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1. Introduction

Certain amount of the chromium in slags is chemically 
bound as oxides (mainly magnesiochromite, MgCr2O4).1) 
Although chromium is mainly immobilized in stable spinel 
phases and at its non-hazardous trivalent state, it can still 
be gradually oxidized to its highly soluble and carcinogenic 
hexavalent state in atmospheric environment.3–5) Besides the 
potential risk to the environment, the effective recovery of 
chromium from slags also has economical importance due to 
the constantly rising demand of chromium in metallurgy.6) 
Pyrometallurgical treatments of chromium containing slags 
have been applied to recover the chemically bound chro-
mium. Although a multitude of laboratory and industrial 
studies have been performed on this subject,2,6–12) there is 
still a lack of close investigation of the reaction between the 
reductant and the spinel phase, which is the major chromium 
bearing component in slags.

Ferrosilicon is commonly used to control chromium 
content in slags during the charging of furnace,2,13) as well 
as to recover chromium from slags.6,11) Silicon is the only 
component with reducing ability in ferrosilicon. Ferrosilicon 
is reported to have the ability to accelerate the carbothermic 
reduction of spinel phases.14–16) The application of ferrosili-
con enables the reduction of spinel at relatively low tem-
perature and high reaction rate, which makes the reduction 
more economically feasible.15)
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In this study, an interface of ferrosilicon and magnesio-
chromite is made and the reduction behaviour is in-situ 
observed by confocal scanning laser microscope (CSLM) 
and analysed afterwards. CSLM has been successfully 
applied in many metallurgical fields,17) such as inclusion 
behaviours18,19) and slag carburization20,21) in steel making. 
It can provide in-situ observation of reduction behaviour of 
magnesiochromite, which generates more information com-
paring to post mortem methods used in the previous studies 
of slag reduction. Thereby, further understanding of the 
reduction behaviour of magnesiochromite can be achieved.

2. Experimental and Characterization

2.1. Synthesis of Magnesiochromite
The synthetic magnesiochromite is made from Cr2O3 

(99.9 wt%) powder and MgO powder. MgO was heated 
in oven at 1 273 K for 1 h before mixing to release water 
and CO2, which was absorbed from ambient air. The two 
powders were weighted according to the mole ratio of 1:1 
and mixed. 100 g of the mixed power was then brought 
in a plastic bottle together with 500 g ZrO2 milling balls 
(Ø=5 mm) and 500 ml ethanol. The mixing was carried out 
through a Turbula mixer for 12 h. The obtained slurry was 
dried in a vacuum dryer and heated in the oven (363 K) for 
12 hours. The obtained dry powder was then pressed by a 
mechanical presser in a cylindrical mould at a pressure of 
20 MPa to form a disc of 12.5 mm diameter. The disc was 
then pressed again under pressure of 3 000 bar (300 MPa) 
by a hydraulic presser. Then the pressed discs were loaded 
in an alumina crucible with ZrO2 milling balls as insulator 
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between each other and the wall of crucible. The sample 
was then heated in the furnace up to 1 873 K for 12 h in air 
atmosphere with both heating and cooling rate of 10 K/min.

2.2. Reduction Couple
The set-up of the reduction couple is demonstrated in 

Fig. 1. The obtained synthetic magnesiochromite, as well 
as ferrosilicon (Si 86.52 wt%, Fe 13.04 wt%, Al 0.18 wt%, 
Ca 0.06 wt%),22) were cut and polished into a small rod with 
size about 2×2×5 mm. Afterwards, the ferrosilicon and 
magnesiochromite rods were embedded in resin (Technovit 
4004, Heraeus Kulzer). The embedded sample was then 
ground (with Streurs P320, P800, P1200 and P400, repre-
senting SiC grain diameters of, respectively, 46, 22, 14 and 
6 μm) and polished with 3 μm diamond suspensions until 
mirror-like smooth surfaces are obtained. Subsequently, 
the ground specimen was dipped in acetone to dissolve the 
resin. After the removal of resin, the rods were cleaned and 
pressed against each other (on the polished surfaces) and 
mounted into a small alumina crucible (Ø=  5 mm) with 
alumina cement as supporting material. When the cement 
was totally solidified after 12 h of aging, the specimen was 
embedded in the resin again. The same grinding and polish-
ing procedure followed by resin dissolution, as described 
before, was performed again to obtain the final reduction 
couple with mirror-polished surface on the top side.

2.3. Experimental Procedure
The experiments were performed with varying tem-

perature and reaction time (Table 1) under Ar atmosphere, 
which is purified by flowing Ar through a magnesium 
particle bed at 773 K. The temperatures are chosen to be 
below the melting point (1 653 K) of ferrosilicon in order 
to observe a clear reaction interface, yet reduction can still 
initiate.5) A thermal couple is placed under the sample to 
measure the temperature. A thin titanium wire is also put 
around the reduction couple to further avoid oxidation of the 
specimen. The heating and cooling rates are both set at 200 
K/min. The behaviours of the sample are in-situ observed 
and recorded from the top of the reduction couple during 
heating, holding and cooling at a frame rate of 15 frame/s. 

After cooling, a cross-section was mad by polishing the top 
of the reduction couple and subjected to characterizations 
with microscopes.

2.4. Characterization
The specimens after reduction experiments were polished 

and coated with Pt–Pd (1 nm thickness). The microstructure 
and elemental composition of the specimen were charac-
terized with electron probe micro analyser (EPMA, JXA-
8530F), using an acceleration voltage of 15 kV and a probe 
current of 15 nA. The thermodynamic calculation in this 
work was performed with FactSage 6.4 (database: FToxide 
and FSstel), which is a fully integrated computing system 
in chemical thermodynamics. It enables the user to access 
a series of information, database and manipulation modules 
to perform a wide variety of thermochemical calculations.23)

3. Results and Discussions

3.1. In-situ Observation of the Ferrosilicon/spinel 
Reaction

The reduction process of sample heated at 1 473 K for 60 
min was recorded through the camera equipped on CSLM 
and shown in Fig. 2, as an example to demonstrate the 
reaction behaviour of the ferrosilicon/magnesiochromite 
couple at high temperature. As shown in the figure, the fer-
rosilicon block is placed in the left part of the image and the 
magnesiochromite block in the right part. This configuration 
is also applied in the following reduction couple images. 
After heating, when temperature reached 1 473 K, part of 
the ferrosilicon block became liquefied (Fig. 2(a)). The 
approximate boundaries between liquid and solid phases are 
indicated by white dashed lines in the figures. According to 
the Fe–Si phase diagram (Fig. 3), the liquid phase of the 
applied ferrosilicon initiates at around 1 473 K (the vertical 
dash line), which is in line with the in-situ observation. The 
solid phase is assumed to be the silicon particle, which has 
higher melting point, while the liquid phase is considered to 
be the Fe–Si alloy (Fig. 2(a)). As the reduction proceeded, 
the liquid zone in the ferrosilicon block increased in volume 
and contacted the spinel block (Fig. 2(b)). The silicon par-

Table 1. Experimental conditions.

Experimental factor Value

Temperature (K) 1 373, 1 423, 1 473, 1 523, 1 573

Time (min) 10, 30, 60

Fig. 1. Set up of the reduction couple.

Fig. 2. Images of sample observed through CSLM at 1 473 K for: 
(a) 0 min; (b) 15 min; (c) 45 min and (d) 60 min. Long 
white dash line indicates the boundary between liquid and 
solid phase and short white dash line indicates the original 
ferrosilicon/spinel boundary. (b), (c) and (d) are the images 
of the same location at different reaction time.
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ticle was shrinking (Fig. 2(c)) and dissolving into the liquid 
phase. This process may be because silicon was consumed 
during the reduction of spinel, which shifted the local com-
position of the ferrosilicon block towards the eutectic point 
(indicated by the arrow in Fig. 3). Therefore, the liquid 
phase volume increases.

Another effect which may cause the volume increase 
of the liquid phase is that large amount of heat is released 
from the reduction of Cr in spinel with Si, as described in 
Eq. (1):16)

3 2 3 4 470 42 3 2 298
0Si Cr O SiO Cr ( H kJ)+ = + = −∆ . ......... (1)

In order to highlight the heating effect of the reducing 
reaction, an adiabatic temperature calculation is performed 
with various ferrosilicon doses through dedicated module 
in FactSage, during which ΔH is set as zero. During the 
calculation, all the heat generated from the reduction is 
assumed to be utilized in the liquefaction of materials 
and heating up of the system, without heat exchange with 
the surroundings (ΔH =  0). The initial temperature of the 
system is set as 1 473 K and the calculated temperature is 
plotted in Fig. 4. As shown in the figure, under adiabatic 
conditions, the materials could theoretically be heated up to 
as high as 2 003 K (with 73 mole% of applied ferrosilicon 
and 27 mole% spinel). At this temperature, ferrosilicon is 
completely in the liquid state (as indicated by solid line in 
Fig. 3). Although it was not an ideally closed system during 

the experiments and part of the generated heat was trans-
ferred into the surroundings, no significant temperature rise 
of the whole sample was observed during the experiments. 
It can be assumed that due to the poor thermal conductiv-
ity of oxides, only the reaction zone and its adjacent area 
are heated up above the bulk temperature of 1 473 K. In 
conclusion, the enlargement of the liquid zone can be the 
result of the combination of both silicon consumption and 
heat released from the reduction process.

The morphology of the spinel block also changed 
during the reaction, from smooth to wrinkled (Figs. 
2(a)→2(b)→2(c)). This change of morphology may be due 
to the volume change caused by the newly formed reaction 
product. At the later stage of the reaction (after 40 min), 
liquid phase started to appear in the spinel side (Figs. 2(c) 
and 2(d)). This liquid phase is considered to be the reduced 
metal product alloyed with iron and residual silicon, which 
was confirmed by the EPMA analysis of the sample after 
the CLSM study (see section 3.2).

The images of samples reacted for 30 min at various tem-
peratures are shown in Fig. 5. At 1 373 K, no liquid phase 
appeared in both ferrosilicon and spinel blocks (Fig. 5(a)). 
The surface of spinel block stayed unaltered. With increas-
ing temperature to 1 423 K, liquid phase was observed in 
the ferrosilicon near the ferrosilicon/spinel boundary (Fig. 
5(b)). Since the melting point of the Fe–Si alloy is higher 
than 1 423 K (Fig. 3), this localized alloy melting may be 
due to the extra heat released from the reduction process that 
occurred at the ferrosilicon/spinel interface as identified by 
FactSage calculation (Fig. 4). Part of the liquid phase also 
appeared inside the spinel block. In the sample at 1 523 K, 
extensive liquid phase can be observed on the spinel block. 
This may be caused by the infiltration of the formed liquid 
metal phase, which transported silicon further into the spinel 
block through pores inside the spinel or/and voids generated 
during reduction. The liquid metal acted both a transporting 
medium for silicon and an absorbing matrix for chromium. 
Larger liquid volumes of the sample at higher temperature 
indicated it was further reduced than the samples at lower 
temperatures.

During the tests performed at 1 573 K, the ferrosilicon 

Fig. 3. Fe–Si phase diagram (calculated with FactSage 6.4). The 
red dash line indicates the composition of the ferrosilicon 
applied in this work.

Fig. 4. Calculated temperature of the reduction system with vari-
ous spinel/ferrosilicon ratio (adiabatic system, ΔH =  0).

Fig. 5. Images of sample observed through CSLM at: (a) 1 373 K; 
(b) 1 423 K; (c) 1 473 K and (d) 1 523 K for 30 min. Long 
white dash line indicates the boundary between liquid and 
solid phase and short white dash line indicates the original 
ferrosilicon/spinel boundary.
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block was almost fully melted within 10 min. As shown 
in Fig. 6, the surface of liquid ferrosilicon was lower than 
the surface of spinel block, since there was no barrier to 
hold the liquid, and therefore out of focus. The surface of 
the spinel block was metalized rapidly. After 60 min, the 
surface was almost fully metalized. However, the metal-
lization was not accompanied with liquid phase generation 
in the spinel block.

3.2. Microstructure of the Interaction Zone and the 
Reduction Process

Only optical information of the reduction process could 
be recorded by CSLM, which could not provide information 
on the generated phases. In order to further study the phases 
generated during reduction and understand the reduction 
process, the samples were analyzed through EPMA after 

quenching. The microstructure of the reduced samples and the 
formation of various reduced products are discussed below.

The Cr2O3 is considered as the only reducible component 
in magnesiochromite under present experimental conditions. 
The obtained SiO2 intends to react with the MgO left in the 
spinel structure to form enstatite (MgSiO3):

 SiO MgO MgSiO2 3+ =  ....................... (2)

Combining Eqs. (1) and (2), the overall reaction equation 
can be written as:

 3 2 2 42 4 3 2Si MgCr O MgSiO Cr SiO+ = + +  ........ (3)

The microstructures of reduction couple holding at 1 373 
K for 30 min are demonstrated in Fig. 7. The identification 
of various phase observed in the figure (indicated by point 
number) are based on the EPMA compositional analysis 

Fig. 6. Images of sample observed through CSLM at 1 573 K for: 
(a) 10 min and (b) 30 min.

Fig. 7. BSE images of sample that was treated at 1 373 K for 30 
min: (a) ×500 magnification; (b) × 2 000 magnification. 
Ferrosilicon block is on the left side of the image and spi-
nel block is on the right side of the image.

Table 2. Chemical composition of various phases in sample kept at 1 373 K for 30 min analyzed through EPMA.

Point No.
wt% mol%

O Cr Mg Si Fe O Cr Mg Si Fe

1 0.01 0.21 0.00 99.78 0.00 0.02 0.18 0.00 99.80 0.00

2 0.00 1.17 0.03 54.84 43.96 0.00 0.81 0.05 70.77 27.97

3 33.48 51.40 14.51 0.08 0.00 56.85 26.85 16.22 0.08 0.00

4 0.96 97.28 0.05 0.76 0.94 2.99 92.78 0.11 1.34 0.83

5 47.48 14.18 16.25 22.06 0.02 63.21 5.81 14.24 16.73 0.01

6 48.36 11.04 17.23 24.19 0.05 62.90 4.42 14.75 17.92 0.02

7 37.00 46.19 12.89 3.90 0.02 59.75 22.95 13.70 3.59 0.01

8 52.21 8.01 4.35 35.39 0.04 67.19 3.17 3.69 25.94 0.01

9 1.73 96.32 0.10 1.04 0.79 5.39 91.86 0.21 1.84 0.70
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listed in Table 2. As discussed in the previous section, the 
ferrosilicon employed in this work is a mixture of pure Si 
phase and Fe3Si7 phase in the temperature range of 1 273 
to 1 473 K (Fig. 3). According to the composition analysis 
with the sample after the CLSM observations, the two 
phases in the ferrosilicon block are proven to be Si and 
Fe3Si7 (point 1 and 2 in Table 2).

According to Fig. 7(a), two new layers formed between 
the original ferrosilicon block (point 1 and 2) and spinel 
block (point 3), indicated by A and B. In both layers, 
chromium particles (Fig. 7(b), point 4 and 9), as reduction 
product, can be observed. The light gray particles (point 7) 
in the layer B are unreduced MgCr2O4. The darker phase in 
layer A (point 8), is SiO2 generated from the reduction, with 
a minor quantity of MgO dissolved inside. The gray phase 
in layer A (point 6) is MgSiO3, located between SiO2 and 
spinel. This phase also filled up the space between the unre-
duced MgCr2O4 phase. The metallic Cr is mainly located at 
the Fe–Si alloy/layer A interface and at the layer A/layer B 
boundary, respectively. Cr can also be observed inside layer 
B (Fig. 7(b)). This may be due to the entrapped reduced Cr 
metal and/or unreduced MgCr2O4, which are predicted to 
coexist with MgSiO3 and SiO2 at the locations close to the 
spinel block (point 8 in Fig. 7(b)). Figure 7 demonstrates 
the distribution of various elements in the sample treated at 
1 273 K for 30 min. Layer A and B can be differentiated 
based on their different Si concentration. The former can be 
considered as the highly reduced zone, while the latter is the 
less reduced zone.

Another phenomenon which can be observed from Fig. 
7(a) is that the boundary of the Si grain is not on the same 
level as the Fe–Si alloy/spinel boundary (Fig. 7(a)), which 
is the original ferrosilicon/spinel boundary. The iron in fer-
rosilicon does not participate in the reduction process and 
hinders the transport of silicon, which is due to the fact that 
energy is required to release silicon from ferroalloy.6) The 
part of spinel block adjacent to the Fe3Si7 grain was less 
reduced, which was indicated by a thinner layer A and B 
compared to the part near the silicon grain (Fig. 7(a)). The 
approximate boundary between layer B and original spinel 
block is highlighted with white dashed line in Fig. 7(a). 
The layer A and B adjacent to Fe3Si7 grain is around 1 μm 
and 20 μm, while the thickness of both layers adjacent to 
silicon grain are around 10 μm and 40 μm, respectively. 
This indicates the different reducing abilities of Si and Fe–Si 
alloy, i.e. Si is a stronger reductant than Fe–Si alloy. With 
the reduction proceeded, Si was consumed and the volume 
of the silicon decreased. Therefore the edge of silicon grain 
moved away from the spinel block towards the ferrosilicon 
block. Meanwhile, the early stage reduction products (Eq. 
(1)), i.e. SiO2 and Cr metal, filled the space between silicon 
grain and spinel block. The MgO, which was liberated from 
the spinel grain, reacts with SiO2 forming MgSiO3 in the 
original locations or in the SiO2 layer after diffusing into 
it (Eq. (2)). Even after this thin SiO2 layer has formed, Si 
could still be transported to the spinel block by diffusion 
through this layer. As the Fe–Si alloy has lower reducing 
ability, the consumption of Si in Fe–Si phase is slower.

Figure 8 demonstrates the microstructure of sample 
treated at 1 373 K for 60 min. Further reduction of the spinel 
can be observed through the thicker reaction layer A and 

B and extensive metallization of layer A (Fig. 8(a)). Large 
pores can be found between layer A and B. They are pos-
sibly generated during the decomposition of spinel grains 
and forming of reaction layers. Comparing with the sample 
after 30 min (Fig. 7), no contact boundary of silicon grain 
and reaction layer A can be observed in the sample after 
60 min (Fig. 8(a)). A layer of Fe–Si alloy can be observed 
between the silicon grain and layer A (indicated by white 
frames in Fig. 8(a)). A possible mechanism can be assumed 
as follows: as mentioned earlier, during the reduction the 
boundary of the silicon grain kept on moving away from 
the spinel block, while Si was diffusing towards the spinel 
block through reaction layer A. Up to a certain moment, 
the silicon grain detached from layer A due to the slower 
growth rate of layer A and left a gap in between. The heat 
generated during reduction made the Fe–Si alloy liquefied 
and filled the gap between the silicon grain and reaction 
layer A. The diffusion of Si from the silicon grain would 
first move through the newly formed Fe–Si alloy layer, then 
reach reaction layer A. This assumption cannot be observed 
during the CSLM experiment at 1 273 K, which was pos-
sibly due to the fact that this phenomenon is not obvious at 
macro scale and the newly formed layer of Fe–Si alloy is 
relatively thin (around 10 μm) (Fig. 8). However, it is sup-
ported by the phenomena observed during the experiment at 
1 473 K (Fig. 2), where size reduction of the silicon grain 
and movement of Fe–Si alloy were recorded.

Compared to the reduced metal particles in Fig. 7(b), the 
reduced metal particles in Fig. 8(b) are larger and demon-
strate a mesh-like structure. The chemical composition of 
the phases indicated in Fig. 8(b) is listed in Table 3. Besides 
pure Cr metal particles (point 2), which are mostly associ-
ated with unreduced spinel particles, Cr–Si alloy (point 1) 

Fig. 8. BSE images of sample treated at 1 373 K for 60 min: (a) 
× 200 magnification; (b) × 2 000 magnification (detailed 
image of the reaction zone).
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and Cr–Si–Fe alloy (point 3) also formed. Although Fe in 
Fe–Si alloy (point 4) does not participate in the reduction 
of spinel, it also diffused into the reaction layer, probably 
together with Si, to form an alloy phase with Si and Cr. This 
eutectic alloy system has a lower melting point and exists as 
liquid phase with high fluidability, as demonstrated during 
CSLM observations. This liquefied alloy can promote the 
formation of the mesh structure of the metal phase.

As can be observed from Fig. 9, with increasing tempera-
ture, further reduction of spinel can be achieved. The two 
reaction layers A and B can still be recognized, however, 
the boundary between each other becomes less clear. The 
approximate boundary between layer A and B is indicated 
by the white dashed line. The thickness of reaction layer 
A varies at different locations. The cracks and holes (Figs. 
9(c) and 9(d)) generated by the decomposition of spinel and 
formation of new minerals may also affect the transport of 
Si and the formation of the layers. On the other hand, pores 
and cracks can provide transport pathways for liquid Fe–Si 
alloy to flow into reaction layers and transport silicon to 
promote the reduction and/or forming alloys. In general, 
qualitatively speaking, a thicker reaction layer A formed at 
higher temperatures. The size of the formed metal particles 
also increases with increasing temperature. This is in line 
with the phenomena observed from CSLM: at higher tem-
perature, the volume of liquid metal in the reaction zone 
increases (Fig. 5). Iron acts as matrix material in alloying 
of Fe–Cr–Si alloy and further lowers the melting tempera-
ture of the metal phase and increases its mobility. When 

the reduction proceeds the temperature increases and the 
reduced metal develops from small particles (Fig. 7) into 
mesh structures or large metal particles (Fig. 9).

As observed during in-situ observations, at 1 573 K ferro-
silicon was almost fully liquefied and the spinel surface was 
extensively metalized, which is different from the reduction 
process in other samples. In the sample kept at 1 573 K for 
10 min, large Fe–Cr–Si alloy particles can be observed not 
only at the interface between the ferrosilicon block and the 
spinel block, but also in the middle of the spinel block (Fig. 
10(a)). No clear reaction layer A and B can be observed. 
Large pieces of Fe–Cr–Si metal appeared in the middle of 
the spinel block. This may be because, at this temperature, 
it is possible for the liquid ferrosilicon to penetrate into the 
spinel block through the small pores between spinel grains 
very fast. In this case, Si was transferred much faster, 
compared with solid stated diffusion, and resulted in rapid 
reduction of spinel phase. Hence, liquid Fe–Si alloy can be 
considered as a carrying medium to improve the transport of 
Si, as well as an absorber of reduced chromium. The rapid 
decomposition of the spinel block and intrusion of the fer-
rosilicon can be observed in Figs. 10(c) and 10(d).

3.3. Thermodynamic Calculation
Thermodynamic calculations were carried out with 

respect to the ferrosilicon/spinel reduction couple. The 
composition of ferrosilicon applied in the calculation was 
set as the same as the one used in the presented CLSM 
experiment. The calculated temperatures and major phases 

Table 3. Chemical composition of various phases in sample treated at 1 373 K for 60 min analyzed through EPMA.

No.
wt% mol%

O Cr Mg Si Fe O Cr Mg Si Fe

1 0.45 48.52 0.02 50.69 0.33 1.01 33.66 0.02 65.09 0.22

2 0.83 98.03 0.02 0.95 0.17 2.63 95.46 0.05 1.71 0.16

3 0.50 47.52 0.04 34.01 17.93 1.26 36.87 0.06 48.85 12.96

4 0.00 0.99 0.03 55.15 43.87 0.00 0.52 0.03 71.21 28.23

Fig. 9. BSE image of samples treated for 60 min at: (a) 1 373 K; 
(b) 1 423 K; (c) 1 473 K; (d) 1 523 K. Ferrosilicon block is 
on the left side of the image and spinel block is on the right 
side of the image.

Fig. 10. BSE image of samples kept at 1 573 K for: (a) 10 min; (b) 
10 min (area indicated by white frame in (a)); (c) 30 min; 
(d) 60 min. Ferrosilicon block is on the left side of the 
image and spinel block is on the right side of the image.
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are plotted in Figs. 11 and 12, in both adiabatic (ΔH =  0) 
and isothermal systems, respectively. The listed phases are 
in solid form, unless indicated as “liquid”. The actual reduc-
tion process situates between these two systems. And the 

reaction layers A and B are composed with phases situate 
between ferrosilicon block (left boundary) and spinel block 
(right boundary) in Figs. 11(b) and 12.

In the adiabatic system (Figs. 11(a) and 11(b)), liquid 
alloy, containing unreacted Si, Fe and reduced Cr, appears 
immediately after the reduction starts and grows in mole 
fraction, accompanied with temperature increase of about 
353 K. This is in line with the phenomena observed through 
CSLM (Fig. 2(a)), that liquid phase was generated at the 
very beginning of the reduction carried out at 1 473 K. 
When solid Si is depleted through melting and consumption 
due to reduction, the temperature of the system increases 
sharply from around 1 573 K to the maximum of 2 003 K, 
where the mole fraction of spinel in the system is up to 26%. 
According to Fig. 11(b), the system is composed with fully 
liquid alloy (Si, Fe and Cr) and slag (MgO, SiO2 and CrO) 
when the mole fraction of spinel is between 25% and 35%. 
The vast amount of liquid phase, which has been observed 
during in-situ observation, is considered to be the mixture of 
liquid alloy and liquid slag. And the liquid slag, generated 
due to the disintegration of the spinel block, accumulates 
and moves, generating pores as shown in Figs. 9 and 10. 
With increasing amount of spinel, the liquid alloy starts to 
solidify rapidly, accompanied with certain heat release indi-
cated by a small temperature peak in Fig. 11(a), as indicated 
by the red arrow. When more spinel is introduced into the 
system (>  42 mole%), the temperature of the system and the 
amount of liquid slag decreases, while unreacted MgCr2O4 
starts to appear in the system. The adiabatic system can 
be applied to interpret the phenomena observed by CSLM 
at high temperatures, since the released heat is taken into 
account.

In the isothermal system (Fig. 12), less amount of liq-
uid alloy and no liquid slag are generated. More CrSi2 is 
produced than in the adiabatic system and Si also exists as 
alloys, such as CrSi, Cr5Si3, Cr3Si and FeSi. These products 
compose the Fe–Cr–Si alloy observed in the samples after 
cooling. This is supported by the chemical analysis of dif-
ferent metal phases listed in Table 3. Instead of liquid slag, 
the oxidised Si appears in the forms of MgSiO3 and SiO2, 
which were also observed in the obtained samples (Fig. 7). 
The isothermal system can be applied to identify the reduc-
tion products after cooling.

3.4. Reduction Mechanism
Based on the previously mentioned observations and 

discussions, the reduction mechanism of magnesiochromite 
by ferrosilicon is proposed, as demonstrated schematically 
in Fig. 13.

At the first stage of reduction (Fig. 13(b)), both silicon 
grains and Fe–Si alloy grains participate in the reduction. 
Two layers (named A and B) of materials form during 
reduction. According to the chemical analysis results, the 
reaction layer A is mainly composed of SiO2 with MgSiO3 
and large Cr metal particles, while the reaction layer B is 
mainly composed of unreduced MgCr2O4, surrounded by 
SiO2, MgSiO3 and Cr metal. Silicon has a stronger reducing 
ability than Fe–Si alloy, therefore the reaction layer A is first 
generated at the locations in contact with the silicon grain. 
Reaction layer B is generated across the whole interaction 
surface. In the later stage of reduction (Fig. 13(c)), the sili-

Fig. 11. (a) Calculated temperature of the reduction system with 
various spinel/ferrosilicon ratio (adiabatic system, ΔH = 
0) and (b) calculated phase distribution during the reduc-
tion of magnesiochromite by ferrosilicon at 1 473 K 
under adiabatic conditions.

Fig. 12. Calculated phase distribution during the reduction of 
magnesiochromite by ferrosilicon at 1 473 K under iso-
thermal conditions.
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con grain detaches from the reaction layer and only Fe–Si 
alloy participates in the reduction. However, when liquefac-
tion of ferrosilicon alloy is extensively achieved, the solid 
silicon particle can float and move into the liquid bath (Fig. 
2(d)) where it comes in contact with the reaction layer (Figs. 
9(b) and 9(c)). Si diffuses through reaction layer A and 
reduces spinel in reaction layer B, thereby increasing the 
thickness of reaction layer A. During the diffusion, Si can 
also be captured by reduced Cr metal to form Cr–Si alloy. 
Fe, although it does not participate in the reduction process, 
transports Si, in the form of a liquid Fe–Si alloy, into reac-
tion layer A and forms there the Fe–Cr–Si alloy phase.

4. Conclusions

The reduction of magnesiochromite by ferrosilicon, at 
1 373 to 1 573 K, was studied by in-situ observations carried 
out using CSLM. The obtained samples were characterized 
by EPMA. Based on the previous discussions, some conclu-
sions and be drawn as follows:

(1) Reduction of magnesiochromite can already initiate 
at 1 373 K within a relatively short time (around 30 min).

(2) Ferrosilicon block is composed of silicon grain and 
Fe–Si alloy grain. Silicon has a stronger reducing ability 
than Fe–Si alloy. When the reduction proceeds, Si in the 
silicon grain is consumed and the size of silicon grain 

Fig. 13. Schematic representation of the proposed reduction pro-
cess of magnesiochromite by ferrosilicon.

decreases. The silicon grain detaches from the reaction zone 
and the gap in-between is filled with liquid Fe–Si alloy. This 
layer of Fe–Si alloy can act as transfer medium for Si from 
the silicon grain to the reaction zone.

(3) The reaction zone can be divided into two reaction 
layers: A and B. Layer A is mainly composed of SiO2, 
MgSiO3 and large Cr metal particles, while the layer B is 
mainly composed of unreduced MgCr2O4, surrounded by 
SiO2, MgSiO3 and small Cr metal particles.

(4) The heat generated from the reaction between Si 
and Cr2O3 can increase the local temperature of the area 
surrounding the reaction zone. This makes the liquefaction 
of Fe–Si alloy possible even at measured bulk temperatures 
lower than its melting point.

(5) Although Fe does not participate in the reduction of 
Cr, it can diffuse into the reaction layers to form a Fe–Cr–Si 
alloy phase, together with the reduced Cr metal and residual 
Si. Fe can also act as carrying medium for Si to improve 
its transfer.

(6) During the experiments performed at 1 573 K, the 
ferrosilicon was totally liquefied and penetrates into the spi-
nel block through the pores between the spinel grains. Rapid 
reduction of spinel was achieved due to the fast transfer of 
Si through the liquid phase.
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