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Abstract

This study aims to investigate the effects of slag chemical composition on the smelting
reduction behavior and microstructural evolution of chromite at 1525-1550 °C, thereby pro-
viding theoretical guidance for optimizing the smelting reduction process. Through high-
temperature melting experiments combined with Scanning Electron Microscope - Energy
Dispersive Spectrometer(SEM-EDS) microstructural characterization and thermodynamic
calculations, the influences of basicity, MgO content, and Al;O3 content on chromium re-
duction behavior, slag physicochemical properties, and spinel evolution mechanisms were
systematically analyzed. The results indicate that a basicity of 1.2 effectively promotes the
dissolution and reduction of chromium spinel, whereas excessively high basicity hinders
the reduction process when using graphite as the reducing agent. Although increasing
MgO content initially improves slag fluidity and reaction rates, it promotes the formation
of a Mg-Al-rich solid product layer during the later stages of the reaction; this restricts the
intra-phase diffusion of Cr>* and causes the reduction process to stall. High Al,O3 content
significantly increases system viscosity and impairs mass transfer, thereby reducing the
degree of reduction. Under optimized conditions, specifically an Al,O3 content of 14 wt%
and a temperature of 1550°C, the degree of reduction approaches 93%. Thermodynamic cal-
culations further reveal that the efficiency of chromite smelting reduction is synergistically
controlled by factors such as slag viscosity, liquid-phase behavior, and spinel equilibrium
phase mass. The favorable slag composition identified in this study, basicity of 1.2, MgO
content of 10 wt%, and Al,O3 content of 14 wt%, provides favorable physicochemical
conditions for the efficient smelting reduction of chromite.

Keywords: smelting reduction; chromite ore; slag properties; microstructural evolution

1. Introduction

In pyrometallurgical processes, slag serves as the fundamental medium for heat trans-
fer, mass transfer, and interfacial chemical reactions; for the smelting reduction of chromite,
the physicochemical properties of the slag determine the efficiency of the entire process.
Due to the high stability of the chromium-bearing spinel structure, and unlike conven-
tional submerged-arc furnace smelting, intense-stirring smelting reduction processes (such
as HIsmelt) drive reactions at the slag-metal interface through continuous gas injection;
the rapid dissolution and mass transfer of chromium spinel within the slag significantly
accelerate this process [1-5]. Therefore, optimizing slag fluidity and thermodynamic prop-
erties is a crucial approach to enhancing chromium recovery and accelerating smelting
efficiency [6-8].

Metals 2026, 16, 891

https://doi.org/10.3390 /met16080891


https://crossmark.crossref.org/dialog?doi=10.3390/met16080891&domain=pdf&date_stamp=2026-08-10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-3810-6711
https://doi.org/10.3390/met16080891

Metals 2026, 16, 891

2of 16

Variations in slag composition can significantly alter slag viscosity, liquidus tem-
perature, and structural polymerization characteristics, thereby influencing component
diffusion and reaction behavior at the slag-metal interface [9-13]. In particular, the migra-
tion, crystallization, and reduction behaviors of chromium oxides are closely linked to the
structural stability and evolution of high-temperature slag. Chen et al. [14] indicated that
increasing Al,O3 and Cr;O3 contents promotes the polymerization of the silicate network,
thereby raising slag viscosity and inducing the premature precipitation of complex spinel
phases, such as high-melting-point MgCr,O4, which affects slag mass transfer behavior.
The addition of an appropriate amount of FeO can effectively lower the slag liquidus
temperature and system viscosity, thereby improving overall fluidity [15]. Furthermore,
high basicity and low oxygen potential environments promote the migration of chromium
from the liquid slag into the solid-phase crystal lattice, leading to the stable precipitation
of spinel phases that form a solid-product layer hindering reduction [16,17]. Regarding
micro-kinetics and interfacial mass transfer, T. Nakasuga [18] and O. Demir et al. [19]
pointed out that the reduction and dissolution processes of chromite particles in slag are
controlled by ion mass transfer at the solid-liquid interface, including the diffusion of
oxygen ions within the boundary layer. Consequently, in high-temperature molten sys-
tems utilizing carbonaceous reducing agents, changes in slag chemical composition not
only directly determine the chromite dissolution rate and mass transfer kinetics but also
accelerate the evolution of the solid-product layer at the microscopic interface, thereby
influencing the overall reduction process [20-22]. Although previous studies have clearly
elucidated the phase evolution and mass transfer mechanisms in traditional carbon-bed
smelting, the dominant factors often vary depending on slag composition and reaction
conditions—particularly under the intense gas stirring characteristic of the molten bath.
Therefore, further in-depth investigation is required to understand the specific reaction
behavior under the conditions of the smelting reduction process.

To optimize the slagging practice and ensure efficient chromium extraction, this study
investigates the effect of slag composition on the smelting reduction efficiency of chromite.
By integrating physicochemical property analysis with microstructural characterization, the
study explores the relationships among slag chemical composition, mass transfer behavior,
and the chromite reduction mechanism, thereby providing theoretical guidance for the
efficient smelting reduction of chromite.

2. Materials and Methods
2.1. Melt Reduction Experiment

This experiment aims to reveal the effect of slag composition on the smelting reduction
reaction of chromite. The experiments were conducted using a high-temperature tube
furnace manufactured by Boleimante (BLMT-1700, Luoyang, China), with a maximum
operating temperature of up to 1700 °C. A schematic diagram of its structure is shown
in Figure 1. The furnace consists of silicon molybdenum heating elements, an alumina
tube, refractory bricks, and a thermocouple. The thermocouple is a Type B platinum-
rhodium thermocouple, and the thermocouple is placed in close contact with the constant-
temperature zone. The electrical control cabinet features a built-in intelligent heating system
regulated by Proportional-Integral-Derivative (PID) control, maintaining temperature
precision within 1 °C. A mixed gas of N, + CO + CO, was used to simulate the atmosphere
of the smelting reduction process. The gases were stored in a gas cylinder cabinet, delivered
to the gas transmission pipeline built into the electrical control cabinet through a gas mixing
tank, and finally introduced into the furnace from the bottom.
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Figure 1. Schematic diagram of the structure of the high-temperature tube furnace.

The experiment used chemically pure reagents including iron powder, graphite pow-
der, and silicon powder (Macklin, Shanghai, China, purity > 99%) to prepare 200 g of the
initial molten iron. Analytical-grade oxide reagents including CaO, SiO,, MgO, and Al,O3
(Macklin, purity > 99%) were used as slag-forming agents. Based on industrial practice, the
slag-to-iron ratio was set at 0.3, and the slag mass in the experiment was 66.51 g. Twenty
grams of chromite powder was used as the reactant, and additional graphite (Macklin,
Shanghai, China, purity > 99.95%, 850 mesh) was added as the reducing agent. The amount
of graphite added was calculated based on a C/O ratio of 1.2, and the added amount is
8.69 g. The composition of the chromite is shown in Table 1. A laser particle size ana-
lyzer (Mastersizer 3000, Malvern Panalytical, Malvern, UK), with a measurement range
of 0.01-3500 pm, was used to determine the particle size distribution of the chromite ore.
As shown in Figure 2, the particle size of the chromite ore powder primarily falls within
the 40900 um range; the 76-186 um interval constitutes the main concentration zone,
accounting for 59.23% of the total. Particles larger than 76 um make up 83.66% of the total,
thereby meeting the particle size requirements for ore powder injection in the smelting
reduction process.

Table 1. Chemical Composition of Chromite Powder (wt%).

TFe FeO Fe, O3 Cr,O3 CaO SiO, MgO Al,O3
21.88 4.37 26.40 43.30 0.09 1.77 8.93 13.00
TiO, V,05 MnO Na,O ZnO K,O P S

0.61 0.38 0.20 0.01 <0.01 <0.01 <0.01 0.01
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Figure 2. Particle size distribution of chromite powder.

Before the experiment, all reagents were dried and dehumidified and then ground in
an agate mortar to ensure homogeneous mixing. First, the hot metal powder sample was
placed into a corundum crucible with an inner diameter of 5.5 cm and a height of 10 cm,
with an additional outer corundum crucible used as a protective crucible. The reaction time
was limited to 120 min, and the slag quantity was controlled to minimize potential crucible
dissolution; the crucible did not significantly obscure the expected compositional gradient
within the bulk slag. Consequently, the impact of corundum crucible dissolution on the
overall slag composition was considered negligible. The crucible was positioned within the
constant-temperature zone of a tube furnace. High-purity nitrogen was introduced at a
flow rate of 2.5 L/min, after which the heating program was initiated to begin the melting
process. Once the furnace temperature reached the target value, it was maintained for
30 min to ensure compositional homogeneity of the molten iron bath. The prepared reaction
mixture (chromite powder, slag-forming agent, and reducing agent) was then added into
the crucible containing the iron bath through a corundum tube with an inner diameter of
3 cm and a length of 80 cm. Natural convection and density-driven circulation promoted
mixing of the molten bath. The moment of high-temperature addition was recorded as
the reaction start time, ty = 0 min. In the smelting reduction process, oxygen-enriched
hot air is injected into the upper part of the furnace, resulting in an internal atmosphere
composed of Ny, CO, and COy; therefore, the gas used in this experiment was switched to
an N»-CO-CO, mixture with a CO,-to-CO ratio of 1:1. The flow rates were 2.5 L /min for
N», 1.25 L/min for CO, and 1.25 L/min for CO,. At t =15, 30, 45, 60, 90, and 120 min, a
quartz tube with a diameter of 8 mm was inserted approximately 1-2 cm into the molten
iron. Molten iron was withdrawn by negative-pressure suction and immediately water-
quenched for subsequent compositional analysis. Approximately 10 g of molten metal
was withdrawn at each sampling interval. The chromium content in the quenched metal
samples was quantitatively analyzed using Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES). The instrument used was an Agilent 5110 (Santa Clara, CA, USA),
sample pretreatment involved microwave digestion, with a final volume of 25 mL and
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a dilution factor of 10. Each sample was measured in triplicate, and the average value
was calculated. The microstructural evolution and elemental distribution of the reacted
slag were characterized using a Scanning Electron Microscope (SEM, Zeiss Gemini Sigma
300 VP, Oberkochen, Germany) equipped with an Energy Dispersive Spectrometer. Prior
to observation, the quenched slag samples were embedded in epoxy resin, progressively
ground using abrasive papers. To ensure sufficient electrical conductivity during imaging,
a thin layer of gold was coated onto the polished sample surfaces. As the analyses focused
on spatial elemental distribution and phase boundary morphology, the EDS data were
collected primarily in qualitative mapping mode. The detailed experimental scheme and
the composition of the initial molten iron are presented in Table 2. The slag basicity (R) was
defined as the mass ratio of CaO to SiO,.

wt%CaO

R= wt%Si0, M

where wt%CaO and wt%SiO; represent the mass fractions of CaO and SiO; in the slag,
respectively.

Table 2. Melting reduction experiment scheme (wt%).

Composition of Slag Composition of Molten Iron
No - — - Temperature
CaO SiO, MgO AlL,Os3 Basicity Fe C Si
1 37.00 37.00 10 16 1.0 95.7 4.0 0.3 1525
2 40.36 33.64 10 16 1.2 95.7 4.0 0.3 1525
3 43.17 30.83 10 16 14 95.7 4.0 0.3 1525
4 41.45 34.55 8 16 1.2 95.7 4.0 0.3 1525
5 39.27 32.73 12 16 1.2 95.7 4.0 0.3 1525
6 4145 34.55 10 14 1.2 95.7 4.0 0.3 1525
7 39.27 32.73 10 18 1.2 95.7 4.0 0.3 1525
8 41.45 34.55 10 14 1.2 95.7 4.0 0.3 1550

In addition, this paper defines the reduction degree of chromite, calculated based
on the ratio of the Cr mass in samples taken at different times to the Cr mass originally
introduced by the ore, as shown in Equation (2). The reaction rate was determined by
calculating the derivative of the chromium concentration with respect to time between
discrete sampling points, expressed as Equation (3). The experimental data points were
connected using B-spline interpolation to guide visualization of the changing trends. No
additional data points were generated, and the interpolation did not affect the original
experimental values.

Mypetal X [%Cﬂ
Mehromite X [%Cﬂ

metal 5 100% 2)

chromite

Degree of Reduction (%) =

Reaction rate (min_l) = A[Z)tcr] 3)

2.2. Thermodynamic Calculations of Slag Properties

To further elucidate the influence of slag composition on the smelting reduction be-
havior of chromite, thermodynamic calculations and viscosity modeling were combined to
analyze the physicochemical properties of the slag. The slag viscosity was calculated using
the modified Urbain model [23-25], which is widely applied to metallurgical slags in the
Ca0-5i0,-MgO-Al, O3 system. Based on the Weymann-Frenkel equation, this model corre-
lates the high-temperature viscosity of slags with absolute temperature and the microscopic
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structural parameters of the melt. By classifying oxide components in the slag into network
formers, network modifiers, and amphoteric oxides, thermodynamic parameters reflecting
the degree of structural polymerization and the viscous flow activation energy can be
determined, enabling relatively accurate prediction of high-temperature slag viscosity.

n= ATexp(f,) 4)

where 1 represents dynamic viscosity (Pa-s), T represents absolute temperature (K), A
represents the pre-exponential coefficient, and B represents the temperature-dependent
parameter (K). The parameters A and B are composition-dependent and are determined
from the normalized slag composition according to the modified Urbain model.

—InA =a+bB (5)

where a and b are empirical constants defined in the modified Urbain model. The parameter
B is calculated as a polynomial function of the normalized oxide composition:

B = f(Xi) 6)

In this work, the viscosities of slags with different compositions were predicted in
the temperature range of 1400-1600 °C. Considering the atmospheric conditions during
the smelting reduction process, the FeO and Cr,O3 contents in the slag were fixed at
4 wt% and 1 wt%, respectively, in the calculations in order to evaluate the effects of slag
composition on fluidity and mass transfer behavior. The calculated viscosity represents
the intrinsic viscosity of the liquid slag phase and does not include the effect of suspended
solid particles. For heterogeneous suspension systems containing solid spinel, the apparent
viscosity will inevitably be higher. The theoretical liquid phase content at the experimental
temperature is above 98%; therefore, the calculation results of the Urbain model can be
used as a benchmark for measuring flowability.

Meanwhile, thermodynamic simulations were performed using the Equilib module of
FactSage (Version 8.3) to calculate the liquidus temperature and liquid fraction of the CaO-
5i0,-Al,03-MgO-FeO-CryOj3 slag system under equilibrium conditions. The FactPS and
FToxid databases were selected for the calculations. The total amount of slag is calculated
based on 100 g. The slag composition range was kept consistent with that used in the
viscosity calculations. The basicity was set in the range of 1.0-1.4, MgO content from 8
to 12 wt%, and Al,O3 content from 14 to 18 wt%, with the temperature range set from
1000 to 1600 °C at 50 °C intervals. The pressure is 1 atm, all solution phases are selected,
and Slag-Liq is set as the target phase. In addition, to further investigate the reduction
mechanism of chromite, the equilibrium contents of MgCr,0Oy, FeCr,O4, and MgAl,O4
spinel phases as a function of temperature were calculated to evaluate the stability and
dissolution behavior of spinel phases under different slag compositions. Combined with
experimental results and SEM analysis, the influence of slag composition on the dissolution
and reduction kinetics of chromite was elucidated.

3. Results and Discussion
3.1. Effect of Slag Composition on Reduction Behavior

Changes in slag phase composition directly affect mass transfer and diffusion processes
within the phase; therefore, it is necessary to investigate the reduction behavior under
different compositions. Figure 3a shows the variation in Cr content in hot metal under
different basicities. It can be seen that as the basicity increases from 1.0 to 1.4, the Cr content
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o(Cr)/%

0.0

first increases and then decreases. When the basicity is 1.0, the slag exhibits insufficient
fluidity and the liquid-phase mass transfer process is hindered; thus, the final Cr content is
only 0.95 wt%. When the basicity increases to 1.2, the Cr content reaches 2.31 wt%, while
further increasing the basicity to 1.4 leads to a decrease in the final Cr content to 1.18 wt%.

0.025
Basicity=1.0 ° b Basicity=1.0
a *— Basicity=1.2 L) ®— Basicity=1.2
—a— Basicity=1.4 90.02126 —&— Basicity=1.4
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Figure 3. Cr content and reaction rate at different basicities at 1525 °C. (a) Cr content, wt%; (b) Reac-
1

tion rate, min~".

The reaction conversion rates at different basicities are shown in Figure 3b. When
the basicity is 1.0, the conversion rate remains very low throughout the entire reaction
period, with a maximum value of only 0.0039 min~!. As the basicity increases to 1.2, the
conversion rate increases significantly. At the initial stage of the reaction, the maximum
conversion rate reaches 0.0213 min~!. In addition, at around 60 min, a peak appears in the
reaction rate curve, with a value of 0.0101 min—!. Previous studies [2,19,26] have indicated
that the reduction of chromite is a multi-stage rate-controlled process: the early stage
is inferred to be governed interfacial boundary layer reactions, while the later stage is
governed intra-phase diffusion. The change in reaction rate at 60 min is attributed to the
transition of the rate-controlling step. When the basicity is 1.4, the initial reaction rate is
0.0114 min !, and the time required to reach the peak rate is shortened from 60 min to
45 min; thereafter, the reaction rate decreases to 0.0063 min 1.

The variations in Cr content and reaction rate at different MgO contents are shown in
Figure 4. As the MgO content increases from 8 wt% to 12 wt%, the final Cr contents are
2.23 wt%, 2.31 wt%, and 2.24 wt%, respectively. Benefiting from improved mass transfer
conditions, the conversion rate increases from 0.0150 min—! to 0.0213 min~!. When the
MgO content is 12 wt%, the initial Cr content is relatively low at 0.56 wt%, and the initial
reaction rate is only 0.0106 min~!. At 30 min, the reaction rate reaches 0.0210 min~!. With
further extension of time, the Cr content becomes nearly stagnant after 60 min. In the
later stage, the process is inferred to be governed intra-phase diffusion. The magnesium
aluminate spinel product layer surrounding the chromite spinel becomes thicker, which
hinders diffusion. Therefore, the reaction rate at 60 min decreases with increasing MgO
content from 0.0160 min~! to 0.0041 min~!.
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Figure 4. Cr content and reaction rate at different MgO contents at 1525 °C. (a) Cr content, wt%,;
1

(b) Reaction rate, min™".

Figure 5a shows the variation in Cr content under different Al,O3 conditions. As the
Al, O3 content increases from 14 wt% to 18 wt%, the final Cr content decreases from 3.05 wt%
to 2.23 wt%, indicating that high-alumina conditions weaken slag fluidity and hinder mass
transfer and diffusion processes, thereby exerting a negative effect on the smelting reduction
of chromite. In addition, this section further investigates the Cr content evolution at 1550 °C
when the Al,O3 content is 14%. It can be seen that increasing the temperature to 1550 °C
significantly promotes the reduction reaction, resulting in a final Cr content of 3.23 wt%,
corresponding to a chromite reduction degree close to 93%. The reaction rates at different
Al>,O3 contents are shown in Figure 5b. When the Al;O3 content is 16 wt% and 18 wt%, the
initial conversion rates are 0.0213 min~! and 0.0193 min !, respectively, which are higher
than that at 14 wt% Al,Os, possibly due to the rapid dissolution of chromite spinel. In
addition, when the temperature increases to 1550 °C, the conversion rate at 14 wt% Al,Os
increases from 0.0091 min—! to 0.0144 min—!. With increasing reaction time, the later stage
where diffusion resistance becomes increasingly important. Moreover, the higher alumina
slag exhibits higher viscosity and deteriorated fluidity, leading to the formation of a solid
product layer around chromite spinel, which further reduces the reaction rate.
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3.0
—A— (AL0,)=16%

—v— o(ALO,)=18%

o(Cr)/%
o

n
T

0.0 L L
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Figure 5. Cr content and reaction rate at different Al,O3 contents. (a) Cr content, wt%; (b) Reaction

rate, min~ 1.
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To more clearly demonstrate the effect of slag composition on chromite reduction,
Table 3 lists the reduction degrees at different times. It can be seen that the degree of
reduction improved significantly with changes in basicity; furthermore, at 1550 °C (No. 8),
the reduction degree approached 93%.

Table 3. Degree of reduction under different conditions (%).

Degree of Reduction/%

No 15 min 30 min 45 min 60 min 90 min 120 min Temperature/"C
1 5.86 10.27 15.31 19.35 23.97 27.10 1525
2 31.89 35.60 40.29 55.44 63.95 65.91 1525
3 17.16 19.45 2891 30.15 32.13 33.77 1525
4 22.55 33.15 34.56 58.48 60.89 63.70 1525
5 15.89 47.42 55.12 61.27 63.00 64.07 1525
6 13.63 27.32 41.67 57.60 79.11 87.02 1525
7 28.94 38.07 47.79 49.05 59.96 63.63 1525
8 21.60 52.50 62.00 71.29 83.36 92.24 1550
3.2. Analysis of Microstructural Evolution and Interface Characteristics
As shown in Figure 6, the SEM characterization results under different basicity condi-
tions indicate that the gray regions in Figure 6a—f correspond to the slag matrix, while the
white blocky particles represent unreacted chromite spinel. When the basicity is 1.0 and
1.4, the chromite spinel particles are relatively large with sharp edges and clear outlines.
In contrast, when the basicity is 1.2, the particle size of chromite spinel decreases and the
edges become blurred, showing a transitional state with the slag matrix and gradually
forming a liquid reaction layer. While these two-dimensional cross-sectional observations
are strictly qualitative, this morphological evolution, regarding particle rounding and size
reduction, visually corroborates the macroscopic kinetic results, illustrating the enhanced
dissolution behavior of the chromium spinel.
(@)
200pm
©
k E UL
(e)

Figure 6. SEM analysis at different basicities: (a) Basicity=1.0 sample, 200 um. (b) Basicity=1.0 sample,
100 pm. (c) Basicity=1.2 sample, 200 pm. (d) Basicity=1.2 sample, 100 um. (e) Basicity=1.4 sample,
200 um. (f) Basicity=1.4 sample, 100 um.

Energy-dispersive spectroscopy (EDS) mapping further reveals that Mg exhibits a
progressively more dispersed distribution with increasing basicity. At a basicity of 1.0, Cr
and Mg are mainly co-enriched, while Fe is present both in chromite spinel and in the slag
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i (@

100pm

matrix. At a basicity of 1.2, Cr and Mg remain enriched; however, the Fe signal in both the
slag matrix and chromite spinel decreases, and metallic iron appears in the form of bright
phases in BSE images. When the basicity increases to 1.4, a significant amount of Mg is
present in the slag matrix, while Mg enrichment in chromite spinel is weakened, indicating
that increasing basicity promotes chromite dissolution. In addition, due to the reduced
reaction degree at a basicity of 1.4, Fe remains densely distributed within the unreacted
spinel core.

As shown in Figure 7, Cr and Mg still exhibit obvious enrichment behavior under
different MgO contents. EDS mapping shows that Al is widely distributed in both the
slag matrix and the outer layer of chromite spinel, while its content inside the spinel is
relatively low. Furthermore, when the MgO content increases to 12 wt%, the enrichment
of Mg and Al in the outer layer of chromite spinel becomes more pronounced, indicating
that a Mg-Al-rich spinel layer, possibly corresponding to MgAl,Oy, forms around chromite
spinel during the reaction. This layer hinders the diffusion of internal Cr ions, thereby

slowing the reaction rate, which is consistent with previous studies.

MgALO,

Figure 7. SEM analysis at different MgO contents: (a) 10 wt% MgO sample, 200 um; (b) 10 wt% MgO
sample, 100 pm; (c) 12 wt% MgO sample, 200 um; (d) 12 wt% MgO sample, 100 um.

SEM observations show that as the Al,O3 content increases from 14 wt% to 18 wt%, the
number of chromite spinel particles increases significantly (Figure 8c—f), and the enrichment
of Fe, Cr, and Mg becomes more pronounced. When the Al,O3; content is 14 wt%, the
Fe content in chromite spinel decreases and dispersed metallic iron appears in the slag
matrix. As discussed above, this condition corresponds to the highest chromite reduction
degree. In addition, the upper layer of post-reaction slag samples was also characterized.
As shown in Figure 8a,b, large regions of iron oxides were observed in the upper slag
layer, and chromite spinel in these regions was also encapsulated by Fe-rich oxide phases.
The upper slag corresponds to an incompletely reacted zone, which suggests that during
chromite reduction, Fe?* in chromite spinel is reduced prior to Cr3*. As the reaction
proceeds, Fe?* in the outer region is continuously consumed, and internal Fe?* migrates
outward to sustain the reduction process. Figure 9 illustrates the Gibbs free energy for
the reduction of chromite by carbon in molten iron; under standard conditions, the onset
reduction temperature of FeCr,Oy is significantly lower than that of MgCr,O4. At 1600 °C,
the thermodynamic driving force for the reduction of FeCryOy is —54.68 k], whereas that
for the reduction of MgCr,Oy is —28.64 kJ. Eric et al. [27-29] also reported that after Fe ions
at the chromite surface are reduced to the metallic state, Cr ions diffuse toward the core and
replace internal Fe ions. When both Fe and Cr ions are fully reduced, a Mg-Al-rich spinel
layer is formed. It should be noted that some phases observed by SEM-EDS may have
formed during cooling rather than being stable phases at the experimental temperature.
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Figure 8. SEM analysis at different Al;O3; contents: (a) 14 wt% Al,O3 sample, upper 200 pum;
(b) 14 wt% Al,O3 sample, upper 100 pm; (c) 14 wt% Al,O3 sample, lower 200 um; (d) 14 wt% Al,O3
sample, lower 100 um; (e) 18 wt% Al,O3 sample, 200 um; (f) 18 wt% Al,O3 sample, 100 pm.
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Figure 9. Gibbs free energy of chromite reduced by molten iron [C]. (The dashed line represents the
baseline where the standard Gibbs free energy equals zero).

3.3. Slag Physicochemical Properties

As discussed above, changes in slag composition directly affect its fluidity and phase
precipitation behavior. Figure 10a—c presents the calculated slag viscosities for different
compositions. The results were obtained using the modified Urbain viscosity model, whose
accuracy has been validated in numerous previous studies. It can be seen that increasing the
basicity and MgO content significantly decreases the slag viscosity, thereby improving slag
fluidity during the smelting reduction of chromite. In contrast, increasing the Al,O3 content
results in a higher slag viscosity, and the deterioration in fluidity hinders mass transfer.
Figure 10d shows the liquidus temperatures and liquid fractions of slags with different
compositions. Due to the presence of CryOj3, the slags exhibit relatively high melting
temperatures. As the basicity increases from 1.0 to 1.4, the liquidus temperature decreases
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from 1640.87 °C to 1591.59 °C, which facilitates slag melting. In contrast, increasing the
MgO and Al,O3 contents raises the liquidus temperature to 1623.73 °C and 1622.2 °C,
respectively. Analysis of the liquid fraction indicates that increasing the basicity, MgO
content, or Al,O3 content all reduce the liquid fraction of the slag, which is unfavorable
for component mass transfer. Therefore, the influence of the chemical composition of slag
on the smelting reduction efficiency is governed by multiple factors rather than a single
physicochemical property.
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Figure 10. Viscosity and liquid-phase behavior of slag with varying compositions. (a) Viscosity at
different basicity; (b) Viscosity at different MgO content; (c) Viscosity at different Al,O3 content;
(d) Liquidus temperature and liquid phase quantity.

To further verify the influence of slag composition on the residual spinel phases in
the reacted slag, the dissolution behavior of spinel under different basicity conditions is
shown in Figure 11. At the reaction temperature of 1525 °C, the amounts of MgCr,Oy
and FeCr,Oy4 gradually decrease with increasing basicity, indicating that higher basicity
promotes the dissolution of chromite spinel and thereby accelerates the reduction reaction.
However, when the temperature falls below 1400 °C during slag cooling, increasing the
basicity to 1.4 promotes the re-precipitation of FeCr,Oy4, which is consistent with the SEM
observations described above. Moreover, the amount of MgAl,Oy increases significantly
with increasing basicity, which restricts the reduction of chromite spinel. The preceding
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Mass/g

analysis also indicates that increasing basicity reduces the liquid phase fraction, promotes
the formation of other solid phases (such as calcium silicates), and limits mass transfer.
Therefore, the effect of alkalinity on chromite reduction is determined by the interplay
between thermodynamic driving forces and kinetic limitations. This also explains the lower
final chromium reduction degree obtained at a basicity of 1.4.

~#— Basicity=1.0 + Basicity=1.0
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Figure 11. Effect of basicity on spinel equilibrium phase mass: (a) chromium spinel; (b) Mg-Al spinel.

As shown in Figure 12, increasing the MgO content decreases the amount of FeCr,Oy
in the slag, which is gradually transformed into MgCr,O4, while the amount of MgAl,Oy
increases markedly. These results indicate that the mass of MgCr,O4 and MgAl;Oy in the
slag decreases with increasing MgO content. Although MgO is beneficial for improving
slag fluidity, the excessive formation of solid-phase layers restricts the diffusion of Cr**
within the chromite spinel. Consequently, after 60 min of reaction, the degree of reduction
decreases with increasing MgO content.
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Figure 12. Effect of MgO content on spinel equilibrium phase mass: (a) chromite spinel; (b) Mg-Al
spinel.
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Figure 13 shows that as the Al,O3 content increases from 14 wt% to 16 wt%, the

solubilities of both MgCr,O4 and FeCr,O4 increase, and the accelerated dissolution of
chromite spinel significantly enhances the degree of reduction, which is consistent with

the experimental observations discussed above. Meanwhile, the amount of MgAl,Oy also

increases with increasing Al,O3 content, which impedes the reduction process during the

later stage of the reaction and consequently lowers the chromium reduction degree.

O(ALO=14wt%
—0— 0(ALO=16Wt%

()

Mass/g

O(ALOY=14wt%
1+ O(ALOY=16Wt%
O(ALOY=18wt%

0l 1 1

MgCr,0,

7t —A— 0(ALO,=18w1% 7t
6 6r

FeCr,0,

—8— 0(ALO)=14Wt%
(ALO)=16wt%
—h— 0(ALO,)=18wt%

(b)

1000 1100 1200

1
1300

Temperature/°C

L L L 1
1300 1400 1500 1600

Temperature/°C

L 1 " L
1400 1600 1000 1100 1200

Figure 13. Effect of Al,O3 content on spinel equilibrium phase mass: (a) chromite spinel; (b) Mg-Al

spinel.

4. Conclusions

The effects of slag composition on the smelting reduction behavior of chromite (using

graphite as the reduction agent) were systematically investigated through smelting re-

duction experiments combined with microstructural characterization and thermodynamic

analysis. The main conclusions are summarized as follows:

@

@)

®)

4)

The chemical composition of the slag significantly influences the smelting reduction
behavior of chromite by regulating slag fluidity and interfacial mass transfer. Within
the investigated composition range, the highest chromium reduction efficiency was
obtained at a slag basicity of 1.2. However, when the basicity was further increased to
1.4, the final chromium reduction degree decreased.

Increasing the MgO content improves slag fluidity and enhances the degree of reduc-
tion during the initial stage of the reaction. However, excessive MgO promotes the
formation of a Mg-Al-rich spinel layer on the surface of chromite particles, which hin-
ders the outward diffusion of Cr** and significantly reduces the degree of reduction
during the diffusion-controlled stage.

Reducing the Al,O3 content effectively decreases the slag viscosity and improves mass
transfer, thereby promoting the reduction of chromite. When the Al,O3 content was
14 wt%, the highest chromium content in the hot metal was obtained. Furthermore,
increasing the reaction temperature from 1525 °C to 1550 °C increased the chromium
reduction degree to approximately 93%.

SEM analysis revealed that the progressive dissolution of chromite spinel is accompa-
nied by the apparent outward migration of Fe and Cr. As the reaction progresses, a
Mg-Al-rich boundary layer forms around the unreacted core, which acts as a physical
barrier that restricts the mass transfer and slows the reduction kinetics during the
later stage.
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