at least two precipitated phases, where one is rich in 

calcium and silicon oxides and contains aluminum and magnesium oxides, while the other is rich in magnesium oxide.  

Previous papers 
(6, 7)

 have discussed the importance of not forming incipient slag in self-reducing pellets to enhance the 

reaction by a gas/solid (CO and chromite) reduction. With the formation of slag that covers both the chromite and 

reductant, the reduction mechanism must change from a gas/solid mechanism to a solid/liquid or a liquid/liquid 

mechanism, such as the reaction of carbon with chromite dissolved in the slag and the reaction of C dissolved in the 

metallic phase with chromite in the slag, both of which are slower than gas/solid reactions. 

The core sections of Figures 6 to 12 confirm that the reduction process comprises i) the initial formation of iron-rich 

metallic globules on the surface of the chromite particles via the gas/solid (CO and chromite) reaction mechanism; ii) the 

reduction of surface chromite, leaving the refractory oxides within the peripheral regions of the original chromite particles 

and causing a growth in the metallic globules; iii) the formation of an incipient slag by the pellet components (Portland 

cement and the reductant ash) and the gangue dissolution of small chromite particles that are already reduced; iv) 

dissolution of the refractory oxides of reduced chromite by the incipient slag, releasing the metallic phase; v) the tendency 

of the metallic nodules to continue to grow and enrich themselves with chromium, reducing the chromium and the iron 

oxides that are dissolved in the incipient slag; and vi) the fact that the coalescence of the metallic phase is favored by slag 

formation and the dissolution of the chromite refractory gangue (the remnant Al2O3, MgO and CrO), which release the fine 

metallic particles and favor their coalescence. 

The reduction of self-reducing pellets occurs non-isothermally regardless of composition even if they are treated under 

isothermal conditions because of the endothermic reactions, the pellet size and the heat transfer through the pellets. 
 

4.  CONCLUSIONS 
For the experimental conditions and the raw materials used in this work, the following can be concluded: 

1. The self-reducing pellet had a temperature gradient between the surface and core region that decreased during the 

course of the reaction and disappeared at the end of the reaction; 

2. EDS analysis showed that the reduction of chromite particles was almost complete when the average reaction fraction 

was unity, confirming the reliability of the used methodology; 

3. The reduction of the self-reducing pellet was conducted under non-isothermal conditions regardless of its composition 

despite being tested in an isothermal reactor. Therefore, the heat transfer step was the slow step of the process because 

of the extremely endothermic reduction reactions, the pellet size, the high temperatures required for the reduction of 

chromite and the porosity and refractory properties of the material; 

4. The carburization of the metallic phase was rapid and almost reached equilibrium before the reduction was complete. 

The coalescence of the metallic phase was facilitated by this early carburization process;  

5. An iron-rich alloy was first formed, and heat transfer was of the utmost importance;  

6. The small size of the self-reducing chromite agglomerate should be convenient for the production process of high-

carbon ferrochromium (FeCrHC) alloys;  

7. The results show the potential of the self-reduction process in the production of FeCrHC because of its high chromium 

recovery, leaving a very low residual content of chromium (0.7%) in the slag and requiring less energy. 
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