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Abstract: The smooth drainage of produced iron and slag is a prerequisite for stable and efficient blast
furnace operation. For this it is essential to understand the drainage behavior and the evolution of the
liquid levels in the hearth. A two-dimensional Hele–Shaw model was used to study the liquid–liquid
and liquid–gas interfaces experimentally and to clarify the effect of the initial amount of iron and slag,
slag viscosity, and blast pressure on the drainage behavior. In accordance with the findings of other
investigators, the gas breakthrough time increased and residual ratios for both liquids decreased with
an increase of the initial levels of iron and slag, a decrease in blast pressure, and an increase in slag
viscosity. The conditions under which the slag–iron interface in the end state was at the taphole and
not below it were finally studied and reported.

Keywords: blast furnace; hearth drainage; iron and slag flow; interface phenomena

1. Introduction

The ironmaking blast furnace (BF), which will likely remain the dominant process in supplying
hot metal for the production of crude steel in the near future, has undergone remarkable developments
in both operating efficiency and working volume. The growing size of the blast furnace has made it
more difficult to maintain a uniform distribution over the cross section, which can lead to permeability
problems in the coke bed (dead man) in the lower part of the process [1]. A higher flow resistance
for the hearth liquids may cause hearth drainage problems, which are intimately associated with
excessive/abnormal wear of hearth lining and upsets of the operation state. Therefore, smooth drainage
is of crucial importance to the hearth integrity that is today commonly recognized as the main factor
limiting BF campaign life.

For a well-controlled drainage of the hearth, both the slag–gas interface (henceforth called the
“l–g interface”) and the slag–iron interface (henceforth referred to as the “l–l interface”) should stay at
relatively low vertical levels in the hearth. Sometimes, however, incomplete drainage may occur, often
caused by problems in extracting slag of high viscosity or at high draining rates. In such situations,
the resulting l–g interface in the hearth may rise excessively, which has an adverse effect on the BF
operation, resulting in, e.g., unstable burden descent. In the most extreme situation, the l–g interface
can even rise up to the level of the tuyeres, causing serious problems in the blast supply, or in the worst
case explosion due to water leakage, which can endanger the safety of the casthouse personnel [2].

During most of the draining, iron and slag flow out simultaneously, but single-phase flow may
occur if the entrance of the taphole is immersed in only one of the liquid phases at the start of drainage.
This results in periods of slag-only or iron-only tapping. The former case, where slag is the only phase
to flow out initially, is often accompanied by a rapid upward bending of the l–l interface towards the
taphole [3,4]. As the l–l interface has reached the taphole, both liquids flow out simultaneously until
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the end of the drainage. In the latter case, the l–l interface is (clearly) above the taphole so iron is the
first phase to drain. During this period, both interfaces remain essentially horizontal, except for a
slight declivity of the l–l interface close to the taphole when the overall l–l interface has descended
sufficiently. As the local l–l interface reaches the taphole, both phases drain simultaneously, and the l–l
interface descends below the taphole. Thus, both interfaces tilt toward the taphole until the draining
period ends by the escape of gas through the taphole [5]. For most of the drainage situations, the local
l–g interface tilts downwards to the taphole and the local l–l interface tilts upwards, as schematically
illustrated in Figure 1. These complex phenomena are the result of different densities and viscosities of
the two phases: a substantial local pressure gradient is formed in front of the taphole as the highly
viscous slag flows through the dead man to the taphole, and there is accelerated flow in the vicinity
of the taphole [2–7]. The velocity difference between the interior of the hearth and the region close
to the taphole is caused by the large dimensional difference between the diameters of the BF hearth
and the taphole. Furthermore, some special interface phenomena may occur in the hearth during
drainage. For drainage of a hearth with a heterogeneous dead man, so-called viscous fingering may
occur in the l–g interface close to the taphole [8,9]. Furthermore, for large BFs, it is estimated that the
vertical level of the interfaces may vary in different parts of the hearth as a result of an impermeable
dead man [10–12]. Such special phenomena can make the motion of the interfaces far more complicated
than the expected overall behavior outlined above.

 
Figure 1. Schematic vertical cross-section of the blast furnace. l–g interface: slag–gas interface; l–l
interface: slag–iron interface; hl–l,e: final level of the horizontal part of the l–l interface; hl–g,e: final level
of the horizontal part of the l–g interface.

Due to the importance and complexity of the behavior of the interfaces, many studies of the
interface phenomena in the hearth have been done in small-scale experimental models and using
sophisticated numerical simulation models. Tanzil et al. [3–5] were the first to shed light on the general
motion and bending of the interfaces in the BF hearth during drainage, partly revising the findings of
Fukutake and Okabe [13]. Detailed investigations of the interface phenomena have been conducted
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based on the general findings by Tanzil et al. [3–5] and by Zulli [6]. Researchers have established
simplified mathematical models estimating the l–l and l–g interface levels in the BF hearth as offline
tools [10–12,14] or online based on measurement data [15,16]. Efforts have also been made to study the
sophisticated interface phenomena by Computational Fluid Dynamics (CFD) [17] or a combination
of this technique with the Discrete Element Method (CFD–DEM) [18–20]. Even though there are
many merits of numerical simulation, e.g., low economic cost, high efficiency, etc., experimental
studies are still critically essential for verification of numerical models and for studying certain
phenomena for which computational analysis is still cumbersome. Experiments studying the effect of
operation conditions, such as coke-free zones, hearth coke permeability, etc., on the behavior of the
interfaces in batch or continuously operated small-scale physical models have been reported [3–6,8,9,11].
Compared with simulation studies, the experimental investigations are far more laborious, both when
it comes to undertaking the experiments and when analyzing and compiling the results to yield generic
findings. Still, the experimental approach is sometimes justified as it studies the “real” system, albeit
in a simplified form.

In order to gain a better view of the complex evolution of the liquid levels in the blast furnace
hearth, a series of experiments has been conducted in a two-dimensional Hele–Shaw (H–S) model;
this kind of viscous flow analog model of the conditions in the BF hearth was used extensively in
the pioneering studies in Australia [3–6,8]. The present work was primarily aimed at a systematical
investigation of the effect of operation parameters such as the initial amount of iron and slag, slag
viscosity, and blast pressure on the gas breakthrough time, as well as the interface states at the
termination of drainage. In practice, the permeability of the packed bed also affects the drainage
process, but this factor was constant here because the spacing between the plates in the pilot model
was fixed. Pictures taken by a high-speed camera during the experiments were interpreted by an
automatic interface tracking program to determine both the l–l and l–g interfaces accurately during the
draining process, and the results will be described in this paper. The section that follows describes
the apparatus arrangement and procedure as well as experimental conditions and analytical methods.
Section 3 presents the results of the experiments that are analyzed and illustrated in both dimensional
and dimensionless forms. Finally, in Section 4 some conclusions are drawn on the basis of the results of
the study.

2. Experimental Setup

2.1. Apparatus Arrangement and Procedure

The experimental apparatus, as shown in Figure 2, consisted of three main subsystems, i.e., the
draining system, charging system, and recording system. The draining system included an H–S model
and a liquid receiver. The H–S model consisted of two parallel Perspex plates (585-mm wide and
580-mm high) which were kept at a uniform distance of 2 mm by Perspex strips along the bottom and
sidewalls and a number of mini-spacers inside of the model. Three ports were cut in the two sides of
the H–S model to allow for fluid supply or extraction. One of the ports, the outlet, was connected by a
hose to a liquid receiver that was held at vacuum pressure by a pump to which it is connected. The
volume of the receiver was large enough to keep the vacuum pressure practically constant during the
draining process, so the pressure was set prior to the experiment. Oil and water were used as the fluids
in the study, while the upper part of the model was open, so atmospheric pressure prevailed at the
upper oil surface in the experiments. The oil supply system consisted of a moveable oil distributor,
an oil reservoir, and a variable-speed peristaltic pump. The moveable oil distributor included of a
rectangular mini-container connected to a group of tiny tubes. The container was connected to an
oil reservoir by a hose with a variable-speed peristaltic pump. During the oil charging process, the
tiny tubes were introduced into the slot of the H–S model, reaching down to the +120 mm level with
reference to the outlet. This arrangement was necessary to be able to create a uniform and horizontal
oil layer in a relatively short time, after which the pipes were withdrawn and the mini-container was
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removed (so as not to interfere with the images). The water charging system was very simple since the
water supply could be controlled easily: a tube was connected from a water reservoir to the water inlet
of the model and the flow rate was adjusted manually using a ball valve. A lifting table was used to
support the oil and water reservoirs at a relatively high level for injecting water and oil into the model
by gravity. The water supply rate was controlled by adjusting the height of the lifting table and the
opening of the ball valve. The supplementary system (i.e., recording system) was a combination of a
high-speed camera and laptop, which was used to record the whole drainage process of the experiment.
By using the high-speed camera, the starting and terminal points of the drainage process could be
determined accurately and more details about the drainage phenomena could be efficiently captured.

As the core part of the apparatus, the H–S viscous flow model emulates the two-phase flow in
the BF hearth (i.e., the flow of molten iron and slag) by using mineral oil and water in the model.
The approach is based on a flow analogue between viscous liquid flow between two closely parallel
plates and flow in a packed bed [4]. Using the H–S model instead of a packed bed model solves the
flow visualization problem. The physical properties of the above fluids are reported in Table 1.

Figure 2. Schematic illustration of the experimental setup.

Table 1. Physical properties of fluids for the blast furnace (BF) and model system.

Properties
System

BF: Slag–Iron Model: Oil–Water

Density of phase 1, ρL,1 (kg/m3) 6800 998
Dynamic viscosity of phase 1, μL,1 (Pa·s) 0.0068 0.001

Density of phase 2, ρL,2 (kg/m3) 2800 855
Dynamic viscosity of phase 2, μL,2 (Pa·s) 0.43 0.131, 0.254
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According to the viscous flow analogue, Darcy flow in a packed bed with hydraulic conductivity,
K, can be described with the H–S model (as explained in detail in [4]), if

K =
ρLgb2

12μL
(1)

where b is the spacing between the plates in the H–S model, g is the gravitational acceleration, μL is the
liquid viscosity, and ρL is the liquid density.

The definition of hydraulic conductivity in a packed bed model is

K =
kρg
μ

(2)

where k is the absolute permeability of the packed bed. Combining the two equations above, we obtain

(
kρg
μ

)
Packed−bed

=

(
ρgb2

12μ

)
H−S

(3)

In the experiments, the oil and water flow through the H–S model emulates iron and slag flow in the
BF hearth, so

kρirong
μiron

=
ρwatergb2

12μwater
(4)

kρslagg

μslag
=
ρoilgb2

12μoil
(5)

Since the fluids in the BF hearth and in the experimental model show practically equal
density-to-viscosity ratios, a relation between the plate spacing, b, and the absolute permeability of the
packed bed is obtained as

b =
√

12k (6)

Thus, by adjusting the space of two plates in the H–S model, it is possible to simulate the iron and slag
flow in the dead man with a wide range of absolute permeability for the H–S model (although the
ratio of hydraulic conductivities of the two liquids remains unchanged). In the BF hearth, a typical
effective coke particle diameter is 35 mm and the porosity is 0.30–0.40. According to the empirical
relationship between effective particle diameter and absolute permeability [21], a rough estimate of the
permeability is k ≈ 10−7 m2. By choosing b = 2 mm, the absolute permeability of the BF hearth coke
bed can be simulated by the H–S model.

The experimental procedure includes the following main steps:

(1) The lifting table was elevated to a certain level, followed by opening the ball valve to charge
water into the model until the predetermined level was reached.

(2) The moveable oil distributor was fixed on top of the model and the peristaltic pump was started
at low pumping speed to feed oil into the model slowly to create an oil layer with uniform and
desired thickness.

(3) A settling time of a few minutes was allowed for both l–g and l–l interfaces to become absolutely
stable. After this, the oil distributor was removed from the top of the model.

(4) The vacuum pump was switched on until the desired under-pressure was obtained in the receiver.
(5) The high-speed camera was turned on to record the drainage process.
(6) The outlet was opened fully. When air started blowing out through the outlet, the outlet was

closed and the camera was switched off.
(7) The vent was opened to recover the receiver pressure, and the drain of the receiver was opened

to empty the receiver.
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2.2. Experimental Conditions and Analytical Methods

For the industrial BF, before the start of tapping, the blast pressure, l–l and l–g interface levels, and
slag viscosity may vary from tap to tap, and all of these conditions influence the drainage of the hearth.
Thus, it is interesting to study the influence of the above conditions on the tapping in the experimental
model to gain insight into the practical drainage behavior of the BF hearth.

In the experiments, four conditions, i.e., pressure difference, initial l–l interface level, oil viscosity,
and initial oil layer thickness, were chosen to investigate the drainage phenomena. The experimental
conditions are listed in Table 2. The first group of experiments was the benchmark for the full set of
experiments. In the table, the pressure difference is the difference between atmospheric pressure (that
acts on the l–g interface) and the pressure inside the receiver. The initial l–l interface level, hl-l,0, is
expressed with respect to the level of the outlet. In the BF, it depends on the accumulated iron amount
in the hearth, and on the length and outer level of taphole, since the true taphole tilts downwards.
In the H–S model, it is not convenient to study the effect of the taphole length, so the initial l–l level
was directly affected by the amount of water fed into the model. The reported initial oil layer thickness,
hoil,0, is the absolute thickness in the model.

After each group of experiments, the videos recorded during the drainage process were processed
to extract the required information. Since the experimental model was two-dimensional, it was feasible
to estimate the remaining volume of oil and water in the model by calculating the oil and water areas
in every picture and multiplying them by the spacing between the two plates. A routine was written in
MATLAB R2018a (by The MathWorks, MA, USA) to automatically detect the l–l and l–g interfaces to
determine the interface locations. Then the areas of both liquids and finally the residual volume could
be easily determined for every frame of the video. The method for automatic interface detection and
processing is described elsewhere [22]. Figure 3 illustrates schematically the initial and end states of a
hypothetical case.

Table 2. Experimental conditions. Changed parameters are written in bold. The dynamic viscosity of
water is 0.001 Pa·s for all the experiments.

Experimental Group
Number

Δp
bar

Initial l–l Interface Level
mm

Oil Viscosity
Pa·s

Initial Oil Layer Thickness
mm

1 0.3 10 0.131 20–100
2 0.2 10 0.131 -
3 0.4 10 0.131 -
4 0.3 5 0.131 -
5 0.3 20 0.131 -
6 0.3 10 0.254 -

 
Figure 3. Schematic illustration of initial and final interface states. Solid lines: l–l interface, Dashed
lines: l–g interface.
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To use the experimental results for a real BF, some results were dealt with in a dimensionless format,
i.e., the residual oil (or water) ratio (α), dimensionless gas breakthrough time (τ), and flow-out coefficient
(FL), where the last factor is an important dimensionless variable characterizing the drainage [6].
The definitions of the above parameters are

α =
Vend

Vstart
(7)

τ =
t

tave
=

Qt
Db(hoil,0 + hl−l,0)

(8)

FL =

⎧⎪⎪⎨⎪⎪⎩180
(1− ε)2

ε3 · 1
ϕ2d2 ·

μ

ρg

⎫⎪⎪⎬⎪⎪⎭U0

[D
H

]1.94
=
μ

kρg
·U0·
[D
H

]1.94
(9)

where Vstart and Vend are the total oil or water volume at the start and end of drainage, respectively.
In the equations, D is the width of the H–S model, t is the gas breakthrough time, and tave is the time
taken to drain the whole liquids above the outlet at the average tapping rate, Q. Furthermore, hl-l,0 is
the initial level of the l–l interface above the outlet, hoil,0 is the initial absolute oil layer thickness in the
model, φ is the shape factor of coke particles, ε is the bed porosity, d is the particle diameter, μ is the
viscosity and ρ the density of oil, U0 is the superficial velocity, k is the absolute permeability of coke
bed in hearth, and H is the initial level of l–g interface above the outlet.

3. Results and Discussion

In order to provide a general view of the evolution of the interfaces, Figure 4 shows an example
of the liquid levels detected at five different moments during the process of a draining experiment.
The figure shows how the l–g interface (blue line) from being horizontal gradually bends downwards
towards the outlet along with the progress of the draining, while, by contrast, the l–l interface starts
bending upwards after the interface in question has reached the level of the outlet. It is also seen that
the l–g interface bends more than the l–l interface, which is due to differences in viscosity and density
of the two liquid phases.

Figure 4. Interfaces between oil and gas (l–g, blue lines) and water and oil (l–l, red lines) at five different
moments during a draining experiment.

3.1. Influence on Residual Ratio, Tapping Time

For the BF operation, the residual ratio of both liquids and tapping time are critical parameters.
Under certain conditions, a longer tapping time may mean a higher operation rate and lower economic
costs, because with extended tapping the residual liquid ratios and frequency of drilling and plugging
of the taphole decrease, thereby reducing the cost of refractory materials and taphole clay.
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3.1.1. Influence of Initial Oil Layer Thickness

In the BF, the amount of molten slag depends on the grade of iron ore, quality of coke, and the
amount of injected pulverized coal, so it may fluctuate with the quality and quantity of raw materials
used. If the slag ratio (i.e., the ratio of produced slag and hot metal) is high, the accumulated slag layer
is thicker and there is more slag in the BF hearth during the drainage. To study the influence of the
thickness of the accumulated slag layer on the tapping, a group of experiments was conducted, with
results shown in Figure 5, where the experiments acted as benchmarks.

The upper panel of the figure shows that, as expected, the draining time increased with the initial
oil layer thickness. This is simply because the distance between outlet and l–g interface increased
since the initial l–l interface level was kept constant. The lower panel of the figure illustrates that both
residual liquid ratios decreased with the initial oil layer thickness and that the decrease of the residual
water ratio was more significant. The primary reason for the lower water residual ratio was that the
thicker initial oil layer delayed the moment when the oil surface bent downwards to the outlet, which
was the end point of the drainage, and the l–l interface thus had longer time to descend. This is also the
reason why the residual oil ratio was smaller, as illustrated in the schematic in Figure 6; even though
the water level is lower, the residual oil ratio decreased as the end l–g level increased only slightly.

Thus, for the BF process, with less produced slag, the draining time would be shorter. As this
would lead to more frequent taps, implying higher labor and refractory costs, it is necessary to decrease
the taphole diameter to extend the draining time in such situations.

 
Figure 5. Upper panel: Effect of initial oil layer thickness on gas breakthrough time. Lower panel:
Effect of initial oil layer thickness on residual ratios of both liquids. Initial l–l interface 10 mm above the
outlet, with a pressure difference of 0.3 bar and oil viscosity of 0.131 Pa·s (cf. Table 2).
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Figure 6. Schematic of initial and final interface states for two initial oil layers enclosed by blue and
orange lines. Solid lines: l–l interface, Dashed lines: l–g interface.

3.1.2. Influence of the Initial l–l Interface Level

The initial l–l interface level (above the taphole) is related to the amount of accumulated molten
iron in the BF hearth at the commencement of drainage, the dead man porosity, the level of the taphole,
and the taphole length. For multi-taphole furnaces, it is also strongly related to the operation of the
alternate taphole used [10,12]. The outer level of the taphole is predetermined for every BF, but the
angle and the length of the taphole may vary. Even though the former is usually fixed, it is known
that some plants used the taphole angle for controlling the drainage. As for the taphole length, it is a
controllable factor (under favorable conditions [23]), as it can be adjusted by injecting more or less
taphole clay during taphole plugging.

A group of experiments was undertaken to investigate the effect of the initial l–l interface. Figure 7,
which illustrates the results, shows how the gas breakthrough time increased with the level of the
initial l–l interface at a fixed initial oil layer thickness. This is natural since a higher initial water level
delays the moment when oil starts flowing out. The lower panel of the figure shows that both the
residual water and oil ratios decreased as the initial l–l interface rose. The reason is that an overall
increase in the initial l–l level yields a longer drainage time and therefore lowers residual amounts of
the two liquids.

9
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Figure 7. Upper panel: Effect of initial oil layer thickness on gas breakthrough time at different initial
l–l interface levels. Lower panel: Effect of initial oil layer thickness on residual ratios of both liquids at
different initial l–l interface levels. Pressure difference: 0.3 bar, oil viscosity: 0.131 Pa·s, initial l–l interface
levels: 5 mm (marked by squares), 10 mm (marked by circles), and 20 mm (marked by diamonds).

3.1.3. Influence of Pressure Difference

The blast pressure of an operating BF is usually kept relatively stable, which means that the
difference between the internal pressure and the atmospheric pressure is constant. However, the pressure
difference varies with the blast volume and can also be adjusted by changing the BF top pressure.
To clarify the effect of this “driving force”, the pressure difference in the experimental system was
varied. The results for different oil layer thicknesses are reported in Figure 8, where the upper panel
shows that the draining time decreased dramatically with the pressure difference (at fixed initial
oil layer thickness and initial l–l level). The obvious reason is that the outflow rates of both liquids
increased with the pressure difference. The decrease of the tapping time was more pronounced at a
thicker initial oil layer. When the initial oil layer was thin, water was the dominant phase to be drained
during the whole drainage period but along with the increase in the initial oil layer thickness, the
ratio of water to oil in the outflow decreased, particularly in the later stages of the process. When the
initial oil layer was thicker, the tapping time increased significantly due to the overall higher drainage
resistance. The lower panel of Figure 8 shows that both residual liquid ratios increase with the increase
in pressure difference at a fixed initial amount of water and oil. This was presumably caused by the
fact that a higher pressure proportionally increases the draining rate of oil more than that of water,
implying an earlier end point of the draining. Thus, a lower pressure difference (i.e., a lower blast
pressure) was beneficial for extending the draining time and decreasing the residual liquid ratios.
However, in the BF a certain blast pressure is needed for a normal operation of the process to support
the burden and to suppress undesired gasification reactions and fluidization.
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Figure 8. Upper panel: Effect of initial oil layer thickness on gas breakthrough time at different pressure
differences. Lower panel: Effect of dimensionless initial oil layer thickness on residual ratios of both
liquids at different pressure differences. Initial l–l interface level: 10 mm, oil viscosity: 0.131 Pa·s,
pressure differences: 0.2 bar (squares), 0.3 bar (circles), and 0.4 bar (diamonds).

3.1.4. Influence of Oil Viscosity

The slag viscosity mainly depends on temperature and composition, but also on the contents and
characteristics of possible solid components (e.g., char). The temperature varies with the thermal state
of the process, while the slag composition depends on the type and quantity of raw materials used, and
thus it may vary with time. The slag composition is also affected by the partition reactions between
iron and slag, which are influenced by the temperature. Figure 9 illustrates the role of oil viscosity on
the gas breakthrough time and residual ratios. The tapping time grew with the oil viscosity since the
draining rate became lower. With the increase in oil viscosity, the declivity of the l–g interface near the
taphole should grow because of an increased pressure drop in the oil phase, but the videos from the
experiments showed little change in the bending degree of l–g interface near the taphole, so the effect
of draining rate was dominant for this group of experiments. Thus, as the oil viscosity increased, the
tapping time increased almost solely due to a decreased tapping rate.

The lower panel of Figure 9 shows that the residual water and oil ratios decreased with an increase
in oil viscosity, which is mainly because of the extension of draining time. The results indicate that high
slag viscosity may extend draining time, but the high draining resistance and low tapping rate could
in practice cause drainage difficulties with an adverse effect on the stability of the hearth operation.
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Figure 9. Upper panel: Effect of initial oil layer thickness on gas breakthrough time at different oil
viscosities. Lower panel: Effect of initial oil layer thickness on residual ratios of both liquids at different
oil viscosities. Initial l–l interface level: 10 mm, pressure difference: 0.3 bar, oil viscosity: 0.131 Pa·s
(circles), 0.254 Pa·s (squares).

3.2. Effect of the Factors on the End State

In the draining experiments, three different types of end states occurred, here labelled abnormal
drainage, transitional drainage, and normal drainage, respectively. These are illustrated in Figure 10
for three draining experiments using the parameters of experimental group 1, i.e., an initial l–l level
of 10 mm, a pressure drop of 0.3 bar, and an oil viscosity of 0.131 Pa·s, but different initial oil layer
thicknesses. The horizontal blue line in the figure represents the level of the outlet. In the first type
of drainage (top panel, 20 mm initial oil layer), the conditions were such that the overall water level
did not even descend to the outlet level but was slightly above it at the point when air broke out.
This pattern primarily occurred when the initial oil layer was thin. By contrast, in the final type, i.e.,
normal drainage (bottom panel, 70 mm initial oil layer), the l–l interface descended clearly below
the outlet in the final state and thus bent upwards to the outlet. The cases referred to as transitional
represent drainage patterns that fell between these two extremes (middle panel, 40-mm initial oil layer),
where the l–l interface was practically horizontal and its vertical level was very close to the outlet level
when the drainage ended. It may be noted that this pattern could also occur for a case with a thin
initial oil level and an initial l–l interface at the taphole (not studied in the present investigation).
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Figure 10. Interface levels at the termination of drainage for abnormal drainage (top panel), transitional
drainage (middle panel), and normal drainage (bottom panel) in three experiments with an initial l–l
interface level of 10 mm, a pressure drop of 0.3 bar, and oil viscosity of 0.131 Pa·s. The initial oil layer
thicknesses are 20 mm, 40 mm, and 70 mm (top to bottom panels).

In order to gain an understanding of the state of the end interfaces, some experiments will be
illustrated, showing the influence of the initial oil layer thickness, initial l–l interface level, pressure
difference, and oil viscosity. The drainage was studied for different initial oil layer thicknesses. In every
group, it was observed that abnormal drainage occurred if the initial oil layer was thin, but with
the increase of the oil layer thickness the drainage type evolved gradually through the transition
to the normal drainage patterns, as shown in Figure 11. Thus, for each case, there is an initial oil
thickness, henceforth called the “critical oil layer thickness”, for which the drainage ends with an
l–l interface at the taphole. If the initial thickness exceeds the critical value, normal drainage will
occur. Thus, for a case with large critical oil layer thickness, abnormal drainage is more likely to
occur than for a case with small critical oil layer thickness. To study the effect in more detail, some
more experiments were conducted and the end levels of the horizontal part of both interfaces were
determined, with results shown in Table 3. The end state is reported as the final level of the horizontal
part of the l–l interface, hl-l,e. The conditions for abnormal, transitional, and normal drainage applied
were hl-l,e > 1 mm, 1 ≥ hl-l,e ≥ −1 mm, hl-l,e < −1 mm, respectively.
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Table 3. Levels of horizontal parts of the interfaces at the end of drainage under different experimental
conditions (cf. Table 2). Values that fall in the transition zone have been indicated by bold values, and
lack of experimental results by an em dash (—).

Initial Oil Layer Thickness
mm

Experimental Group

1 2 3 4 5 6

hl-g,e

mm
hl-l,e

mm
hl-g,e

mm
hl-l,e

mm
hl-g,e

mm
hl-l,e

mm
hl-g,e

mm
hl-l,e

mm
hl-g,e

mm
hl-l,e

mm
hl-g,e

mm
hl-l,e

mm

20 28.2 +8.0 26.7 +6.6 30.9 +10.4 25.8 +5.2 31.2 +12.0 25.8 +6.2
30 33.1 +3.4 30.9 +1.3 35.7 +5.7 32.8 +2.8 35.6 +6.4 30.6 +1.4
35 35.6 +1.3 32.8 −1.5 — — 35.6 +0.2 — — 33.1 −1.0
40 37.9 −1.0 34.3 −4.8 40.5 +1.7 37.9 −1.7 39.8 +1.1 35.0 −3.4
45 — — — — 43.4 −0.6 — — 42.1 −2.1 — —
50 42.5 −6.0 37.6 −11.1 45.6 −3.3 43.5 −5.7 44.1 −4.3 39.9 −8.2
60 46.6 −12.2 40.4 −18.7 50.5 −7.7 48.1 −11.7 48.0 −10.2 44.7 −13.3
70 50.8 −18.1 42.6 −25.7 55.5 −13.4 51.6 −17.2 51.8 −16.9 49.0 −18.8
80 54.2 −23.5 45.1 −31.9 59.3 −18.6 55.7 −23.7 55.6 −22.5 52.8 −24.5
90 58.4 −29.1 47.5 −39.1 63.6 −24.5 58.8 −28.8 59.7 −28.8 56.9 −30.2
100 60.9 −35.0 50.9 −45.7 68.7 −29.2 63.3 −35.0 62.0 −35.5 60.2 −35.2

 
Figure 11. Effect of initial oil layer thickness on the drainage end state. Initial l–l interface level: 10 mm,
pressure drop: 0.3 bar, oil viscosity: 0.131 Pa·s.

3.2.1. Effect of the Initial l–l Interface Level

The effect of the initial l–l interface level on the drainage type is presented in dimensional and
dimensionless form in Figure 12, demonstrating that the critical oil layer thickness increased and the
corresponding flow-out coefficient decreased with the initial l–l interface level. For the purpose of
clarity, dashed red lines were drawn through the observations that represent the transitional drainage.
A possible explanation for the increase in the critical oil layer thickness is that with the rise of the initial
l–l interface, the initial outflow rate of water increases since water occupies the regions above and
below the outlet, which makes the oil layer more prone to bend when the oil outflow commences.
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Figure 12. Effect of initial l–l interface level on the drainage end state. Pressure difference: 0.3 bar, oil
viscosity: 0.131 Pa·s, initial l–l interface levels: 5 mm (dash-dotted line), 10 mm (solid line), 20 mm
(dashed line). Red dashed line shows the states corresponding to transitional drainage.

3.2.2. Effect of the Pressure Difference

The effect of the pressure difference on the end state is illustrated in Figure 13, which shows that
the critical oil layer thickness increased with the imposed pressure difference. As the driving force
for both water and oil transport increased, the draining rates of both liquids increased, raising the
descending speed of the l–l and l–g interfaces. The higher oil draining rate also increased the bending
of the l–g interface at the outlet, leading to a decrease in the gas breakthrough time. Consequently,
the critical oil layer thickness increased. The lower panel of Figure 13 shows that the flow-out coefficient
corresponding to the critical oil layer thickness was rather insensitive to the pressure difference.
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Figure 13. Effect of pressure difference on the drainage end state. Initial l–l interface level: 10 mm,
oil viscosity: 0.131 Pa·s, pressure differences: 0.2 bar (dash-dotted line), 0.3 bar (solid line), 0.4 bar
(dashed line).

3.2.3. Effect of Oil Viscosity

Finally, Figure 14 illustrates the role of oil viscosity on the drainage type, showing that the critical
oil layer thickness decreased and the corresponding flow-out coefficient increased with the oil viscosity.
The reason for the decrease of the critical oil layer thickness is that the increased oil viscosity made this
phase flow out at a much lower speed, making it less likely that the drainage would end before the
water level descended below the taphole.
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Figure 14. Effect of oil viscosity on the drainage end state. Initial l–l interface level: 10 mm, pressure
difference: 0.3 bar, oil viscosity: 0.131 Pa·s (solid line), 0.254 Pa·s (dashed line).

3.3. Comparison with Earlier Findings

To allow for a comparison of the results of the present work with earlier findings by other authors,
the residual oil ratios were re-calculated according the definition applied by Tanzil et al. [4,5], i.e.,
as the ratio of the volume of liquid (slag) remaining above the taphole level at the termination of
the drainage to the volume originally above the taphole. Using this definition, the residual oil ratios
in the experiments of the present work are depicted in Figure 15. The ratio is seen to increase quite
linearly with the logarithm of the flow-out coefficient but levels out at high values. The overall trend
is in accordance with that presented by Tanzil and co-workers (e.g., Figure 4 of [4]) even though the
flow-out coefficient of the present work is higher, caused by the different experimental conditions (e.g.,
liquid properties).
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Figure 15. Effect of the flow-out coefficient on the residual oil ratio re-calculated according to the
definition in [4,5].

Figure 16 provides a comparison with some other results reported by earlier investigators. The left
panels show findings reproduced from He et al. [9] who used a packed bed model in their research,
while the right panels are compiled results from the present research for a pressure drop of 0.3 bar and
an oil viscosity of 0.131 Pa·s. The different experimental set-up and conditions (fluids, pressure drop)
in the two systems make the absolute values of the variables different, so the focus should rather be on
trends in the comparison. The upper panels show how the gas break-out time varies with the initial
level of the l–g interface. He et al. started the experiments with the l–l interface below (–20 mm), at
(0 mm), or above (+20 mm) the outlet, while the experiments of this paper were started above (+5 mm,
+10 mm, and +20 mm) the outlet. As observed by He et al., there is a slightly superlinear relation of
the gas breakthrough time to the initial l–g level. In contrast to He’s results, the present work shows
little effect of the initial l–l level. One would, in fact, expect the initial l–l level to have a lowering effect
on the drainage time since the drainage is faster if a higher share of the drained liquids is the less
viscous one. The differences in drainage time between the experiments with different initial l–l levels
are, however, so small that stochastic effects may mask these.
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Figure 16. Comparison of some results from He et al. [9] (left panels) with results of the present work
(right panels). Top: Effect of initial l–g interface on gas breakthrough time. Bottom: Effect of flow-out
coefficient on dimensionless gas breakthrough time.

The lower panels depict how the dimensionless breakthrough time (cf. Equation (8)) depends on
the flow-out coefficient. Again, even though the magnitudes of the variables are different, the overall
trend exhibited by them can be concluded to coincide well.

4. Conclusions

In order to gain a better understanding of the drainage and evolution of the liquid–gas and
liquid–liquid interfaces in the blast furnace hearth, a series of experiments were conducted with
a two-dimensional Hele–Shaw model. Oil and water were used as the two liquids emulating slag
and iron in the real system. Special attention was focused on the effect of the conditions on the gas
breakthrough time, residual ratios of both liquids, and the end state of the liquid levels, categorized
into three groups (normal, transitional, or abnormal drainage). Based on the experimental results, the
following conclusions can be drawn:

(1) An increase in the initial oil layer thickness (i.e., more accumulated slag in the hearth) extends
the draining time and decreases the residual ratios of both liquids. In addition, the likelihood of
abnormal drainage also decreases.

(2) With a higher initial l–l interface level, the draining time increases and the residual liquid ratios
decrease. The likelihood of abnormal drainage increases.

(3) With an increased pressure difference (“driving force”) in the system, the residual liquids ratios
and the likelihood of abnormal drainage increase, while the gas breakthrough time decreases.

(4) An increase of oil viscosity increases the tapping time and reduces the likelihood of abnormal
drainage and residual ratios of both liquids.
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The findings can be used to provide a better interpretation of the drainage patterns observed in
the blast furnace, and the results may further be applied to calibrate and verify computational fluid
dynamics models of the blast furnace hearth.
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Abstract: Very little research on Søderberg electrodes has been published in the journal peer reviewed
public domain. The main aim of this work is to characterise a Søderberg electrode that was cut off
approximately 0.5 m below the contacts shoes of a submerged arc furnace. Additionally, the char-
acterisation data can be used to verify if Søderberg electrode models accurately predict important
electrode characteristics. The operational history (slipping, current, and paste levels) proved that
the case study electrode was a representative specimen. The characterisation results indicated no
significant electrical resistivity, degree of graphitisation (DOG), and bulk density changes from
0.7 to 2.7 m on the non-delta side (outward facing), while these characteristics changed relatively
significantly on the delta side (inward facing) of the electrode. The area where the submerged arc
would mostly like jump off the electrode had the lowest resistivity, as well as highest DOG and bulk
density. No significant difference in porosity as a function of length below the contact shoes were
observed; however, slight increases occurred near the perimeters. It was postulated that oxidation of
carbon resulted in increased pore volumes near the electrode perimeter. No significant difference in
compressive breaking strength was observed over the electrode area investigated.

Keywords: Søderberg electrodes; submerged arc furnace (SAF); ferro-alloy production; ferrochrome;
electrical resistivity; degree of graphitisation; bulk density; porosity; compressive breaking strength

1. Introduction

Since its development in the early 1900s [1], Søderberg electrodes have been used exten-
sively in submerged arc furnaces (SAFs) to conduct electrical current from a transformer(s)
to the smelting zone [2]. Various authors have presented representations of a Søderberg
electrode column and/or described the processes associated with it, e.g., [2–10]. Such a col-
umn typically consists of a cylindrical steel casing that extends from a building level well
above the furnace, down into the smelting zone. The casing serves as the mould for the
electrode paste, which contains a binder (e.g., coal tar pitch) mixed with a solid aggregate
(e.g., calcined anthracite or coke), to form the electrode during operation. The casing
also has longitudinal fins, which add dimensional stability to the casing and the unbaked
electrode. Resistive heating of current passing through the casing, fins, and paste, as well
as heat conducted upward from the SAF in the electrode column melt the electrode paste
at temperatures above its softening point to fill the casing. Electrode paste softening tem-
peratures have been reported to be in the range of 65 to 134 ◦C [11]. Solid electrode paste
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is added at regular intervals via the top of the electrode casing to maintain a steady level
of solid (un-melted) and liquid paste (that have filled the casing). The casing is slipped
(lowered in relation to clamping devices that hold the electrode) relatively small distances
on a shift basis (usually 8 h long), and longer slips are taken if an electrode break occurs,
or if the electrode is shorter than ideal. All the afore-mentioned result in the melted paste
being exposed to increasing temperatures as it approaches the so-called contact shoes.
Contact shoes are large copper (or copper alloy) components that are pressed against the
casing to conduct electrical current into the electrode. Before the liquid electrode paste
reaches the bottom of the contact shoes, it should ideally be transformed into solid car-
bonaceous material. The temperature at which the paste transforms from a liquid to a solid
is termed the baking isotherm. This transformation temperature has been reported to be
between 450 and 475 ◦C [11]. As the carbonaceous electrode descends further into the SAF
temperatures increase, which results in further baking.

Good Søderberg electrode management, together with other aspects such as maintain-
ing a suitable metallurgical balance (to obtain product within specifications and the correct
slag chemistry), high electrical power input (assuming fixed specific energy consumption,
production volume is directly related to power input), and feeding the furnace appropri-
ately (without feed it cannot produce and asymmetrical feed could lead to damage) form
the basis for safe (occupational health and safety of workers), environmentally responsible
(limiting emissions), and profitable smelting operations. However, good Søderberg elec-
trode management implies that a multitude of actions and tracking of parameters need to
take place on a shift and daily basis.

Very harsh conditions in the SAFs lead to severe mechanical and thermal stresses,
which result in unavoidable wear of the electrode tips. Furthermore, thermal stresses associ-
ated with shutdowns and operational instability may cause anything from inconsequential
hard electrode breaks to disastrous green breaks [7,8]. Broken electrodes can negatively
impact process productivity (e.g., lower electrical power input, damage to equipment,
or even prolonged shutdowns to repair damage), personnel occupational health and safety,
as well as environmental emissions (e.g., process instability often result in higher than
normal atmospheric emissions).

Notwithstanding the importance of Søderberg electrode design and management to
ensure responsible, safe, and profitable smelting operations, very little research focussing
specifically on Søderberg electrode related aspects have been published in the journal
peer reviewed public domain. For instance, as far as the authors could assess (using
the “Scopus” scientific search engines with the key words “Soderberg electrode”), only 5
such papers have been published in the last decade (i.e., 2011 to 2020) [4,11–14]. Several
conference proceeding papers have also been published during this time, e.g., [2,3,5,15].
These conference proceeding papers also gave valuable topic specific insights. However,
many such contributions were made principally to demonstrate the capability of commer-
cial companies to serve their clients instead of divulging all relevant information as is
common in academic journal papers.

The main aim of this work was to characterise a largely intact Søderberg electrode,
removed from a ferrochrome SAF during a shutdown to rebuild many of the furnace com-
ponents. The operational history for a month prior to the shutdown, procedures followed
to sample the electrode and experimentally determined characteristics (e.g., electrical resis-
tivity, degree of graphitisation, bulk density, porosity, and compressive breaking strength)
are presented. As far as the authors could assess, such a characterisation of a real-world
Søderberg electrode have not yet been presented in the peer reviewed public domain.
Such data will contribute towards a better understanding of electrode management by
operational personnel and assist researchers in identifying unresolved questions. Addi-
tionally, the characterisation data can be used to verify such characteristics in Søderberg
electrode models, which have up to now mainly been restricted to temperature, current
densities, and thermal stress profiles, e.g., [2,3,5,6].
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2. Materials and Methods

2.1. Søderberg Electrode Sampling

On 31 July 2013, an operational ferrochrome SAF with 1.4 m casing outer diameter
Søderberg electrodes was switched off, after following the appropriate preparations for
a furnace rebuild. The furnace was allowed to cool down for 5 days. Thereafter, the number
2 electrode (Figure 1a indicating the numbering from a top view), was cut off with a dia-
mond wire saw approximately 0.5 m below the contact shoes, as indicated in Figure 1b.
The electrode stump was removed from the furnace with appropriate rigging equipment.
Then, 100 mm outer diameter core drill samples were collected, with the 100 mm sample
centred at 0.70, 1.15, 1.64, 2.16, and 2.70 m below the contact shoes. This core drilling
was done through the entire diameter of the electrode, from the outside towards the delta
side of the electrode. Here the term “delta” refers to the side of the electrode facing the
centre of the SAF (see Figure 1a). An example of such a core drilled sample is presented in
Figure 1c. The 100 mm diameter core samples were then cut into 10 mm disks (examples
indicated in Figure 1d) with a commercial cut off grinder that was modified for the purpose.
Precise lathe turned; tight fitting bushings were installed in the pivot point of this cut-off
grinder to ensure accurate cutting. Additionally, it was permanently fitted on a table with
specially designed cradles to hold the 100 mm tube-like core drilled electrode sample
perpendicular to the blade of the cut-off grinder. Cylindrical sample pellets with outer
diameters of 8 mm were then drilled out from these 10 mm thick disks with an appropriate
diamond coated core drill fitted in a bench drill, as indicated in Figure 1e,f. The condition of
a specific 100 mm thick disk determined how many such 8 mm × 10 mm cylindrical sample
pellets could be obtained from it, with ≥10 being the norm. These 8 mm × 10 mm cylin-
drical sample pellets were used in all electrode characterisation experiments, unless stated
otherwise. Since many of the characterisation techniques involved destructive analysis,
the investigated characteristics were not performed on material sampled from the same
positions within the case study electrode. Therefore, it was not possible to directly correlate
(via correlation graphs) characteristics with one another.

  
(a) (b) 

Figure 1. Cont.
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(c) (d) 

  
(e) (f) 

Figure 1. (a) Diagram from a top view indicating the electrode numbering of the SAF from which the electrode was removed;
(b) photo indicating how the electrode was cut off, approximately 0.5 m below the contact shoes with a diamond wire
saw; (c) an example 100 mm outer diameter core drill sample, collected by core drilling through the entire diameter of the
electrode, from the outside towards the delta side of the electrode; (d) examples of 10 mm thick disks that were cut from the
100 mm diameter core samples; (e) example 10 mm thick disk, after 8 mm outer diameter cylindrical sample pellets were
drilled out; (f) example 8 mm × 10 mm cylindrical sample pellets that were used in most experiments.

2.2. Electrical Resistivity Measurements

The electrical resistivities of cylindrical sample pellets were measured at room temper-
ature using a GW Instek resistance precision meter (Model LCR-6020 Series). The meter
can be used to measure inductance (L), capacitance (C), and resistance (R) of samples
over a wide frequency (10 Hz–20 kHz), resistance (0.99–99.9 MΩ), and voltage range
(10.00 mV–2.00 V). As indicated in Figure 2a, a two-probe device was manufactured
(by the North-West University Instrument Makers) similar to the design presented by
Heikkilä et al. [16] and connected to the LCR meter. This two-probe device had a bottom
and a top probe, which were both turned from solid copper. The stainless steel tightening
wheel mechanism (Figure 2a) was used to gently tighten a cylindrical sample pellet in-
between these copper probes prior to a measurement. A torque wrench was then used to
fasten the hex/Allen key located on top of the stainless steel tightening wheel mechanism
further. This ensured that each sample was set under the same torque pressure (i.e., 0.5 Nm).
The crocodile clamps of the LCR meter were clamped into fit-for-purpose holes drilled in
the copper probes. These holes ensured consistent placement of the clamps on the probes,
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as well as consistent contact area between the clamps and the probes. The frame and
connectors that attached the probes to the frame were made of polyvinyl chloride (PVC)
plastic, to isolate the frame from the sample. As illustrated in Figure 2b, the face of the
bottom copper probe on which the cylindrical sample pellet sat had a small rim on the
outside, while the corresponding face of the top copper probe was flat. These shapes were
used to ensure that the cylindrical sample pellets were held in-between the two copper
probes in a repeatable manner. Both copper probes were also set on a 360◦ articulating
spring mechanism. This kept the ends of the cylindrical sample pellet perpendicular to the
probe faces, even if the cylindrical sample pellet ends were not perfectly perpendicular to
the cylindrical sample pellet sides.

  
(a) (b) 

Figure 2. (a) Photo indicating the GW Instek resistance precision meter (Model LCR-6020 Series) and two-probe device,
similar to the design presented by Heikkilä et al. [16], used to measure electrical resistivity of the cylindrical sample pellets;
(b) illustration indicating the shapes of the copper probes, in-between which the cylindrical sample pellets were held.

To ensure precision and accuracy, the LCR meter was switched on for 30 min and
a daily calibration was conducted before measurements commenced. Cylindrical copper,
aluminium, and stainless steel samples, which had dimensions similar to the cylindrical
sample pellets, were measured during calibration. The calibration values were stored
by the LCR meter to correct for errors caused by impedance of the experimental setup.
The resistance values of the measured cylindrical sample pellets were calculated from
Ohm’s law:

R = V/I, (1)

where R is the resistance (Ω), V is the voltage across the sample (V), and I is the measured
current (A). Assuming uniform current distribution, the resistivity was calculated by
Equation (2):

ρ = (V.A)/(I.H), (2)

where ρ is the material resistivity (Ω·m), V is the voltage across the sample, I is the
measured current (A), A is the cross-sectional area of the cylindrical sample (m2), and H is
the height of the sample (m).

2.3. Degree of Graphitisation Determinations

The degree of graphitisation (DOG) was determined with the so-called interlayer
spacing or d002 method, based on X-Ray Diffraction (XRD) analysis [17]. This method is
one of at least three recognised methods to determine DOG [18]. The powder generated
during drilling of the 8 mm × 10 mm cylindrical sample pellets (as explained in Section 2.1)
were used for this purpose. A small amount of silicon metal powder, used as a reference
material, was added to the powdered Søderberg electrode material and mixed thoroughly,
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prior to analysis. The prepared samples were analysed on a Bruker D8 A25 DaVinci X-ray
Diffractometer and LynxEye™ SuperSpeed Detector with xyz-stage mounted and using
Cu-K radiation. The DOG was calculated with Equation (3) [17]:

DOG = (3.440 − d002)/(3.440 − 3.354) = (3.440 − d002)/0.086, (3)

where DOG is the degree of graphitisation (unitless, with 1 indicating fully graphitised and
0 fully un-graphitised), 3.440 is the interlayer spacing of fully un-graphitised carbon (nm),
3.345 is the interlayer distance for pure graphite (nm), and d002 is the interlayer spacing
derived from XRD analysis (nm).

2.4. Bulk Density Measurements

Bulk densities were measured using the ASTM C20-00 method [19]. Cylindrical
sample pellets with 18 mm × 10 mm dimensions, obtained in a similar manner as the
8 mm × 10 mm cylindrical sample pellets (described in Section 2.1), were used in these
determinations. The samples were first air dried at 105 ◦C for 3 h in an oven. After cooling
in a desiccator, the samples were weighted (D). They were then saturated by boiling them in
distilled water for 2 h. Thereafter, the samples were weighted in water to get the saturated
weight (S). The bulk density was calculated with the following formula:

ρ = [D/(D − S)(ρo − ρL)] + ρL, (4)

where ρ is the bulk density of the sample (g·cm−3), D the sample weight after drying, S the
saturated sample weight, ρo the density of water (taken as 0.9982 g·cm−3), and ρL the
density of air (taken as 0.0012 g·cm−3).

Bulk densities were also measured with an AccyPyc II 1340 gas pycnometer. Søder-
berg electrode pieces remaining after the 8 mm × 10 mm cylindrical sample pellets were
drilled out of the 10 mm thick disk (Figure 1e) were used for this purpose. Each sample
was first weighed and then placed in a 35 cm3 sample holder in the instrument chamber.
The chamber was purged 5 times with 99.99% helium. A known quantity of gas at a known
pressure was then expanded into the chamber and the new pressure measured. The differ-
ence between the initial and final pressures and the known volume of the chamber is then
used (with the gas law) to calculate the volume of the sample. And with the sample mass,
the sample bulk density could be calculated.

2.5. Porosity Determinations

Computerized tomography (CT) scanning was used to generate sample image slices,
which could be processed to determine porosity. A Nikon XT H 225 ST with a 225 kV reflec-
tion target source and a Perkin Elmer 1620 detector CT instrument was used. Similar to the
bulk density determinations (described in Section 2.4), Søderberg electrode pieces remain-
ing after the 8 mm × 10 mm cylindrical sample pellets were drilled out of the 10 mm thick
disk (Figure 1e) were used. The samples were placed in glass poly tops stacked 6 high and
wrapped in cellophane to keep them aligned and easy to handle. Each poly top was scanned
individually, with 2000 sample image slices being generated per poly top. From these 2000
image slices per sample, 10 images which were evenly spaced (every 160 images between
images 200 and 1800) were used for the actual porosity determinations. An example of
a CT image slice is presented in Figure 3a. ImageJ (https://imagej.nih.gov/ij/, accessed
20/10/2020) was used to analyse the CT image slices. This was done by adjusting the
threshold value so that the pores and background was red in colour (Figure 3b) in all
images. In each image, the boundaries of the solid particle(s) visible in the CT image slice
were then manually marked (indicated by the yellow line and white markers in Figure 3b).
Thereafter, the measurement tool of ImageJ was used to determine the surface area of red
pixels within the selected area(s), as a percentage of all the pixels within the selected area(s).
This corresponded to the percentage pores in the particular CT image slice.
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(a) (b) 

Figure 3. (a) An example of a CT image slice; (b) ImageJ (https://imagej.nih.gov/ij/, accessed 20/10/2020) was used to
analyse the CT image slices. The threshold value was adjusted so that the pores and background was red in colour. The
boundaries of the solid particle(s) visible in the CT image slice were manually marked (indicated by the yellow line and
white markers).

2.6. Compressive Breaking Strength Measurements

The compressive breaking strengths of 8 mm × 10 mm cylindrical sample pellets were
determined using an Ametek Lloyd Instruments LRXplus 5 kN strength tester. NEXYGEN-
Plus material test and data analysis software was used to control the instrument and capture
the generated data. The speed of the compression plates moving towards one another was
kept constant at 10 mm·min−1 during all compressive strength tests. The 8 mm × 10 mm
cylindrical sample pellets were placed upright in the breaking strength machine (flat sam-
ple faces on compression plates), and the maximum load to induce breakage of each sample
pellet was recorded.

2.7. Statistical Handling of Data

For electrical resistivity, between 10 and 30 of the 8 mm × 10 mm cylindrical sample
pellets from a single 10 mm thick sample disk was measured, and each such pellet was
measured 15 times. DOG determinations were only done once on each sample considered.
In the ASTM C20-00 density experiments, 2 of the 18 mm × 10 mm sample pellets from
a single 10 mm thick sample disk were considered, and each such pellet was used only once.
In the gas pycnometry analyses, cuts off of sample pellets were used, and each analysis was
repeated 5 times. Porosities based on CT scanning and image processing was conducted
as indicated in Section 2.6. For compressing breaking strength, between 10 and 30 of the
8 mm × 10 mm cylindrical sample pellets were tested from each considered 10 mm thick
sample disk.

Where multiple repetitions were done, outliers were identified with a commonly
applied method (e.g., https://www.mathworks.com/help/stats/box-plots.html, accessed
30/10/2020). This was done by multiplying the interquartile range (IQR) with 1.5, and dat-
apoints that were above the 75th quartile plus the IQR and below the 25th percentile minus
the IQR were disregarded in further calculations. Where applicable, standard deviations
were presented with average values to indicate data repeatability.

3. Results and Discussion

3.1. Operational History

The results presented in this paper will only be relevant to Søderberg electrode use in
SAF operations, if the case study electrode represented normal/stable operation. To explore
this, total daily slipping taken on the electrode, daily average current passing through it,
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as well as daily average solid and liquid paste levels in the month prior to the furnace
shutdown, are presented in Figure 4. From this data, it is evident that the slipping was
relatively consistent (varied between 14 to 32 mm per day). No long slips (usually defined
as >100 mm) were taken on this electrode, which indicates that the operational personnel
considered its length as normal and that no breaks occurred during this 1 month period.
The daily average current passing through the electrode varied between approximately
63 and 76 kA, and had an average of 72.2 kA in the period between 1 and 28 July 2013.
This again indicates that no major operational issues occurred. In the last three days prior
to the shutdown (29 to 31 July 2013) the energy input was purposefully reduced, which
resulted in the average current passing through the electrode on the last operational day
being 58.0 kA. Such a gradual reduction in power input contributes significantly to prevent
thermal shock on the electrode [5]. Average daily solid (varying between 6.7 and 9.3 m)
and liquid (varying 2.9 and 4.1 m) paste levels were normal, again with no indication that
paste consumption increased or decreased significantly during the last month of operation.
Considering all the afore-mentioned, in conjunction with visual inspection of the electrode
and its length before being cut off (it was approximately 3 m long), it can be concluded that
this case study electrode was representative of stable SAF operation.

 

Figure 4. Total daily slipping taken on the case study electrode, daily average current passing through it, as well as daily
average solid and liquid paste levels in the month prior to the furnace shutdown.

3.2. Electrical Resisitivity

The main function of Søderberg electrodes is to conduct electrical current into the
smelting zone of the furnace. It is therefore fitting that electrical resistivity is the first
characteristic that is considered. Figure 5a presents the average measured resistivity and
linear fitting of this data, as a function of length below the contact shoes and distance
from the delta side of the electrode. It should be noted that no experimental data could be
collected on, or very close to 0 and 1.4 m from the electrode delta side, since the 100 mm core
drilled samples (Figure 1c) were typically ≤1.3 m long. This smaller electrode diameter
than the original outer casing diameter of 1.4 m (introduced in Section 2.1), is due to
several factors. Firstly, the mild steel casing usually burns off and/or melts within the first
approximately 0.5 m below the contact shoes, which is also shown in Figure 1b for the
specific electrode considered here. The casings used on the case study electrode was 3 mm
thick. Therefore, 6 mm (3 mm on each side) can be attributed to the casing loss. Secondly,
the electrode paste will shrink at temperatures above the baking isotherm [5]. This occurs
since the carbonaceous material structure becomes more organised and closer to that of
graphite, due to the increased temperature the electrode experiences as it descends. Thirdly,
chemical corrosion, i.e., oxidation of the electrode carbon above the bed material, can also
contribute, especially since the furnace considered here was an open-SAF. In open-SAFs,
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atmospheric air containing oxygen can relatively freely enter (determined by off-gas flow
rate) and results in a partially oxidising environment above the bed material [20]. Lastly,
physical erosion, due to frictional and mechanical forces exerted on the electrode, can also
erode its outer perimeter. Due to all the afore-mentioned reasons, all result figures wherein
the case study electrode diameter is specified will indicate it as 1.3, not 1.4 m.

 

 
(a) (b) 

Figure 5. (a) Average measured electrical resistivity (markers) and linear fitting of this data (lines), as a function of length
below the contact shoes and distance from the delta side of the electrode; (b) 3D rendering of the fitted line data associated
with resistivities at 10 mm intervals across the electrode at each of the lengths below the contacts shoes indicated in Figure 5a.

The standard deviations of the resistivity measurements presented in Figure 5a were
relatively large. This was mostly due to the actual resistivities being so low (i.e., 10−5 to
10−6 Ω·m). Therefore, to ensure that the average values could be used to identify trends,
very large numbers of measurements (i.e., N = 150 to 450) were conducted. Considering
the average values, Figure 5a clearly indicates that the electrical resistivity on the outside
(non-delta side) of the electrode between 0.7 and 2.7 m below the contact shoes, were essen-
tially consistent. In contrast, the resistivity decreased (implying increased conductivity)
significantly from 0.7 to 2.7 m below the contact shoes on the delta side of the electrode.
To visualise the electrical resistivity results better, the average data associated with the
fitted lines presented in Figure 5a at 10 mm intervals across the diameter of the electrode at
each of the investigated lengths below the contacts shoes were spatial interpolated across
the entire investigated area (0.7 to 2.7 m below the contacts shoes), as indicated in Figure 5b.
This was done using the “grid data” function in Matlab, with triangulation-based linear
interpolation. In effect, this representation gives a 3-dimensional (3D) cross section perspec-
tive of the investigated electrode, excluding the unsampled electrode area directly below
the contact shoes and the uneven electrode tips, with colour indicating the 3rd dimension.
This 3D perspective indicates that resistivity was at its lowest at the bottom end on the delta
side of the electrode, where the submerged arc would most likely jump off the electrode.

To contextualise the resistivity results presented in Figure 5a,b, they were firstly com-
pared to high temperature bulk bed electrical resistivity values reported relatively recently
for carbonaceous reductants (i.e., metallurgical coke, semi-coke, coal, and charcoal used
in SAF smelting) [21]. Such high temperature bulk bed resistivities simulate the so-called
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coke bed (area around and below electrode tips in a SAF), where reductants serve as one
of the primary electrical conductors [22]. At 1600 ◦C, it was found that the reductant bulk
bed resistivities ranged from approximately 2 × 10−2 to 5 × 10−3 Ω·m [21]. These values
were approximately 60 to 250 times higher (thus less conductive) than the approximate
8.40 × 10−5 Ω·m resistivity observed from 0.7 to 2.7 m below the contact shoes on the
non-delta side of the electrode (reddish area on the right-hand side of Figure 5b). Corre-
spondingly, the high temperature reductant bulk bed resistivities were approximately 2000
to 8000 times higher than the 2.4 × 10−6 Ω·m obtained at 2.7 m below the contact shoes on
the electrode delta side (dark blue area in bottom left-hand corner of Figure 5b). Obviously,
interparticle contact in a carbonaceous reductant bed is far inferior to the relatively solid
carbonaceous mass of a Søderberg electrode, but the afore-mentioned comparison does
indicate on a relative scale the conductivity ability of a Søderberg electrode.

To further contextualize the resistivity data presented in Figure 5a,b, it was com-
pared to Søderberg electrode paste resistivity values derived from finite element ther-
moelectrical modelling [9,23]. These studies postulated resistivities to be 5.88 × 10−6

and 2.63 × 10−6 Ω·m in the electrode where the temperatures were 1000 and 2600 ◦C,
respectively. Such temperatures correspond roughly to the 0.7 m (both delta and non-delta
side) and 2.7 m (delta side only) positions below the contact shoes in Figure 5b, where
resistivities were approximately 8.48 × 10−5 and 2.41 × 10−6 Ω·m, respectively. Although
the modelled values [9,23] and values presented in the current work are in the same order,
the differences in the corresponding values (5.88 × 10−6 − 2.63 × 10−6 = 3.25 × 10−6 Ω·m
versus 8.48 × 10−5 − 2.41 × 10−6 = 8.24 × 10−5 Ω·m) suggest that the models do not
quickly enough account for lower resistivities as a function of electrode length below the
contact shoes. Compared to the afore-mentioned models [9,23], a more comprehensive
Søderberg electrode model has also previously been introduced [5]. This model might
contain more detailed Søderberg electrode paste properties and might better account for
the variation of such properties as a function of electrode length below the contact shoes.
However, this model was essentially introduced as a black box to demonstrate the capa-
bilities of a commercial company [5]; therefore, it was impossible to include the material
properties specified therein in the current comparison. Furthermore, no evidence could be
found that either of the three models [5,9,23] accounted for the very apparent asymmetrical
variation of resistivities observed in the case study electrode (Figure 5b).

3.3. Degree of Graphitisation (DOG)

Figure 6a presents the average measured DOG and linear fitting of this data, as a func-
tion of length below the contact shoes and distance from the delta side of the electrode.
Figure 6b presents the associated spatially interpolated 3D image. From both these figures
(but particularly from Figure 6b) that visually represent the entire electrode cross section,
it is evident that DOG is inversely related to the electrode resistivity (Figure 5b). This makes
sense, since increased DOG of the electrode paste will result in lower resistivity (i.e., higher
conductivity). It is particularly insightful to also note that only the electrode tip on the delta
side of the electrode (red area in bottom left-hand corner of Figure 6b, which corresponded
to a maximum DOG of approximately 0.84), approached full graphitisation. As previously
stated (Section 2.3), DOG is unitless, with 1 indicating fully graphitised and 0 fully un-
graphitised. The majority of the investigated cross-sectional electrode area had DOG ≤ 0.5.
As far as the authors could assess, DOG for a real world or a modelled Søderberg electrode
has not yet been presented in the peer reviewed public domain; therefore, it was not
possible to contextualise the measured DOG with such data.
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(a) (b) 

Figure 6. (a) Average measured degree of graphitisation (DOG) (markers) and linear fitting of this data (lines), as a function
of length below the contact shoes and distance from the delta side of the electrode; (b) 3D rendering of the fitted line data
associated with DOG at 10 mm intervals across the electrode at each of the lengths below the contacts shoes indicated in
Figure 6a.

As indicated in the previous paragraph, to a large extent DOG determines the electrical
resistivity of the Søderberg electrode. However, the DOG of the electrode paste is also
related to other important characteristics. For instance, DOG is associated to possibly
the most important aspect that cause electrode breaks, i.e., thermal stress. Particularly,
green breaks (implying exposure of liquid paste in the break zone) in the contact shoes area
are feared by operational personnel, due to the devastating consequences such breaks could
have. In the most authoritative work on Søderberg electrode thermal stress, it is stated
that some internal stresses are established during the process of electrode paste shrinkage
below the contact shoes area, where the paste is baked at temperatures in excess of the
basking isotherm temperature [5]. However, as previously stated, Søderberg electrode paste
consists of a binder and a solid aggregate. In this case, the solid aggregate was calcined
anthracite of various size factions, mixed to obtain the optimum composition. Although
more environmentally friendly binders have been proposed than coal tar pitch, e.g., [24],
it remains the most commonly used binder for Søderberg electrode pastes and was also
used in the paste consumed by the case study electrode. In previous studies, it was proven
that anthracite calcined at 1400 ◦C expands less than 1% and coal tar pitches prebaked
at the maximum baking isotherm temperature (i.e., 475 ◦C, [11]) shrink approximately
12% if heated in a non-oxidising environment up to 1300 ◦C [4]. These opposing thermal
expansion characteristics likely cause the thermal stresses below the contact shoes area
referred to by Larsen et al. [5]. In contrast to calcined anthracite, uncalcined anthracite
shrink 6 to 8% over the same temperature range. The significant difference between
calcined and uncalcined anthracite clearly indicates how important the calcination process
is to avoid additional thermal stresses forming just below the contact shoes area. Industrial
calcination of anthracite to be used in electrode paste typically occur at temperatures above
1400 ◦C (as tested by Beukes et al. [4]); therefore, DOG similar to the blue area in Figure 6b
(corresponding to DOG ≤ 0.5) is imparted on the electrode paste solid aggregate even
before it is mixed into the electrode paste. The authors were not privileged to know the exact
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mixing ratio of the binder and aggregate used in the case study electrode. But, typically
the mixture is dominated by aggregate, with the binder fractional contribution limited to
just enable solid aggregate interparticle contact and proper paste flow characteristics above
the softening point (to fill the casing in the area above the baking isotherm temperature).

3.4. Bulk Density

Figure 7a presents the average measured bulk density determined with ASTM C20-
00 [19] (Section 2.4, 1st paragraph) as a function of length below the contact shoes and
distance from the delta side of the electrode. Since ASTM C20-00 involves aqueous satura-
tion of the samples via boiling, repeat analyses were not attempted. The density differences
were relatively small (Figure 7a), therefore, even slight modification of the original charac-
teristics that might occur during analysis or re-drying of the samples in preparation for
reanalyses could make such reanalyses results misleading. Additionally, larger cylindrical
sample pellets were used in this specific method (Section 2.4, 1st paragraph), which im-
plied that significant additional sample material would have been required for reanalyses.
This was not feasible, since a finite amount of material was available after sampling (Sec-
tion 2.1). As is evident from the ASTM C20-00 results (Figure 7a), bulk densities did not
indicate significant differences as a function of length below the contact shoes. Therefore,
a single linear fitted line was drawn through all the data, which indicated a slight increase
in densities toward the delta side of the electrode.

 

 

(a) 

 
(b) (c) 

Figure 7. (a) ASTM C20-00 average measured bulk densities (markers) as a function of length below the contact shoes and
distance from the delta side of the electrode. A single linear fitting of all this data (line) is also indicated; (b) gas pycnometry
average measured bulk densities (markers) and linear fitting of this data (lines), as a function of length below the contact
shoes and distance from the delta side of the electrode; (c) 3D rendering of the fitted line data associated with bulk densities
at 10 mm intervals across the electrode at each of the lengths below the contacts shoes indicated in Figure 7b.

To verify that densities did not differ as a function of length below the contact shoes
and to determine standard deviations, bulk densities were also determined with gas
pycnometry (Section 2.4, 2nd paragraph). The gas pycnometry densities (Figure 7b),
in contrast to the ASTM C20-00 results (Figure 7a), did indicate that bulk densities differed
as a function of length below the contact shoes. This indicates that gas pycnometry is
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possibly a more precise method than ASTM C20-00, or alternatively that the difference
in atom/molecule size (i.e., He used in gas pycnometry vs. H2O used ASTM C20-00)
play a significant role in the measured results. To visualise these gas pycnometry results,
Figure 7c presents the associated spatially interpolated 3D image, based on the fitted data
presented in Figure 7b. Considering the very similar perspectives indicated by the bulk
densities presented here (Figure 7c) and the DOG presented earlier (Figure 6b), it is inferred
that the increased bulk densities observed, particularly on the delta side of the electrode as
a function of length below the contact shoes, were due to increased DOG. Increased DOG
will result in further shrinkage of the carbonaceous Søderberg electrode paste material.

3.5. Porosity

Figure 8a presents the average measured porosity. As is evident, no significant
difference in porosity as a function of length below the contact shoes were observed.
However, a slight increase in porosity was observed, near the electrode perimeter on both
the delta and non-delta side. Therefore, a 2nd order polynomial (solid line in Figure 8a)
fitted the data best. The corresponding spatially interpolated 3D image is presented in
Figure 8b.

 

 
(a) (b) 

Figure 8. (a) Average measured porosity (markers), as a function of length below the contact shoes and distance from the
delta side of the electrode, as well as a single 2nd order polynomial fit of this data (line); (b) 3D rendering of the fitted
line data associated with porosities at 10 mm intervals across the electrode at each of the lengths below the contacts shoes
indicated in Figure 8a.

Since the industrial application of the Søderberg electrode started, it has been proven
that volatiles released from the liquid paste just above the baking isotherm (indicated by
black dotted line in Figure 9a) cannot rise if proper (high enough) liquid and solid paste
levels are maintained e.g., [25]. Conversely, if “smoke” is observed at the top of the electrode
column casing, it serves as a serious warning signal to operational personal that the liquid
paste level of that electrode is critically low and/or that the liquid paste is too hot. Since the
volatiles just above the baking isotherm cannot rise, they escape downward through the
pores of the already baked electrode [25]. Cracking of these descending volatiles (due to
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the high temperature of the baked electrode) leaves a considerable amount of carbon in
the pores of the baked electrode paste just below the contact shoes area, which improves
its quality [25]. This process is illustrated by the purple arrows in the enlarged area of
Figure 9a. The blue temperature isotherm in the enlarged area of Figure 9b represents
a slightly hotter isotherm temperature than the baking isotherm. Considering this diagram,
one would assume that the route of least resistance for volatiles to escape would be towards
the outside of the electrode (i.e., shortest route of baked electrode paste), not the electrode
core. Theoretically, this process would therefore slightly reduce the porosity of the electrode
towards its perimeter, which is contrary to the experimental results presented (Figure 8a,b).

 
 

(a) (b) 

Figure 9. (a) Representation of a partial Søderberg electrode column, adapted from Beukes et al. [4], with the contact shoes
area enlarged (indicated by the square red block); (b) cross section of another electrode from the same SAF that was cut off
with a diamond wire saw approximately 1.0 m below the contact shoes.

There could be two other factors that counter the possible decrease in porosity towards
the electrode perimeter, caused by descending volatile cracking. Firstly, liquid electrode
paste segregation (i.e., partial separation of the pitch binder and solid aggregate), as illus-
trated by Nelson and Prins [8], could result in significant differences in the baked electrode
properties considered diagonally across an electrode. However, calcined anthracite has
a much higher DOG than coal tar pitch baked above the maximum baking isotherm temper-
ature (i.e., 475 ◦C, [11]). Therefore, if paste segregation caused the differences in observed
porosities (Figure 8b), corresponding differences in DOG diagonally across the case study
electrode would likely also have evident at the first level below the contact shoes investi-
gated (i.e., 0.7 m). This was not the case (Figure 6b); therefore, paste segregation is unlikely
to be the cause. Also, visual inspection of the sampled electrode did not indicate any
segregation. The second possible contributing factor that could increase porosity of the
case study electrode is chemical corrosion, i.e., oxidation of the electrode carbon above the
bed material. As previously stated, this can especially occur in an open-SAF, as considered
here [20]. Figure 9b shows the diagonal cross section of another electrode from the same
SAF that was cut off approximately 1.0 m below the contacts shoes. As is evident from
this electrode, corrosion on the outer perimeter was more significant in the areas where
the casing fins occurred. This indicates that the gaps remaining after the casing burned off
and/or melted away, formed paths for oxygen penetration, and associated oxidation of
the carbon material. This describes the process on a macroscale, but it is postulated that
the same process occurs on a pore size scale, which will increase pore volumes and hence
porosity preferentially on the electrode perimeter.
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3.6. Compressive Breaking Strength

Figure 10 presents the average measured compressive breaking strength as a function
of length below the contact shoes and distance from the electrode delta side. As is evident,
no significant difference was observed over the entire electrode area investigated. This in-
dicates that compressive breaking strength was not related to DOG, as was the case for
electrical resistivity and bulk density, nor was it influenced by physical and/or chemical
processes, as postulated for the porosities.

 
Figure 10. Average measured compressive breaking strength (markers), as a function of length below
the contact shoes and distance from the delta side of the electrode, as well as a single linear fit of this
data (line).

4. Conclusions

As far as the authors could assess, this work presents the first characterisation of
a real-world Søderberg electrode, presented in a peer reviewed journal in the public
domain. Obviously, a study such as this has limitations. For instance, measurements
of the characteristics were conducted at room temperature, instead of at the operational
temperatures. Also, the study was conducted on an electrode removed for an open-
SAF producing ferrochrome, for which some characteristics might differ from Søderberg
electrodes operating in other furnace types and smelting different materials. However,
all these limitations are similar to furnace dig-out studies, e.g., [26–28], which have to
a large degree formed our current understanding of zones within furnaces. Another data
limitation of the current work was that the case study electrode did not include the area
directly above, in, and just below the contact shoes. Understanding this area is critical.
Unfortunately, this section of the electrode could not be obtained, since that would have
entailed starting up the furnace with a green electrode tip.

The results presented in this paper provided valuable insights, but also indicated
questions/topics that need to be considered in future research. The operational data for the
month prior to the furnace rebuild, during which the case study electrode was removed,
proved that the electrode was a representative specimen. The characterisation results
indicated no significant electrical resistivity, DOG, and bulk density changes from 0.7 to
2.7 m on the non-delta side of the electrode, while these characteristics changed relatively
significantly on the delta side of the electrode. The area where the submerged arc would
mostly like jump off the electrode clearly had the lowest resistivity, as well as highest DOG
and bulk density. It is currently not evident from literature if these very asymmetrical
characteristics can be accurately predicted by Søderberg electrode models, e.g., [5,9,23].
However, all such models predict temperature isotherms/curves. The temperature to which
Søderberg electrode paste is exposed determines the DOG, to a large degree. As shown here,
the DOG in turn determine to a large extent, the resistivities and bulk densities. Therefore,
it would be advantageous if Søderberg electrode models could accurately replicate the
DOG presented here. To aid such comparison, the resistivities, DOG, and bulk densities
associated with the fitted lines at 10 mm intervals across the diameter of the electrode at
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each of the investigated lengths below the contacts shoes prior to being spatial interpolated
to generate the 3D images are presented in Appendix A. For future experimental studies,
it is recommended that the DOG of calcined anthracite and coal tar pitch be investigated
separately (not as a mixture in electrode paste), in relation to electrical resistivity and bulk
density, as well as other characteristics such as thermal expansion. This will enable better
understanding of the individual contribution of these two components, to the combined
results observed for electrode paste.

The determination of porosity with CT scanning combined with image processing is
likely more accurate than conventional methods. However, the manual marking of the
areas to be included in the calculations for porosity made the method time consuming
and less attractive. Research has already been initiated to automate the determination of
the particle rims within CT image slices and calculation of porosities and pore volumes.
From the presented porosity data, no significant difference in porosities, as a function of
length below the contact shoes, were evident. However, slight increases in porosities were
observed near the electrode perimeter on both the delta and non-delta sides, which was
fitted best with a 2nd order polynomial function. It was postulated that chemical corrosion,
i.e., oxidation of the carbonaceous material, increases the pore volumes in the baked
electrode paste near the perimeter.

The compressive breaking strength data revealed no significant trends. Therefore,
operational personnel should not be concerned about breaking strength in the region
well below the baking isotherm being during stable operation. As previously stated [5],
thermal stresses that form in and just below the baking isotherm, as well as thermal stress
differences between the perimeter and core of the electrode formed due to prolong furnace
downtime, remain the most likely reasons for breaks of electrodes with no other apparent
dysfunctionalities.

Considering the value of studies such as this, hopefully the current work will also
encourage the donation of similar case study electrodes to researchers. As an example,
the authors belatedly became aware of 2 separate 63 MVA closed-SAFs, for which the
electrode outer casing diameters were increased from 1.5 to 1.6 m. In order to do so, 6 entire
electrode columns, including the casings with un-melted solid paste at the top, down to
the baked electrode tips at the bottom, were removed and discarded. However, no one in
the research community was notified, nor did the company/operational personnel reach
out to researchers. Such large scale, real-world samples are scarce; therefore, opportunities
such as this should not be missed.
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Appendix A

Table A1. The electrical resistivity, DOG, and bulk density data associated with the fitted lines in Figure 5a, Figure 6a,
and Figure 7b, at 10 mm intervals across the diameter of the electrode at each of the investigated lengths below the contacts
shoes, respectively. This data was spatially interpolated to generate the 3D images presented in Figure 5b, Figure 6b,
and Figure 7c, respectively.

Distance from
Delta Side (m)

Distance below the Contact Shoes (m)

0.70 1.15 1.64 2.16 2.70

Resistivity (Ω·m)

0 7.42 × 10−5 7.34 × 10−5 4.66 × 10−5 2.92 × 10−5 2.41 × 10−6

0.1 7.51 × 10−5 7.37 × 10−5 4.98 × 10−5 3.37 × 10−5 9.25 × 10−6

0.2 7.59 × 10−5 7.41 × 10−5 5.30 × 10−5 3.82 × 10−5 1.61 × 10−5

0.3 7.67 × 10−5 7.45 × 10−5 5.62 × 10−5 4.27 × 10−5 2.29 × 10−5

0.4 7.75 × 10−5 7.49 × 10−5 5.94 × 10−5 4.72 × 10−5 2.98 × 10−5

0.5 7.83 × 10−5 7.52 × 10−5 6.26 × 10−5 5.17 × 10−5 3.66 × 10−5

0.6 7.91 × 10−5 7.56 × 10−5 6.58 × 10−5 5.62 × 10−5 4.35 × 10−5

0.7 7.99 × 10−5 7.60 × 10−5 6.91 × 10−5 6.07 × 10−5 5.03 × 10−5

0.8 8.07 × 10−5 7.64 × 10−5 7.23 × 10−5 6.52 × 10−5 5.71 × 10−5

0.9 8.15 × 10−5 7.68 × 10−5 7.55 × 10−5 6.97 × 10−5 6.40 × 10−5

1.0 8.24 × 10−5 7.71 × 10−5 7.87 × 10−5 7.42 × 10−5 7.08 × 10−5

1.1 8.32 × 10−5 7.75 × 10−5 8.19 × 10−5 7.88 × 10−5 7.77 × 10−5

1.2 8.40 × 10−5 7.79 × 10−5 8.51 × 10−5 8.33 × 10−5 8.45 × 10−5

1.3 8.48 × 10−5 7.83 × 10−5 8.83 × 10−5 8.78 × 10−5 9.13 × 10−5

DOG

0 0.32 0.39 0.48 0.59 0.86
0.1 0.33 0.39 0.47 0.58 0.81
0.2 0.34 0.39 0.46 0.56 0.77
0.3 0.34 0.39 0.45 0.55 0.73
0.4 0.35 0.39 0.45 0.54 0.69
0.5 0.36 0.38 0.44 0.53 0.65
0.6 0.37 0.38 0.43 0.52 0.61
0.7 0.37 0.38 0.42 0.50 0.57
0.8 0.38 0.38 0.41 0.49 0.53
0.9 0.39 0.38 0.41 0.48 0.49
1.0 0.40 0.37 0.40 0.47 0.45
1.1 0.40 0.37 0.39 0.46 0.41
1.2 0.41 0.37 0.38 0.44 0.38
1.3 0.42 0.37 0.37 0.43 0.34

Bulk density (g·cm−3)

0 2.00 2.05 2.06 2.15 2.22
0.1 1.99 2.04 2.06 2.14 2.20
0.2 1.99 2.03 2.05 2.13 2.18
0.3 1.99 2.02 2.04 2.11 2.16
0.4 1.98 2.01 2.04 2.10 2.14
0.5 1.98 2.01 2.03 2.10 2.12
0.6 1.97 2.00 2.02 2.08 2.11
0.7 1.96 1.99 2.01 2.07 2.09
0.8 1.96 1.98 2.01 2.06 2.07
0.9 1.95 1.97 2.00 2.05 2.05
1.0 1.95 1.96 2.00 2.04 2.03
1.1 1.94 1.96 1.99 2.02 2.01
1.2 1.94 1.95 1.99 2.01 2.00
1.3 1.93 1.94 1.98 2.00 1.98
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Abstract: The production of ferronickel concentrate from low-grade nickel laterite ore containing
1.31% nickel (Ni) was studied by the non-melting reduction magnetic separation process. The sodium
chloride was used as additive and coal as a reductant. The effects of roasting temperature, roasting
duration, reductant dosage, additive dosage, and grinding time on the grade and recovery were
investigated. The optimal reduction conditions are a roasting temperature of 1250 ◦C, roasting
duration of 80 min, reductant dosage of 10%, additive dosage of 5%, and a grinding time of 12 min.
The grades of nickel and iron are improved from 2.13% and 51.12% to 8.15% and 64.28%, and the
recovery of nickel is improved from 75.40% to 97.76%. The research results show that the additive
in favor of the phase changes from lizardite phase to forsterite phase. The additive promotes
agglomeration and separation of nickel and iron.

Keywords: nickel laterite; non-melting reducing; sodium chloride; magnetic separation

1. Introduction

As an important metal, nickel has an important position in industrial production due to its good
physicochemical properties [1,2]. Nickel resources mainly exist in the form of nickel sulfide ore and
nickel laterite ore. Among them, nickel laterite ore accounts for about 70% of the total nickel reserves
in the world [3]. Due to the continuous decline of global nickel sulfide ore reserves, the development
and utilization of nickel laterite ore have received increasing attention.

The treatment method of laterite ore can be divided into two types: hydrometallurgy and
pyrometallurgy. The pyrometallurgical process has high requirements for the Ni grade, so it is
impossible to treat the low-grade nickel laterite [4,5]. At the same time, high temperatures will
cause slag and metal rings to form, which is not conducive to the production of ferronickel [6].
The disadvantage of the wet process is that the process is long and the wastewater is difficult to
handle [3,7,8]. Therefore, the use of the "low-temperature roast reduction-magnetic separation process"
to deal with such resources is attracting everyone’s attention [6,9].

The roasted reduction-magnetic separation process is mainly used for the treatment of laterite
ore, which requires the laterite ore to be crushed and ground. Then the reductant and additive are
mixed with the raw material and roasted at a certain temperature. After that, the roasted products
were ground and wet-type magnetic separation was carried out to obtain ferronickel concentrate.

Metals 2019, 9, 1340; doi:10.3390/met9121340 www.mdpi.com/journal/metals41
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In low-grade nickel laterite ore, the presence of nickel is extremely complex. Therefore, the
addition of additives is often used to treat such laterites ore. There are generally two types of additives,
one is sulfur and sulfate, and the other is chloride. Valix et al. [10] showed that the addition of
elemental S inhibited the formation of forsterite in the reduction process, thus achieving selective
separation of nickel and iron. Harris et al. [11] studied the selective vulcanization of nickel laterite at
low temperatures, and the results show that nickel oxide can be selectively vulcanized. Although the
addition of sulfur and sulfate can contribute to the recovery of nickel, the S content in the product is
high [12]. Chloride is characterized by high reactivity of chlorine and the low melting point of metal
chloride, which can selectively separate valuable metals [13,14]. Okamoto et al. [15] have shown that
with the use of chloride salts as additives to treat nickel laterite, the chlorination reaction occurring
during the roasting process can chlorinate and reduce the valuable metals in the ore. Ilic et al. [16,17]
studied the selective extraction of nickel from raw materials containing iron and nickel by adding
calcium chloride. The results show that it is feasible to selectively extract nickel by adding calcium
chloride. Li et al. [18] used calcium chloride as an additive to reduce nickel laterite ore. The results show
that calcium chloride can promote the migration of FeO to destroy the structure of the fayalite, thereby
increasing the activity of nickel. Fan et al. [19] used ferrous chloride tetrahydrate as a chlorinating agent
to selectively chlorinate pre-reduced nickel sulfide laterite, which achieved good results. Compared
with other chlorides, sodium chloride has the advantages of wide sources and low prices. In this paper,
the non-melting reduction-magnetic separation process of low-grade nickel laterite ore containing
1.13% of nickel was carried out with sodium chloride as an additive. The selective reduction of nickel is
achieved by controlling the roasting temperature, the roasting duration, the reductant dosage, additive
dosage, and the grinding time. The result is a concentrate with a high nickel grade and high recovery.
In addition, the phase change of the ore under the action of the additive was studied.

2. Materials and Methods

2.1. Analysis of Nickel Laterite

The X-ray diffraction (XRD) analysis and chemical analysis of the nickel laterite ore sample is
shown in Figure 1 and Table 1. The results in Table 1 show that the nickel content in the nickel laterite
ore sample is only 1.13%, and the iron content is 35.79%. The XRD (Rigaku Corporation, Tokyo, Japan)
results in Figure 1 show that the main phases in the sample are lizardite (Mg3[(Si,Fe)2O5](OH)4),
goethite (FeO(OH)), and maghemite (γ-Fe2O3). The nickel is usually found in serpentine. Due to
the low nickel content, the diffraction peaks of the corresponding nickel-containing phases could not
be detected.

 
Figure 1. XRD pattern of nickel laterite ore.
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Table 1. Chemical analysis of the nickel laterite ore sample.

Component TFe(total) Ni Co MgO SiO2 Al2O3

Content weight (wt. %) 35.79 1.13 0.097 3.65 10.38 10.31

2.2. Reductants and Additives

The experiment used anthracite as a reductant and analyzed pure sodium chloride as an additive.
Industrial analysis of anthracite in Table 2 shows a fixed carbon content of 76.43%

Table 2. Industry analysis of the reductant.

Component Fixed Carbon Volatile Matter Ash Moisture

Content wt. % 76.43 7.78 15.29 1.02

2.3. Methods

The 10 g nickel laterite ore sample is crushed and ground to below 250 μm, mixed with anthracite
and additives according to their certain mass ratio, and put into a crucible. The crucible was then
placed in a tube furnace and roasted under a nitrogen atmosphere. After the reduction, the furnace was
cooled to room temperature. The roasted product was ground and wet magnetic separation was able
to be used in order to obtain the concentrate. The experimental procedure and detailed experimental
conditions are shown in Figure 2 and Table 3. Roasting reduction equipment GSL-1500X tube type
high-temperature sintering furnace (Hefei Ke Jing Materials Technology CO.,LTD, Hefei, China) as well
as XZM-100 vibration grinding machine (Wuhan Exploration Machinery Factory, Wuhan, China) and
DTCXG-ZN50 type magnetic separation tube (Tangshan DT Electrical Equipment CO.,LTD, Tangshan,
China) (magnetic field strength 200 mT) were used. The recoveries of Ni and Fe were calculated by the
following formula:

X =
m·w
M·W ·100%,

where X is the recovery of nickel or iron, m is the weight of concentrate, w is the nickel or iron content
in the concentrates, M is the weight of raw ore, and W is the nickel or iron content in the raw ore.

Figure 2. Experimental flowsheet.
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Table 3. List of process parameters studied during experiments.

Studied Parameters Range

Roasting temperature/◦C 900, 1000, 1100, 1200, 1250, 1300
Roasting duration/min 10, 30, 60, 80, 100

Reductant dosage/wt. % 2, 5, 10, 13, 15
NaCl dosage/wt. % 0, 5, 8, 10, 15
Grinding time/min 2, 4, 8, 12, 16

3. Results and Discussion

3.1. Thermodynamic Analysis of Selective Reduction

First, sodium chloride is hydrolyzed to generate hydrogen chloride gas. Second, the hydrogen
chloride gas can chlorinate valuable metals in ore. In addition, iron oxide is difficult to be reduced by
hydrogen chloride. Therefore, iron oxide is first reduced to FeO and then chlorinated. The relevant
equations are as follows:

2NaCl(s) + SiO2(s) + H2O(g) = Na2O·SiO2(s) + 2HCl(g), (1)

3Fe2O3(s) + C(s) = 2Fe3O4(s) + CO(g), (2)

Fe3O4(s) + CO(g) = 3FeO(s) + CO2(g), (3)

FeO(s) + 2HCl(g) = FeCl2(s) + H2O(g), (4)

NiO(s) + 2HCl(g) = NiCl(s) + H2O(g). (5)

The fixed carbon is hydrolyzed at a high temperature to form hydrogen and carbon monoxide
or carbon dioxide. The metal chloride is reduced by these educing gases. The relevant equations are
as follows:

C(s) + H2O(g) = H2(g) + CO(g), (6)

C(s) + 2H2O(g) = 2H2(g) + CO2(g), (7)

NiCl2(s) + H2(g) = Ni(s) + 2HCl(g), (8)

NiCl2(s) + CO(g) + H2O(g) = Ni(s) + 2HCl(g) + CO2(g), (9)

FeCl2(s) + H2(g) = Fe(s) + 2HCl(g), (10)

FeCl2(s) + CO(g) + H2O(g) = Fe(s) + 2HCl(g) + CO2(g). (11)

The Gibbs free energy of the (8)–(11) reaction formula was calculated using the HSC Chemistry
6.0 software (Outotec Oyj, Espoo, Finland) as shown in Figure 3. As can be seen from the figure,
the temperatures at which NiCl2 is reduced by hydrogen and carbon monoxide are 435 ◦C and 335 ◦C.
The temperatures at which FeCl2 is reduced by hydrogen and carbon monoxide are 944 ◦C and 1022 ◦C.
The above mentioned temperature only represents the reaction spontaneous temperature. The higher
the temperature, the more easily the chemical reaction is to occur, the more sufficient the reaction.
Compared to the temperature at which FeCl2 was reduced, the temperature at which NiCl2 was reduced
is extremely low. Therefore, selective reduction can be achieved by controlling the temperature.
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Figure 3. Gibbs free energy change curves of reactions with the change of temperature.

3.2. Effect of Different Influencing Factors on the Grade and Recovery of Ni and Fe

The recovery of nickel and iron in untreated concentrate (just grinding and magnetic separation)
are 37% and 47.12%. In order to further improve the recovery of nickel and iron, the different factors
were investigated.

3.2.1. Effect of Reduction Roasting Temperature

Under the condition of a roasting duration of 60 min, reductant dosage and additive dosage of
10%, and a grinding time of 12 min, the effects of reduction roasting temperature on nickel, iron grade,
and recovery in the experimental process were investigated. It can be seen from Figure 4 that the grade
and recovery of Ni increase with the increase of the roasting temperature. At 900 ◦C, the Ni grade and
recovery are only 1.79% and 84.59%. When the temperature is raised from 1100 ◦C to 1250 ◦C, the
Ni grade is increased from 3.04% to 4.01%, and the recovery is increased from 94.67% to 96.75%. The
Ni grade increase was obvious. When the temperature is further increased to 1300 ◦C, the Ni grade
reaches 4.39%, and the recovery does not change much. It can be seen that increasing the roasting
temperature is beneficial to improve the grade of Ni. However, the roasted samples were found to
be partially melted at 1300 ◦C. The phenomenon is not conducive to reduction roasting operation
and increase of the grinding energy consumption. In this experiment, the nickel was enriched by the
non-melting reduction as the main research purpose. Therefore, 1250 ◦C was selected as the subsequent
experimental temperature.

 
Figure 4. Effect of roasting temperature on the grades and recoveries of Ni and Fe.

In order to further clarify the influence of temperature, the XRD analysis was performed on
samples at different roasting temperatures. The results are shown in Figure 5. It can be seen from the
XRD pattern that the main phase of the roasting product is forsterite. The existence of the phase is
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mainly attributed to the following: (1) forsterite is formed by recrystallization of silicate in minerals [20];
(2) serpentine is transformed into forsterite during roasting (Equations (12) and (13)) [21]. No matter
how the forsterite is formed, Ni and Fe are released during the phase transformation, which is beneficial
to reduction. The intensity of the Fe–Ni diffraction peak in the roasting product was weak at 950 ◦C,
and the FeO diffraction peak was detected. This indicates that Fe and Ni were not fully reduced at
the temperature. When the temperature rises to 1050 ◦C, the intensity of the Fe–Ni diffraction peak
obviously increases. Moreover, when the temperature rises to 1250 ◦C, the Fe–Ni diffraction peak
further enhances. The results indicate that the increase of temperature is beneficial to the reduction of
Fe and Ni.

Mg3[(Si,Fe)2O5 ](OH)4 → (Mg,Fe)O + (Mg,Fe)Si2O5 + H2O, (12)

(Mg,Al)3[(Si,Fe)2O5 ](OH)4 → (Mg,Al,Fe)O + (Mg,Al,Fe)Si2O5 + H2O. (13)

 
Figure 5. XRD patterns of laterite ore after chloridization and reduction roasting at various temperatures:
(a) 1250 ◦C; (b) 1150 ◦C; (c) 1050 ◦C; (d) 950 ◦C.

In conclusion, the roasting can transform the phase of the ore and the transformation is beneficial to
the reduction of nickel and iron. Secondly, the high temperature provides the necessary thermodynamic
conditions for the chlorination and reduction reactions.

3.2.2. Effect of Roasting Duration

The experiment was conducted at a roasting temperature of 1250 ◦C, reductant dosage and
additive dosage of 10%, and a grinding time of 12 min. The results are shown in Figure 6. When the
roasting duration was 10 min, the Ni grade and recovery were 3.28% and 86.50%. When the roasting
duration was extended to 30 min, the Ni recovery reached 99.52% and the Ni grade was increased to
4.40%. When the roasting duration was extended to 80 min, the Ni grade reached 4.96%. In addition,
iron recovery was at a low level. Kinetic studies have shown that the reduction of iron is slow and
difficult compared to the reduction of nickel, resulting in a higher partial pressure of FeCl2 in the
system to inhibit the chlorination of iron oxides [22,23]. In conclusion, the appropriate extension of the
roasting duration is beneficial to the recovery of nickel. Considering the nickel grade and recovery, a
roasting duration of 80 min is appropriate.
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Figure 6. Effect of roasting duration on the grades and recoveries of Ni and Fe.

3.2.3. Effect of Reductant Dosage

Figure 7 shows the effect of the reductant dosage on Ni, Fe grade, and recovery. As can be seen
from Figure 7, when the reductant dosage is increased from 2% to 10%, the Ni grade and recovery are
increased from 1.61% and 71.67% to 4.96% and 94.81%. Subsequently, with the increase in the amount
of the reductant dosage, the Ni grade and recovery showed a downward trend. The added reductant
dosage increased the reducing atmosphere. The strong reducing atmosphere is not conducive to the
reduction of nickel [24]. In contrast, for the reduction of iron, more reductant dosages are advantageous.
Therefore, as the amount of the reductant dosage increased, the Fe grade showed an upward trend. For
the sake of comprehensive consideration, the optimum amount of the reductant dosage is determined
to be 10%.

 
Figure 7. Effect of reductant dosage on the grades and recoveries of Ni and Fe.

3.2.4. Effect of Additive Dosage

In order to study the effect of different additive dosages on the grade and recovery of Ni and Fe,
the experiment was carried out under the conditions of a roasting temperature of 1250 ◦C, a roasting
duration of 80 min, a reductant dosage of 10%, and a grinding time of 12 min. The results are shown
in Figure 8. In the condition without additive, the Ni grade and recovery were low, only 2.13% and
75.40%. The Fe grade and recovery were 51.12% and 57.13%. With the addition of additives, the
Ni grade and recovery increased rapidly. The Ni grade and recovery at 5% of the additive reached
8.15% and 97.76%. This indicates that the addition of appropriate additives promotes the reduction of
Ni. Since this study mainly considered the improvement of nickel grade and recovery, the optimum
additive dosage was determined to be 5%.
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Figure 8. Effect of additive dosage on the grades and recoveries of Ni and Fe.

In order to better compare the effect of the additive on the ore, the roasting product was subjected
to XRD analysis. Experimental conditions: roasting temperature 1250 ◦C, roasting duration 80 min,
reductant dosage 10%. The XRD results of roasting products are shown in Figure 9a, (1) no additive
and (2) additives with a dosage of 5%. The XRD results showed that there was no significant difference
in the phase composition of the two groups, and the forsterite was the main phase. The intensity of
the Fe–Ni diffraction peak of (1) is remarkably enhanced as compared to (2). This indicates that the
addition of the additive can promote the reduction of Ni and Fe. At the same time, the intensity of
the forsterite diffraction peak of (1) is enhanced, indicating the additive promotes the formation of
forsterite. The formation of forsterite facilitates the selective enrichment of nickel. The Fe element
exists in forsterite and spinel, which is discharged into the tailings during the magnetic separation
process, thereby increasing the Ni grade in the concentrate. The XRD pattern of the magnetic separation
tailings of the groups (1) (Figure 9b) shows that the main phases in the magnetic separation tailings are
forsterite and spinel.

 
Figure 9. XRD patterns of: (a) roasted product; (b) tailing.

The roasting product was subjected to scanning electron microscopy (SEM) (Hitachi, Tokyo, Japan)
analysis, and the results are shown in Figure 10: (a) no additive, (b) additives dosage 5%. The bright
white phase is ferronickel particles. The light gray phase is the spinel and the dark gray phase is the
forsterite. The ferronickel particles in Figure 10a are small and dispersed. The size of the ferronickel
particles in Figure 10b is remarkably improved, and the ferronickel particles distributed in the roasting
product are large. Related literature reports [25] that the chloride is vaporized at high temperature
and adsorbed on the carbon surface to be reduced to metal, and then other chlorides are adsorbed on
the metal surface to complete the process of reduction and growth. The spinel phase of Figure 10a is
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significantly reduced and the forsterite phase is significantly increased, indicating that the additive
promotes the formation of forsterite. This result is consistent with the XRD analysis of Figure 9a. In
addition, Figure 10b shows a sharp crack in the forsterite phase, which is beneficial to the diffusion of
reducing gas and metal chloride, and promotes the reduction of Ni and Fe.

 
Figure 10. SEM images of roasted ore under two conditions: (a) and (a′) without NaCl; (b) and (b′) 5 wt
pct NaCl.

3.2.5. Effect of Grinding Time

In order to improve the separation and recovery effect of ferronickel in the magnetic separation
process, experimental research on different grinding times was conducted. The experimental conditions
were as follows: the roasting temperature was 1250 ◦C, the roasting duration was 80 min, the reducing
agent was 10%, and the additive was 5%. The results are shown in Figure 11. The Ni grade and
recovery were 5.78% and 93.89% at 2 min of grinding time. At this time, the roasted product size
after grinding is large. The average size of roasted products is D90 = 45.25 μm. The results showed
that the ferronickel particles were not well separated from the roasting product. With the prolonged
grinding time, the Ni grade increased significantly and reached 8.15% at 12 min, at which time the
nickel recovery was 97.76%. The average size of roasted products is D90 19.43 μm. The results show
that prolonging the grinding time is beneficial to the separation of ferronickel particles from roasted
products in the magnetic separation process. However, the prolongation of the grinding time continues,
and the size of the roasted product after grinding is further reduced. At this point, the Ni grade and
recovery decrease, and the average size of roasted products is D90 = 15.11 μm. The reason is that the
particle size of some ferronickel particles decreases with the extension of grinding. It is difficult to
collect too small ferronickel particles during magnetic separation.
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Figure 11. Effect of grinding time on the grades and recoveries of Ni and Fe.

4. Conclusions

The higher nickel grade and recovery were obtained by adding sodium chloride. As a cheap
and easily available additive, sodium chloride has obvious advantages compared to other additives.
The phase transformation in the roasting process was analyzed. The effect of roasting function on the
recovery of nickel and iron was explained.

(1) The addition of sodium chloride as an additive during the reduction process can significantly
improve the Ni and Fe grades and recovery in the concentrate. Under the conditions of a roasting
temperature of 1250 ◦C, roasting duration of 80 min, reductant dosage of 10%, additive dosage of
5%, and a grinding time of 12 min, the grade of concentrate Ni and Fe was increased from 1.13%
and 51.12% without additives to 8.15% and 64.28%, and the recovery of Ni was increased from
75.40% to 97.76%;

(2) The addition of additives promotes the transformation of the lizardite phase to the forsterite
phase, facilitates the dissociation of nickel from the mineral, and improves the reduction effect
of nickel. At the same time, the aggregation and growth behavior of ferronickel particles is
improved, and the efficiency of magnetic separation is improved.
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Abstract: In this paper, the effect of titanium carbonitride (Ti(C,N)) on the viscosity of
high-titanium-type blast furnace slags was investigated. The different Ti(C,N) contents were achieved
by adjusting the reduction degree of TiO2 to reflect the real characteristics of the high-titanium slag.
The results show that the viscosity of the slag increased with the increasing Ti(C,N) content and
decreased with the rising temperature. A deviation between the measured and the fitted viscosity
appeared as the content of the Ti(C,N) was beyond 4 wt%. Furthermore, the apparent viscous flow
activation energy of the slag ranged from 106.13 kJ/mol to 235.46 kJ/mol by varying the Ti(C,N)
contents from 0 wt% to 4.97 wt%, which was evidently different from the results of previous studies.
The optical microscope and energy dispersive X-ray spectroscopy (EDS) analysis show that numerous
bubble cavities were embedded in the slags and the Ti(C,N) particles agglomerated in the solidified
samples. This phenomenon further indicates that the high-titanium slag is a polyphase dispersion
system, which consists of liquid slag, solid Ti(C,N) particles and bubbles.

Keywords: blast furnace slag; TiO2; titanium carbonitride; viscosity

1. Introduction

Viscosity of TiO2-containing slags is an important factor influencing the processes of ironmaking,
steelmaking and Ti-recycling industries [1–3]. The content of titania (TiO2) in high-titanium-type blast
furnace slag is always more than 20 wt%. Therefore, it is inevitable that part of the TiO2 in this slag
was reduced to titanium carbonitride (Ti(C,N)) particles by coke during blast furnace production.
The Ti(C,N) particle is harmful for the fluidity of the slag because it has a high melting point and can
significantly increase the viscosity of the slag. According to Einstein’s theory [4] about the relation
between the volume fraction of solid particles and the viscosity of extremely dilute solutions, Roscoe
presented a type of equation (Einstein–Roscoe type equation) to describe the viscosity of liquids
containing high concentrations of solid suspensions [5]:

η = η0(1 − a f )−n (1)

where η and η0 are the viscosity of solid-containing and solid-free liquid, respectively; f is the volume
fraction of solid particles in the liquid; a and n are constants with regard to the volume fraction
and geometrical shape of solid particles in liquid, and are 1.35 and 2.5 for spherical particles with a
uniform size, respectively. This equation indicates that the viscosity of the melt should be related to
the volume fraction and geometrical shape of solid particles in liquid. To explore this relationship in
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metallurgical slags, some research has been carried out by adding small amounts of solid particles to
the slags. Wright et al. [6] studied the viscosities of CaO-MgO-Al2O3-SiO2 melts containing spinels
with different sizes at 1646 K; Liu et al. [7] studied the effect of Ti(C0.3N0.7) particles of 1.0 μm on the
viscosities of CaO-MgO-Al2O3-SiO2 blast furnace slag and Zhen et al. [8] discussed the effect of TiC
particles on the viscosity of CaO-MgO-Al2O3-SiO2-TiO2 slag. Their results suggested that the viscosity
of the solid-containing melt increased with the addition of particles, and the Einstein–Roscoe type
equation can well describe the viscosity variation behavior by allowing the parameters a and n to vary.
To investigate the flow behavior of high-titanium-type slag, Jiang et al. [9] studied the effect of TiC
solid particles on the rheological behavior of blast furnace slags with 20 wt% of total TiO2 and Yue et
al. [10] discussed the rheological behavior of Ti-bearing blast furnace slag with different TiN contents.
Both of them pointed out that the slags will convert to non-Newtonian fluids if the volume fraction of
the solid particles beyond certain values and the Einstein–Roscoe type equation could be not suitable
at that condition.

In the last few decades, a large amount of research [11–19] has attempted to establish an accurate
description about the viscosity of the high-titanium-type slag and a lot of fruitful achievements have
been obtained. However, the existing empirical and semi-empirical models still cannot describe the
viscosity precisely. One of the possible reasons for this may be the improper method for preparing
the experimental slag. For example, most of the previous studies prepared the high-titanium-type
slag by adding the solid particles directly to the TiO2-containing slags. However, this could not be
enough to reflect the real characteristics of the on-site slag (slag in blast furnace). The morphology and
distribution of TiC, TiN, and Ti(C,N) in on-site slag should be different from those directly added to the
slag. Additionally, on-site slag is also different from the slag prepared by high purity reagents because
there are some gas bubbles in on-site slag, which makes the structure of molten slag more complicated.
Up to now, there is still a lack of accurate knowledge of viscosity properties for the high-titanium-type
blast furnace slag. In order to control the iron-making process of titanium-vanadium-magnetite more
efficiently, a further understanding of flow behaviors in high-titanium-type blast furnace slag should
be necessary.

In the present study, to discuss the effect of titanium carbonitride on the viscosity of the
high-titanium-type blast furnace slag, on-site slags with different contents of titanium carbonitride
(reduced from TiO2) were prepared. Additionally, the viscosities of these slags were measured to
clarify the relationships between slag fluidity and the contents of titanium carbonitride.

2. Materials and Methods

On-site blast furnace slags were used as the raw materials in the experiment. The residual metal
iron in the slag was removed by magnetic separation, and then the slag was crushed to less than 0.1
mm. The chemical compositions of the slags were analyzed by X-ray fluorescence spectrometry (XRF,
Shimadzu XRF-1800, Kyoto, Japan), as shown in Table 1. Coke was employed as the reductive agent
for reducing the TiO2 to Ti(C,N) in the experiment (compositions are shown in Table 2), which the
particle size was controlled between 10 mm and 15 mm.

Table 1. Chemical compositions of on-site slag, mass%.

CaO SiO2 MgO Al2O3 TiO2 TiC TiN

25.12 24.63 9.50 14.00 22.50 0.49 0.50

Table 2. Chemical compositions of the coke, mass%.

FCad St Vadf Ad CaO SiO2 MgO Al2O3 Fe2O3

86.26 0.54 1.23 12.67 0.49 7.01 0.20 3.05 0.95
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A muffle furnace (Teenpu CO. LTD., Jiangyin, China) was used to prepare experimental slags
with different Ti(C,N) contents. The experimental schematic diagram is shown in Figure 1. The heating
element is a U-shaped silicon molybdenum rod, the heating process is controlled by PID (Proportion
Integral Differential) program, and the temperature is measured by a B-type thermocouple. About
140 g coke was firstly placed in a graphite crucible (52 mm inner diameter, 160 mm length), and
about 210 g slag was placed on the top of the coke. The graphite crucible was then put into a larger
corundum crucible to reduce the oxidation degree of the graphite crucible during the experiment.
The temperature of the chamber increased to 1773 K at 10 K/min, and then held for 15 min, 30
min, 45 min and 60 min, respectively. After that, the samples were cooled down together with the
furnace. The residual cokes in the slags were separated using a hammer and cleaned up by hairbrush.
The obtained slags (experimental slags) were crushed to less than 0.1 mm, some of which was used
to analyze the chemical composition, and the rest was used to measure the viscosity. The contents of
TiC and TiN in the experimental slags were obtained by chemical analysis, and the results are shown
in Table 3. The content of Ti(C,N) could not be obtained directly by chemical analysis, thus it was
represented by the total contents of TiC and TiN. Number 1 in Table 3 indicates the raw slag without
reduction by coke, which the content of Ti(C,N) was 0.99%. The Ti(C,N)-free slag was obtained by
roasting the raw slag at 1573 K for 60 min, as represented by 0 in Table 3. The contents of TiC and TiN
in this slag were lower than 0.001 mass%, respectively. In order to further confirm the composition of
the morphology in the slag, a microstructure analysis was carried out by using the optical microscope
(OLYMPUS BX51, Hatagaya, Japan) and scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS) (FEI, Hillsboro, OR, USA), and the results are shown in Figure 2 and Table 4.

 
Figure 1. Schematic diagram of the muffle furnace.

Table 3. The contents of TiC and TiN in experimental slags, mass%.

Samples Time/min TiC TiN Ti(C,N)

0 - <0.001 <0.001 0
1 - 0.49 0.50 0.99
2 15 1.08 1.09 2.17
3 30 1.79 1.55 3.34
4 45 2.01 2.04 4.05
5 60 2.16 2.81 4.97
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Figure 2. Microstructure of the slag sample (A is Perovskite, B is Tianium carbonitride, C is metal iron.).

Table 4. Energy dispersive X-ray spectroscopy (EDS) analysis of the points in Figure 2, mass%.

Points C N O Ca Ti Fe

Point A - - 34.75 29.33 35.92 -
Point B 10.77 5.94 - - 83.29 -
Point C - - - - - 100.0

The EDS (EDAX, Mahwah, NJ, USA) analysis (Table 4) shows that lots of brick-red Ti(C,N)
particles were produced in the slag. Additionally, the white iron phase and the grey/white perovskite
phase were also observed in the slag.

A schematic diagram of the viscosity measurement apparatus is shown in Figure 3, which includes
a Brookfield digital viscometer, a heating system, an automatic lifting system, a temperature control
system, and a gas supply system. The heating element is a U-shaped MoSi2 rod, which has a maximum
working temperature of 1923 K. The inner diameter of the high purity alundum tube of the shaft
furnace is 55 mm, and the height of the constant temperature zone is about 60 mm. The temperature is
controlled by PID program, and temperature is measured by a B-type thermocouple with Pt-6 wt pct
Rh/Pt-30 wt pct Rh. Argon gas with a purity of 99.99% was employed as the protection gas. During
the experiment, the argon gas flowed in from the bottom of the alundum tube and flowed out from the
top, and the gas flow was maintained at 1.5 L/min.

 

Figure 3. Schematic diagram of the viscosity measurement apparatus.

The viscosity of experimental slag was measured by the rotating-cylinder method. About 170 g
experimental slag was put into a high purity graphite crucible (50 mm outer diameter, 40 mm inner

56



Metals 2019, 9, 395

diameter, 120 mm length). A metal molybdenum sheet with a thickness of 0.01 mm was put closely
inside the graphite crucle to avoid the reaction between slag and graphite. This graphite crucible was
put into another larger graphite crucible (62 mm outer diameter, 52 mm inner diameter, 160 mm length)
to prevent slag from spilling to damage the alundum tube. The molybdenum spindle (15 mm diameter
and 20 mm height) was connected with a molybdenum rod (5 mm diameter and 475 mm length),
which linked with the viscometer by a piano wire (carbon spring steel wire). After the molybdenum
spindle was slowly immersed into the slag to the predetermined depth, the total height of the liquid
slag was about 50 mm. The viscometer was calibrated using three kinds of standard liquids, of which
the viscosities were 222.41 mPa·s, 528.20 mPa·s and 1073.3 mPa·s at 293 K respectively. The viscosity
was measured when the temperature reached 1773 K. The rotation speed of the spindle was controlled
at 12 r/min. The measurement time was 30 min and two viscosity data were obtained per minute, and
the average value of measured data was regarded as the viscosity. After the measurement at 1773 K,
the temperature was decreased to 1733 K, 1693 K and 1653 K, respectively, and the viscosity at these
temperatures was measured by the similar methods.

3. Results and Discussion

3.1. Effect of Ti(C,N) on Viscosity of High-Titanium-Type Blast Furnace Slags

The viscosities of the slags are shown in Table 5. It can be seen that the viscosities of the slags
increased as temperature decreased. Simultaneously, with the increase of Ti(C,N) content at the
same temperature, the viscosities of the slags increased gradually. This indicates that the viscosity
of high-titanium-type blast furnace slags can be influenced not only by temperature, but also by the
content of Ti(C,N) particles.

Table 5. Viscosities of the slags, Pa·s.

Samples 1653 K 1693 K 1733 K 1773 K

0 0.194 0.166 0.145 0.123
1 0.289 0.233 0.201 0.170
2 0.570 0.391 0.324 0.272
3 1.052 0.656 0.553 0.452
4 1.794 1.170 0.927 0.783
5 3.178 1.489 1.233 1.017

In the blast furnace ironmaking process of titanium-vanadium-magnetite, it is inevitable that
a lot of Ti(C,N) particles are produced. When the Ti(C,N) particles enter the slag, the viscosity of
the high-titanium-type blast furnace slag will be influenced significantly. By modifying a and n in
Equation (1), or only a and fixed n, the dependence of the measured viscosity on the content of the
solid particles could be described by the Einstein–Roscoe type equation. The constant n is related to
the geometrical particle shape and can be assumed to be 2.5 for spherical solid particles. The reciprocal
value of a represents the maximum amount of solid (f max) that the melt could accommodate before the
viscosity becomes “infinite”. By fitting the measured values using the Einstein–Roscoe type equation,
the values of a can be optimized and the maximum amount of solid (f max) can be obtained, and the
results are shown in Table 6. The measured and fitted viscosities of the slags are shown in Figure 4.

Table 6. Values for parameters a, fmax and apparent volume fraction at different temperatures.

Parameters 1653 K 1693 K 1733 K 1773 K

n 2.5 2.5 2.5 2.5
a 13.79 12.25 12.02 11.93

fmax 0.072 0.082 0.083 0.084
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⋅

Figure 4. The measured (scattered points) and fitted (lines) viscosities vs. the content of Ti(C,N).

It can be seen from Figure 4 that the higher the content of Ti(C,N) in the slag, the greater the
deviation between the fitted viscosity and the measured viscosity. This becomes obvious when the
content of Ti(C,N) was over 4 wt%. The main reason for this phenomenon is that the molten slag
changed to a non-Newtonian fluid and a shear thinning behavior appeared as the content of the solid
particles rose beyond a certain value [9]. It was found from Table 6 that the values of the maximum
volume fraction of solids (f max) in this study should be significantly lower than that in the studies of
Liu [7] and Zhen [8]. The possible reason for this is that the rotation speed of the spindle in this study
(12 r/min) was lower than that used in the other studies (>100 r/min).

However, in addition to the content of Ti(C,N), the influence of bubbles on the viscosity of the
on-site slag should not be ignored. It is well known that the smelting of high-titanium-type blast
furnace slag can always be accompanied with the formation of bubbles (foam slag). If there are too
many bubbles in the molten slag, even if the content of titanium carbonitride is low, the viscosity of
the slag will be high [20]. In most cases, the bubbles in the slag were not enough to turn the slag into
foam slag. However, there are always more or less bubbles in the slag. The high-titanium-type blast
furnace slag should be regarded as a polyphase dispersion system, which consists of liquid slag, solid
Ti(C,N) particles, and bubbles. When the foam characteristic value was less than 0.74, the viscosity of
the foam can be expressed as [21]:

η = η0(1 + 4.5Φ) (2)

where η0 is the viscosity of foam-free liquid and Φ is the foam characteristic value.
Figure 5 shows the microstructure of the solidified slag. It demonstrated that some micro bubble

cavities were embedded in the slag, which proves that the bubbles can stably exist in the slag even
though the slag is cooled down. This may be another reason that the deviation between the measured
viscosity and the fitted viscosity by Einstein–Roscoe type equation.

 

Figure 5. Optical micrograph of the bubble cavity in slag.
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3.2. The Effect of Ti(C,N) on the Apparent Viscous Flow Activation Energy Eη

The relation between the viscosity of slag and the temperature was usually expressed by
Weymann–Frenkel’s equation [22]:

η = A·T· exp(Eη/(RT)) (3)

where A is a proportionality constant, Eη is the apparent activation energy for viscous flow, R is the
gas constant and T is the absolute temperature.

According to Equation (3), the curve representing the relationship of ln(η/T)–105/T is shown in
Figure 6. The scattered points are the measured results, and the lines are the fitted results according to
Weymann–Frenkel equation. It can be seen that the relationships between ln(η/T) and 105/T of slags 0
and 1 were almost completely linear, while those for slags 2 to 5 were gradually deviated from the
Weymann–Frenkel equation. When the temperature decreased from 1693 K to 1653 K, the differences
between the measured values and the fitted values were even greater.

⋅
⋅

Figure 6. Relationships between ln(η/T) and 105/T of slags 0 through 5.

The apparent viscous flow activation energies at different contents of titanium carbonitride
are shown in Table 7. As the content of titanium carbonitride increases, the apparent viscous flow
activation energy increased significantly. This is different from the results of Zhen et al. [8], which
showed the apparent viscous flow activation energy experienced no change with increases in the
volume fraction of solid particles. It is well known that the apparent activation energy represents the
frictional resistance for viscous flow. In Zhen’s [8] study, the solid particles were added to the slag,
and the interaction between the solid and the slag should be weak. Thus, they suggested that the
composition of liquid slag should be the main factor affecting the activation energy of a suspension
system. However, in our study, the Ti(C,N) particles in the slag were produced by reducing TiO2, and
thus the interaction between the solid and the slag should be strong. The strong interaction can result
in a more complicated structure in the real slag. Therefore, much more energy should be required to
overcome the viscous fluid activation energy as the content of Ti(C,N) particles increases.

Table 7. Apparent viscous flow activation energy at different total contents of Ti(C,N), kJ/mol.

Parameters 0 1 2 3 4 5

Eη , kJ/mol 106.13 120.30 161.41 179.73 180.61 235.49
Adjusted R-Square 0.9978 0.9953 0.9605 0.9329 0.9527 0.8440

3.3. The Distribution of Ti(C,N) in Slag

Figures 7–9 show the microstructures of slag samples quenched in different ways (cooling
with liquid nitrogen, water cooling, and natural cooling, respectively). The microstructure was
analyzed using the optical microscope (OLYMPUS BX51, Tokyo, Japan) and the phase composition
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was confirmed by SEM-EDS. It can be seen that the perovskite phase, metal iron and Ti(C,N) particles
were observed in the solidified samples. It is well known that the perovskite phase has a high melting
point and can precipitate preferentially from the melt during the cooling process. When decreasing
the cooling rate, the crystal size of the perovskite gradually increased, as shown in Figures 7–9.
Additionally, a significant agglomeration of Ti(C,N) particles were seen in the slag no matter which
cooling methods were adopted. As compared to the samples of water cooling and cooling with liquid
nitrogen, the agglomeration of Ti(C,N) particles was more serious in the natural cooling samples. The
solid particles adhered together to form the large agglomeration area. The distribution of titanium
carbonitrides in this study were evidently different from those works of Liu, Zhen and Wright et
al. [6–8], in which solid particles were evenly distributed in the slag. This implies that the properties
of the real slag differs from that of synthetic slag. Additionally, it can be seen in Figures 7–9 that the
observed Ti(C,N) particles were always adhered with the embedded metallic iron in the slag. The
main reason for this phenomenon is that the TiO2 in the slag can react with the carbon dissolved in
the metallic iron. This also proves that the high-titanium-type blast furnace slag has a complicated
structure and the Ti(C,N) particles have a strong interaction with the slag, which should be the main
influence on the viscosity of the slag.

 

Figure 7. Microstructure of slag sample quenched in liquid nitrogen.

 
Figure 8. Microstructure of slag sample quenched by water cooling.

 
Figure 9. Microstructure of slag sample quenched by natural cooling.

60



Metals 2019, 9, 395

4. Conclusions

This study investigated the viscosity characteristics of high-titanium-type blast furnace slags. Slag
samples containing different contents of Ti(C,N) particles were prepared, and the influences of Ti(C,N)
on the viscosity of the slag were studied in detail. The main findings can be summarized as follows:

(1) When increasing the content of Ti(C,N), the viscosity of slag samples gradually increased. The
measured viscosity and the fitted value by Einstein–Roscoe type equation deviated gradually as the
content of Ti(C,N) increased. Additionally, the apparent viscous flow activation energy of the slag also
increased with increasing the content of Ti(C,N).

(2) Microbubbles can exist in the slag stably and a serious agglomeration of Ti(C,N) particles was
observed in the slag samples. Thus, the high-titanium-type blast furnace slag is actually a polyphase
dispersion system, which consists of liquid slag, solid Ti(C,N) particles, and bubbles.
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Abstract: A novel method to prepare low-oxygen and high-titanium ferroalloy by multistage and
deep reduction was proposed in this study. Specifically, the raw materials, high titanium slag and iron
concentrate are firstly reduced by insufficient Al powder to obtain high temperature melt. Secondly,
CaO and CaF2 are added into the melt to adjust the basicity of the molten slag. Then, a melt separation
under the heat preservation is carried out to intensify the slag-metal separation. Finally, calcium or
magnesium is added into the metal melt for a deep reduction. Thereafter, high titanium ferroalloy
with an extra-low oxygen content can be obtained. Effects of slag basicity and melt separation
time on the slag-metal separation removal were systematically studied. The results indicate that
the high titanium ferroalloy, produced by the thermite method, contains a lot of Al2O3 inclusions.
This leads to a high oxygen and aluminum content in the alloy. With a melt separation with high
basicity slag treatment, the Al2O3 inclusions can be effectively removed from the alloy melt, and the
slag-metal separation efficiency is greatly improved. With the addition of high basicity slag during
melt separation, Ti content in the alloy is improved from 51.04% to 68.24%. Furthermore, and the
Al and O contents are reduced from 10.38% and 9.36% to 4.24% and 1.56%, respectively. However,
suboxides, such as Ti2O and Fe0.9536O, still exist after a melt separation. This indicates that a deep
reduction is needed to obtain extra-low oxygen high titanium ferroalloy.

Keywords: multistage and deep reduction; low-oxygen high titanium ferroalloy; inclusions; melt
separation; slag-metal separation

1. Introduction

High titanium ferroalloy is one of the most important alloys in the melting of special steel and
structural steel. It is also an important directive alloy in aviation and space [1]. At present, the
major method for the industrial production of high titanium ferroalloy is vacuum remelting process.
However, this method has disadvantages with respect to the limited source of titanium scrap and a
high production cost [2]. It has been a hotspot issue to directly prepare titanium or titanium alloy
from titanium oxides by the electrochemical reduction. Molten salt electrolytic methods, as a short
process and direct preparation of titanium alloys, is becoming an issue with an increased concern,
while it has not been used in a real production due to the limits of electrode materials and current
efficiency [3–8]. Thermite method (also called thermite reduction), using aluminum as a reductant
and high-grade ilmenite as raw materials, is another short process of directly producing high titanium
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ferroalloy. However, this method has some disadvantages of incomplete reduction of titanium oxide
due to the weak reducing action of aluminum and incomplete slag-metal separation with a direct
casting, which results in a high residual oxygen (up to 12%) and aluminum contents [9,10]. All
industrial production lines, using the thermite method to produce high titanium ferroalloy have
been shut down. In recent years, researchers in titanium industry have studied the preparation and
deoxidation mechanism of high titanium ferroalloy with the thermite reduction method. They all
agreed that low-oxygen high-titanium ferroalloy cannot directly be produced from titanium oxides by
thermite reduction [11–13]. Chunarev et al. [14] researched technological possibility of manufacturing
high-titanium ferroalloy form crude ore. The results show that high ferrotitanium (Ti, 60% to 70%)
with oxygen content less than 5% (wt.%) cannot directly be produced by thermite method and the
oxygen exists in the forms of Ti4Fe2O phase.

Dou et al. [15,16] has investigated the formation mechanism of oxygen in high titanium ferroalloy.
The result indicates that the oxygen in high titanium ferroalloy exists in forms of Al2O3, suboxides and
titanium-oxygen solid solution. He has further researched the effects of physical properties of molten
slag on the slag-metal separation and eliminating inclusions in the high titanium ferroalloy prepared
by thermite reduction. The results indicate that the appropriate addition of CaF2 and high basicity of
the slag improves the effects of slag-metal separation and inclusion removal [17,18].

Based on our previous researches, a novel methodology for directly preparing low oxygen and
high titanium ferroalloy from high titanium slag and iron concentrate by multistage and deep reduction
is put forward [19,20]. This method is described as follows: (1) Thermite reduction. High titanium
slag and iron concentrate as raw materials are firstly reduced by insufficient Al powder to obtain high
temperature melt. (2) Melt separation under heat preservation. CaO and CaF2 are added into the melt
by thermite reduction to adjust the basicity of the molten slag and a melt separation under the heat
preservation is carried out to strengthen the slag-metal separation. (3) Deep reduction. Calcium or
magnesium is added into the metal melt to carry out a deep reduction and extra-low oxygen high
titanium ferroalloy is obtained. In this paper, the effects of slag basicity and melt separation time on the
slag-metal separation during the melt separation under heat preservation were systematically studied.

2. Experimental Part

High-titanium slag (86.03% TiO2, particle size: ≤ 3 mm, Panzhihua Iron & Steel Group Co. China)
and iron concentrate (63.07% TFe, particle size: 0.1–0.5 mm, Fortescue Metals Group Ltd, Pilbara,
Australia) were used as the raw materials. The chemical composition of the raw materials is shown in
Table 1. Aluminum powder (Al, 98.5%, particle diameter: ≤ 3 mm, Jinzhou Metal Co., Ltd., Jinzhou
China) was used as the reductant. KClO3 (99.5%, particle diameter: ≤ 3 mm), CaO (99.5%, particle
diameter: ≤ 250 μm), magnesium powder (99.5%, particle diameter: 0–0.2 mm) were produced by
Sinopharm Chemical Reagent Co., Ltd. City, Shanghai, China.

Table 1. Chemical composition of raw materials, wt.%.

Raw Material TiO2 TFe Al2O3 SiO2 CaO MgO Others

High-Titanium Slag 86.03 2.40 3.30 5.60 0.17 0.98 Bal.
Iron Concentrate - 63.07 2.71 3.40 0.54 0.45 Bal.

The workflow of the experiment is shown in Figure 1. High-titanium slag, iron concentrate, CaO
and KClO3 were put into the oven to dry at 110 ◦C for 24 h, then they were evenly mixed with Al
powder in proportion by a barreltype mixer for 40 min. The mass ratio of high-titanium slag, Al
powder, iron concentrate, KClO3 and CaO is 1: 0.61: 0.23: 0.35: 0.13, the stoichiometric ratio of Al
powder used as the reductant for TiO2 is 0.9. The reactants were preheated at 150 ◦C for 2 h, and then
were put into a homemade graphite reactor (dia. 350 mm, 480 mm in height). Magnesium powders
(about 3 g) were covered with on the top of the reactants and then were ignited to introduce thermite
reaction. After a complete thermite reaction, a high temperature melt was obtained and then was
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teemed into a furnace (SPZ-160A, dia. 150 mm, 200 mm in deep) for a heat preservation. Next, two
group of experiments were separately carried out for melt separation, and the experimental process
is as follows. Group 1: the high temperature melt was directly carried out a melt separation at 165
◦C for 30 min, 60 min, 90 min respectively. Group 2: eliminated 90% of the upper slag and added
Al2O3, CaO and CaF2 into the molten slag to adjust the basicity, making its composition that the mass
ratio of Al2O3, CaO and CaF2 was 1: 1: 0.05, and then kept the melt at 1650 ◦C for 30 min, 60 min, 90
min, respectively. After the melt separation, it was cast into a graphite crucible and the alloy ingot
was obtained.

Figure 1. The workflow of the experiment.

The alloy and slag were analyzed by X-ray diffractometry (XRD, Model D8, Bruker, Karlsruhe,
Germany; working conditions: Cu Kα1, 40 kV, 40 mA). The composition of high basicity slag after
melt separation was analyzed by X-ray fluorescence (XRF, Model S4, Bruker, Karlsruhe, Germany).
The oxygen contents of alloy samples were measured by the oxygen and nitrogen hydrogen analyzer
(Type G8, Bruker, Karlsruhe, Germany). The compositions of alloys were analyzed by inductively
coupled plasma atomic emission spectrometry (ICP, Optima 4300DV, PerkinElmer, Waltham, USA).
The microstructures of alloy samples were observed by Scanning Electron Microscope (SEM, SU-8010,
Hitachi, Tokyo, Japan) and Energy Dispersive Spectrometer (EDS, Bruker, Karlsruhe, Germany).

3. Results and Discussion

3.1. Characteristics of Slags

Figure 2 shows XRD patterns of slags after melt separation without addition of Al2O3-CaO-CaF2

slag. The diffraction peaks can be indexed to Al2O3, TiO, Ti0.913O0.7304, Fe3.3Ti9.7O3 and FeTi2.603O0.35.
The existence of Al2O3 indicates that, in thermite method, it is difficult to completely remove Al2O3

inclusions from the alloy prepared by thermite reaction with direct casting. The slag-metal separation
is strengthened by a melt separation after thermite reaction, but this process will decrease the yield
of Ti and Fe. This is due to that TiO, Ti0.913O0.7304, Fe3.3Ti9.7O3 and FeTi2.603O0.35 will be separated
from alloy. The existence of TiO, Ti0.913O0.7304, Fe3.3Ti9.7O3 and FeTi2.603O0.35 indicates that thermite
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reaction in this experiment is incomplete. This is mainly attributed to the inadequate aluminum
powder (90% stoichiometric ratio of Al powder used as reductant for TiO2) in ingredients. Therefore,
a deep reduction using calcium or magnesium as a reductant is necessary. The titanium sub-oxides
and Ti-Fe-O complex oxides in slags indicate that they will be absorbed into the refining slag during a
melt separation process, which will decrease the recovery rate of Ti and Fe. In addition, the diffraction
peaks intensity of Al2O3 are improved with the increase of melt separation time. This means that that
Al2O3 is effectively removed in the metal melt. Table 2 shows that the content of Al2O3 increases with
the melt separation time. This result agrees well with the XRF analysis.

Figure 2. XRD (X-ray diffractometry) patterns of slags after melt separation without addition of
Al2O3-CaO-CaF2 slag: (1) 30 min; (2) 60 min, (3) 90 min.

Table 2. XRF (X-ray fluorescence) analysis result of slags after different melt separation time (1,2,3:
without addition of Al2O3-CaO-CaF2 slag, 4,5,6: with addition of Al2O3-CaO-CaF2 slag), wt.%.

Number
Separation

Time
Al2O3 CaO TiO2 CaF2 SiO2 MgO Fe2O3 Others

1 30 min 12.01 0.64 67.03 - 4.54 0.03 13.39 Bal.
2 60 min 12.56 0.14 67.41 - 3.96 0.01 13.57 Bal.
3 90 min 12.94 0.56 65.97 - 4.04 0.07 14.38 Bal.
4 30 min 49.76 33.31 7.69 4.32 0.94 0.54 0.33 Bal.
5 60 min 52.09 31.06 5.82 5.5 0.81 0.50 0.2 Bal.
6 90 min 53.17 28.15 6.81 5.48 1.24 0.86 0.27 Bal.

Figure 3 shows XRD patterns of slags after melt separation with addition of Al2O3-CaO-CaF2 slag.
The diffraction peaks can be indexed to CaAl2O4 and CaAl4O7. It can be speculated that high basicity
slag reacts with Al2O3 inclusions in the alloy melt obtained by thermite reduction and the reaction is
as follows [21]:

y(CaO) slag +(Al2O3) inclusion = (yCaO·Al2O3)liquid, slag (1)
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Figure 3. XRD patterns of slags after melt separation with addition of Al2O3-CaO-CaF2 slag at 1650 ◦C:
(1) 30 min, (2) 60 min, (3) 90 min.

Low melting point calcium aluminates are formed during melt separation, and they strengthen
the slag-metal separation. Figure 3 shows that the diffraction peaks intensity of CaAl4O7 increase
with the increasing of the melt separation time, while that of CaAl2O4 increase and then gradually
decrease. According to the equilibrium diagram of Al2O3-CaO system [22], this result is mainly
attributed to that the amount of Al2O3 inclusions from alloy melt into the slag increases with melt
separation time. Comparing to the XRD patterns of slags without the addition of Al2O3-CaO-CaF2 slag
in Figure 2, the diffraction peaks of Ti-Fe compounds oxides and titanium suboxides cannot be observed
in Figure 3. The XRF analysis results in Table 2 indicate that the Al2O3 content in slag increases with an
increased separation time. This indicates that a long melt separation time is beneficial for the slag-metal
separation. In addition, the contents of TiO2 and Fe2O3 in the slag with addition of Al2O3-CaO-CaF2

slag are obviously lower than that in the slag without the addition of Al2O3-CaO-CaF2 slag. It can be
concluded that the slag-metal separation effect is strengthened, and the migration of alloy components
is suppressed by regulating the slag basicity during the melt separation, which is beneficial to increase
the recovery rate of Ti and Fe elements.

3.2. SEM Images and EDS Analysis

Figure 4 shows the SEM images of the alloys directly prepared by thermite method and after melt
separation under heat preservation.

Figure 4a indicates that the microstructure of the alloy directly prepared by thermite method
is loose and contains amorphous Al2O3 inclusions with a size about 200 μm, which indicates an
incomplete slag-metal separation. Figure 4b–d shows that Al2O3 inclusions can also be observed
in the alloys after different separation time in the cases without addition of Al2O3-CaO-CaF2 slag.
However, the morphology and size of Al2O3 inclusions are different with different melt separation
time. Comparing to thermite method, Al2O3 inclusions in melt separation under heat preservation go
through an aggregation-floating upward-recrystallization process, which is beneficial to the Al2O3

inclusion removal. The sizes of Al2O3 inclusion in the alloy are uneven, ranging from 5–50 μm
under a 30 min separation, and the size ranges from 10 to 20 μm after a 60 min separation. However,
they are rod-like with a size about 70 μm at 90 min separation. This result indicates that big size
Al2O3 inclusions can float upwards and are preferentially separated out. However, small size Al2O3

inclusions get together, recrystallize and grow up with melt separation time and then are separated out.
Compared to the alloys without addition of Al2O3-CaO-CaF2 slag for melt separation in Figure 4b–d,
Al2O3 inclusions can hardly be observed in the alloys for the cases with addition of Al2O3-CaO-CaF2
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slag in Figure 4e–g. In addition, the microstructure of alloys is more uniform and compact, which
indicates that the effects of slag-metal separation are greatly enhanced.

 
Figure 4. SEM (Scanning Electron Microscope) images of alloys: (a) directly prepared by thermite
method; (b–d) 30 min, 60 min, 90 min without addition of Al2O3-CaO-CaF2 slag; (e–g) 30 min, 60 min,
90 min with addition of Al2O3-CaO-CaF2 slag.

According to the microscopic analysis result in Table 3, regions 1, 5 and 8 in Figure 4b–d are
supposed to be Ti-O solid solution, and region 3, 4 and 7 are TiFe phase. Si is dissolved in the matrix.
Regions 10, 13 and 16 in Figure 4e–g are matrix based on Ti, Fe, Al, Si. Regions 12 and 15 are supposed
to be Ti-O solid solutions. Under a high-powered microscope, a “basket microstructure” structure can
be observed in the regions 12 and 14 in Figure 4e,f, and they are based on Ti, Fe, Al, Si. However, coarse
lath-shaped structures, in the form of titanium silicide, arise in region 17 in Figure 4g. Compared
to thermite method, the microstructure of alloys becomes more uniform and denser with a longer
separation time.

Table 3. Microscopic analysis of the microstructures of alloys in Figure 4, wt.%.

Region Ti Fe Al Si O

1 81.69 2.14 0.78 - 15.39
2 - - 59.5 - 40.5
3 59.88 20.74 7.94 1.73 9.71
4 53.24 32.52 3.47 2.59 8.18
5 84.5 - - - 15.5
6 - - 58.3 - 41.7
7 55.42 28.49 5.66 2.89 7.54
8 82.15 - - - 17.85
9 - - 61.88 - 38.12
10 42.59 40.25 11.64 3.18 2.34
11 54.88 27.43 5.71 5.38 6.6
12 97.28 - - - 2.72
13 43.31 40.72 11.2 3.37 1.4
14 55.61 24.7 7.89 5.43 6.37
15 98.34 - - - 1.66
16 44.55 43.12 8.48 2.73 1.12
17 79.42 7.67 4.26 6.65 2

3.3. Phase of Alloys

Figure 5 shows XRD patterns of alloys directly prepared by thermite method with a melt separation.
The obvious diffraction peaks of Al2O3, Fe3.3Ti9.7O3, FeTi2.6O0.75 and TiO can be observed in the alloy
directly prepared by thermite method. This means that the metal and slag have an incomplete
separation because of the direct casting and a rapid cooling. However, the diffraction peaks of alloys
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after a melt separation with the addition of Al2O3-CaO-CaF2 slag can be indexed to Fe0.9536O, TiFe,
Ti2O, Al3Ti0.75Fe0.25, Al86Fe14 and Al2.1Ti2.9, but diffraction peaks of Al2O3 cannot be observed. The
existing state of elements in the alloy is determined by thermite reduction reaction at high temperature,
diffusive migration and recombination of constituent element during melt separation [23]. The Ti,
which is reduced by residual aluminum in the alloy, preferentially combines with Fe to form Ti-Fe
metallic compound and Ti3.3Fe9.7O3 [24]. However, new intermetallic compounds, such as Al86Fe14,
Al3Ti0.75Fe0.25, are produced after a melt separation with high basicity Al2O3-CaO-CaF2 slag. It can be
supposed that the formation of Al86Fe14, Al3Ti0.75Fe0.25 is mainly due to the basicity change of slag,
diffusive migration and recombination of constituent element during melt separation. As a result, melt
separation has a great effect not only on regulating the microstructure of the alloys but also on the
removal of Al2O3 inclusions. This result agrees well with the microstructure analysis in Figure 4e–g.

Figure 5. XRD patterns of alloys at 1650 ◦C: (1) directly prepared by thermite method; (2–4) 30 min, 60
min, 90 min after melt separation with addition of Al2O3-CaO-CaF2 slag.

3.4. Oxygen Content and Chemical Composition Analysis

Figure 6 shows the curves of Al and O contents in the alloy with the melt separation time.
The result indicates that both the Al and O contents of the alloys dramatically decrease after a melt
separation. The Al and O contents in the alloy directly prepared by thermite method are 10.38% and
9.36%, respectively. The values are reduced to 6.52% and 4.54%, respectively, after a melt separation
without the addition of Al2O3-CaO-CaF2 slag. However, they are further reduced to 4.24% and 1.56%,
respectively, after a melt separation with the addition of Al2O3-CaO-CaF2 slag. According to the
variation of Al and O before and after melt separation (in accordance with the chemical composition
of Al2O3), it is supposed that the oxygen mainly exists in the form of Al2O3. The removal efficiency
of Al2O3 during melt separation with Al2O3-CaO-CaF2 slag addition is obviously higher than that
without Al2O3-CaO-CaF2 slag addition. This may be due to the melting point decrease of the slag after
the addition of high basicity slag. A low melting point of the slag provides a good condition for a fast
metal-slag separation. In addition, the dissolution time of Al2O3 inclusion in the high basicity slag is
much shorter than the separation time of Al2O3 at the slag-metal interface (< 5 s) [25]. At the same time,
the dissolution rate of Al2O3 particle decreases with the increasing of the Al2O3 content in slag, due to
that the driving force of Al2O3 dissolution decreases. As a result, Al2O3 inclusions float upwards and
depart from the slag-metal interface. Then, they are absorbed by the melt slag. This should be the
main removal procedure of Al2O3 inclusion during the melt separation. Therefore, it is important to
improve liquidity of melt slag for the removal of Al2O3 inclusions. The Al2O3 inclusions are effectively
removed by strengthening the separation conditions during the melt separation. However, oxygen in
the form of suboxides, such as Ti2O and Fe0.9536O, still needs to be removed by a deep reduction.
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Figure 6. The curves of Al and O contents in alloys with the melt separation time: (1) without addition
of Al2O3-CaO-CaF2 slag; (2) with addition of Al2O3-CaO-CaF2 slag.

Table 4 shows the chemical composition of alloys. The result indicates that the Al and O contents
in the alloy directly prepared by thermite method can reach to 10.38% and 9.36%, respectively. After a
melt separation without the addition of Al2O3-CaO-CaF2 slag, the Al and O contents dramatically
decrease, respectively, from 10.38% and 9.36% to 6.52% and 4.54%, but Ti content evidently increases
from 51.04% to 62.12%. After melt separation with addition of Al2O3-CaO-CaF2 slag, the Al and O
contents dramatically decrease from 10.38% and 9.36% to 6.52% and 4.54%, respectively. Ti content
evidently increases from 51.04% to 68.24%. As a result, melt separation under the heat preservation
is the key to produce high titanium ferroalloys with high quality and low impurities. At the same
time, the oxygen in the alloy (about 1.50%) after melt separation illustrates that a deep reduction is still
needed to further decrease its content, namely a multistage and deep reduction.

Table 4. Chemical composition of high titanium ferroalloys: 1: directly prepared by thermite method;
2,3,4: without addition of Al2O3-CaO-CaF2 slag; 5,6,7: with addition of Al2O3-CaO-CaF2 slag.

Number
Melt Separation

Time
Ti Al Si O Fe

1 - 51.04 10.38 5.65 9.36 Bal.
2 30 min 61.20 7.24 5.26 5.89 Bal.
3 60 min 62.06 6.68 5.47 4.65 Bal.
4 90 min 62.12 6.52 5.36 4.54 Bal.
5 30 min 66.72 4.56 5.08 1.75 Bal.
6 60 min 67.76 4.26 4.64 1.55 Bal.
7 90 min 68.24 4.24 4.86 1.56 Bal.

4. Conclusions

A novel methodology for directly preparing low-oxygen high titanium ferroalloy from high
titanium slag and iron concentrate by multistage and deep reduction was proposed, and the effects of
slag basicity and melt separation time on the slag-metal separation during the melt separation under
heat preservation were systematically studied. The conclusions are as follows:

There are a lot of Al2O3 inclusions in the alloy, which is directly prepared by thermite reduction,
and they can be effectively eliminated by a melt separation under a heat preservation. The metal-slag
separation efficiency can be effectively improved by increasing the basicity of melt slag and by extending
the separation time. After the melt separation with the addition of Al2O3-CaO-CaF2 slag, the Al and O
contents dramatically decrease from 10.38% and 9.36% to 4.24% and 1.56%, respectively. The removal
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mechanism of Al2O3 inclusions during the melt separation is that Al2O3 inclusions float upwards and
depart from the slag-metal interface. After that, they are absorbed by the molten slag.

After a melt separation, the residual oxygen in the form of sub-oxides, such as Ti2O and Fe0.9536O,
still needs a deep reduction to be further removed, namely, a deep reduction. The deep reduction
process will be the object of subsequent papers.
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Abstract: This work studied the effect of B2O3 (analytical reagent) on the parameters of a sintering
pot test, as well as the metallurgical properties and microstructure of the sinter samples, to determine
the feasibility of applying solid waste containing B2O3 in vanadium–titanium sintering. The results
show that along with B2O3 addition, the mechanical strength of the sinter first increases and then
decreases; the maximum strength was found upon the addition of 3.0% of B2O3. The low-temperature
reduction and pulverization rate of the vanadium–titanium sinter were also improved, while the start
and end temperatures of softening showed a decreasing trend. The microstructure of the sinter was
found to change from plate structure to particle and point structure, with uniformly distributed small
areas. The sintering pots created by B2O3 addition had low total porosity but a greater pore diameter
than pots created without the reagent.

Keywords: B2O3; vanadium–titanium sintering; metallurgical properties; microstructures

1. Introduction

Vanadium–titanium magnetite (VTM) is one of the main raw materials for extracting iron and
vanadium. At present, the industrial utilization of vanadium–titanium magnetite is still based on the
blast furnace-converter route. Sinter containing a high proportion of VTM concentrate exhibits a low
drum strength and a high proportion of small-sized particles (<10 mm) [1]. In particular, the fracture
toughness of the glass decreases with increasing titanium levels; the low-temperature reduction
pulverization rate (RDI−3.15) of VTM sinter was 40–60% higher than that of ordinary sintered ore [2,3].
Sinter with these disadvantages has caused many problems in the operation of the blast furnace.

Researchers have tried to improve the metallurgical properties of vanadium–titanium sinter
by optimizing the raw materials and processes [4]. Raw material optimization may affect the
central parameters and high-temperature performance [5]. The former mainly includes the chemical
composition, particle size characteristics, particle morphology and water absorption of the iron ore
powders [6]. The latter mainly includes assimilation, liquid phase fluidity, bonding phase strength and
melting characteristics [7]. The metallurgical properties of the sinter are determined by the amount of
binder phase [8–10]. Gao et al. [11] synthesized different kinds of vanadium–titanium concentrates
in laboratory sintering pots to study the effects of the basicity of the raw materials, the moisture
content, the particle size of the mixture and the granulation time on the sintering of vanadium–titanium
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magnetite concentrates. From the perspective of mineralogy, the mass fraction of calcium ferrite in
the sinter could be increased by strengthening the granulation [12]. At the same time, the mineral
structures were enhanced, and the quality of the sinter was improved [13]. Higuchi et al. investigated
the melting formation process via two different experimental techniques, and found that the governing
factors for the melt formation of fine ores and coarse ores were different; the quantitative indices
of these were estimated individually and re-combined as the sinter strength index to predict the
characteristics of the whole ore mixtures [14]. Harvey et al. found that maximum temperature had a
strong influence on the porosity of the fired tablets. Over-sintering caused by pore swelling may lead
to a decrease in strength. The proposed mechanisms of pore swelling were bubble coalescence and gas
generation from hematite decomposition to magnetite [15].

With the environmental problems brought about by wastes containing B2O3, such as boron
mud, tailings after boron-iron beneficiation, and boric acid waste liquor, the application of these
wastes in vanadium–titanium sintering has become an active field of research. Chu et al. [16] showed
that indexes such as vertical sintering speed, yield, drum index, sintering cup utilization coefficient,
low-temperature reduction and pulverization performance all first increase and then decrease when
the mass ratio of boron ore is increased. Hao [17] found that with boric acid and calcium chloride
addition, the low-temperature reduction properties and drum strength of the sinter improved, but the
high-temperature reduction properties, softening temperature and softening temperature interval did
not change. Zhao et al. [18] reported that when a certain amount of boron–iron concentrate was added
to the vanadium–titanium sinter, the B2O3 could be fully utilized, the iron concentrate grains of sinter
grew, the liquid phase increased, and the consolidation strength and metallurgical properties of the
sinter were enhanced [19].

From the above studies, it was concluded that B2O3-containing materials can improve the sinter
properties with vanadium–titanium magnetite as the main raw material. Therefore, the specific role
of B2O3 has been thoroughly studied. Ren et al. [20,21] found that B2O3 mainly deposited in the
2CaO·xSiO2·2/3(1−x)B2O3 phase of high-titanium-type vanadium–titanium sinter could effectively
inhibit the precipitation of CaTiO3 and 2CaO·xSiO2·2/3(1−x) B2O3, but promote the precipitation of
iron-containing mineral phase. Zhang [22] analyzed the distribution law of the boron element in
sinter-pot experiments, and found boron mainly in the glass phase of the sinter.

It is not difficult to see that boron oxide plays an essential role in the sintering process. However,
earlier research mainly focused on the effect of materials containing B2O3 on the macro-performance
of vanadium–titanium sinter. Studies on the influence of B2O3 on the sintering process of mixed ore
powders using vanadium–titanium fine powder as the main raw material have not been reported.
In particular, research on the mechanisms by which B2O3 influences the sintering process of the mixed
ore powder of vanadium–titanium magnetite and hematite has not been reported so far.

The author earlier studied the effects of B2O3 on the assimilation characteristics, softening
temperature, fluidity of the liquid phase, compressive strength of the bonding phase and microstructure
of the mixed powder of hematite and vanadium–titanium magnetite (H-VTM) [23]. The present work
was undertaken to further study the behavior of boron and its effect on sinter structure and quality.
Vanadium–titanium magnetite powder and Australian hematite powder were mixed in specific ratios
to form an iron ore powder (here called H-VTM) via the production recipe of a company in southwest
China. H-VTM and chemical analysis reagent B2O3, quick lime and coke powder were used as raw
materials for the sinter mix. The effects of B2O3 content on the sintering parameters, metallurgical
properties and physical transformation of H-VTM powder were studied by using a sintering pot test
device. The study was aimed at shedding light on the mechanism by which different B2O3 contents
affected the sintering and mineralization of the H-VTM mixtures studied.
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2. Materials and Methods

2.1. Raw Materials

The iron ore powder used in the experiments was obtained from the raw material site of a
steel company in southwest China. For B2O3 an analytical reagent (≥98%) was used. The chemical
composition of the raw materials is reported in Tables 1 and 2. The raw materials are mixed powder
(H-VTM) composed of hematite powder and vanadium–titanium powder in a mass ratio of 2:8. As for
the particle size composition of Australian hematite powder and vanadium–titanium refined powder,
the grain size <1.0 mm accounted for 42.3% and 57.2%, respectively, while a 1.0–3.0 mm grain size
accounted for 12.5% and 8.8%, respectively. The proportions of added B2O3 were 0.0%, 1.0%, 2.0%,
3.0%, 4.0% and 5.0%, expressed in wt. %. Each sintered pot test was based on 80 kg of the mixture.

Table 1. Chemical composition of sintered raw materials (wt. %).

Mixture H-VTM Coke Powder Lime B2O3

Ratio, wt. % 85.3 4.2 10.5 0–5

Table 2. Mixture composition.

Mineral TFe SiO2 CaO Al2O3 MgO TiO2 FeO P S Loss

VTM 55.78 4.33 0.69 3.86 2.78 9.08 30.50 0.09 0.54 0.5
Hematite 59.76 4.32 0.73 3.16 0.14 0.12 0.80 0.07 0.09 6.40

Lime - 2.46 84.85 1.53 2.26 - - 0.02 0.06 1.0
Coke Powder - 6.0 0.21 4.50 0.8 - - 0.08 1.1 85

2.2. Methods

2.2.1. Sintering Pot Test Procedure

The leading test equipment used in this work is an experimental sintering set-up, which includes
a mixing device, a sintering pot, Frequency modulation (FM) exhaust fan, an ignition combustion fan,
a crushing device, a vibration screening and a drum test device (Figure 1). The parameters for the
experimental device are given in Table 3.

Figure 1. Flow chart of sintering pot test.

Table 3. Parameters of sintering pot.

Sintering Test Parameters Value Sintering Test Parameters Value

Mixture Thickness 650 mm Sintering Pot Diameter 300 mm
Underpressure (at the beginning) 8 kPa Underpressure (Constant Level) 16 kPa

Ignition Temperature 1150 ◦C Bottom Sinter Thickness 25 mm
Ignition Time 2 min Granulation Time of first Mixing 2 min
Ignition Gas Liquefied petroleum gas Granulation Time of second Mixing 3 min

Pressure Control FM exhaust fan Basicity of Mixture 2
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2.2.2. Metallurgical Performance Experiment

After undertaking the sintering pot test, the samples were broken, and screened samples were
taken according to a certain proportion of particle size distribution to form a comprehensive sample,
which were then subjected to low-temperature reduction, pulverization, reduction and soft melt
dropping (Figure 2) to study the effect of B2O3 on the metallurgical properties of the sinter. These tests
are described in the following subsections.

Figure 2. Schematic diagram of the metallurgical performance experimental device.

• Low-temperature reduction pulverization experiment

For sinter samples, this was done according to the national standards of China (GB/T 13242-2017
Iron ores-Low-temperature disintegration test method using cold tumbling after static reduction) [24].
The low-temperature reduction pulverization index is generally expressed as RDI+3.15. A sinter sample
with a mass of 500 ± 0.5 g and grain size of 10.0–12.5 mm was first placed in a dryer and kept there for
2 h at a temperature of 105 ± 5 ◦C. After this, the sample was heated at a heating rate of 10 ◦C/min under
a protective atmosphere provided by introducing 5 L/min of N2 into the reduction tube. When the
temperature reached 500 ◦C, the flow of N2 was increased to 15 L/min. The temperature was kept
constant for 30 min, and during this time the gas distribution device was applied to keep the gas flow
stable. After this, to start the reduction reactions, the proportions of reducing gas were 20% (CO), 20%
(CO2) and 60% (N2). The reduction gas of 15 L/min ± 0.5 L/min was added instead of inert nitrogen.
This reaction environment was maintained at a constant temperature for 1 h. At the end of the reaction,
protective N2 was introduced again, and the sample was cooled naturally at a flow rate of 5 L/min
until the temperature was below 100 ◦C. Finally, the samples were extracted for analysis.

• Reduction index experiment

According to the national standards of China (GB/T 13241-2017 Iron ores-Determination of
reducibility) [25], the reducibility measurements of the sinter samples containing B2O3 were undertaken
in a fixed-bed reactor, under a reducing atmosphere at a high temperature. The reduction degree of the
sinter was determined by the weight-loss method. First, the sinter with a grain size of 10.0–12.5 mm
was sieved out to obtain a sample of 500 ± 0.5 g. This sample was placed in a blast dryer and kept
there 2 h at 105 ± 5 ◦C. After this, the sample temperature was raised by imposing a heating rate of
10 ◦C/min under a protective atmosphere (N2, 5 L/min). When the temperature in the furnace reached
900 ◦C, the temperature was kept constant for 30 min. Another valve was opened, letting in 30% CO
and 70% (N2) at a flow rate of 15 L/min., simultaneously with turning on the automatic monitoring
system for data logging. At the end of the reaction, the reducing gas valve was closed, instead of
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letting in N2, and the sample was cooled at a flow rate of 5 L/min until the temperature was below
100 ◦C. Finally, the sample was extracted for examination.

• Softening and drip test under load

The softening under load was assessed to obtain information about the high-temperature behavior
of the sinter. According to the national standards of China (Method for the determination of iron
reduction softening dripping performance under load) [26], the test was undertaken by placing a
50 mm layer of sinter (particle size 10–12.5 mm) on 20 g of coke, and adding 15 g of coke on the top.
A load of 1.0 kg/cm2 was applied to the bed and 15 L/min of reducing gas (CO/N2 = 30/70) was fed
through the bed to heat it at a rate of 10 ◦C/min up to 900 ◦C. Then the temperature was kept constant
for 60 min at 900 ◦C, followed by further heating (5 ◦C/min) until the first droplets were collected under
the lower coke layer. N2 was introduced to keep the sample below 400 ◦C, while reducing gas was
introduced at higher temperatures. During heating, the temperature at which the height of the column
experienced shrinkage by 10% was noted as the softening start temperature (Ta), the temperature at
which 40% shrinkage occurs as the softening end temperature (Te), and the softening temperature
interval was determined as ΔTea = Te − Ta. Finally, Tm, the melting temperature, is defined as the
temperature at which the first slag/iron droplets are observed under the lower coke layer.

3. Results and Discussion

3.1. Experimental Indicators of H-VTM Sinter of Different B2O3 Addition

The results of the tests undertaken in this work revealed that B2O3 significantly affected the
key properties of the sinter. Figure 3 shows that with the increase in B2O3, the drum strength of the
sinter increased rapidly from the initial level of 48% (0% B2O3) to reach a maximum value of 58.0%,
when the B2O3 ratio was 3.0%, but decreased with the further addition of B2O3 to 46.7% at 5.0% B2O3.
The vertical sintering speed increased first, then decreased, also showing a maximum at 2.0% B2O3.
Within the range of 0.0–3.0% B2O3 addition, the qualified rate of sintered samples generally improved,
but with B2O3 > 3.0%, both parameters decreased.

Figure 3. Key sinter properties with different additions of B2O3.

The overall average particle size first increased and then decreased, which is illustrated in Figure 4.
Figure 5 illustrates that the particle size distribution of the sinter changed significantly with the addition
of B2O3. The test with 1% addition of B2O3 reduced the share of particles <5.0 mm from 39% to 25%,
and the share of >40 mm particles increased from 3% to 21%. This in practice means that the content of
the bulk sinter increased strongly, and the overall particle size of the sinter also increased. A likely
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reason for the observed changes is the enhanced adhesive effect caused by the increase in the liquid
phase content of the sintering sample along with the increasing levels of B2O3. To analyze this from a
theoretical perspective, the equilibrium composition was estimated by FactSage software. The results
demonstrated that the liquid phase region expands when B2O3 is added [23]. In most of the liquid
phases, B2O3 reacted with some of the oxides in the raw material mix to generate components with
low melting points, such as 2CaO·B2O3·SiO2, CaO·B2O3·2SiO2, CaO·2B2O3, CaO·B2O3, MgO·2B2O3,
2Al2O3·B2O3, CaO·B2O3·Al2O3 or 2CaO·B2O3·Al2O3. All these substances have melting points below
1200 ◦C, and hence can form liquid phases at the temperatures of the experiments [27].

Figure 4. The average grain size of sinter with B2O3 addition.

Figure 5. The size distribution of sintered ore in the sintering test for B2O3 addition.

When the vanadium–titanium sinter sample is cooled to 725 ◦C, the internal α’-2CaO-SiO2 is
converted to γ-2CaO·SiO2, and its volume increases by approximately 12%. When cooled to 525 ◦C,
β-2CaO·SiO2 changes to γ-2CaO·SiO2. During the transformation of the crystal lattice, rearrangement
occurs and the density changes. Hence, the volume increases by approximately 10% during the crystal
transformation. Owing to the volume expansion at cooling, the sinter is exerted by a strong force.
In severe cases, this internal stress may even pulverize the sinter particles. Thus, a reduced strength
may be caused by the existence of various minerals with different thermal expansion coefficients,
melting points and crystallization capabilities.

The melting point of B2O3 is 450 ◦C, and its boiling point is 1860 ◦C. Owing to the low melting point,
the addition of B2O3 before sintering can promote the generation of liquid crystal nuclei. Furthermore,
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since the radius of the boron ion is small (0.02 nm), it can diffuse quickly into the crystal lattice of
calcium orthosilicate, thereby stabilizing the crystal form of the orthosilicate, reducing the natural
pulverization rate and improving the overall strength and particle size of the sample. Along with an
increase in B2O3, the liquid phase increases. During the cooling phase, the liquid phases shrink and
crystallize, and the over-melted sintered liquid phases may also froth because of the reduced surface
expansion [28]. This finding applies to higher B2O3 contents: contents above 3% lead to large holes
and thin-wall structures in the particles, as shown in Figure 6.

Figure 6. H-VTM sintered ore samples with different B2O3 addition.

3.2. Changes in the Metallurgical Properties of the Samples for Different B2O3 Contents

Before B2O3 was added, the low-temperature reduction pulverization index was 73.0%, but an
increase of 1.0% in B2O3 resulted in an increase of 16.8 points to 89.8%, as shown in Figure 7. However,
a further increase in the B2O3 content did not significantly improve the index. The addition of B2O3

decreased the low-temperature reduction of the smallest (−0.5 mm) fines significantly, from 11.5% to
2.6%, and thus it enhanced the ability of the sinter to resist low-temperature reduction pulverization and
significantly reduced the amount of powder at low temperatures. The primary process of sintering was
completed in less than 5 min, and the properties and quantity of the primary liquid phase during the
sintering of vanadium and titanium were found to affect the formation of the structure of the mineral
phase. The viscosity of the liquid phase is a critical factor affecting the reaction rates. The presence of
B2O3 decreases the viscosity of the liquid phase. The liquid phase shrinks sharply during the cooling
process, giving rise to pores. The effect may be indirect on pore volume and the intergranular distance
of grains, as the permeability is increased and the coke burning reactions proceed more effectively.
The permeability of the combustion zone was improved. This phenomenon was also beneficial to the
diffusion of Ca2+ to the Fe2O3 surface in the liquid phase, allowing for the natural formation of calcium
ferrite. The reduction ability and the strength of the calcium ferrite liquid phase were better than those
of the silicate liquid phase and perovskite, and improved the overall resistance to pulverization of the
vanadium–titanium sinter.

When more than 1.0% of B2O3 was added, the reducibility deteriorated clearly, since excessive
liquid phases developed and the structure of the sinter became dense. The interior of the sinter melted
and consolidated, and the porosity decreased, thus reducing the contact area with the reducing gas,
which decreased the reduction rate.
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Figure 7. Metallurgical properties of sinter at B2O3 addition.

Figure 8 shows that after B2O3 addition, the melting start and end temperatures of the sinter
sample decreased significantly, the melting temperature interval increased considerably, and the
dripping temperature decreased. When no B2O3 was added, the melting temperature interval of the
sinter sample was 104 ◦C, which increased by 110 ◦C with 5% B2O3 addition. Thus, the melting interval
is strongly affected by the addition of B2O3 to the mixture. The reason for this is that as some free B2O3

exists in the sinter, its low melting point and excellent dissolution performance make it react with
various metal oxides to form low melting-point compounds.

These changes are expected to give rise to an increased thickness of the cohesive zone in the blast
furnace, which increases the gas flow resistance. This is not desirable since it may negatively affect the
stability of the operation and the CO utilization ratio. Besides, the fact that both the softening start and
end temperatures decrease causes an elevation of the vertical level of the cohesive zone, which would
cause an increase in the fuel rate of the blast furnace.

Figure 8. Melting and dripping temperatures of samples with B2O3 addition.

80



Metals 2020, 10, 1224

3.3. Changes in the Microstructure of the Samples for Different B2O3 Contents

The addition of B2O3 changes the sinter from a non-uniform ore phase (point, granular or dendritic)
to a uniform phase (plate or block). Furthermore, B2O3 contributes to the formation of a liquid phase
with a low melting point. As such, the amount of liquid phase generated in the crystalline phase of
the sinter increases as the amount of liquid phase is increased. The enhanced liquid phase fluidity
increases the scope for melting other minerals. At the same time, the presence of enough liquid phase
also enhances the internal bonding ability of the sinter. The microstructure of the sinter also becomes
tight, thus improving the quality of the sinter, as seen in Figure 9.

Figure 9. Scanning electron microscope (SEM) images of H-VTM at B2O3 addition.

When no B2O3 was added, the microstructure of the sinter showed poor homogeneity. Cracks were
unevenly distributed and the crystal size was 0.5–1.0 mm. Another crystal phase was magnetite,
appearing as small, semi-euhedral crystals with a size in the range 0.5–0.8 mm. Part of the magnetite
was bound into a grain structure by dicalcium silicate, calcium, magnesium olivine and a glass phase.
The calcium ferrite was plate-shaped and unevenly distributed between hematite and magnetite.
A small amount of perovskite appeared and filled the region between the dendritic and magnetite
particles. Dicalcium silicate was cemented between the hematite and magnetite as a dendritic phase.
With the increase in the B2O3 content, the microstructure of the sinter changed significantly, and the
mineral structure appeared uniform. The mineralogical structure of samples containing 1.0–3.0% B2O3

was mainly granular, partly speckle-granular, and with a skeletal structure. The hematite crystal grain
size became small. The crystal grain size was 0.20–0.50 mm, and the overall porosity became small
and partly uniform. However, the pore size was large and the number of cracks decreased. Hematite
and magnetite were surrounded by large amounts of dicalcium silicate, and the amount of bound
phase increased significantly. After adding more than 4.0% of B2O3, many pores appeared in the sinter,
and the pores were mostly connected. When the amount was further increased, part of the hematite
was found to be present as idiotypic crystals, the gaps between the grains were enlarged, and the
number of bonding phases increased significantly.

As shown in Figure 10, the main elements of the mineral structure include O, Si, Ca, Ti, Fe and B,
and with B2O3 addition, B was naturally also detected in the sinter; however, EDS surface scanning
could not accurately determine its surface distribution because the atomic weight of boron is very low.
The iron phase was mainly magnetite and hematite and filled with perovskite, silicate and ferrite. Mg,
Al and O exhibited an even distribution in the mineral phase, and Si and Ca in the bright white area
between iron the phases.
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Figure 10. Surface scanning of sample with 5% B2O3 added.

At points A and B in Figure 11, the main elements are as shown in Table 4. The Ti content at point
A was high and thus was preliminarily judged to be primary titanium magnetite. B represents the grey
filled area between the iron oxide phases, and is a common area of dicalcium silicate, calcium ferrite and
perovskite with enriched boron. With the gradual increase in the B2O3 ratio, the hematite or ilmenite
gradually changed from an initial lamellar- and plate-like shape to a granular- and worm-like shape.
The structure also changed from non-uniformly distributed large blocks to a uniformly distributed
interlaced structure. The distribution of ferrite and titanium iron compounds was very uniform,
and the structure gradually changed from a large area of plate structure to a small area of granular
and dot structure. Boron was enriched in a common area of dicalcium silicate and composite calcium
ferrite. Therefore, B2O3 significantly improved the fluidity of the binder phase and increased the total
number of cohesive phases.

Table 4. SEM-EDS element content of a sample containing 5.0% of B2O3.

Point
Atomic Fraction (%)

B C O Mg Al Si Ca Ti V Fe

A 1.17 5.32 26.41 0.96 3.06 0.19 0.23 3.49 0.38 58.80
B 10.19 13.01 37.84 0.97 2.72 8.83 15.67 1.96 0.22 8.59

82



Metals 2020, 10, 1224

Figure 11. SEM-EDS of sinter sample adding 5% B2O3.

4. Conclusions

This work studied the effect of B2O3 on the properties of sinter produced in an 85 kg sinter test
pot using 80% vanadium–titanium magnet concentrates (80 wt. %) and Australian hematite (20 wt. %).
Analytical B2O3 was added to the sinter mix using mass ratios of 0.0–5.0% in the tests. The resulting
sinter was analyzed to study the effect of boron addition. The following conclusions were drawn:

1. With B2O3 addition, the mechanical strength of the sinter first increased and then decreased,
showing a maximum drum strength of 58% at 3.0% addition.

2. B2O3 addition significantly improved the low-temperature reduction pulverization of the sinter.
However, when more than 1.0% was added, the improvement was limited. A low ratio of B2O3

was found to improve the reduction degree of the vanadium–titanium sinter, but large additions
strongly reduced the reduction degree.

3. B2O3 addition yielded lower softening start and end temperatures of the sinter, and the softening
interval grew significantly.

4. B2O3 addition changed the microstructure of the sinter from a large plate-like structure to a
particle- and point-like structure. The total porosity was small, the diameter of the pores was
large, and the number of cracks decreased.

In conclusion, the addition of boron oxide to the sinter mixture gives rise to both positive
and negative effects for the resulting sinter consisting of vanadium–titanium-containing iron ores.
To achieve the best performance of the sinter in the blast furnace, the addition of B2O3 should be limited
to about 1%, so as to avoid the negative consequences of phases that melt at too low a temperature and
within too wide a temperature interval.
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Abstract: In this paper, the CaO-SiO2-FetO-P2O5 dephosphorization slag system during the premier
and middle stage of the converter process was studied, the effect of slag composition on the distribution
ratio and activity coefficient of P in the n·2CaO·SiO2-3CaO·P2O5 (recorded as nC2S-C3P) solid solution
phase and liquid slag phase in the slag system was studied used by the high temperature experiment
in laboratory, the theoretical calculation of thermodynamics, and the scanning electron microscope
and the energy dispersive spectrometer (recorded as SEM/EDS). The research results show that
when the FeO content in the liquid slag increases from 32.21% to 50.31%, the distribution ratio of
phosphorus (recorded as LP) in the liquid slag phase increases by 3.34 times. When the binary basicity
in the liquid slag increases from 1.08 to 1.64, the LP in the liquid slag phase decreases by 94.21%.
In the initial slag, when the binary basicity increases from 2.0 to 3.5, the LP decreases by 70.07%.
When FeO content increases from 38.00% to 51.92%, the LP increases by 6.15 times. When P2O5

content increases from 3.00% to 9.00%, the LP increased by 10.67 times. When the FeO content in
the liquid slag increases from 32.21% to 50.31%, the activity coefficient of P2O5 in the liquid slag
phase (recorded as γP2O5(L)) increases by 54.33 times. When the binary basicity in the liquid slag
increases from 1.08 to 1.64, γP2O5(L) decreases by 99.38%. When the binary basicity increases from 2.0
to 3.5, the activity coefficient of P2O5 in the solid solution phase (recorded as γP2O5(SS)) in the solid
solution phase decreases by 98.85%. When P2O5 content increases from 3.00% to 9.00%, γP2O5(SS)
increases by 1.14 times. When the binary basicity decreases from 3.5 to 2.0, n decreases from 0.438
to 0.404. When the FeO content increases from 38.00% to 51.92%, n decreases from 0.477 to 0.319.
When the P2O5 content increases from 3.00% to 9.00%, n decreases from 0.432 to 0.164. The decrease
of binary basicity and the increase of FeO and P2O5 content in the initial slag can reduce the value
of n and enrich more phosphorus in the solid solution phase. The results can not only provide a
theoretical basis for industrial production, but also lay a theoretical foundation for finding more
effective dephosphorization methods.

Keywords: CaO-SiO2-FetO-P2O5 slag system; distribution ratio of phosphorus; dephosphorization;
n·2CaO·SiO2-3CaO·P2O5 solid solution

1. Introduction

Dephosphorization is one of the main tasks in the steelmaking process, and it is also a significant
problem for integrated steelmakers. Phosphorus removal is required because phosphorus has a
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deleterious effect on the mechanical properties of steel. With the gradual depletion of high grade
and low phosphorus iron ores resources in the world, the proportion of high phosphorus iron ore is
increasing. Therefore, the requirements for the dephosphorization capacity of steelmaking slag system
will be more stringent. Many studies have studied the distribution behavior of phosphorus between
molten slag and molten steel [1–8], but the research on the distribution behavior of phosphorus between
the solid solution phase and the liquid slag phase is not thorough enough.

The dephosphorization slag system of the converter steelmaking process mainly consists of the
CaO-SiO2-FetO-P2O5 slag system, which usually exists in the state of a solid solution within the
composition range of 2CaO·SiO2 (recorded as C2S) saturation in the slag system [9]. Fix et al. [10]
plotted the pseudo binary phase diagram of the 2CaO·SiO2-3CaO·P2O5 (recorded as C2S-C3P) solid
solution. The phase diagram shows that C2S and 3CaO·P2O5 (recorded as C3P) can form a stable
solid solution in any composition range during the temperature range of the steelmaking process.
Some studies [11–15] showed that phosphorus in the CaO-SiO2-FetO-P2O5 slag system mainly exists in
the form of the nC2S-C3P solid solution, which is irregular granular or a long strip in slag, while almost
no phosphorus or a small amount of phosphorus is in other phases. When the composition and
temperature of the slag are in a certain range, phosphorus will exist in the independent form of
C3P [14]. The pseudo binary phase diagram of C2S-C3P plotted by Fix et al. [10] and the research
results of Kitamura et al. [16] showed that phosphorus is very stable in the C2S-C3P solid solution
in the steelmaking temperature range. All of the above results indicate that during the steelmaking
process of the converter, phosphorus can be migrated as much as possible by changing the composition
of slag and be stably present in the solid solution, which is beneficial to reduce the concentration
of phosphorus in the liquid slag phase, improve the driving force of mass transfer of phosphorus
from molten iron to the liquid slag phase, and improve the dephosphorization efficiency of converter
steelmaking. Therefore, the C2S-C3P solid solution plays a key role in the dephosphorization process
of converter steelmaking. It is necessary to study the influence of slag composition on the distribution
ratio of phosphorus between the nC2S-C3P solid solution and liquid slag.

Some researchers have studied the effect of C2S in the dephosphorization slag system on
dephosphorization efficiency. Suito et al. [17] found that according to the experimental study,
the dephosphorization rate would be greatly improved when the slag system contains more solid lime
particles and dicalcium silicate particles. Shimauchi et al. [14] studied the effect of slag composition on
the distribution ratio of phosphorus between the solid solution phase and the liquid slag. The results
showed that the higher the content of T. Fe in slag, the higher the content of phosphorus in the
solid solution. Son et al. [18] analyzed the effect of binary basicity and FeO content of slag on the
precipitation of calcium silicate in situ by hot thermocouple technology (HTT). The results showed that
the distribution ratio of phosphorus increased significantly when there was solid solution precipitation.
In the current research work, there is little research on the distribution behavior of phosphorus in the
solid and liquid phases of nC2S-C3P in the dephosphorization slag system of the converter. Therefore,
it is necessary to systematically study the influence of slag composition on the distribution behavior of
phosphorus in the solid and liquid phases.

In this paper, the dephosphorization slag system of CaO-SiO2-FetO-P2O5 during the converter
steelmaking process is taken as the research object. By means of a high temperature experiment and
SEM/EDS detection, the distribution ratio of the slag composition to phosphorus in the nC2S-C3P solid
solution phase and liquid slag phase is systematically studied. The influence of slag composition on
the activity coefficient of phosphorus in the solid solution phase and liquid slag phase is studied by
means of thermodynamics theory analysis. The research results can not only provide a theoretical
basis for the establishment of the slagging system in the converter steelmaking process, but also lay a
theoretical foundation for finding more effective dephosphorization methods.

88



Metals 2020, 10, 1103

2. Experiment

The dephosphorization slag system in the premier and middle stages of converter steelmaking
process has the characteristics of high basicity and strong oxidation. At this time, the temperature in
the converter is relatively low, and the dephosphorization capacity of the slag system is also high under
the condition that the slag has good fluidity. According to the characteristics of the slag system studied,
the slag was prepared in the laboratory according to the composition shown in Table 1. The binary
basicity of the slag system studied is in the range of 2.0–3.5, the content of FeO is 38.00–51.98%, and the
content of P2O5 is in the range of 3.00–9.00%. According to the position in the liquidus diagram of
the CaO-FeO-SiO2 ternary system, the slag compositions are all in the C2S primary crystal zone to
ensure that the calcium silicate precipitated from the slag during cooling process are all C2S, and the
compositions are basically between 1400 and 1500 ◦C liquidus, as shown in Figure 1. High temperature
silicon molybdenum furnace was used in the experiment, and the temperature control precision was
±2 ◦C. In the experiment, the slag samples were placed in the MgO crucible, and the MgO crucible was
covered with graphite crucible. During the experiment, argon gas was introduced as protective gas.
The temperature control curve during the experiment is shown in Figure 2. When the temperature
rises to 1500 ◦C, the slag is kept for 1–2 h to make the slag melt evenly; in order to precipitate more
phosphorus rich phases, it is reduced to 1400 ◦C at a slow rate of 1.67 K/min and kept for 1 h; when the
precipitates and liquid phase are uniform, take out the crucible immediately and quickly cool it with
liquid nitrogen. The slag samples were taken out, ground, and polished with sandpaper after drying.
Then, the samples were detected and analyzed by SEM/EDS (Carl Zeiss AG, Oberkochen, Germany)
after spraying gold. When analyzing the content of each composition in each phase by EDS (Carl
Zeiss AG, Oberkochen, Germany), the method of taking the average value for many times is adopted
to reduce the error caused by EDS detection as far as possible. The experiment did not achieve the
equilibrium state, and the experimental data obtained based on the high temperature experiment in
this article are all the experimental results of the non-equilibrium state.

 

Figure 1. Position of the slag composition in the liquidus diagram of the CaO-FeO-SiO2 ternary system
at 1400 ◦C and 1500 ◦C.
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Table 1. Composition of the slag samples/wt %.

No. (%CaO)/(%SiO2) CaO SiO2 FeO P2O5

1 2.0 31.67 15.83 47.50 5.00
2 2.5 33.93 13.57 47.50 5.00
3 3.0 35.63 11.88 47.50 5.00
4 3.5 36.94 10.56 47.50 5.00
5 2.0 38.00 19.00 38.00 5.00
6 2.0 34.83 17.42 42.75 5.00
7 2.0 28.68 14.34 51.98 5.00
8 2.0 33.00 16.50 47.50 3.00
9 2.0 30.33 15.17 47.50 7.00
10 2.0 29.00 14.50 47.50 9.00

Figure 2. Temperature control curve.

3. Results

3.1. Definition of the Phosphorus Distribution Ratio and Phosphorus Activity Coefficient

The distribution ratio of phosphorus between the solid solution phase and the liquid slag phase,
LP, can characterize the dephosphorization effect of the slag systems. The larger the LP, the more
phosphorus in the solid solution phase; conversely, the more phosphorus in the liquid slag phase.
Since the phosphorus in the liquid slag phase may return to the molten steel in the middle and final
stage of converter process, the less phosphorus in the liquid slag phase, that is to say, the greater LP,
the better dephosphorization effect of slag systems.

When the LP of the slag sample is analyzed by SEM, LP is defined as shown in Equation (1).

LP = ASS(%P2O5)SS/AL(%P2O5)L (1)

Among them, A represents the area fraction of solid solution phase or liquid slag phase, %, and the
area fraction A is calculated by Image Pro Plus software; the subscripts SS and L represent the solid
solution phase and liquid slag phase of nC2S-C3P respectively, the same below; (%P2O5) represents the
mass percentage content of P2O5.
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When LP is defined by the thermodynamic analysis, based on the regular solution model [18],
the activity of P2O5 in the CaO-SiO2-FetO-P2O5 slag system was calculated, as shown in Equations (2)
and (3).

RT ln aP2O5(l) = RT ln aP2O5(RS) + 52720− 230.706T = 2RT lnγPO2.5(RS)
+RT ln xP2O5(RS) + 52720− 230.706T(J)

(2)

RTlnγPO2.5(RS) = −251040x2
CaO + 83680x2

SiO2
− 37660x2

MgO − 31380x2
FeO−

33470xCaOxSiO2 − 188280xCaOxMgO − 243930− 251040xCaOxFeO+

112960xSiO2 xMgO + 94140xSiO2xFeO − 102510xMgOxFeO(J)
(3)

Among them, the subscript RS is the regular solution; γ is the activity coefficient; a is the activity;
x is the molar percentage content, %; and T is the Kelvin temperature, K.

In the CaO-SiO2-FetO-P2O5 slag system, when the liquid slag phase and nC2S-C3P solid solution
phase are in equilibrium, the activity of P2O5 in these two phases should be equal, that is, as shown in
Equation (4).

aP2O5 (SS) = aP2O5 (L) (4)

Therefore, the phosphorus distribution ratio can be written as Equation (5).

LP =
(%P2O5)SS

(%P2O5)L
= k

aP2O5(SS) × γP2O5(L)

aP2O5(L) × γP2O5(SS)
= k
γP2O5(L)

γP2O5(SS)
(5)

According to this, the activity coefficient of P2O5 in the nC2S-C3P solid solution phase can be
obtained, as shown in Equation (6).

γP2O5(SS) = k
γP2O5(L)

LP
(6)

Among them, k is the conversion coefficient between the mole fraction and the mass fraction of
P2O5 in the solid solution phase and the liquid slag phase, as shown in Equation (7).

k =
(%P2O5)SS × (xP2O5)L

(%P2O5)L × (xP2O5)SS
(7)

3.2. Test and Calculation Results

Taking samples No. 8 and No. 10 as examples, the SEM photographs of slag samples are shown
in Figure 3. Taking samples No. 8 and No. 10 as examples, the SEM photographs of slag samples are
shown in Figure 3. The irregular black particles or long strips are the nC2S-C3P solid solution phase,
and the gray or light gray continuous distribution areas are the liquid slag phase, and the white area is
the RO phase. RO phase is the general term of the solid solutions formed by the divalent metal oxides
such as FeO, MgO and MnO in the slags. No MgO was added to the experimental slag. The MgO
detected by EDS originated from the MgO crucible used in the experiment. The MgO crucible was
eroded by the slag at high temperature and entered the slag. Therefore, there is little RO phase in the
slag, which is different from the slag sample in the practical production. The EDS detection results of
each phase in the 10 schemes were converted into oxides of each element, as shown in Table 2. It can
be seen from the table that most of the phosphorus exists in the solid solution phase.
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(a) Sample No. 8. (b) Sample No. 10. 

Figure 3. Photographs of samples.

Table 2. Composition of the solid solution phase and liquid slag phase/wt %.

No. Phase CaO SiO2 FeO MgO P2O5 A/% LP

1
Solid solution phase 58.12 23.75 5.08 0.56 12.50 46.97

9.22Liquid slag phase 28.64 20.5 47.2 2.46 1.20 53.03

2
Solid solution phase 58.88 25.57 1.82 1.00 12.73 49.98

5.63Liquid slag phase 31.21 24.36 40.93 1.24 2.26 50.02

3
Solid solution phase 61.06 23.04 3.27 1.08 11.55 56.39

3.44Liquid slag phase 34.08 24.51 35.16 1.91 4.34 43.61

4
Solid solution phase 64 21.11 4.22 0.85 9.82 58.55

2.76Liquid slag phase 36.42 24.98 32.21 1.36 5.03 41.45

5
Solid solution phase 62.87 26.39 2.39 1.06 7.29 -

1.50Liquid slag phase 36.24 22.15 34.23 2.53 4.85 -

6
Solid solution phase 59.70 25.21 4.27 1.13 9.69 42.78

2.93Liquid slag phase 31.21 21.12 42.23 2.97 2.47 57.22

7
Solid solution phase 57.42 17.95 2.57 1.23 20.83 42.00

9.92Liquid slag phase 25.77 19.35 50.31 3.05 1.52 58.00

8
Solid solution phase 59.68 24.96 4.22 0.60 10.54 33.80

2.43Liquid slag phase 29.23 19.22 45.9 2.71 2.94 49.83
RO phase 3.01 - 78.19 18.8 - 16.37

9
Solid solution phase 54.36 15.48 5.06 1.07 24.03 58.18

15.69Liquid slag phase 25.86 21.34 49.49 1.18 2.13 41.82

10
Solid solution phase 51.41 9.69 4.79 0.79 33.32 68.84

25.92Liquid slag phase 23.9 22.05 50.27 1.24 2.84 31.16

3.3. Composition Distribution Characteristics of the Solid Solution Phase and Liquid Slag Phase

According to the composition of CaO, SiO2, and P2O5 in the solid solution phase and the liquid
slag phase obtained in Table 2, the composition of the solid solution phase and the liquid slag phase of
the ten slag samples were characterized in the phase diagram of the CaO-SiO2-P2O5 ternary system.
The positions of the solid solution phase and the liquid slag phase in the slag samples in the phase
diagram are shown in Figures 4 and 5, respectively. It can be seen that the solid solution phase
compositions were basically on the connection line of C2S and C3P. It indicates that the solid solution
was composed of C2S and C3P to form a pseudo binary relationship, and the solid solution was formed
by combining C2S and C3P in different proportions. The composition of the liquid slag phase was
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basically near the liquidus at 1400 ◦C, which indicates that the slag sample could basically represent
the state near 1400 ◦C.

Figure 4. Position of solid solution phase components in different slag samples in the phase diagram of
the CaO-SiO2-P2O5 ternary system.

Figure 5. Position of liquid slag phase components in different slag samples in the phase diagram of
the CaO-SiO2-FeO ternary system.

4. Discussions

4.1. Effect of Slag Compositions on LP

Figure 6a,b shows the effects of FeO content and binary basicity in the liquid slag phase on LP,
respectively. When the FeO content in the liquid slag increased from 32.21% to 50.31%, the LP increased
from 2.76 to 9.22, and the LP in the liquid slag phase increased by 3.34 times. When the binary basicity
in the liquid slag increased from 1.08 to 1.64, the LP decreased from 25.92 to 1.50, and the LP in the
liquid slag phase decreased by 94.21%. The effect of FeO and binary basicity in liquid slag on LP was
just the opposite. This is because the increase of FeO content in liquid slag can reduce the viscosity of
the molten slag, and it is beneficial to help the phosphorus in liquid slag diffuse into the solid solution
phase, thus increasing the distribution ratio of phosphorus in the solid solution phase and liquid slag
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phase. The increase of binary basicity in liquid slag will increase the viscosity of molten slag, which
ultimately leads to the decrease in the distribution ratio of phosphorus between the solid solution
phase and the liquid slag phase. The influence trend of FeO content in the liquid slag phase on LP was
consistent with the research results of reference [9].

 
(a) Effect of FeO content on LP. (b) Effect of binary basicity on LP. 

Figure 6. Effect of FeO content and binary basicity in the liquid slag phase on LP.

Figure 7a–c shows the effect of the compositions of the experimental primary slag on the LP.
Essentially, the effect of the compositions of the experimental primary slag on LP is only apparent,
but the essence is the influence of the compositions of the liquid slag and solid solution phase caused
by the compositions of the initial slag on the LP. It can be seen from Figure 7 that within the range
of the initial slag composition, when the binary basicity increased from 2.0 to 3.5, the LP decreased
from 9.22 to 2.76, and the LP decreased by 70.07%. When FeO content increased from 38.00% to 51.92%,
the LP increased from 1.50 to 9.22, and the LP increased by 6.15 times. When P2O5 content increased
from 3.00% to 9.00%, the LP increased from 2.43 to 25.92, and the LP increased by 10.67 times. This is
because when the binary basicity of the experimental initial slag is greater than 2.0, with the increase
of basicity, the CaO content in the liquid slag phase will increase, which will lead to the decrease of
LP. The increase of FeO content in the experimental initial slag will cause the increase of FeO content
in the liquid slag phase, which will cause the increase of LP. The increase of P2O5 content increased
the concentration difference of phosphorus diffusion from the liquid slag phase to the solid solution
phase, and increased the driving force of phosphorus migration from the liquid slag phase to the solid
solution phase, thus promoting the increase of LP.

  

(a) Effect of binary basicity on LP. (b) Effect of FeO content on LP. 

Figure 7. Cont.
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(c) Effect of P2O5 content on LP. 

Figure 7. Effect of the components of the initial slag on LP. Note: The subscript t represents the
experimental initial slag, which is the same below.

The slag compositions of the 10 groups of schemes and their corresponding LP values were plotted,
and Figure 8 was obtained. Figure 8 shows the slag composition and its corresponding LP values in the
CaO-(SiO2+ P2O5)-FeO pseudo ternary system phase diagram. It can be seen from the figure that LP
increased in the direction toward FeO and P2O5 content, which indicates that the increase of FeO and
P2O5 content in the slag was beneficial to the diffusion of phosphorus from the liquid slag phase to the
solid solution phase. LP decreased in the direction toward CaO content, which indicates that when the
binary basicity of the initial slag was greater than 2.0, the increase of CaO content in the slag was not
beneficial to the diffusion of phosphorus from the liquid slag phase to the solid solution phase.

Figure 8. Slag composition and its corresponding LP value in the CaO-(SiO2 + P2O5)-FeO pseudo
ternary composition diagram.

4.2. Effect of Slag Composition on the Activity Coefficient of Phosphorus

Figure 9 shows the effect of FeO content and binary basicity in the liquid slag phase on the activity
coefficient of P2O5 calculated by the regular solution model. It can be seen from the figure that within
the range of the initial slag composition, when the FeO content in the liquid slag increased from 32.21%
to 50.31%, γP2O5(L) increased from 2.54 × 10−15 to 1.38 × 10−13 and increased by 54.33 times. When the
binary basicity in the liquid slag increased from 1.08 to 1.64, γP2O5(L) decreased from 2.65 × 10−13 to
1.64 × 10−15 and decreased by 99.38%. The results show that the increase of FeO content could reduce
the stability of phosphorus in the liquid slag phase, which is helpful for phosphorus diffusion from the
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liquid slag phase to the solid solution phase. While the increase of binary basicity could increase the
stability of phosphorus in the liquid slag phase, which is not beneficial for the diffusion of phosphorus
into the solid solution phase. According to the calculation results, γP2O5(L) was mainly affected by
the content of FeO and binary basicity in the liquid slag, and other components had little influence
on it. Comparing Figure 9 with Figure 6, it can be seen that the effect of the liquid slag composition
on the phosphorus activity coefficient calculated by regular solution model was consistent with the
experimental results.

  

(a) Effect of FeO content on P O Lγ . (b) Effect of binary basicity on P O Lγ . 

Figure 9. Effect of FeO content and binary basicity in the liquid slag phase on γP2O5(L).

Figures 10 and 11 show the effects of the binary basicity of the experimental initial slag and P2O5

content in the solid solution phase on the activity coefficient of P2O5 in the solid solution phase. It can
be seen from the figure, when the binary basicity increased from 2.0 to 3.5, γP2O5(SS) in the solid solution
phase decreased from 8.34 × 10−14 to 9.56 × 10−16 and decreased by 98.85%. When P2O5 content
increased from 3.00% to 9.00%, γP2O5(SS) increased from 8.14 × 10−15 to 9.28 × 10−15 and increased
by 1.14 times. It shows that the increase of the basicity in the initial slag was beneficial to improve
the stability of the phosphorus in the solid solution phase. This is because under the experimental
conditions, the increase of the basicity in the initial slag was helpful to the formation of the solid
solution phase and the fixation of phosphorus. The increase of the P2O5 content in the solid solution
phase will reduce its stability. This is because as the amount of phosphorus fixed in the solid solution
phase increases, the phosphorus fixation capacity will decrease accordingly.

 

Figure 10. Effect of binary basicity in the initial slag on γP2O5(SS).
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Figure 11. Effect of P2O5 content in the solid solution phase on γP2O5(SS).

4.3. n in the nC2S-C3P Solid Solution

The ratio of C2S and C3P in the nC2S-C3P solid solution phase will change with different slag
compositions, that is to say, the value of n will change. If the value of n in the nC2S-C3P solid solution
molecular formula is smaller, the proportion of C3P in the solid solution phase is larger. Therefore, the
value of n can characterize the amount of phosphorus enriched in the solid solution phase. Figure 12
shows the influence of composition changes on the value of n in the solid solution phase within the
range of the initial slag composition. It can be seen from the figure that within the range of the initial
slag composition in the experiment, when the binary basicity decreased from 3.5 to 2.0, n decreased
from 0.438 to 0.404 and decreased by 7.76%. When the FeO content increased from 38.00% to 51.92%,
n decreased from 0.477 to 0.319 and decreased by 33.12%. When the P2O5 content increased from 3.00%
to 9.00%, n decreased from 0.432 to 0.164 and decreased by 62.04%. The decrease of basicity and the
increase of FeO and P2O5 content in the initial slag can reduce the value of n, that is, more phosphorus
is enriched in the solid solution phase.

  
(a) Effect of binary basicity on n. (b) Effect of FeO content on n. 

 
(c) Effect of P2O5 content on n. 

Figure 12. Effect of the slag compositions on n.
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5. Conclusions

In this paper, the CaO-SiO2-FetO-P2O5 slag system was taken as the research object, and
the combination method of high temperature experiments and thermodynamic calculations was
used. The compositions of the nC2S-C3P solid solution phase and the liquid slag phase in the
CaO-SiO2-FetO-P2O5 slag system prepared in the laboratory were analyzed by means of SEM/EDS
detection methods. The influence of the slag composition on the distribution ratio and activity
coefficient of phosphorus between the nC2S-C3P solid solution phase and the liquid slag phase was
studied. The main conclusions are as follows:

(1) When the FeO content in the liquid slag increased from 32.21% to 50.31%, the LP in the liquid slag
phase increased by 3.34 times. When the binary basicity in the liquid slag increased from 1.08 to
1.64, the LP in the liquid slag phase decreased by 94.21%.

(2) When the binary basicity increased from 2.0 to 3.5, the LP decreased by 70.07%. When FeO content
increased from 38.00% to 51.92%, the LP increased by 6.15 times. When P2O5 content increased
from 3.00% to 9.00%, the LP increased by 10.67 times.

(3) When the FeO content in the liquid slag increased from 32.21% to 50.31%, γP2O5(L) increased
by 54.33 times. When the binary basicity in the liquid slag increased from 1.08 to 1.64, γP2O5(L)
decreased by 99.38%.

(4) When the binary basicity increased from 2.0 to 3.5, γP2O5(SS) in the solid solution phase decreased
by 98.85%. When P2O5 content increased from 3.00% to 9.00%, γP2O5(SS) increased by 1.14 times.

(5) When the binary basicity decreased from 3.5 to 2.0, n decreased from 0.438 to 0.404. When the
FeO content increased from 38.00% to 51.92%, n decreased from 0.477 to 0.319. When the P2O5

content increased from 3.00% to 9.00%, n decreased from 0.432 to 0.164. The decrease of basicity
and the increase of FeO and P2O5 content in the initial slag can enrich more phosphorus in the
solid solution phase.
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Abstract: The utilization of CO2 neutral carbon instead of fossil carbon is one way to mitigate CO2

emissions in the steel industry. Using reactive reducing agent, e.g., bio-coal (pre-treated biomass)
in iron ore composites for the blast furnace can also enhance the self-reduction. The current study
aims at investigating the self-reduction behavior of bio-coal containing iron ore composites under
inert conditions and simulated blast furnace thermal profile. Composites with and without 10%
bio-coal and sufficient amount of coke breeze to keep the C/O molar ratio equal to one were mixed
and Portland cement was used as a binder. The self-reduction of composites was investigated by
thermogravimetric analyses under inert atmosphere. To explore the reduction progress in each type
of composite vertical tube furnace tests were conducted in nitrogen atmosphere up to temperatures
selected based on thermogravimetric results. Bio-coal properties as fixed carbon, volatile matter
content and ash composition influence the reduction of iron oxide. The reduction of the bio-coal
containing composites begins at about 500 ◦C, a lower temperature compared to that for the composite
with coke as only carbon source. The hematite was successfully reduced to metallic iron at 850 ◦C by
using bio-coal, whereas with coke as a reducing agent temperature up to 1100 ◦C was required.

Keywords: devolatilization; torrefied biomass; bio-coal; volatile matter; reduction; blast furnace

1. Introduction

Ore-based ironmaking via the blast furnace (BF) dominates the metal supply for steel making [1].
For every ton of steel produced, on average 1.83 tons of CO2 was emitted in 2017. According to the
World Steel Association, the iron and steel industry accounts for approximately 7% to 9% of total world
CO2 emission [2]. Coke and coal as main reducing agents in the BF are the main contributors to CO2

emitted during iron and steel making. The European Union (EU) has set a target to cut 80% of the CO2

of fossil carbon, by 2050 [3]. In several studies the possible decrease in fossil CO2 emissions by using
biomass is reported [4–6].

The use of raw biomass as a reducing agent in the BF is difficult due to high moisture content,
low content of fixed carbon (Cfix) as well as a high content of volatile matter (VM) and oxygen [7,8].
Different pretreatment technologies like pyrolysis [9], torrefaction [10], etc. can convert biomass into
products with properties suitable for metallurgical applications. Pretreated biomass (bio-coals) has
higher content of Cfix, lower contents of VM and oxygen, higher calorific value and can be pulverized
without the formation of high ratio of fibers, properties which overall correspond more to the ones
of injection coal [10,11]. It was reported that 70% of mass yield is retained as a solid product (char)
during torrefaction process while 30% of mass is converted to gases [12]. The opposite is found for
highly pretreated biomass, which is characterized by low char yield (~38% mass yield) as a big part of
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VM was removed during process [13]. It can be an advantage to use torrefied product as reducing
agent in composites containing iron oxide if remaining volatile contribute to the reduction. To select
suitable bio-coals for use in composites with iron oxide an improved knowledge on the effect from
bio-coal properties is required.

Swedish industry aims to reduce the CO2 emission by different means and in the short term,
this includes, e.g., improving the energy efficiency of the process, replacing fossil coal with reactive
carbonaceous material like bio-coal (pretreated biomass) and in the longer term to use hydrogen. The
use of biomass resources is a possible alternative in Sweden, as there are biomass resources available
from forestland, areas estimated to be 28.1 million hectares [14]. The use of bio-coal as part of top
charged briquettes also containing iron oxide has the potential to lower the thermal reserve zone
temperature (TRZ) of the BF and thereby give a high replacement ratio to coke due to improved gas
efficiency [15].

Partial replacement of coke by bio-coals and raw biomass in self-reducing mixtures or composites
is reported in the literature [16–27]. The effect of the C/O molar ratio on the reduction behavior of
iron ore has been studied earlier [16,24,25]. Najmi et al. [16] found that the reduction of iron oxide
was enhanced when using pyrolized bio-coal in a composite tested isothermally at 1550 ◦C when
compared to composites containing only coke. Liu et al. [24] studied the reduction behavior of bio-coal
containing iron oxide composite pellets. The reduction was done isothermally at 1000–1300 ◦C in
samples with different C/O molar ratio, it was found that as the C/O ratio increased the reduction rate
also increased. Zuo et al. [25] compared the reduction behavior of iron oxide by using bio-coal, coal
and coke. Self-reducing mixtures were reduced in a non-isothermal test procedure having a constant
heating rate up to 1200 ◦C. It was found that bio-coal enhanced the reduction of hematite compared to
coal and coke. Ubando et al. [27] found enhanced reduction using torrefied biomass in comparison to
graphite in samples containing hematite to carbonaceous material in ratios of 2:1 and 1:1 heated non-
isothermally up to 1200 ◦C.

Some of the recent research concerns bio-coals produced from similar original raw biomass
pretreated at different temperatures and thereby getting different VM and ash content but having
similar ash composition [19,23]. In isothermal reduction of iron ore containing composite in inert
atmosphere at temperatures in the range of 800–1000 ◦C Hirokazu et al. [23] found that bio-coal having
higher content of VM will enhance the reduction of iron ore more compared to bio-coal with lower VM
content and the reduction rate of iron oxide was higher when bio-coal containing 18% VM was used in
agglomerates compared to when coke was used. Ueda et al. [19] compared the reduction of composites
containing carbon in CO/CO2 and in Ar atmosphere up to 1200 ◦C but the impact from VM was not
evaluated. It was stated that bio-coals, in general, enhance the reduction in comparison to coke.

Except for the work by Hirokazu et al. [23], there is no study on the influences of properties (Cfix,
VM and ash composition) for different types of pre-treated bio-coal on the reduction of iron ore. In
the current study, different pre-treated biomasses with different properties, e.g., in terms of VM and
ash content as well as ash composition was used as a reducing agent in iron ore containing composite
prepared as briquettes, with the aim to understand their impact on the reduction of iron ore. VM
present in bio-coals contained in the composites should preferably contribute to the reduction and
not being released and lost with the BF top gas. Composites containing only coke breeze are used
as reference.

2. Materials and Methods

2.1. Material and Characterization

Composites were produced from iron oxide, coke breeze and four different bio-coals with Portland
cement as a binder. Carbonaceous materials used are stated in Table 1, their proximate and ultimate
analysis as analyzed by ALS Scandinavia AB using standard methods are presented in Table 2 and the
composition of other raw materials can be seen in Table 3. The ash composition in bio-coal materials
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was reported in detail in a previous study [28], c.f. Table 4. As can be seen TSD has highest content
of VM but contains ash with the lowest content of basic oxides, whereas TFR has almost as high VM
content but contains ash with substantial amounts of basic oxides. HTT and CC has ash with similar
contents of CaO but in HTT is balance by the SiO2 content.

Table 1. Selected carbonaceous materials with abbreviations and their pretreatment temperatures
and time.

Carbonaceous Materials Temperature, ◦C Time, min Abbreviation

Torrefied forest residue 286 6 TFR
Torrefied sawdust 297 6 TSD

High temperature torrefied 350 8 HTT
Charcoal 550 - CC

Coke breeze Up to 1100 - CB

Table 2. Proximate and ultimate analysis results for carbonaceous materials (dry base).

Carbonaceous
Materials

Proximate Analysis (wt %) Ultimate Analysis (wt %) Net Calorific
Value (MJ/Kg)

Cfix VM Ash Ctot H N S O

TFR 23.6 73.2 3.2 52.0 5.9 0.57 0.035 35.2 21.4
TSD 24.0 75.6 0.45 57.1 5.9 0.12 0.004 36.4 21.6
HTT 60.8 38.2 1.0 75.3 4.9 0.10 0.008 18.8 28.3
CC 80.7 18.6 0.70 87.0 3.4 0.25 <0.004 8.30 32.6
CB 88.2 0.7 11.1 87.3 <0.1 1.23 0.127 <0.10 29.7

CFix Fixed carbon; VM volatile matter; Ctot Total carbon; H hydrogen; N nitrogen; S sulphur; O oxygen.

Table 3. Chemical composition of pellet fines and cement, (wt %).

Sample Fe S SiO2 Al2O3 CaO MgO Na2O K2O MnO V2O5

Pellet fines 66.7 0.0028 1.92 0.34 0.42 1.35 0.04 0.02 0.06 0.23
Cement 2.46 1.37 20.1 3.47 65.0 2.11 0.17 0.93 0.04 0.02

Table 4. Contents of metal oxides in the bio-coal materials (wt %, dry basis) [28].

Bio-Coals Al2O3 CaO SiO2 Fe2O3 K2O MgO MnO Na2O P2O5 TiO2

TFR 0.047 0.872 0.618 0.044 0.238 0.124 0.062 0.014 0.151 0.004
TSD 0.003 0.122 0.033 0.011 0.051 0.046 0.013 0.003 0.008 0.000
HTT 0.024 0.310 0.305 0.079 0.145 0.061 0.040 0.023 0.032 0.001
CC 0.006 0.317 0.028 0.009 <0.002 0.112 0.044 <0.009 0.006 0.001

The blends from which the briquettes were produced are stated in Table 5. Coke breeze used is
screened off fines of metallurgical coke in the raw material handling at the Swedish steel producer SSAB
Europe in Luleå [29]. The torrefied materials (TSD, TFR and HTT) were received from BioEndev [30]
and the commercial charcoal was from Vindelkol [31]. All carbon-bearing materials were pulverized
then sieved and the fraction 75–150 μm was used in the composites. The temperature for biomass
pre-treatment affects the contents of VM, oxygen and Cfix (fixed carbon). Biomass torrefied at low
temperature (TFR and TSD) has high contents of VM and oxygen but low content of Cfix; the opposite
is the case for biomass pre-treated at high temperature (HTT and CC). The added iron oxide is in the
form of olivine pellet fines screened off at LKAB, and these consist mainly of hematite. The particle size
distribution for iron ore was analyzed to d90 ~163 μm by laser diffraction-based particle size analyzer
(CILAS 1064, Micromeritics Instrument Corporation, Orléans, France). Cement was used as it is a
common binder in industrially produced briquettes.
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Table 5. Recipes of self-reducing composites.

Composite
Composite Composition, (wt %)

Pellet Fines Coke Breeze Bio- Coal Cement Abbreviation

FR composite 68.1 13.8 10.0 8.0 FRC
SD composite 68.1 13.8 10.0 8.0 SDC

HTT composite 71.5 10.5 10.0 8.0 HTTC
CC composite 73.3 8.67 10.0 8.0 CCC

Bio-coal free composite 74.0 18.0 - 8.0 BFC

2.2. Composite Preparation

The composites were prepared by mixing pulverized carbonaceous materials, iron ore and cement
according to the recipes in Table 5. A total of 100 g of a homogenous mixture of each blend was
prepared, water was added, and mixing continued for five minutes. Approximately 2.5 g of the blend
was put in a cylindrical steel mold 10 mm in diameter and 14 mm in height. The blend was compacted
for 2.5 min under a load of 1800 kg/cm2. Produced briquettes were covered by plastic sheets to maintain
humidity and cured at 30–40 ◦C for 7 days. Cured briquettes were dried overnight at 105 ◦C before
conducting a reduction test.

The carbon in carbonaceous material to oxygen bound to iron in hematite pellet fines was prepared
aiming for Cfix/O molar ratio equal to one. Considering the total carbon to oxygen bound to hematite,
the ratio will be larger due to the content of carbon in VM present in bio-coals. Chemical composition
of composites shown in Table 6 was determined by Degerfors Laboratorium AB in Sweden using
a Thermo ARL 9900 X-ray fluorescence (XRF) instrument (Thermo Fisher Scientific Inc, Waltham,
MA, USA) operating a rhodium tube at 50 kV 50 mA. The sample was pressed in cellulose briquettes
before analysis. Carbon and sulfur content for each composite was determined by using LECO CS-444
instrument (LECO Corporation, Lakeview Ave, St. Joseph, MI, USA). The calculated VM content in
Table 6 is based on contents in each bio-coal and briquette recipes. FRC and SDC have a higher content
of VM compared to other composites.

Table 6. Chemical composition of self-reducing composites, (wt %).

Composite Ctot CaO MgO SiO2 Al2O3 Na2O K2O P2O5 S Fe2O3 Cl VM*

FRC 16.8 9.24 1.97 7.68 2.08 0.22 0.44 0.06 0.038 59.7 0.01 7.4
SDC 15.6 10.0 1.85 7.87 2.31 0.19 0.32 0.04 0.036 60.0 <0.01 7.7

HTTC 16.5 8.97 1.86 7.05 2.19 0.14 0.54 0.05 0.034 60.8 - 3.9
CCC 15.2 8.41 1.92 7.10 2.09 0.26 0.52 - 0.030 62.9 0.02 1.9
BFC 15.2 7.11 2.39 9.51 3.48 0.29 0.27 0.06 0.048 59.5 <0.01 0.10

VM*: VM calculated from the recipe for each composite.

2.3. Thermogravimetric Analysis

Reduction tests were conducted in the thermogravimetric analyzer, Netzsch STA 409, (sensitivity
±1 μg) attached to a Quadrupole Mass Spectrometer (QMS, Netzsch, Selb, Germany) to monitor the
mass-loss and off-gas analysis, respectively. As reducing agents, the bio-coals specified in Tables 1 and 2
were used. The thermogravimetric analyzer used in this study is described in detail earlier [32]. The
heating rate during thermogravimetric analyses (TGA) was chosen to simulate a possible BF thermal
profile as given in Figure 1 but under inert conditions with argon gas (99.999% purity) at a rate of
200 mL/min. The thermal profile and heating rates are 20 ◦C/min in the temperature range of 0–500 ◦C,
4 ◦C/min between 500–850 ◦C, 1 ◦C/min between 850–950 ◦C and 3 ◦C/min between 950–1100 ◦C.
Finally, the sample was kept 1 h at 1100 ◦C before cooling with 20 ◦C/min to room temperature. To
eliminate error from the buoyancy effect, correction measurements were carried out and each test was
repeated three times to ensure the accuracy of results and the results were consistent without any
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significant variation. The samples were cooled down to room temperature at a rate of 20 ◦C/min and
kept dry in a desiccator for subsequent characterization.

Figure 1. Simulated BF thermal profile used in TGA and for tube furnace tests.

2.4. Interrupted Reduction Tests of Composites

Interrupted tests were carried out in N2 gas atmosphere (purity 99.996% and a flow rate of
5 L/min) introduced from the top in a tube furnace with a schematic layout as shown in Figure 2.
Platinum/Platinum–Rhodium Type S thermocouples were used for measurement and control of
temperature when heating the tube furnace with Super Kanthal heating elements. The sample was
placed in an alumina crucible hanging in the hot zone of the 120 cm long alumina tube with an inner
diameter of 8.65 cm. The sample was heated according to the thermal profile stated in Figure 1 to a
predetermined temperature (500, 680, 740, 850, 950 ◦C). When the desired temperature was reached,
the sample was transferred into the cooling chamber and the flow rate of N2 gas was increased to 10
L/min and 5 L/min from the top and into the cooling chamber, respectively. The samples were kept in a
desiccator until characterization was carried out.

Figure 2. Schematic layout of the tube furnace.
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2.5. Characterization

2.5.1. Mineralogy

X-ray diffraction (XRD) was used to determine the phases present in reduced samples. All samples
were ground in a mortar and analyzed using a Panalytical Empyrean X-ray diffractometer equipped
with copper Kα radiation of 45 kV and 40 mA (Malvern Panalytical, Almeo, Netherlands). Diffraction
patterns were measured in a 2θ range of 10◦ to 90◦ during 15 min for each sample.

2.5.2. Morphology

The textures of composites were investigated on polished samples mounted in epoxy using light
optical microscope (LOM, Nikon ECLIPSE E600 POL, Minato/Tokyo, Japan) and scanning electron
microscope Zeiss Gemini Merlin (FE-SEM, Carl Zeiss AG, Oberkochen, Germany) equipped with
energy-dispersive X-ray spectroscopy (EDS) unit for elemental analysis. Prior to SEM investigation,
the polished surface of mounted samples was coated with a thin layer of tungsten. For SEM, a beam
operation voltage of 20 kV and current of 1.0 nA was used.

3. Results

3.1. TGA/QMS and DTG

Figure 3 shows the TGA/QMS curves for bio-coal containing composites (BCC) and bio-coal free
composites (BFC) using simulated BF thermal profile. The TG analysis shows that BCC has higher
mass loss compared to BFC at lower temperatures and that the mass loss can be divided into three
distinct regions, see Figure 3. The mass loss of FRC and SDC are quite similar, slightly higher for FRC
and both are higher than for other composites as presented in Table 7. DTG (the first derivative of mass
loss) analysis showed that FRC has a higher mass loss rate than SDC at ~300 ◦C as seen in the Region I
in Figure 4. By increasing temperature up to 850 ◦C, the mass loss of FRC, SDC and HTTC increased
and are higher than for CCC and BFC. At temperatures above 850 ◦C, the mass loss rate is high for
CCC as seen in Figure 4. The mass-loss rate for all composites increased as seen in Region III (up to
1100 ◦C) while the main mass loss for CCC and BFC lies at 850–950 ◦C and 950–1100 ◦C, respectively.

Table 7. Mass loss (wt %) of composites during TGA tests.

Composites
Region I Region II Region III

Up to 500 ◦C Up to 850 ◦C 850–950 ◦C 950–1100 ◦C Isothermal Part at 1100 ◦C
FRC 7.41 18.4 6.59 14.1 0.30
SDC 6.83 19.0 6.36 13.3 0.29

HTTC 3.99 16.8 10.7 10.1 0.49
CCC 1.83 14.2 19.2 2.67 0.17
BFC 0.92 5.31 8.99 20.4 0.68

The QMS analysis shows ionized hydrocarbons with one, two or four carbon atoms per molecule
and gases (CO, CO2, and H2) in the off-gas during the reduction test. However, the lengths of
carbon chains in the released hydrocarbon during bio-coal devolatilization were probably initially
longer before thermal decomposition and excitation in the QMS. The release of hydrocarbons in the
low-temperature region occurred at the lowest temperature for FRC and SDC as seen in Figure 3 with
the highest mass loss rate for FRC as seen in Figure 4.
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Figure 3. TGA-QMS analysis of self- reducing composites (a) FRC; (b) SDC; (c) HTTC; (d) CCC and (e)
BFC in Argon up to 1100 ◦C using BF simulated thermal profile.

Figure 4. DTG curves of self- reducing composites during TGA tests in Ar gas up to 1100 ◦C using
simulated BF thermal profile.

3.2. Interrupted Reduction Tests of Composites

The interrupted tests were conducted to determine the progress of reduction with different
carbonaceous materials present in each composite. The temperatures for interruption of tests were
selected based on the difference in mass loss curves seen from TGA in the three regions pointed out in
Figure 3. Results on mass loss in interrupted tests conducted in a tube furnace are presented in Table 8.
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Table 8. Mass loss (wt %) of composites during interrupted tests.

Temperature, ◦C FRC SDC HTTC CCC BFC

500 7.39 6.55 3.48 1.55 0.54
680 10.3 11.2 7.21 4.12 1.81
740 14.3 15.6 13.0 7.07 1.83
850 17.3 18.1 16.1 10.2 4.15
950 19.6 20.1 21.2 19.8 6.62

3.3. XRD Analysis

XRD analysis conducted for composites collected after interrupted tests in the tube furnace and
finalized tests in TGA is shown in Figure 5. The following is observed;

- Fe2O3 was detected in the BFC sample from the test interrupted at 500 ◦C.
- Fe3O4 was detected in all bio-coal containing samples from tests interrupted at 500 ◦C, for BFC it

was first detected at 740 ◦C.
- FeO was detected in the samples from tests interrupted at 680 ◦C for SDC, at 740 ◦C for FRC and

HTTC, at 850 ◦C in CCC and at 950 ◦C for BFC.
- Fe was detected in samples from tests interrupted at 850 ◦C for SDC and HTTC, at 950 ◦C for FRC

and CCC, at 1100 ◦C for BFC.

Figure 5. XRD analysis of reduced composite treated in a tube furnace at (a) 500 ◦C; (b) 680 ◦C; (c)
740 ◦C; (d) 850 ◦C; (e) 950 ◦C and (f) final sample up to 1100 ◦C in TGA.
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3.4. Evaluation of Composite Structure during Reduction

The structures of composites from interrupted tests were examined in LOM and SEM. Figure 6
presents the microstructures of two different types of composites collected after tests interrupted at
680 ◦C. The conversion of hematite to magnetite occurred initially at the outer layer of hematite particles
in all bio-coal containing composites which can be seen for FRC in Figure 6a. In composites collected
after tests interrupted at ~740 ◦C, the transformation of hematite to magnetite had proceeded further in
SDC and a porous structure and cracks had been formed as seen in Figure 7a while the transformation
of hematite to magnetite was still in the outer layer in HTTC as seen in Figure 7b. The duct structure of
bio-coal was seen in FRC and quite clear in CCC as seen in Figures 6a and 6b, respectively.

Figure 6. Typical textures observed in LOM (magnification 20x) in composites from tests interrupted at
680 ◦C. (a) FRC and (b) CCC. H = hematite (white-grey), M =magnetite (grey) and BC = bio-coal.
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Figure 7. SEM image (magnification 1000×), of composites from tests, interrupted at 740 ◦C. (a) SDC,
(b) HTTC, H = hematite, M =magnetite, and Ol = Olivine.

4. Discussion

The effect of different pre-treated biomass on the self-reduction of agglomerates containing iron
oxide and coke breeze has been investigated. Composites were analyzed in TGA and treated in vertical
tube furnace up to pre-defined temperatures. To evaluate the impact of bio-coal on reduction, samples
from interrupted tests were investigated by XRD, LOM and SEM. The mass loss occurring in TGA
is assumed to depend on partial devolatilization of VM (biomass→ Volatile (gases + tar) + bio− char) ,
gasification

(
C f ix + CO2 ↔ 2CO

)
, and reduction of iron oxides (Fe2O3→ Fe3O4→ FeO→ Fe) . CO

formed during devolatilization contributed to the reduction of iron oxides.
The TGA results and interrupted test up to 500 ◦C showed that FRC has higher mass loss than

all other composites, and a higher mass-loss rate was clear from DTG analysis at ~300 ◦C. Although
TSD and TFR have quite similar content of VM, the higher mass loss detected at low temperature for
FRC could be due to the presence of higher contents of catalyzing components such as CaO and K2O
in TFR than in TSD. This may affect the release of H2O during reaction as the ion current for H2O is
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highest for FRC although that the H-content is similar as for SDC. The impact of ash composition on
the devolatilization behavior of bio-coals was indicated in a previous study [28] where bio-coal with a
higher content of catalyzing components released the VM at lower temperature, and this may restrict
its contribution to the reduction. High intensity of H2O followed by CO2 and H2 detected in QMS
analyses for FRC indicates that some of the CO is consumed in the reaction. It is possible that this
affects the contribution to reduction of iron oxide in FRC. From XRD analysis, it was seen that FeO had
been formed in samples interrupted at 740 ◦C for FRC while it was detected in samples interrupted at
680 ◦C for SDC.

QMS analysis showed that the intensity of CO gas in regions I and II is highest for SDC, reaching
a maximum at ~760 ◦C, as shown in Figure 8. Part of this CO gas might originate from thermal
decomposition of VM as well as from the Boudouard reaction in which CO2 reacts with remaining
carbon above 700 ◦C as reported by Butterman [33]. Furthermore, it is observed that FeO is formed in
SDC at lower temperatures than for other composites and SDC has the highest mass loss rate in region
II (up to 850 ◦C).

Figure 8. Off-gas analysis of CO for different types of bio-coal containing composites (BCC).

The progress of the reduction is indicated in LOM by more cracks in SDC samples interrupted at
740 ◦C while it was detected only in the outer layer for HTTC at the same temperature. Wustite was not
detected in CCC samples interrupted below 850 ◦C. CO generation from CCC samples occurred mainly
above 850 ◦C, likely due to Cfix starting to react, c.f. Figure 8, simultaneously with a higher mass loss
rate for CCC. This can be compared with BFC in which wustite and iron were first detected by XRD in
samples interrupted at 950 ◦C and in the final sample at 1100 ◦C, respectively. The higher intensity for
CO seen in QMS results for BFC at temperatures above 950 ◦C is likely due to the transformation step
from FeO to Femet and solution loss reactions taking place above 950 ◦C.

XRD analysis shows also that magnetite is formed in all BCC samples at 500 ◦C, but not in BFC
composites. CO formed in Region I in all BCC, but not in BFC, may have contributed to the earlier start
of reduction in BCC. It is shown that FeO is formed at a lower temperature in the composites containing
more VM, indicating either that more reactive char is formed or that volatiles still existing above 500
◦C, as in SDC, also contributes to the reduction. It is also shown that BFC containing coke breeze
demand higher temperature for gasification reaction and reduction compared to BCC, in agreement
with Ueda et al. [19].

The results show that if bio-coal with high volatile content is selected for use in a composite, a low
content of catalyzing components is preferable as volatiles are released at higher temperatures and
thereby could contribute to the reduction.
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The investigated composites are potential innovative materials to be added to the BF together with
coke. By energy consuming reactions, the thermal reserve zone temperature is reduced and the overall
reduction efficiency of the BF improved. When selecting carbon source for the composites, the results
show that coke breeze demands higher temperature for reaction compared to bio-coals. TSD could be
the most suitable material to be utilized in composites in the BF. This material has higher content of
volatile matter content with a lower content of catalyzing components, which means that the volatiles
can be released at higher temperatures and thereby can contribute to the reduction. Additionally,
outside the scope of this paper, it is known that the yield when producing bio-coal is high for products
as TSD.

5. Conclusions

The reduction behavior of composites containing hematite and different bio-coals was studied
and compared with bio-coal free composite (coke as carbon source). The following conclusion can be
drawn:

- Bio-coal present in an agglomerate enhances the reduction of hematite, in comparison with coke,
and the reduction starts at a lower temperature.

- Bio-coal with a high content of volatiles decreases the temperature for the formation of wustite
more than bio-coal with lower content of volatiles.

- The presence of ash components catalyzing the volatilization to occur at lower temperatures
results in a higher temperature for the formation of wustite.
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Abstract: Nickel laterite ore is divided into three layers and the garnierite examined in this study
belongs to the third layer. Garnierite is characterized by high magnesium and silicon contents.
The main contents of garnierite are silicates, and nickel, iron, and magnesium exist in silicates in the
form of lattice exchange. Silicate minerals are difficult to destroy so are suitable for smelting using
high-temperature pyrometallurgy. To solve the problem of the large amounts of slag produced and the
inability to recycle the magnesium in the traditional pyrometallurgical process, we propose a vacuum
carbothermal reduction and magnetic separation process to recover nickel, iron, and magnesium
from garnierite, and the behavior of the additive CaF2 in the reduction process was investigated.
Experiments were conducted under pressures ranging from 10 to 50 Pa with different proportions of
CaF2 at different temperatures. The experimental data were obtained by various methods, such as
thermogravimetry, differential scanning calorimetry, scanning electron microscopy, energy dispersive
spectrometry, X-ray diffraction, and inductively coupled plasma atomic emission spectroscopy.
The analysis results indicate that CaF2 directly reacted with Mg2SiO4, MgSiO3, Ni2SiO4, and Fe2SiO4,
which were isolated from the bearing minerals, to produce low-melting-point compounds (FeF2,
MgF2, NiF2, etc.) at 1315 and 1400 K. This promoted the conversion of the raw materials from a
solid–solid reaction to a liquid–liquid reaction, accelerating the mass transfer and the heat transfer
of Fe–Ni particles, and formed Si–Ni–Fe alloy particles with diameters of approximately of 20 mm.
The smelting materials appeared stratified, hindering the reduction of magnesium. The results of the
experiments indicate that at 1723 K, the molar ratio of ore/C was 1:1.2, the addition of CaF2 was 3%,
the recovery of Fe and Ni reached 82.97% and 98.21% in the vacuum carbothermal reduction–magnetic
separation process, respectively, and the enrichment ratios of Fe and Ni were maximized, reaching
3.18 and 9.35, respectively.

Keywords: garnierite; vacuum carbothermal reduction; mechanism; CaF2; recovery

1. Introduction

Nickel is an important metal in the modern world, used in stainless steel, electroplating,
rechargeable batteries, and super alloys [1,2] to improve peoples’ quality of life, and widely used in
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improving human health in nickel-containing medical devices, medical artificial bones, stents, and new
anticancer drugs [3–6]. With the increase of demand for nickel and the rapid depletion of nickel sulfide
ore, more attention is being paid to low-grade nickel laterite ore [7–9]. Generally, nickel laterite ore
can be divided into three categories: limonitic ore, transition ore, and garnierite [10–12]. According to
the different compositions of every layer, nickel laterite ores are treated using different methods,
including pyrometallurgical and hydrometallurgical methods [13]. Hydrometallurgical techniques are
more applicable to limonitic ore, which includes ammonia–ammonium carbonate leaching, pressure
acid leaching (PAL), and high-pressure acid leaching (HPAL) [14–20]. Garnierite is more suitable for
pyrometallurgical methods due to the high content of magnesium. At present, the mature industrial
pyrometallurgical methods include rotary kilns-electric furnaces (RKEF) and Krupp–Ren [21–23].

Previous studies reported that CaF2 is used as additive in pyrometallurgy of nickel laterite ore.
Ma et al. [24] studied the influence of CaF2 in the nickel laterite ore reduction process. The results
indicated that the aggregation of nickel and iron particles increased significantly from 1 to 200 μm
after adding CaF2, which indicates that CaF2 can effectively reduce the surface tension of the newly
formed alloy. This is beneficial for magnetic separation process and increases the nickel grade.
Cao et al. [25] determined the production and enrichment rates of nickel and iron under different
smelting conditions by changing the amount of added reducing agent and comparing the different
production rates of ferronickel with CaF2, CaF2, and hydrated lime. However, the authors did not
report the optimal conditions, nor did they specifically explore the mechanism of CaF2 and hydrated
lime in the reduction process.

Previous studies only focused on the extraction of Ni and Fe, and ignored the extraction of
higher values magnesium. The behavior of CaF2 in the reduction process has not been reported in the
literature. Therefore, we propose a vacuum carbothermal reduction–magnetic separation process to
recover nickel, iron, and magnesium from garnierite, and investigated the behavior of the added CaF2

in the reduction process. In this process, magnesium was reduced to magnesium vapor and condensed
to obtain magnesium metal [26,27]. The experimental flow chart is shown in Figure 1.

 
Figure 1. Work flow of the experimental procedure.

2. Materials and Methods

2.1. Raw Materials

The garnierite sample used in this study was obtained from Yuanjiang, Yunnan province, China.
The X-ray diffraction (XRD) analysis and the chemical analysis of the sample are shown in Figure 2
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and Table 1. According to the XRD analysis, we found that the major phases of garnierite are lizardite,
nepouite, kaolinite, and quartz. CaF2 was used as an additive in this study. The compositions of CaF2

and the coking coal are listed in Tables 2 and 3, respectively.

Figure 2. X-ray diffraction (XRD) patterns of garnierite.

Table 1. The composition of the garnierite (wt. %).

Component SiO2 MgO Fe Ni Co Al2O3 Others

Content 38.82 22.83 12.66 0.72 0.03 4.57 20.37

Table 2. The composition of the CaF2 (wt. %).

Component CaF2 Si Fe Heavy Metal Chloride Sulfate Nitride

Content ≥98.5 ≤0.01 ≤0.003 ≤0.003 ≤0.01 ≤0.05 ≤0.005

Table 3. The composition of the coking coal (wt %).

Component C Ash Moisture Volatile K (g)

Content 85.83 12.02 0.14 2.01 7187.2

2.2. Experimental Method and Equipment

All garnierite and coking coal were crushed and screened to less than 74 μm, and the ore and
C were mixed in a molar ratio of 1:1.2. The masses of CaF2, which were 0%, 3%, 6%, 9%, and 12%,
were studied with regard to their behavior and effect on the experimental results. In the first, the mixed
materials were formed into pellets of Φ20 mm × 20 mm at 5 MPa and then placed in a corundum
crucible. Heating was applied under pressures ranging from 10 to 50 Pa by placing the corundum
crucible into a graphite crucible in a vacuum furnace. The system temperature was raised from room
temperature to the desired temperature and was held this temperature for 120 min. After, the reaction
product was cooled to room temperature and removed. The schematic model of the vacuum distillation
furnace for experiment is shown in Figure 3. For the nickel-rich residue, we used a vibrating grinding
machine to crush the material to approximately 74 μm, and we placed the crushed materials into a
planetary ball mill for 4 h of ball milling, allowing the materials to be mixed thoroughly and uniformly.
After the ball milling was completed, the materials were removed, sampled, and sent for analyses,
and magnetic separation was conducted for the remaining residue.
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Figure 3. Schematic model of the vacuum distillation furnace: 1, high vacuum valve; 2, release valve;
3, bypass valve; 4, main valve; 5, rotary vane pump; 6, diffusion pump; 7, inflation valve; 8, vacuum
pipe; 9, raw materials; 10, graphite crucible; 11, graphite heater; 12, heat shield; 13, water cooled walls;
14, graphite condensing pipe; and 15, condensation.

The remaining nickel-rich residue was ground and screened to 45 μm, and then wet magnetic
separation was conducted. The N52 trademark of neodymium iron, with a surface magnetic field
strength approximately 1.44–1.48 T, was used to adsorb the magnetic material. A magnetic substance
was obtained after three magnetic separations.

The recovery α1 of the reduction process is expressed as:

α1 =Ma/M0, (1)

where Ma and M0 refer to the masses of metals in the nickel-rich residue and in the ore, respectively.
The recovery α2 of the reduction magnetic separation process is expressed as:

α2 =Mb/Ma, (2)

where Ma and Mb refer to the masses of metals in the magnetic substances and in the nickel-rich
residue, respectively. The recovery α of the whole process is expressed as:

α = α1 × α2. (3)

2.3. Analysis Methods

The nickel-rich residue was identified with X-ray diffraction (XRD) Dmax-R diffractometer
(Rigaku, Tokyo, Japan, Cu Kα radiation, 40 mA, 50 kV). The diffraction angle (2θ) was scanned from
10◦ to 90◦ in 4◦ increments. The morphology and the elemental composition of the particular regions
were determined using scanning electron microscopy (SEM, TM-3030 Plus, HITACHI, Tokyo, Japan)
equipped with energy-dispersive X-ray spectroscopy (EDS, INCA, Oxford, UK). Chemical analysis of
the nickel-rich residue was performed using inductively coupled plasma atomic emission spectroscopy
(ICP-OES) with an Optima 8000 (Perkin Elmer, Waltham MA, USA).

3. Results and Discussion

3.1. Experimental Phenomena and XRD/EDS Analysis

During the removal of the Fe–Ni-rich residue, we found different phenomena at the end of the
experiment; no melting occurred at the experimental temperature when the addition of CaF2 was 0%.
When the addition of CaF2 was 3%, the raw materials appeared to experience micro-melting at 1623
and 1723 K, however, the raw materials melted completely at 1823 K, as shown in Figure 4.
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Figure 4. The reduced slag at (a) 1623 K, (b) 1723 K, and (c) 1823 K with 3% CaF2.

The left part of Figure 5 is the picture of the material removed after the vacuum carbothermal
reduction. The black fluffy material in the picture is located on the top of the corundum crucible.
After pouring the black fluffy material, we found that the material in the corundum crucible completely
melted, with a layer of gray white material solidified with no hole on the surface on the top of the
melted material. After the corundum crucible was broken, we found many large cavities in the melted
material, and the color of solidified material below was gray black. Finally, large metal particles were
found at the bottom of the corundum crucible. According to the above phenomena, we drew a layering
diagram of the materials in the corundum crucible, as shown in the right part of Figure 5.

Figure 5. Phenomena of stratification for the residue after reduction at the experimental temperature
with more than 3% CaF2.

XRD and SEM/EDS analysis were conducted to determine the phase of black fluffy material and
the composition of silver-white metal particles of the first layer, as shown in Figure 6. According to XRD
analysis, the black fluffy material was mainly carbon, and the ferrosilicon should be the silver-white
metal particles, which mixed with the black matter. SEM/EDS analysis showed that the carbon content
reached 75.28%, the remaining materials were mainly Fe and F, and the contents of Fe and F were
12.71% and 5.30%, respectively.

Figure 6. XRD pattern and energy-dispersive X-ray spectroscopy (EDS) analysis of Layer 1.
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The thermodynamic analysis of Equation (4) performed at 50 Pa showed that the initial reaction
temperature of the production of FeF2 was 1398 K, and FeF2 will directly sublimate at 1373 K.
We considered that the source of F was the volatilization of FeF2, with part of the Fe sourced from the
ferrosilicon mixed in black matter, and the other part from the volatilization of FeF2. The equation can
be expressed as:

Fe2SiO4(s) + 6C(s) + CaF2(s) = FeSi(s) + CaC2(s) + FeF2 (g) + 4CO (g)

ΔGT = 1731.126 − 1.238T kJ/mol.
(4)

XRD and SEM/EDS analysis were performed to determine the phase and composition of the
second layer, as shown in Figure 7. The XRD results showed that the white matter phase of the second
layer was MgAl2O4, and the SEM/EDS results indicated that the white matter mainly contained Mg,
Al, and O, at 14.28%, 26.58%, and 50.38%, respectively.

Figure 7. XRD pattern and EDS analysis of Layer 2.

Combined with the thermodynamic calculation, Equations (5) and (6) showed that the reaction
initial temperature for the formation of MgAl2O4 was 875 K, so the reaction to form MgAl2O4 could
occur at the experimental conditions. The reason of Al2O3 did not reduce by carbon was the initial
temperature of the reduction reaching 1691 K under the pressure of 50 Pa, which is much larger than
the reaction initial temperature of MgAl2O4. The MgAl2O4 is denser than carbon, so the carbon floats
above the MgAl2O4. The equations can be expressed as:

Mg2SiO4(s) + 2Al2O3(s) = 2MgAl2O4(s) + SiO2(s)

ΔGT = 19.255 − 0.022T kJ/mol,
(5)

Al2O3(s) + 3C(s) = 2Al(s) + 3CO (g)

ΔGT = 1344.640 − 0.795T kJ/mol.
(6)

XRD and SEM/EDS analysis were performed to determine the phase and composition of the
material in the third layer as well, as shown in Figure 8. XRD analysis revealed that the main phases in
the third layer were Mg2SiO4 and MgAl2O4; SEM/EDS analysis showed that the main elements of this
layer were Mg and Si, with contents of 45.97% and 29.10%, respectively, mixed with a small amount
of F, Fe, Ca, and Al. According to the thermodynamic calculation in Equation (7), the reaction initial
temperature of Mg2SiO4 under the pressure of 50 Pa was 1472 K, which is higher than the melt initial
temperature. According to the analysis of the first and second layers, we found that after the melting,
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the carbon and the materials stratified, so most of the magnesium was not reduced. The equation can
be expressed as:

3Mg2SiO4(s) + 6C(s) + 2CaF2(s) = 6Mg (g) + 6CO (g) + 2CaSiO3(s) + SiF4 (g)

ΔGT = 4297.884 − 2.920T kJ/mol.
(7)

Figure 8. XRD pattern and EDS analysis of Layer 3.

According to the experimental findings, due to the block created by second layer, many bubbles
were trapped underneath, so the Mg vapor could not overflow. This further hindered the reduction,
so a large amount of Mg2SiO4 remained in the materials, and a large amount of Mg2SiO4 formed
after the end of the experiment. The density of Mg2SiO4 is greater than that of MgAl2O4, resulting in
MgAl2O4 floating above the Mg2SiO4.

XRD and SEM/EDS analysis were performed to determine the phase and composition of the
fourth layer, as shown in Figure 9. XRD analysis revealed that the fourth layer was mainly FeXSiY in
various compositions. SEM/EDS analysis revealed that the layer mainly elements were Fe, Ni, and Si,
with contents of 66.90%, 4.15%, and 25.72%, respectively.

Figure 9. XRD pattern and EDS analysis of Layer 4.
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From the thermodynamic calculations of Equations (4) and (8)–(10), we found that the formation
of Fe, FeXSiY, Ni, and FeNi formed before the materials melted. Under the pressure of 50 Pa, the initial
temperature of reactions were 1344, 808, 618, and 1389 K, respectively. After the materials melted,
the mass transfer and heat transfer of Ni and Fe accelerated, forming a large particle of Fe–Ni–Si
ternary alloy. Due to being denser than Mg2SiO4, it sunk into the bottom of the crucible to form the
fourth layer. The equations can be expressed as:

3Fe2SiO4(s) + 6C(s) + 2CaF2(s) = 6Fe(s) + 6CO (g) + 2CaSiO3(s) + SiF4 (g)

ΔGT = 1336.421 − 1.653T kJ/mol,
(8)

3Ni2SiO4(s) + 6C(s) + 2CaF2(s) = 6Ni(s) + 6CO (g) + 2CaSiO3(s) + SiF4 (g)

ΔGT = 1110.829 − 1.797T kJ/mol,
(9)

Ni2SiO4(s) + 6C(s) + CaF2(s) = NiSi(s) + CaC2(s) + NiF2(s) + 4CO(g)

ΔGT = 1384.267 − 1.055T kJ/mol.
(10)

At the end of the experiment, a dense condensate with a silvery white metallic luster was found
on the lid, as shown in Figure 10. XRD and SEM/EDS analysis were performed to determine the phase
and composition of the condensate. XRD analysis revealed that condensate was mainly calcium–silicon
compounds. SEM/EDS analysis showed that the elemental contents of Si, Ca, and Fe were 54.85%,
16.58%, and 8.47%, respectively. From the thermodynamic calculations of Equations (7)–(9) and
(11)–(13), we found that the initial temperatures of the formation of SiF4 and SiO were 1472, 808, 618,
1085, 961, and 1431 K under the pressure of 50 Pa, respectively. Therefore, the Si in the condensate was
mainly produced from the condensation of SiF4 and SiO, the Fe from the sublimation of FeF2, and Ca
from the condensation of calcium compounds. The equations can be expressed as:

Fe2SiO4(s) + 3C(s) = SiO(g) + 2Fe(s) + 3CO(g)

ΔGT = 1044.890 − 0.962T kJ/mol,
(11)

Ni2SiO4(s) + 3C(s) = SiO(g) + 2Ni(s) + 3CO(g)

ΔGT = 968.751 − 1.008T kJ/mol,
(12)

SiO2(s) + C(s) = SiO(g) + CO(g)

ΔGT = 697.671 − 0.487T kJ/mol.
(13)

 
Figure 10. XRD pattern and EDS analysis of the condensate on the graphite crucible lid.
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According to the above analysis of the phase and composition of each layer of materials, we found
that the first layer was mainly coking coal, the small silver-white metal particles were Fe–Ni–Si, and the
main component of the second transition layer was MgAl2O4. The third layer was mainly Mg2SiO4

with a small amount of MgAl2O4 and calcium–silicon compounds, and the large metal particles in the
fourth layer were Fe–Ni–Si ternary alloy. The condensate on the lid was mainly Si.

3.2. Behavior of CaF2

The thermogravimetry-differential scanning calorimetry (TG and DSC) curves of the garnierite
are shown in Figure 11. We observed three peaks at different temperatures. According to a previous
report [28], the first endothermic peak at 352 K represents the loss of the adsorption water, the second
endothermic peak at 885.4 K represents the dehydroxylation of the lizardite, and the third strong
exothermic peak at 1097.8 K represents the decomposition of Mg3Si2O7. The process is expressed in
Equations (14) and (15).

Mg3Si2O5(OH)4(s) =Mg3Si2O7(s) + 2H2O(g) (14)

Mg3Si2O7(s) =Mg2SiO4(s) +MgSiO3(s) (15)

The TG and DSC curves of the garnierite with CaF2 are shown in Figure 12. By comparing Figures 11
and 12, we found two more endothermic peaks at 1315 and 1400 K. The two endothermic peaks
represented the conversion of the raw materials from solid to liquid, which produced low-melting-point
compounds such as FeF2, NiF2, and MgF2. The thermodynamic calculations in Equations (4), (10) and
(16) were performed at 50 Pa. The equations can be expressed as:

Mg2SiO4(s) + SiF4 (g) = 2MgF2(s) + 2SiO2(s)

ΔGT = −271.244 + 0.221T kJ/mol.
(16)

Based on Equations (4) and (10), the initial temperatures of the two reactions were 1398 and 1312
K, which corresponded to the two endothermic peaks in Figure 12.

 
Figure 11. Thermogravimetry-differential scanning calorimetry (TG and DSC) curves of the raw materials.
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Figure 12. TG and DSC curves of the raw materials in presence of CaF2.

3.3. Analysis of the Reduction Process

After the vacuum carbothermal reduction, chemical analysis was performed on the Fe–Ni-rich
residue. According to the calculation, we obtained the direct recovery of Fe and Ni, which is plotted in
Figures 13 and 14, respectively. The figures indicate that with the increase in CaF2, the grades and
direct recovery of Fe and Ni first rose and then fell, with maximal grades and direct recovery achieved
at 3% CaF2. With increasing temperature, the curves in the figures divided into two parts. The addition
of CaF2 at less than or equal to 3% was the first part, in which the grades and direct recovery of Fe and
Ni first rose and then fell, with the best grades and direct recovery achieved at 1723 K. The addition
of CaF2 at more than 3% was the second part, in which the grades and direct recovery of Fe and Ni
showed a downward trend.

Figure 13. The effect of additives and temperature on Fe enrichment (%), the upper three lines in the
figure represents the recovery of Fe, and the lower three lines in the figure represents the grade of Fe.
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Figure 14. The effect of additives and temperature on Ni enrichment (%), the upper three lines in the
figure represents the recovery of Ni, and the lower three lines in the figure represents the grade of Ni.

The reasons for these results are as follows:

(1) When the addition of CaF2 was 0%, low-melting-point compounds did not form in the raw
materials, and the reactions struggle to occur in the solid state in the reduction process,
which caused the low grades and direct recovery of Fe and Ni.

(2) When the addition of CaF2 was 3%, the CaF2 could react with the raw materials to form
low-melting-point compounds, such as FeF2, NiF2, and MgF2. The reduction process transformed
from a solid–solid reaction to a solid–liquid reaction, which accelerated the heat transfer and the
mass transfer of the materials. The Fe and Ni aggregated and grew easily in the molten materials
and formed small visible Fe–Ni particles on the surface of the Fe–Ni-rich residue. The raw
materials were not completely melted in the reduction process due to the low addition of CaF2.
Therefore, Fe and Ni were sufficiently reduced in the raw materials, which results in high grades
and direct recovery of Fe and Ni.

(3) When the addition of CaF2 was more than 3%, a large amount of the low-melting-point compounds
formed in the raw materials, which caused the raw materials to change from a solid–solid reaction
to a liquid–liquid reaction. This in turn caused the reduction of Fe and Ni to aggregate and grow
into large metal particles with diameters of 20 mm. However, the coking coal would not melt
at the experimental temperature due to its high melting point, and the density of the coking
coal was low, which caused stratification of the molten materials and floating in the upper layer.
This resulted in the reducing agent being unable to fully contact the raw materials, preventing
the reduction process from occurring, which drastically reduced the grades and direct recovery
of Fe and Ni.

(4) Due to excessively high temperatures during the reduction process, the raw materials melted
completely at temperature of 1823 K with 3% CaF2, hindering the reduction process, which reduced
the grades and the direct recovery of Fe and Ni. Therefore, the grades and direct recovery of Fe
and Ni were lower than 1723 K with 3% CaF2.

Our analyses demonstrate that the addition of 3% CaF2 at 1723 K is the optimal condition.
According to Figure 15, with increasing temperature and CaF2, the grades and recovery of Si

showed a downward trend because Si would volatilize in the form of SiO and SiF4 at high temperature,
which resulted in low grades and direct recovery of Si. The equations are expressed in Equations (7)–(9)
and (11)–(13).
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Figure 15. The effect of additives and temperature on Si enrichment (%). The upper three lines in the
figure represents the recovery of Si, and the lower three lines in the figure represents the grade of Si.

According to Equations (7)–(9) and (11)–(13), the initial temperatures of these reactions were
1472, 808, 618, 1086, 961, and 1432 K, respectively. All the reactions could occur under experimental
conditions. These analysis results were consistent with the above four explanations.

Figure 16 shows that the removal rate of Mg increased with increasing temperature and CaF2

content. However, the removal rate was low because the raw materials changed from a solid–solid
reaction to a liquid–liquid reaction with increasing CaF2 content, which caused the reduction of Mg to
only occur in the early period. However, after the materials melted completely, the coking coal and the
raw materials were stratified, which preventing the coking coal from contacting the raw materials.
The steam of the Mg could not pass through the transition layer, resulting in the removal rate of Mg
increasing slowly. The best example of this was at a temperature of 1823 K with 3% CaF2, where the
removal rate of Mg was significantly lower than 1723 K with 3% CaF2. These analysis results were
consistent with the findings in Section 3.2.

Figure 16. The effect of additives and temperature of Mg removal rate (%).

As seen in Figures 13–16, we can conclude that adding 3% CaF2 is beneficial to the recovery
of Ni and Fe, however, the recovery of Si and Mg are not good enough. At 1723 K, the recovery
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of Si is less than 45% and the recovery of Mg is less than 55%. The effect of temperature and the
adding amount of CaF2 on the recovery of Si and Mg showed the opposite trend, that is, with the
increase of temperature and the amount of CaF2, the recovery of Si showed a downward trend, while
the recovery of Mg showed an upward trend. This become a contradiction point for recovering of
garnierite comprehensively, therefore, the recovery of Si and Mg will not be ideal if only adding CaF2.
Our previous research [29] has proved that CaO can greatly enhance the recovery of Si and Mg. We
could consider the mixture of CaF2–CaO as an additive to achieve the purpose of comprehensive
recovery of valuable metals from garnierite.

3.4. Phase Analysis of Fe–Ni-Rich Residue

Figures 17 and 18 show that the main phases of the Fe–Ni-rich residue were forsterite, spinel,
and FeSi, as well as a small amount of CaSiO3 and low-melting-point compounds (FeF2, NiF2,
and MgF2). According to the literature, forsterite, Fe2SiO4, and Ni2SiO4 are mainly produced after the
dehydroxylation of lizardite. Forsterite can react with coking coal to form Mg steam at high temperatures.
However, the Fe–Ni-rich residue was mainly forsterite in this experiment, which indicated that most of
the forsterite did not participate in the reduction reaction.

Figure 17. XRD patterns of the Fe–Ni-rich residue at 1723 K with 0–12% CaF2.

Figure 18. XRD patterns of the Fe–Ni-rich residue at different temperatures with 3% CaF2.

After the lizardite decomposed, the CaF2 reacted with Fe2SiO4 and Ni2SiO4 to form low-melting-point
compounds (FeF2, NiF2, and MgF2), as shown in Figure 17. With increases in CaF2 and temperature,
the raw materials changed from the solid to the liquid state. This caused some of the forsterite to react

127



Metals 2020, 10, 129

with the coking coal during the melting process, although a large part of forsterite could not react with
coking coal due to the stratification after the raw materials melted completely, which caused a large
amount of the forsterite to remain in the Fe–Ni-rich residue. The proportion of Ca in the raw materials
was less than that of Si, the reduction of Fe and Ni could have combined with Si to form Si–Fe–Ni ternary
alloy particles, and the proportion of Ni was low. Therefore, the Si–Fe–Ni ternary alloy showed up as an
Fe–Si peak in the XRD pattern. The forsterite and the Al2O3 could have reacted to form spinel, which
caused a spinel peak to be found in the Fe–Ni-rich residue. The equations were expressed as Equations (5)
and (6) in Section 3.1.

According to Equations (5) and (6), the initial temperatures of the two reactions were 875 K
and 1691 K. These results indicate that the reaction in Equation (5) more easily occurred than that in
Equation (6), which meant the spinel could be produced under experimental conditions.

As shown in Figure 18, at 1723 K with 3% CaF2, the forsterite peak was weakest and the Fe–Si
peak was strongest, which indicates that the reduction of the raw materials was effective under
these conditions.

3.5. Mechanism of CaF2 in the Reduction Process

TG-DSC and thermodynamic analysis indicated that the solid materials began to melt at 1315 K
and 1400 K and produced low melting point eutectic materials (NiF2 and FeF2) as heating progressed.
In the reduction progress, the raw materials reacted with CaF2 to produce SiF4, and forsterite reacted
with SiF4 to form another low melting point eutectic material, MgF2, which further accelerated the
melting of the materials, causing the materials to transition from solid to liquid. The melting point of
NiF2 is 1653 K at 1 atm, the boiling point is 1772 K, the melting point of FeF2 is 1243 K, the boiling point
is 1373 K, and FeF2 undergoes sublimation at 1373 K. At 50 Pa, the melting points of NiF2 and FeF2

decrease, therefore, once FeF2 is formed, it undergoes sublimation and NiF2 volatilizes simultaneously.
According to the thermodynamics calculations, the initial temperature where MgF2 forms is 1227 K,
the melting point of MgF2 is 1534 K, and the boiling point is 2533 K, therefore, MgF2 would not have
volatilized under the experimental conditions.

The 20-mm-diameter Fe–Ni–Si ternary alloy collected in the experiment showed that the melted
materials accelerated the heat transfer and the mass transfer of Fe and Ni, promoting the FeNi particles
to aggregate and grow. With increasing temperature and the increase in addition of CaF2, the volatility
of Si in the form of SiO and SiF4 were promoted, causing a sharp drop in the recovery of Si. Due to
the density of coking coal being less than that of MgAl2O4, MgAl2O4 being less dense than Mg2SiO4,
and Mg2SiO4 being less dense than Fe–Ni–Si ternary alloy, the materials stratified. The stratification
of the raw materials and coking coal hindered the reduction of Mg, causing a slow increase in the
removal rate of Mg, as shown in Figure 19.

 

Figure 19. The influence and behavior of CaF2 on the reduction process.
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3.6. Magnetic Separation Process

Table 4 shows that after the magnetic separation, the grades of Fe were low, probably because Fe
was present in the forsterite and spinel during the reduction process, which resulted in a low chemical
analysis result. At the optimal conditions, the direct recoveries of Fe and Ni were 82.97% and 98.21%,
respectively, in the vacuum carbothermal reduction–magnetic separation process, and the enrichment
ratios were 3.18 and 9.35, respectively, as shown in Table 5. The data in the tables indicate that adding
a proper amount of CaF2 could effectively improve the grades and recovery of Fe and Ni.

Table 4. The content and recovery of Fe and Ni using the magnetic separation process and using the
vacuum carbothermal reduction–magnetic separation process.

Temperature
(K)

CaF2

(wt. %)

Quality of
Magnetic

Material (g)

Chemical Analysis of
Fe, Ni in Magnetic

Materials (%)

Quality of
Non-Magnetic

Material (g)

Chemical Analysis of
Fe, Ni in Non-Magnetic

Materials (%)

Fe Ni Fe Ni

1623 3 24.49 32.46 5.18 35.66 0.42 0.04
1823 3 30.29 38.17 5.99 21.71 0.33 0.05
1723 0 50.54 14.95 1.04 50.54 0.00 0.00
1723 3 11.16 40.20 6.73 21.75 0.18 0.03
1723 6 23.61 38.30 6.69 50.57 0.23 0.07
1723 9 23.06 37.30 6.22 49.73 0.26 0.06
1723 12 19.03 34.75 5.11 49.13 0.38 0.02

Table 5. Enrichment ratio of Fe and Ni with different dosages of CaF2 at different temperature and
Recovery of Fe and Ni during the vacuum carbothermal reduction–magnetic separation process.

Temperature (K) 1623 1823 1723 1723 1723 1723 1723

CaF2 (wt %) 3 3 0 3 6 9 12
Enrichment ratio of Fe (%) 2.56 3.02 1.18 3.18 3.03 2.95 2.75
Enrichment ratio of Ni (%) 7.19 8.32 1.44 9.35 9.29 8.64 7.10

Recovery of Fe (%) 73.19 73.87 71.50 82.97 54.03 51.55 40.90
Recovery of Ni (%) 84.89 93.62 87.45 98.21 81.19 64.64 48.69

4. Conclusions

A vacuum carbothermal reduction–magnetic separation method to recover Ni, Fe, and Mg from
garnierite was proposed, and the experiments indicated that the optimal conditions for this method
for the recovery of Fe and Ni are 1723 K, a molar ratio of ore/C of 1:1.2, and the addition of CaF2 at
3%. The recovery of Fe and Ni reached 82.97% and 98.21%, respectively, in the vacuum carbothermal
reduction–magnetic separation process, and the enrichment ratios of Fe and Ni reached a maximum of
3.18 and 9.35, respectively.

The CaF2 in the vacuum carbothermal process formed low-melting-point compounds (FeF2 and
NiF2) at 1315 K and 1400 K, respectively, to transform the raw materials from solid to liquid, which
accelerated the mass transfer and the heat transfer of Fe–Ni particles, and formed Si–Ni–Fe alloy
particles with diameters of approximately of 20 mm. Simultaneously, the smelting materials appeared
stratified, hindering the reduction of magnesium.

The removal rate of Mg increased and the maximal recovery only reached 74.12%. The reason for
this low Mg removal rate is the stratification of the coking coal and the molten materials, which limited
the increase in the recovery of Mg. However, the recovery of Si and the removal rate of Mg showed
the opposite trend, this becomes a contradiction point for recovering garnierite comprehensively.
Previously, we used this method to recover Ni, Fe, Si, and Mg with CaO as an additive, achieved
some good experiment results, especially for the removal rate of Mg [29]. Subsequently, we could
consider the mixture of CaF2–CaO as an additive to solve the contradiction of Si and Mg, and achieve
the purpose of comprehensive recovery of valuable metals from garnierite.
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The method used in this article can solve the problem of the large amounts of slag produced and
the inability to recycle the magnesium in the traditional pyrometallurgical process. For the future
industrial application, it is necessary to solve the problem of magnesium condensation technology.
If magnesium can be recycled in a reduction process, not only can it increase the economic benefits
of enterprises, but it can also solve the problem of environment pollution, therefore, it has a certain
industrialization significance. In addition, this article clarifies the behavior mechanism of CaF2 in the
reduction process of garnierite, it can be used for reference in guiding industrial production.
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Abstract: Due to its enhancing properties in high-tech material applications, the rare earth element
Scandium (Sc) is continuously gaining interest from researchers and material developers. The aim of
this research is to establish an energy and resource efficient process scheme for an in situ extraction of
Al-Sc master alloys, which offers usable products for the metallurgical industry. An AlSc20 alloy is
targeted with an oxyfluoridic slag as a usable by-product. The thermochemical baseline is presented
by modelling using the software tool FactSage; the experimental metal extraction is conducted in
a vacuum induction furnace with various parameters, whereas kinetic aspects are investigated by
thermogravimetric analysis. The Sc-containing products are analyzed by ICP-OES/IC concerning
their chemical composition. Optimum parameters are derived from a statistical evaluation of the Sc
content in the obtained slag phase. The material obtained was high in Ta due to the crucible material
and remarkably low in Al and F; a comparison between the modelled and the obtained phases
indicates kinetic effects inhibiting the accomplishment of equilibrium conditions. The formation of a
Sc-rich Al-Sc phase (32.5 wt.-% Sc) is detected by SEM-EDS analysis of the metal phase. An in situ
extraction of Al from Ca with subsequent metallothermic reduction of ScF3 as a process controlling
mechanism is presumed.

Keywords: scandium; master alloys; aluminum alloys; metallothermy; vacuum induction melting;
factsage

1. Introduction

Material scientists have highlighted the remarkable properties of Sc as an alloying element for
Al(-Mg) for a long time [1–4]. It is proven to have a positive impact on the strength even at small
concentrations below 0.5 wt.-%, as well as a raising effect on the recrystallization temperature, which
directly leads to enhanced weldability and hot cracking behavior of the material. For Al alloys, the
properties are linked to an intermetallic compound Al3Sc that shows little misfit with the Al matrix.
However, extraction of Sc from its fluoridic or oxidic form to form a metal phase is challenging
due to its high affinity to oxygen and halogenides, its high melting point, and also its low density.
Special processes that have been used for the extraction are usually inefficient, costly, unscalable or
are associated with low yields. Electrochemical processes may be applied, most notably as molten
salt electrolysis. The principles of Hall–Heroult and the FCC process are under investigation for the
application in Sc metallurgy. Low-temperature electrolysis in ionic liquids are of high potential but are
not applicable for large production quantities, rather for applications such as coatings. Processing via
carbothermic reduction does not provide a fully reduced product [5]. By employing the techniques of
vacuum induction melting (VIM), the parameters are easy to manipulate, reaction times are fast, and
the input material may be versatile. The application of reduction processes via VIM is unusual but has
been performed before [6].
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In 1937, the extraction of Sc metal from Sc precursors was first reported by Fischer et al. [7].
Motivated by the interest in the physical and chemical properties of the rare earth element, calciothermy
was applied to reduce ScF3. At this point in time, tantalum crucibles or sheets were not available;
instead, oxidic crucibles were used, which led to limited success in the product purity. The principles
were later advanced by Spedding et al. [8], who used Ta crucibles for the reduction processes and
subsequent refining steps, which resulted in 10 g Sc with minor impurities.

At the same time, research on the in situ production of Al-Sc master alloys by aluminothermic
reduction of Sc salts has been studied by numerous research with increasing numbers of publications
within the last few years. Most research has been carried out on master alloy production in the range of
2–10% Sc. The approach for most experimental campaigns is to dissolve ScF3 in a suitable salt slag and
to induce the reduction by bringing it in contact with Al [9]. The strong advantage of this technology
is the high Sc conversion yield (up to 91% for Al-Sc 2%) as well as the prevention of harmful off-gases.
On the other hand, only low Sc concentrations may be incorporated in the Al melt and the resulting
slag residue phase has little economic value. By using pure ScF3 and Al as input material, higher Sc
contents in the Al matrix are achievable. Data in the literature indicate that the maximum Sc content
is governed by the process temperature—at a maximum temperature of 1040 ◦C, Sc content reached
10% [10]. However, processing with this system leads to the formation of fluoridic gases, mainly AlF
and AlF3. A thorough analysis of the sublimates is given by Sokolova et al. [11]. Used refractory
materials are usually graphite [9,10] or Ta [8,12]. MgO refractory material was used at the beginning
of the research on Sc reduction [7]. Furnaces used for the reduction step are induction furnaces in
open atmosphere [9], a retort type reactor [10], and resistance heating furnaces [11,12]. Hydrofluoric
acid is used for ScF3 synthesis in the classical approach. Since the handling of HF is implicating
safety issues and an additional processing step is involved, the Sc extraction from Sc2O3 is desired.
Thus, metallothermic reduction of the oxide is thermochemically unfeasible for pure substances on a
technological basis. Therefore, different approaches are described in the literature that mostly comprise
in situ conversion of the oxide to fluoride. Harata et al. [12] used a mixture of Al and Ca as reducing
agent and produced an alloy with roughly 9 wt.-% Sc in the Al matrix, indicating a complete conversion
of the oxide into the metallic form.

A novel approach for in situ extraction of Al-Sc master alloys is presented in the present paper. By
combining the reduction of Al and Sc in one step, the alloying of Sc to Al melts, which are often paired
with Sc losses in a dross phase, is surpassed. The by-product, a slag phase with a liquidus temperature
of <1400 ◦C, enables an all-liquid system that is treatable in conventional vacuum induction furnaces.
The use of a Ta crucible allows fast heating rates and stability against the formed liquid phases.
Reduction mechanism and pathways are proposed as a result of a thermogravimetric analysis and
factorial design of experiment based VIM experiments.

2. Materials and Methods

2.1. Thermochemical Considerations

The thermochemical software tool FactSageTM (7.2, Thermfact/CRCT, Montreal, Canada/
GTT-Technologies, Aachen, Germany) was used to examine phase equilibria in the metallothermic
systems. The main ambition is to track changes within the systems with varying temperatures and
compositions regarding the addition of reducing agents. For the calculations of phase diagrams, the
module “Phase Diagram” was used, while equilibrium calculations were performed in “Equilib”. The
databases considered were FactPS, FTlite, FToxide, and FTsalt. Supplementary Materials is provided
containing information on the settings used for the calculations.

A novel approach to produce an in situ Al-Sc master alloy is to reduce both precursors of Al
(Al2O3) and Sc (ScF3) by Ca simultaneously, using the advantage of additional reaction enthalpy by Al
extraction that boosts the reduction process and giving the opportunity to promote the formation of a
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lower temperature liquid CaF2-Al2O3-CaO-(ScF3) slag as expressed for a complete reduction of Al2O3

and ScF3 in Equation (1):

(
3
2

x + 3y)Ca + xScF3 + yAl2O3 = Al y
2

Scx + (
3
2

x + 3y)(CaO · CaF2). (1)

In the system observed, fluoridic compounds are present that often exhibit high vapor pressures.
Here, ScF3, CaF2, AlF3, and AlF are most likely to evolve as gaseous species due to their relatively high
vapor pressures. Hence, losses of Al and F are expected in a pure substances scenario. Furthermore,
a reaction between Al and CaF2 is observed via simulation, indicating a conversion at elevated
temperatures leading to enhanced AlF formation (Figure 1).

(a) (b)

Figure 1. (a) vapor pressures of selected fluoridic compounds; (b) calculated CaF2 stability relative to
the weight fraction of Al added at different temperatures.

A thorough investigation of the most stable phases formed during variation of process parameters
for Equation (1) is shown here with special emphasis on metal and slag phases.

2.1.1. Al-Sc Alloys

The resulting metal phase from the co-reduction of Equation (1) is composed of Al, Sc, and C
with neglectable F and O contents. For a binary Al-Sc approach, with increasing Sc content in Al, the
liquidus temperature is increased with the formation of Al-Sc intermetallic phases. At Sc contents of
35.7 wt.-%, the compound Al3Sc is formed peritectically, whereas Al2Sc (Laves phase) and AlSc are
occurring at higher Sc concentrations.

An efficient extraction process ensures a full conversion of Sc into its metallic form. However, it is
also the most ignoble element in the system, considering only pure substances. In a ternary solution,
Sc activity is strongly depending on the composition and may be lowered below a certain threshold
where it is inactive as reducing agent. The calculated Sc activity in the Al-rich corner of the Al-Sc-Ca
ternary phase diagram is depicted in Figure 2. Note that Ca has a strong effect on the activity of Sc at
concentrations exceeding 10 wt.-%. The critical activity is determined as the threshold below which
Al2O3 as a pure substance is more stable than Sc2O3 and is found to be at 3.65 × 10−5. In the absence
of Ca, 16 wt.-% Sc in Al are found to be the highest concentration feasible. Hence, controlling the Ca
concentration is highly important for optimal Sc yields. At 1400 ◦C, the elemental concentrations of Sc,
Al and Ca as computed are listed in Table 1.
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(a) (b)

Figure 2. (a) calculated Al-Sc binary phase diagram up to 50 wt.-% Sc; (b) calculated Sc activity in the
Al-rich corner of the ternary Al-Sc-Ca system at 1400 ◦C. The highlighted region indicates the range in
which Sc activity is below the critical threshold.

Table 1. Sc, Al, and Ca concentrations calculated at different target ratios in metal phase at 1400 ◦C.

Targeted Sc Concentrations in wt.-% Sc in wt.-% Al in wt.-% Ca in wt.-%

2 1.8 75.9 22.3
5 4.4 74.3 21.3
10 9.0 72.2 18.9
20 18.5 68.2 13.3
50 42.8 49.0 8.3

2.1.2. Slag Design

The ternary phase diagram of CaO-CaF2-Al2O3 was examined to predict slag behavior originating
from the reduction. The boundary systems CaO-Al2O3 and CaF2-CaO are stable, whereas CaF2-Al2O3

may decompose. Above its sublimation temperature, the evolving AlF3 volatizes, thus disabling
equilibria conditions in an open system. In low CaO activity, CaF2-Al2O3 slags, AlF3 evaporation is
observed by Shinmei and Machida [13]. The underlying mechanism for the gas formation being a
reaction of AlF3 with Al was proven by Dyke et al. [14].

The oxyfluoridic by-product of the Al-Sc co-reduction exhibits a high melting point above 2000 ◦C,
if a stoichiometric conversion is processed. Hence, it is mandatory to add fluxing compounds that
lower the liquidus temperature and do not contaminate the metal phase. By adding CaF2 and Al2O3 at
a ratio of 7:3, slag liquidus temperatures as low as the projected melting point of the alloys (1200 ◦C)
may be realized (Figure 3). Note that the calculation does not include the Sc-bearing compounds that
might be dissolved in the slag, due to the assumption of a complete Sc reduction. In addition, metal
dissolution is not considered here as an effective parameter on the liquidus temperature.
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Figure 3. Ternary oxyfluoridic phase diagram CaF2-Al2O3-CaO with isotherms. The arrow depicts the
slag design strategy to minimize the liquidus temperature originating from the non-fluxed system as
indicated by the dot.

2.2. Materials

As basic material mixture, the thermochemical considerations were used to determine the ratios
at which

• Sc extraction yield is at 100%,
• The resulting slag phase has a liquidus temperature of <1400 ◦C,
• Minimum Ca contents are expected in the metallic matrix.

ScF3 as the Sc bearing compound is fully reduced when stiochiometric amounts of Ca are present.
Furthermore, the surplus Ca is converted by reducing Al2O3. Hence, CaO is formed which is combining
with Al2O3 and CaF2 to a liquid slag. Ultimately, the following ratios are employed (Table 2):

Table 2. Input ratio of materials.

Compound ScF3 Al2O3 CaF2 Ca

Weight factor 1.00 6.33 7.00 4.52

At this ratio, liquidus temperature of the slag produced is 1247.5 ◦C. The slag has a moderate
viscosity in comparison to slag without additive addition (viscosity calculation with FactSage). In
addition, an Al-Sc alloy with 20 wt.-% Sc is the result of the thermochemical simulation with a liquidus
temperature of the alloy of 1204.0 ◦C and a modest Ca contamination.

ScF3 was analyzed via XRF in order to identify impurities that might be critical for the subsequent
reduction process. Thus, material analysis via ICP-OES/IC was discarded in that matter as an overview
of the impurities was the main purpose. ScF3 purity was determined to be 99.584% with minor Na, Al,
and Si impurities (Table 3). Ca shots (SigmaAldrich, 99 wt.-% granular) were used as reducing agent,
Al2O3 (99.98 wt.-% powder, milled for 2 min), and CaF2 (Alfa Aesar, 99 wt.-% powder) as fluxes.
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Table 3. XRF analysis of ScF3.

ScF3 Na2O Al2O3 SiO2 P2O5 CaO Fe2O3 CuO SO3

99.584% 0.113% 0.122% 0.047% 0.005% 0.014% 0.021% 0.013% 0.080%

A distribution of particle sizes was determined by sieving analysis (Retsch Vibratory Sieve Shaker
AS 200 control, Haan, Germany). For the ScF3 used, fine as well as coarse particles were found,
indicating a broad particle size spectrum. While CaF2 is present at fine particle sizes with 75% smaller
45μm, Al2O3 was found to be rather large, with a greater share above 63 μm. Ca shots were also
sieved, with half of the weight above 2.5 mm and only a small fraction of granules below 2 mm (14%).
The results of the screen analysis performed on the input material are shown in Table 4.

Table 4. Particle size distribution of input materials.

Material >90 μm <90 μm <63 μm <45 μm total

ScF3 37% 7% 14% 37% 95%

CaF2 11% 6% 2% 75% 94%

Al2O3 48% 37% 7% 1% 93%

>2.5 mm <2.5 mm <2 mm

Ca 54% 31% 14%

2.3. Experimental Procedure

The thermogravimetric analysis (TG) was performed on a thermobalance (Netzsch STA 409,
alumina sample cups, 3.4 mL volume, Selb, Germany) at a heating rate of 10 K· min−1 and a maximum
temperature of 1500 ◦C. Argon was flushed continuously at 150 mL· min−1. A triple Yttria-coating
was applied onto the crucibles’ interior in order to avoid any reaction with the material.

A laboratory scale vacuum induction furnace from Leybold–Heraeus with a nominal power of up
to 5 kW, 10 kHz frequency, and a max. melting capacity of 60 mL is used for the extraction experiments.
Inside the water-cooled induction coil, a Ta crucible is placed, which is coupling with the induction
field to enable heat control of the system. A ZrO2 isolation layer is stabilizing the crucible, together
with refractory wool on the surface of the coil. The material is mixed prior to melting and is placed
inside the crucible; the system is covered by a Nb condenser unit to minimize dust distribution within
the vacuum chamber and to collect condensed material. Temperatures are measured continuously
via three type B (Pt-PtRh) thermocouples inside the bulk (Nb protection tube), as well as on the
condensator bottom and top (Figure 4). Fifteen experiments were performed with process temperature,
Ar pressure, retention time, and Ca surplus variation on the basis of 4 g ScF3. The alternated values
are listed in Table 5.

Table 5. Parameters varied for the factorial design of experiment.

Temperature in ◦C Pressure in mbar Retention Time in min Ca Surplus in %

1200–1450 200–800 15–45 100–200
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(a) (b)

Figure 4. (a) schematic setup inside the induction coil; (b) real setup viewed from above without a
condenser top.

3. Results

3.1. Thermogravimetric Analysis

TG analysis of the co-reduction mixtures indicate an initial weight loss occurring at 960 ◦C,
independent of CaF2 fluxing. For the stochiometric co-reduction without CaF2, the weight loss rate is
relatively constant over the temperature range of 960 ◦C to 1360 ◦C. Above that, the weight loss rate
decreases slightly. A different behavior is observed when CaF2 is added; here, the mass loss decelerates
at 1225 ◦C before increasing at 1410 ◦C (Figure 5).

Figure 5. TG analysis of the co-reduction mixture without fluxing (blue) and with CaF2 as flux (red).
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3.2. Al-Sc Synthesis via VIM

The Sc content in the slag was found to be higher than expected, with 2.12 wt.-% on average. With
Al and Ca corresponding well to the calculated versus the experimental concentrations, F is present at
far lower contents than expected by thermochemical modelling. A slight Ta pick-up from the crucible
is also observed. On the other hand, Al and Sc concentrations in the metal machined from the crucible
are far below the expected range, whereas Ca and Ta contribute mostly to the metallic phase (Figure 6).

Figure 6. Mean ICP-OES analysis values of the slag and metal phases obtained; IC analysis for F.

The main effects contributing to the final Sc concentration of the oxyfluoridic phase are shown in
Figure 7. Temperature dependency is indicating a minimum Sc slag content at 1330 ◦C; lower pressures
are favorable for low Sc concentrations. While the retention time does not have a severe impact on the
Sc content, high calcium surpluses have similar impact as low pressures.

Figure 7. Main effects plot for the Sc content in the produced slag phase.

Slag and metal samples of the experiment with the parameters closest to the found optimum
(1450 ◦C, 200 mbar, 15 min retention time, 200% Ca) were analyzed by SEM-EDS and are depicted
in Figures 8 and 9. Elemental mapping of the metal phase shows a Sc-rich region clearly separated
from Ca, whereas Al is found conjoined with Sc and Ca. Ta fragments originating from the crucible are
visible as well. The measured spectrum in the Sc-rich region is consisting mostly of Al (59.2 wt.-%)
and Sc (32.5 wt.-%), respectively. Thus, this region corresponds well to the composition Al3Sc if minor
impurities of Ca, Fa and Ta are discarded.
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Figure 8. Metal phase SEM-EDS mapping and spectral analysis on O, F, Al, Ca, Sc and Ta.

For the slag samples, the mapping indicates the formation of an oxyfluoridic slag as O and F are
found with similar intensities in the same regions. The slag is containing Al and Ca, as well as minor
Sc and Ta concentrations, where the latter may be attributed to crucible wearing. Regions with higher
Ca and F concentrations are found that are corresponding to the presence of CaF2.

Figure 9. Slag phase SEM-EDS mapping on O, F, Al, Ca, Sc and Ta.

3.3. Interdependencies of Parameters

Over the temperature range investigated, a decrease in pressure is equally favorable at all
temperatures. On the other hand, the retention time does not seem to have an impact on the extraction
efficiency at different temperatures, whereas an increase in Ca addition is especially effective at
low temperatures at 1200 ◦C. No interdependency is observed between pressure and retention time.
Nevertheless, the application of low pressures is substantially supported by increasing Ca additions.

4. Discussion

The thermogravimetric investigations that were conducted in order to obtain insights into the
reaction mechanisms during the calciothermic co-reduction of Al2O3 and ScF3 indicated temperature
ranges in which the processes occur. Especially between 960 ◦C and 1390 ◦C, mass losses are observed.
It is assumed that initial weight losses may be attributed to the evaporation of Ca that trigger the
reduction of the present Sc and Al precursors. The weight loss is decreasing above 1390 ◦C, indicating a

141



Metals 2019, 9, 1223

completion of the reaction process. However, if fluxing agents (additional Al2O3 and CaF2) are added,
a temperature range between 1225 ◦C and 1410 ◦C is observed in which weight loss is almost stopped.
Here, kinetic effects might hinder the evolving Ca; at higher temperatures, the weight loss increases
dramatically, which may be attributed to the evaporation of fluoridic compounds, such as CaF2.

Vacuum induction melting of the metallothermic mixtures was conducted with regard to the
parameters’ temperature, retention time, Ca addition, and pressure. The resulting slag may be extracted
and analyzed for its Sc content that was thus chosen as target value in order to compare the influence
of the parameters examined. Hence, the major findings of the study were as follows:

• The co-reduction of Al2O3 and ScF3 with Ca results in the phase separation of a slag and a metal.
Tantalum crucibles are not practicable due to the strong attack by the resulting metal phase.

• SEM-EDS analysis of the slag and metal samples confirms the synthesis of an oxyfluoridic slag;
Al-Sc with 32.5 wt.-% Sc is found in fragments.

• In the chosen experimental setting, the contamination of the metal sample with Ta and Ca is
too excessive to be used directly for alloying processes. However, the Sc concentration without
impurities amounts to 4.68 wt.-% on average, which is above the concentration for commercial
Al-Sc master alloys (2 wt.-% ). A refining step needs to be investigated in order to remove the
impurities by distillation/sublimation.

• Temperature, pressure, and retention time strongly affect the Sc content remaining in the slag.
• Gas–solid reactions between the evolving Ca and the feedstock are found to be the major reaction

mechanism. This assumption is supported by the results from TG analysis, as well as the
preference of low pressures (200 mbar) within the system.

• The low concentration of Al in the metal phase, as well as the F concentration that was found to be
much smaller compared to the thermochemical calculations, which might indicate an evaporation
of AlF3 that was not taken into account within the thermochemical considerations.

The interdependencies of the parameters investigated enable the drawing of conclusions regarding
the mechanisms of Al-Sc co-reduction. Due to the observation that the retention time does not have an
impact on the Sc content at various temperatures applied, it is probable that the reduction is already
complete at the minimum temperature of 1200 ◦C. With the decreasing impact of Ca addition at
elevated temperatures, it becomes apparent that a mechanism counteracts the calciothermic reduction
that occurs at lower temperatures. Thus, there is a retransfer of Sc into the slag phase that might be
associated with the increasing evaporation observed also by TG.

While the pressure influence is relatively independent from the retention time, low pressures are
very effective when Ca is present at twice the stochiometric need of the co-reduction. We assume
that the governing Ar pressure is acting as a kinetic barrier that hinders the free flow of Ca gas
through the bulk particles. Thus, Ca does not get in contact with the material and leaves it unreacted.
The hypothesis is supported by the observation that higher pressures are not influenced by high Ca
additions to the system, indicating a high ratio of unreacted Ca. Furthermore, the positive effect of
increasing Ca addition on longer retention times indicate the suppression of a Sc retransfer mechanism
when surplus Ca is present.

5. Conclusions

With regard to the differences between ICP/IC analysis and the calculated concentrations of
Al and F especially, a mechanism for the removal of these elements from the system is the most
probable explanation (Figure 10). Therefore, CaF2 has to be converted into a different compound with
F evaporation in a volatile compound. As shown in Figure 10, we propose a reaction path where
volatized Ca gas reduces primarily Al2O3 at temperatures exceeding the evaporation point of Ca
(Reaction step 1). Liquid Al is therefore available for subsequent reduction of ScF3 (Reaction step 3)
and the conversion of CaF2 to CaO in conjunction with Al2O3 (Reaction step 6). At temperatures above
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the liquidus temperature of the slag (Reaction step 7), the formation of the liquid phases decelerates
the evaporation rate substantially.

Figure 10. Proposed reaction mechanisms occurring during the co-reduction of ScF3 and Al2O3 with Ca.

Further research on the topic needs to be performed regarding the thermochemical and kinetic
evaluation of the system in the non-equilibrium state. Evaporation of fluoridic compounds is the main
driver for deviations from calculated system behaviors that need to be taken into account for optimized
process settings. Ultimately, a suitable container for the synthesized Al-Sc alloy needs to be chosen for
a proper phase separation as Ta crucibles are highly reactive with the metal phase. Nevertheless, a
refining step for Ca removal is necessary in order to reveal the potential of this technology with which
Sc master alloy concentrations in suitable quantities for alloying processes are feasible.
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SEM-EDS Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy
FCC Fray–Farthing–Chen–Cambridge
VIM Vacuum Induction Melting
TG Thermogravimetric
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Abstract: The pyrometallurgical processes for primary copper production have only off-line and
time-demanding analytical techniques to characterize the in and out streams of the smelting and
converting steps. Since these processes are highly exothermic, relevant process information could
potentially be obtained from the visible and near-infrared radiation emitted to the environment.
In this work, we apply spectral sensing and multivariate data analysis methodologies to identify
and classify copper and iron sulfide minerals present in the blend from spectra measured during
their combustion in a laboratory drop-tube setup, in which chemical reactions that take place in
flash smelting furnaces can be reproduced. Controlled combustion experiments were conducted
with two industrial concentrates and with high-grade mineral species as well, with a focus on
pyrite and chalcopyrite. Exploratory analysis by means of Principal Component Analysis (PCA)
applied on the spectral data depicted high correlation features among species with similar elemental
compositions. Classification algorithms were tested on the spectral data, and a classification accuracy
of 95.3% with a support vector machine (SVM) algorithm with a Gaussian kernel was achieved.
The results obtained by the described procedures are shown to be very promising as a first step in
the development of a predictive and analytical tool in search of fitting the current need for real-time
control of pyrometallurgical processes.

Keywords: copper concentrate; pyrometallurgy; flash smelting; combustion; classification; spectroscopy;
PCA; SIMCA; PLS-DA; k-NN; support vector machines

1. Introduction

The flash smelting process was developed in Finland in the late 1940s, and it has become one of the
main copper production technologies in the world, given its high production and fast implementation
capabilities at industrial and commercial scales. This process has attracted the interest of researchers
for more than five decades, from the first works that allowed understanding the mineralogy and
combustion kinetics of specific mineral particles, to modern works focused on the development and
application of computer fluid dynamics (CFD) models [1–3].

Mineral oxidation at high temperatures is the core in such processes, since it involves complex
energy and mass transfer mechanisms, as well as gaseous and intermediate species production.
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The research related to this combustion process has tried to uncover the chemical and physical
behaviors of those mineral particles present in copper concentrates in flash smelting conditions [4–6].
The species involved during the combustion absorb and emit energy with specific characteristics, which
can be used to retrieve information about the process condition [7]. In particular, optical information
at specific wavelengths has been used to describe the oxidation of the main sulfide minerals such as
chalcopyrite (CuFeS2) and pyrite (FeS2) [4,6], to estimate ignition temperatures [8–10], single particle
temperature [4,6], and to model particle size distributions [11].

In the combustion research field, visible and near-infrared (VIS-NIR) spectroscopic techniques are
applied to characterize and retrieve relevant process information, e.g., Keyvan et al. [12,13] estimated
natural gas flame temperature by means of the two-color pyrometry method; Romero et al. [14]
developed a real-time temperature and composition monitoring system for natural gas flames in a glass
production process; and Cai et al. [15] used least squares regression methods to fit coal flame spectral
emission by means of using gray body models based on Planck’s radiation law, with temperature and
emissivity as regression parameters.

Recently, researchers have reported on spectral measurements from laboratory-scale experiments
of copper concentrate combustion [16], and exploratory results depicted some spectral features related
to the combustion process, such as CuxO spectral emissions at 606 nm and 616 nm, as well as a
direct correlation among sulfur content in samples and broad band spectral intensity amplitudes.
Furthermore, chemometrics techniques, i.e., analytical tools applied for the chemical characterization
of samples, appear as a great tool to gain new insights from great volumes of data such as spectral
data. One of these applications was shown in the work of Stumpe et. Al. [17]. The researchers
achieved classifying different slag species coming from the steel industry by means of PCA and
SIMCA (Soft Independent Modelling of Class Analogy) models applied to the mid-infrared spectra.
Finally, industrial equipment applying radiometric techniques to control copper pyrometallurgical
processes has been developed, the Optical Process Controller (OPC) monitoring system manufactured
by Scandinavian Emissions Technology (Semtech) company. They discovered that lead species such as
PbS and PbO can be used as tracers to follow the conversion process state [18,19].

In this work, classification and exploratory analysis algorithms are applied to characterize
high-grade sulfide minerals by means of their VIS-NIR spectral radiation emitted from controlled
combustion experiments. Spectral information is measured in absolute radiometric amplitudes with
a previously-calibrated spectrometer and algorithms such as PCA, SIMCA, PLS-DA (Partial Least
Squares-Discriminant Analysis), k-Nearest Neighbors (k-NN), and SVM are applied to visualize the
spectral information behavior and to develop predictive classification models, so a short overview about
these methods is introduced in the next section. Classification model performance and comparisons
are evaluated during the training and validation process with cross-validation techniques, accuracy,
and error metrics.

The work is organized as follows: in Section 2, a description of the combustion setup and
an overview about the sensing techniques, preprocessing, and classification algorithms are given;
in Section 3, the results are discussed, and in Section 4, some conclusions and future work are outlined.

2. Materials and Methods

In Figure 1, the experimental setup is depicted. This experimental setup was installed in
the Metallurgical Engineering Department at the Universidad of Concepción, Concepción, Chile.
The system mainly consisted of: (i) gas and solid feeding systems; (ii) a reaction zone heated by an
electrical furnace; and (iii) an optical sensing system.
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Figure 1. Experimental setup for combustion experiments.

The solid feeding system consisted of a LAMBDA DOSER® (Lambda CZ s.r.o., Brno, Czech
Republic) of 0.2 L, with a feeding rate controller. Solids were fed by means of a water-cooled lance
manufactured of stainless-steel; this system also refrigerates the optical fiber installed through the center
to measure the radiation emitted in the zenithal position of the incandescent cloud of particles during
combustion. The reaction zone was made with a stainless-steel tube of a 0.12-m inner diameter with a
thickness of 3 mm, vertically positioned and heated on the surface by a controlled electrical furnace
able to reach 1473 K. The furnace temperature was monitored by means of a K-type thermocouple.
The process gas entering the reaction zone was a mixture of oxygen and nitrogen, and flows were
controlled with mass flow controllers.

In Figure 2, the general data acquisition and preprocessing pipeline is depicted. Particles during
combustion emitted radiation from the reaction zone, and the radiation was guided to a spectrometer by
a cooled optical fiber probe (Avantes Inc., Louisville, CO, USA) specially designed for high-temperature
environments. In this work, the VIS-NIR spectrometer USB4000 (Ocean Optis Inc., Dunedin, FL,
USA) was used to acquire the spectral data in the range from 400–900 nm with an average spectral
resolution of ~0.22 nm; also, the spectrometer was calibrated to measure the emitted radiation in
absolute irradiance units (μW/(cm2·nm)). The monitoring, acquisition, and spectrometer configuration
stages were controlled with software developed in LabView™ (National Instruments Corporation,
Austin, TX, USA ). Moreover, from a spectral point of view, it was assumed that the main spectral
features were emitted by particles in ignition and that hot gasses inside the reaction zone, e.g., SO2, N2,
and O2, were optically transparent in the analyzed spectral range.

In order to manipulate the spectral data, the applied algorithms assumed the data as a matrix
XMxN with columns representing the variables or sampling wavelengths, λi, I = 1, . . . , N, with each
row representing a spectrum, Ij, j = 1, . . . , M, measured at some instant, as depicted in Figure 2. In this
work, the number of acquired spectra for each experiment was related to material availability, and a
total of N = 2576 discrete wavelengths in the 400–900 nm range were analyzed.

After the data were acquired, further preprocessing could be necessary to compensate for external
perturbations such as particles size distribution and unstable feeding rates. Such methodologies are
described next.
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Signal processing and algorithm implementations were conducted in MATLAB® (The MathWorks,
Inc., Natick, MA, USA) [20], with the PLS Toolbox 5.2 (Eigenvector Research, Inc., Manson, WA,
USA) [21] and the Classification Learner App from the Machine Learning ToolboxTM (MATLAB®).

 

Figure 2. General spectral data acquisition and preprocessing pipeline.

2.1. VIS-NIR Spectral Signal Preprocessing

Spectral radiation emitted by objects at a high temperature are described by a continuous radiation
spectral feature, Ibb(λ,T), that follows a black body emission as a function of wavelength and object
temperature. This radiation can be modeled by Planck’s radiation law [16]. Since real bodies are
not ideal emitters, an emissivity function, ε, that measures thermal energy emission efficiency was
added to the model; thus, Ic(λ,T) = ε·Ibb(λ,T). This emissivity function can be wavelength independent
(gray bodies) or wavelength dependent (real bodies). Moreover, in combustion processes, line,
Id, and molecular, Im, emissions can be produced; thus, a measured spectrum can be modeled as
I(λ,T) = ε·Ibb(λ,T) + Id(λ) + Im(λ) + n, with n being a normally-distributed noise component.

As mentioned earlier, the acquired spectra require some preprocessing due to experimental issues,
which produce high variance among spectral intensities at different acquisition times. In spectroscopy,
some of the techniques suitable for external perturbation corrections are mainly divided into two
groups: (i) transformation methods over spectral samples like MSC (Multiplicative Scatter Correction)
and SNV (Standard Normal Variate) normalization methods, an; (ii) signal smoothing coupled with
derivative procedures such as the Savitzky–Golay (SG) algorithm. An exhaustive description of the
aforementioned methods can be found in [22]. It has been shown in works by some authors that
applying preprocessing algorithms improves the performance in regression or classification models
developed from the data [23].

2.2. Principal Component Analysis

After the preprocessing stage, an exploratory analysis was performed. For this purpose, PCA [24]
was implemented with MATLAB® and the PLS Toolbox. The goal of this method was to approximate
the data matrix XMxN by the product of two matrices:

X = T·LT (1)
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where T is the score matrix with M rows and d columns equal to the number of Principal Components
(PCs), and the L matrix is the loading matrix with d columns and N rows. This analysis allows
reducing the dimensionality of the original data to visualize their behavior easily in a reduced space;
it also allows assessing the most important variables that contribute to the variance in the original
dataset. This exploratory method is also the base for classification algorithms such as the SIMCA and
PLS-DA methods.

2.3. Classification Methods

In this work, the k-NN, SIMCA, PLSDA, and SVM classification methods were implemented.
To implement such methods, a spectral training set was needed, with each spectrum representing a
known class or category, e.g., 0 and 1 for chalcopyrite and pyrite, respectively, then, by having this
set or by developing the classification model, predictions on new spectral samples can be performed.
Figure 3 summarizes a general implementation of the classification algorithms to conduct predictions
for new data.

 

Figure 3. General classifiers training and prediction pipeline.

The k-NN method classifies an unknown spectrum by taking a distance measure (Euclidean or
Mahalanobis distance) to its nearest neighbors, of known categories. Therefore, an unknown sample is
classified according to the classes of its closest neighbors [25]. The SIMCA method [26] calculates a PCA
model on each spectral training dataset belonging to a known class. Then, it defines boundaries around
the reduced sample space for each class with a given probability, commonly of 95%, which allows
classes to overlap and, thus, a sample to belong to one or more categories with a defined probability.

The PLS-DA method is an adaptation of the Partial Least Squares regression method (PLS). In this
method, the target class or dependent variables are required; thus, a matrix Y is generated containing
the encoded classes as 0 and 1. PLS-DA reduces the dimensionality of measured variables, but in this
case, through partial least squares. Once the new Latent Variables (LVs) are calculated, the discriminant
analysis is carried out, and the boundaries between the classes are established. The classification of new
samples in the discriminant analysis is based on their probability to belong to one or another class: the
class with higher probability is assigned to the sample [27]. Finally, the SVM method constructs linear
decision surfaces over the original input vectors (samples) or mapped vectors into a high-dimension
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feature space through the implementation of kernel functions; in this work, two different types of
kernel functions were investigated: linear and Gaussian (RBF) [28].

For the accuracy of the trained model, confusion matrices (also known as misclassification matrices)
are presented [24]. These tables summarize the classification performance by depicting the number
of: False Positive estimations (FP); False Negative estimations (FN); True Positive estimations (TP)
and True Negative estimations (TN). This allows a more detailed analysis than the mere proportion of
correct classifications (accuracy). Then, Matthews’s correlation coefficient (MCC) is also estimated; this
metric can be estimated from the confusion matrix as:

MCC =
TP × TN − FP× FN√

(TP + FP)( TP + FN )( TN + FP )( TN + FN )
(2)

For the defined metric, Equation (2), MCC takes values between –1 and +1: MCC = +1 represents
a perfect prediction; MCC = −1 indicates a total disagreement between the predicted and observed
classes, and value of MCC = 0 represents a prediction no better than a random prediction. Note that
this metric can be only used in binary classification problems, in our case, we were only predicting the
presence of chalcopyrite or pyrite, since they are the main mineralogical species present in the copper
concentrates analyzed in this work.

2.4. Raw Materials and Experimental Design

Raw materials used in this work consisted of high-grade sulfide minerals mainly present in copper
concentrates. Table 1 depicts these species together with their p80 size parameter, chemical formula,
and abbreviations. Some of them were acquired from Ward’s Natural Science and Northern Geological
Suppliers, others by means of local suppliers.

Table 1. List of sample minerals.

Minerals Abbreviations Formula p80

Chalcopyrite Cpy CuFeS2 37 μm
Pyrite Py FeS2 35 μm

Bornite Bn Cu5FeS4 32 μm
Covelline Cv CuS 32 μm
Chalcocite Cs Cu2S 37 μm
Pyrrhotite Po FeS 35 μm
Enargite Enr Cu3AsS4 42 μm

Minerals were prepared with standard laboratory procedures to achieve dry and similar size
distributions. The mineralogy and size distribution of the samples were determined by means of X-Ray
Diffraction (XRD) and laser diffraction, respectively. Table 2 shows the qualitative analysis produced
by the XRD method.

Table 2. Qualitative results by X-ray diffraction.

Sample
Mineralogical Composition

Cpy Py Bn Cs Cv Po Enr

Chalcopyrite *** Tr - * - - -
Pyrite - *** - - - - -

Bornite * - *** - - - -
Chalcocite * - - *** - - -
Covelline Tr - - * *** - -
Pyrrhotite - * - - - *** -
Enargite Tr? Tr - - - - ***

*** = most abundant phase, ** = abundant phase, * = minority phase, - = no presence, Tr = trace phase,
? = uncertainty phase.
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Two different copper concentrates were also used as raw material, and their mineralogical
composition is shown in Table 3.

Table 3. Mineralogical composition of copper concentrate measured with a QEMSCAN®.

Mineral (%) Concentrate A Concentrate B

Chalcopyrite 32.7 66.7
Pyrite 45.5 16.5

Bornite 3.2 2.1
Covelline 0.8 0.1

Quartz 0.9 1.7
Muscovite 1.3 2.0

Others 15.6 10.9

The experimental design considered the combustion of mineral samples under fixed operating
conditions for all experiments, and such conditions were assessed as optimal from exploratory
experiments to ensure high signal to noise ratios, while the values were: a furnace operating
temperature of 1273 K and an 80%v O2, 20%v N2 process gas. Nitrogen and oxygen flows were
adjusted accordingly to ensure laminar flow conditions inside the drop-tube. For each experiment,
0.03 kg of sample were fed to the drop-tube.

Finally, combustion products were collected by means of a receptacle located at the bottom of the
drop-tube; the receptacle was water cooled to stop as fast as possible the chemical transformations in
order to have representative samples from the high-temperature oxidation process., and the products
were treated to conduct further analysis by QEMSCAN® (Quantitative Evaluation of Minerals by
SCANning electron microscopy, FEI Company, Hillsboro - Oregon, USA) technology.

3. Results and Discussion

In Figure 4, average measurements of calibrated spectra from each species are depicted, and
differences among spectral intensities along the sensed spectral range are observed, with pyrite
emission producing the highest intensity pattern. Moreover, the pyrite spectrum shows a pronounced
peak at 588 nm and a doublet at 765.8–769.3 nm, and the same peaks appear in the pyrrhotite, but with
less intensity. These signals were associated with sodium and potassium emissions, respectively, in
previous works [16]. On the other hand, the chalcopyrite spectrum shows slightly perceptible peaks,
while the other mineral species show only continuum spectral patterns.

Figure 4. Average emission spectra recorded during the combustion of seven different minerals.
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In order to compare the emission spectra from the different mineral species, a single measurement
matrix was constructed containing all the data, following the structure described in Figure 2. Because
the size of the measurement matrix was very large, the application of principal component analysis
(PCA) was chosen as an alternative to visualize the patterns of possible mineral species. Results
from PCA application are depicted in the scatterplot of Figure 5. The score analysis shows four very
marked groups, two related to chalcopyrite and pyrite emissions, one produced by pyrrhotite scores,
slightly overlapping on the pyrite spectra, and one group with the other species, which indicates a
high correlation among their spectral emission patterns.

Figure 5. PC1–PC2 scores from PCA applied to the mean centered data matrix.

The pyrrhotite scores’ behavior can be explained by the fact that at temperatures above 873 K, the
oxidation of chalcopyrite and pyrite occurs mainly through the decomposition of sulfur to produce
FeS according to the reactions:

CuFeS2(s) + 1/2O2(g) → 1/2Cu2S(s) + FeS(s) + 1/2SO2(g) (3)

FeS2(s) + O2(g) → FeS(s) + SO2(g) (4)

The spectra from the combustion of the sulfides presented in the previous equations can be confused
with the spectra of the sulfide mineral species. As mentioned earlier, the overlapping among the
score groups produced by bornite, chalcocite, covelline, and enargite [29–31] emissions can be justified
by the fact that the product of their thermal decomposition is Cu2S (reactions thermodynamically
favorable under the temperature attained by the combustion flames in each experiment), as shown in
the following reactions:

Cu5FeS4 → 5/2Cu2S + FeS + 1/4S2(g), (5)

Cu3AsS4 → 3/2Cu2S + 1/2 As2S3 + 1/2S2(g), (6)

CuS → 1/2Cu2S + 1/4S2(g), (7)

Moreover, the results of PCA applied on copper sulfide spectra had a very marked separation with
the chalcopyrite scores; in this case, this separation was given by the PC1, with most of chalcopyrite
scores located on the negative side of PC2.

In Table 4, the mineralogical composition of the combustion products is summarized. It can be
seen that products from enargite and covelline combustion have a high content of the Cu2S phase
(chalcocite). On the other hand, bornite and chalcocite partially reacted, and they also depicted low
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intensity profiles, so their radiation was prone to be overshadowed by the radiation emitted by the
furnace walls.

Table 4. Mineralogical composition of sulfide combustion products determined by QEMSCAN®.

Products (%) Py Po Cpy Enr Bn Cv Cs

Delafossite 0.04 0.02 33.70 0.70 0.62 0.24 0.36
FeOx 82.25 94.33 22.90 1.24 3.34 0.51 0.55

Chalcocite 0.00 0.00 2.52 52.01 19.38 77.38 83.27
Cuprite 0.00 0.00 1.43 28.92 18.44 16.63 15.68
Bornite 0.03 0.00 7.80 0.18 44.53 0.33 0.02
Enargite 0.00 0.00 0.00 15.41 0.25 0.00 0.00
Covellite 0.00 0.00 0.01 0.10 8.84 3.13 0.05

Other 17.68 5.65 31.64 1.44 4.60 1.78 0.07

In Figure 6a, the plot of PCs loadings depicts the variables’ (wavelengths) behavior for pyrite
and chalcopyrite combustion spectra. The peaks mentioned above and less intense peaks at 779.1 and
793.9 nm are observed. These peaks have been previously reported and may be associated with iron
species [16]. These peaks are also observed in the loadings obtained with PCA using only pyrite spectra.
For chalcopyrite spectra, loadings depict peaks at 606 and 616 nm (Figure 6b), and they are associated
with the presence of copper oxides [32]. Note that loading vectors only give an idea of the wavelengths’
contribution to spectral data variance and that in any case, their amplitude can be interpreted as a
relative concentration in the original spectra; however, they can be seen as a first approach to elucidate
the structure of spectral patterns hidden in the data because of their weak emissions. Loading analysis
for other species presented no relevant spectral patterns, so they are not shown in this work.

(a) (b) 

Figure 6. (a) PC1,PC2 loadings plots of pyrite combustion and (b) PC1–PC3 loadings plots of
chalcopyrite combustion.

Due to the promising results obtained with PCA, supervised classification methods such as k-NN,
PLS-DA, SIMCA, and SVM were applied. In this section, only chalcopyrite and pyrite emissions are
considered for analysis. To accomplish this, a training matrix was constructed from the emission
spectra that presented the best differentiation between mineral species, as depicted in Figure 3. Under
this assumption, 750 chalcopyrite and 750 pyrite spectra were chosen randomly. Finally, trained
classification models were evaluated on 500 spectra from chalcopyrite and pyrite combustion, spectra
from Copper Concentrate A and Copper Concentrate B combustion, and finally, spectra from mixtures
of pyrite/chalcopyrite in proportions of 30% Cpy-70% Py and 70% Cpy-30% Py combustion.
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From the set of applied preprocessing methods, the mean centering approach was chosen since it
presented a good justification of the accumulated variance from exploratory PCA analysis with a good
segregation of sample scores and low values of the root mean squared error of cross-validation for the
different methods’ implementation. In this work, a 10-fold cross-validation method was implemented
to estimate the optimum parameters of the trained models. Table 5 summarizes the optimum assessed
parameters for each implemented method.

Table 5. Calibration of the models depicting optimum parameters and performances evaluated with a
10-fold cross-validation procedure.

Model Optimum Parameters MCC

k-NN 2 neighbors 1

SIMCA 2 PCs for each species 0.983

PLS-DA 7 LVs 1

SVM Fine Gaussian kernel 1

Table 6 summarizes the results of predictions over the test matrices by using the optimal models,
the values of the MCC metric, and confusion matrices. It can be seen that during the predictions, the
k-NN model was not considered appropriate for the detection of pyrite combustion spectra, because
it had a low specificity (a large number of false positive samples); the same issue is observed with
SIMCA, with higher rates of false positives for both species; the PLS-DA and SVM methods show the
best classification results for the sulfide mineral species’ predictions. In the case of predicting the class
of copper concentrates, Concentrate A was mainly classified with a higher presence of pyrite, and the
opposite can be observed for Concentrate B, which was accurate by considering their mineralogical
composition; see Table 3. The same results can be observed from the binary mixture combustion, and
the algorithms predicted the high presence of pyrite or chalcopyrite species, accordingly.

Table 6. Prediction of chalcopyrite, pyrite, concentrates, and sulfide mixture by the trained models.

Model
Model Prediction

Cpy Py ConA ConB Py 70%-Cpy 30% Py 30%-Cpy 70%

k-NN
MCC 0.886 - -

Cpy 227 6 250 250 250 240
Py 23 244 0 0 0 10

SIMCA
MCC 0.721 - -

Cpy 240 64 0 241 207 84
Py 40 186 250 9 43 166

PLS-DA
MCC 0.900 - -

Cpy 236 11 2 244 235 160
Py 14 239 248 6 15 90

SVM
MCC 0.953 - -

Cpy 250 12 6 250 249 235
Py 0 238 244 0 1 15

4. Conclusions

From the results, it can be concluded that depending on the degree of reaction of sulfide species,
the spectra emitted can show patterns that allowed them to be differentiated, such as the pyrite and
pyrrhotite spectra in which emission peaks can be observed at 588, 765.8, and 769.3 nm, while species
like chalcopyrite required a multivariate analysis to uncover these peaks. In this case, by applying
PCA to the spectral datasets, peaks related to copper phases (606 and 616 nm) and others related to
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the oxidation of iron sulfides (779.1 and 793.9 nm) were found. These results allowed evaluating the
efficiency of the classification models by means of methods such as k-NN, SIMCA, PLS-DA, and SVM.
With all these methods, a good degree of prediction was observed against pyrite and chalcopyrite
spectra, while applying these methods to the spectra of copper concentrates’ combustion or binary
mixtures, the results were accurate in the sense that a higher presence of the two analyzed species
was predicted. Finally, the classification results with an SVM approach and with a Gaussian mapping
function of the original spectra generated the best classification results with 95.3% accuracy. In future
work, we will extend this analysis to perform regression predictions so that an estimation of the
proportion of sulfide mineral species during combustion in real scenarios can be performed.
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Abstract: The formation mechanism of deposits in commercial gas-fired magnetization-reduction
roasting rotary kiln was studied. The deposits ring adhered on the kiln wall based on the bonding
of low melting point eutectic liquid phase, and the deposit adhered on the air duct head by impact
deposition. The chemical composition and microstructure of the deposits sampled at different locations
varied slightly. Besides a small amount of quartz and limonite, main phases in the deposits are
fayalite, glass phase and magnetite. The formation of the deposits can be attributed to the derivation
of low melting point eutectic of fine limonite and coal ash, and the solid state reaction between them.
Coal ash, originated from the reduction coal, combining together with fine limonite particles, results
in the accumulation of deposits on the kiln wall and air duct. Fayalite, the binder phase, was a
key factor for deposit formation. The residual carbon in limonite may cause an over-reduction of
limonite and produce FeO. Amid the roasting process, SiO2, originated from limonite and coal ash,
may combine with FeO and reduce the liquefaction temperature, therewith liquid phase generates at
high temperature zone, which can significantly promote the growth of deposits.

Keywords: limonite; magnetization reduction roasting; rotary kiln; deposit; fayalite; FeO; liquid phase

1. Introduction

Due to the depletion of easy-processing iron ores, much attention has been paid to the utilization
of refractory ores in recent years [1–5]. Limonite ore is a common refractory iron oxide ore with low
grade, weak magnetic property and high gangue content. Although limonite ore is poorly responsive
to conventional beneficiation techniques, magnetizing roasting-magnetic separation approach has been
proved a promising solution for such refractory iron oxide ore beneficiation [1,6–9]. The limonite ore
becomes porous, easy-to-be-reduced and the iron grade can be naturally enriched by the removal of
crystal water which was banded with iron oxide after roasting process, then qualified iron concentrate
can be obtained by the sequential magnetic separation [10].

Industrial-scale magnetization reduction roasting (MRR) was first implemented in Ukraine in
the 1970s [11]. The MRR technology mainly include shaft furnace MRR, rotary kiln MRR, fluidized
MRR, etc. [12]. Generally, shaft furnace MRR technology has problems such as low iron recovery
rate, inefficient use of fine ores and high energy consumption [13]. Fluidized MRR technology has
been reported by many researchers [14–17], but due to the equipment design and control problems
in its industrialization, it stays still at laboratory or pilot level. Rotary kiln magnetization reduction
roasting technique has been applied in limonite processing lines. To explore the limonite ore resource
in Xinjiang, China, a Φ 4 m × 60 m rotary kiln MRR system was designed [18]. Till late of 2010,
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five MRR systems with the single capacity of 55 t/h were constructed and stable operation was achieved.
With this roasting-magnetic separation process, the average concentrate grade reached 61–62%, and
the iron recovery amounted to about 90%, which realized the economic and effective utilization of
limonite ore in actual practice.

However, amid the MRR production, it was usually found that there were deposits adhered on
the kiln wall at the discharge end and the top of the air duct in the kiln [18]. The deposit formation
is a serious problem which can significantly reduce the roasting product quality and the operation
efficiency. In grate-kiln for hematite pellet production, the characteristics and mechanism of the
deposits, especially, the influence of coal ash, were widely studied. The results show that the main
formation mechanism of deposits in rotary kiln is the crystallization and diffusion hematite. The liquid
phase plays a secondary role in the deposit formation [19,20], while the silicate phase also plays an
important role in deposit solidification [21]. Coal ash can enhance the bonding strength of the iron ore
powder compact [22]. A combination of coal ash, silicide glass phase, alum inosilicate molten phase
and low melting point liquid phase promotes the formation and accumulation of deposits, which
eventually results in deteriorate normal production conditions. In addition, studies show the formation
of deposit mainly depends on the accumulation of powder stocked on kiln wall, and the powder
concretion speed turns faster at higher temperature [23]. Research has shown that [24] compared to
other fuels, the usage of clean fuel is greatly beneficial in reducing of deposit formation rate.

As the commercial application of limonite MRR production is rare, there were few reports on its
deposit phenomena. Run-of-mine limonite ore was processed by the aforementioned Φ 4 m × 60 m
rotary kiln MRR plant in Xinjiang. Natural gas is used as the main fuel, while the reduction coal,
mixed with limonite ore as raw material, and a certain amount of pulverized coal was injected into the
rotary kiln by a coal gun to adjust the atmosphere and temperature. The total amount of coal was
about 4–8% (mass weight) of limonite ore. Serious deposit problem occurred during its beginning
operation. Therefore, it is essential to investigate the deposit formation mechanism. As the MRR and
oxidizing pellet processes are different in terms of raw materials, reaction atmosphere and temperature,
the formation mechanism and characteristics of the deposits may also be different. The formation
mechanism of deposit in a gas-fired rotary kiln for limonite MRR is still not very clear, so it is essential
to reveal the mechanism and take some practical measures to mitigate these occurrences to improve
product quality and productivity.

2. Materials and Methods

2.1. Materials

2.1.1. Chemical Analysis on Raw Materials

The chemical compositions and ignition loss of limonite ore are listed in Table 1. The coal properties
and ash components are listed in Tables 2 and 3.

Table 1. Chemical Compositions and Ignition Loss of Limonite Ore (wt%).

Total Fe FeO Fe2O3 SiO2 Al2O3 CaO MgO MnO K2O Na2O S Ig

35.85 10.2 39.92 18.89 3.79 2.22 2.42 1.86 1.02 0.092 0.26 15.8

Table 2. Property of the Coal (wt%).

Moisture/% Ash/% Volatile Matter/% Fixed Carbon/% Qgr/(MJ·Kg−1) Coking Properties (1–8)

2.3 10.28 30.02 57.32 28.63 2
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Table 3. Chemical Compositions of Coal Ash (wt%).

SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O

55.42 9.81 20.18 2.68 2.8 3.56 0.42

2.1.2. Locations in the Kiln Where Deposits Were Collected

Three kinds of deposit samples from different locations, one on the air duct and the other two
on the wall, were studied. The collection position on the cross section of the deposit ring on kiln
wall is shown in Figure 1. The samples collected from the upper layer, i.e., above the midline of the
longitudinal section of the deposit ring were labeled as S1, while those collected beneath the middle
line adjacent to the kiln wall were labeled as S2. Four samples were collected randomly of each layer
along the kiln wall deposit ring circumference. The size of a single sample was about 20 × 20 × 15 cm
(length × width × thickness). The deposit on the top of the first of the four air duct near the discharge
end was marked as S3, and there were no deposits on other air ducts behind.

Figure 1. Schematic diagram of sampling locations of different deposits.

2.2. Characterization Methods

The chemical compositions of limonite ore and deposit samples were determined using Chinese
Iron Ore Chemical Analysis Methods Standard [25]. The chemical composition of coal ash and the
analysis of steam coal were conducted according to GB/T 1574-2007and GB/T 212-2008, respectively.
The soft-melting characteristics of coal ash, limonite ore and deposit samples were analyzed according
to GB/T 212-2008. The phase composition of deposit samples was determined by X-ray diffraction
technique (XRD, Rigaku D/max-rA, Rigaku Co., Akishima, Japan). A scanning electron microscopy
(SEM, JSM-6490LV, JEOL Co., Ltd, Akishima, Japan) coupled with energy dispersive spectra analyzer
(EDS, NEPTUNE TEXS HP, EDAX Inc. Co., Ltd., McKee Drive Mahwah, NJ, USA) was used
to investigate the elemental distributions of the deposit samples. The mineralogy identification
analysis of the deposit samples was observed using an automatic polarizing microscope (DM4500P,
Leica Microsystems, Wetzlar, Germany). FactSage® 7.2 software was used to calculate the liquid
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phase range and liquefaction temperature change of the iron silicate phase in the deposit samples at
different FeO contents in Al2O3-SiO2-CaO-FeO system with the corresponding databases “FToxid”
and “FactPS”.

3. Results and Discussion

3.1. In-Line Observation of Deposits

The deposit ring of limonite MRR production generates at the discharge end. Its height increased
gradually along with the extension distance to the charge end. Located at a distance of 8 to 10 m in the
kiln from the discharge end, the deposit ring can accumulate to over one-meter high. Its height drops
rapidly after passing through the high temperature zone. Figure 2 shows the actual situation and
longitudinal section of the deposit ring in the rotary kiln. The accumulative deposit ring height may
affect the flow of raw materials and flue gas. The temperature in the region before the ring increased,
while that behind the ring declined remarkably, resulting in deterioration of process conditions.
When the height of the deposit ring attained 0.8–1.0 m or more, as illustrated in Figure 2b, the flow of
flue gas and raw materials will be hindered by the narrowed channel of the deposition ring. With the
accumulation of a large amount of raw materials between the deposit ring and the charge end of the
kiln, the motor risks overloading. If the deposit ring cannot fall off automatically, it will artificially
interfere to pause the operation and peel off the deposit ring after cooling down. As the deposit ring
needs 3 to 5 days to be removed per time, this reduces MRR production efficiency.

 
Figure 2. Digital photos of internal view of the Φ 4 m × 60 m limonite magnetization reduction roasting
(MRR) rotary kiln: (a) without deposit; (b) with serious deposits; (c) cross section schematic of the kiln.

Compared with the oxidized pellets production, which needs to be roasted generally at
temperatures over 1200 ◦C [20], the working temperature for the limonite MRR production is only
700–800 ◦C. Nevertheless, serious deposition occurs and the deposits grow very fast. The height of
the deposit ring on kiln wall can reach 0.4–0.8 m in 5–10 days and has seriously negative impact on
limonite MRR production.
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3.2. Appearance of Deposits

Figure 3 shows the appearance of the deposit samples. It can be seen that all these samples are of
grayish-black, while some of the deposits are stained with red Fe2O3 powder because the atmosphere
in the kiln was turned into oxidizing when quitting production. Showing fused state and metallic
luster, sample S1 possesses well-developed pores, and there is a lot granular limonite adhered to its
surface (Figure 3a). Sample S2 is mainly composed of fine-grained materials with obvious stratification,
which contains a small amount of granular limonite, and the pores in sample S2 are smaller than that of
sample S1 (Figure 3c). Sample S3 has fine and uniform grain, loose in texture and there is no adherence
of granular limonite (Figure 3d).

 

Figure 3. Digital photos of deposit samples collected from different locations in rotary kiln: (a) S1
with adhered limonite granules on surface; (b) characteristics of the longitudinal section of S1;
(c) characteristics of the longitudinal section of S2; (d) appearance characteristics of S3.

3.3. Chemical Composition of Deposits

The chemical compositions of deposit samples S1, S2 and S3 are listed in Table 4. Two results are
listed based on the highest and lowest FeO levels of samples S1 and S2, respectively. Compared with
the chemical compositions of iron ore (Table 1), it can be seen that the total Fe (TFe) grade of all the
deposits increased to about 40% from 35.85% of raw materials, and the main composition of the iron
oxides changes from Fe2O3 to FeO (wüstite). Analysis shows that the ignition loss of the limonite ore
was 15.8% (Table 1); apparently, the TFe grade of the deposits increased as a result of the ignition loss
of the limonite. Combined with the chemical compositions of iron ore and coal ash (Tables 1 and 3),
the increasing of SiO2, Al2O3, CaO, Na2O and K2O contents can be attributed to the addition of coal
ash. Previous researches [19–22] indicated that the iron oxides phase of the hematite pellet production
deposits was mainly Fe2O3 and trace FeO originated from the reduction of hematite by residual carbon
particles. The difference is that the iron oxide phase of limonite MRR production deposit was mainly
FeO and contains less Fe2O3. The reason for the difference might be that the production of hematite
pellets are carried out in oxidizing atmosphere; on the contrary, the production of limonite MRR
needs to maintain a reduced atmosphere in the rotary kiln by mixed 4–8% coal in limonite. Therefore,
the over-reduction reaction occurs to form FeO when limonite passes through high temperature zone
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in the limonite MRR production. As can be calculated from Table 1, the alkalinity of the iron ore is
only about 0.2; thus, the silicate phase can easily form, which may benefit the increase of FeO (wüstite)
content. The presence of FeO played a very important role in the formation of the deposits, as it can
chemically react with silica and other oxides to form high viscosity eutectic liquid phase [26], reduce
the melting point of a system significantly [27] and promotes the generation of liquid phase during the
deposit formation.

Table 4. Chemical compositions of deposit samples (wt%).

Deposit Sample Comp. FeO TFe FeO Fe2O3 SiO2 Al2O3 CaO MgO MnO K2O Na2O S

S1
max 42.51 44.89 8.66 29.57 6.52 2.51 2.69 2.28 2.05 0.15 0.31
min 39.78 40.16 9.93 30.32 7.64 2.82 2.02 2.09 1.93 0.22 0.27

S2
max 40.67 41.35 9.54 30.18 7.29 2.91 2.25 1.81 2.08 0.21 0.27
min 38.80 38.32 11.81 31.02 8.00 2.70 2.02 2.05 2.20 0.24 0.13

S3 - 34.53 37.22 6.82 33.42 9.28 4.41 2.40 1.77 2.20 0.32 0.18

The external deposit (S1) possesses more FeO and less Fe2O3 than the internal deposit (S2) (Table 4),
while other components for both samples are almost the same. This phenomenon might be a result of
varied reduction circumstances. For the internal deposit, as it is isolated from the reducing atmosphere,
the reduction reaction of iron oxides can only be induced by residual carbon trapped in the deposit. For
the external deposit, as it is closer to the flame, the higher temperature causes further over-reduction of
iron oxides.

Compared with the deposit on kiln wall (S1, S2), sample S3 contains more SiO2, Al2O3 and CaO
and less TFe and FeO. Generally, there are a lot of solid particles contained in the flue gas, mainly
composed of coal ash and fine ore particles. There is more coal ash in S3 than in S1 and S2, as the
coal ash has lower density than the disturbed limonite ore powder, and the content of coal ash in the
flue gas is higher. However, based on the TFe content in Tables 3 and 4, the disturbed limonite ore
powder in flue gas also was an important component of sample S3. These particles in the flue gas
inertial impact and compress bond to the surface on the top of air duct, chemical reaction occurs in the
reducing atmosphere and local high temperature [28,29], and a distinct layered deposition structure
was formed with the rotation of the kiln. It can be inferred that the superposition of inertial deposition
and chemical reaction was the main reason for the deposition of coal ash and limonite ore powder on
the air duct. In addition, as the zone where the air duct located is far away from the flame and has
lower temperature, there occurs no visible melting in sample S3. Compared with sample S1 and S2,
sample S3 has a more loose structure. It can easily be crushed by manpower, and, when it is large
enough, it falls off naturally, which means that it has no remarkable effect on MRR production.

3.4. Microstructural Characterization and Phase Evaluation

The microstructures of the deposit samples at different locations were obtained using a Leica
DM4500P polarizing microscope, and the results are shown in Figure 4. As shown in Figure 4, there is
a large number of round or elliptical pores inside sample S1 and S2 (Figure 4a,b), while there has a few
pores in sample S3 (Figure 4c). The pores in sample S1 (Figure 4b) are not only obvious larger than
sample S2 (Figure 4a), but also have many large thin-walled pores. Moreover, there are oriented linear
pores only occurs in sample S1 (Figure 4b). The reason for the generation of pores is that limonite
ore structure become loose and porous after losing crystal water, then the main component of the
reducing gas, carbon monoxide, can be deepened into the limonite ore particles and react with Fe2O3

to form CO2, and those CO2 bubbles become pores in the solidification of deposits. Generally, the
combustion efficiency of the pulverized coal is approximately 80–90% [30]. Therefore, the utilization
efficiency of coal in present study may be lower because the coal was mixed in the limonite mainly
for limonite reduction under lower temperature. When the coal particles trapped inside the deposits
were completely burned or reacted with adjacent limonite particles, the remaining vacancies became
pores. In addition, the bubbles in the viscosity liquid phase were elongated when the liquid phase
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flow and the elongated bubbles became oriented pores if the liquid phase solidifies rapidly (Figure 4b).
The rapid solidification of the deposits is possible in limonite MRR production. The production must
be stopped to remove the deposits if the deposit ring reached a height that affects the normal operation
of the rotary kiln, so the external deposit would undergo a rapid cooling process, resulting in rapid
solidification of the liquid phase. Sample S3 (Figure 4c) has loose structure and a few pores, indicating
that there was less liquid phase formation therein.

 

Figure 4. Polarized microscopic images of (a) internal deposit (S2); (b) external deposit (S1); (c) air duct
deposit (S3); (d) deposit containing independent quartz; (e) infiltrated magnetite phase; (f) granular
magnetite phase.

Figure 4 shows that the phase composition of deposit samples is basically the same. Besides some
independent quartz and limonite granules, the deposits consist mainly of fayalite, glass phase
(amorphous silicate) and a small amount of magnetite. As the embedded substrate of magnetite,
the irregular-shaped fayalite is the most important phase of the deposits at different locations. As shown
in Figure 4, it is clear that the fayalite is the main bonding phase, which connects the dispersed magnetite
and glass phase. The glass phase is mainly distributed around the pore or disseminates in fayalite, and it
has little intersection with magnetite. Magnetite usually embeds in fayalite with a locally enriched in
disseminated form (Figure 4e), some are denser round shape or elliptical agglomerates (Figure 4f).
The size of magnetite agglomerates varies greatly, generally between 0.02 to 2 mm. The large magnetite
agglomerates have obvious boundary, and pores were left by reduction reaction inside. It is clear that
these large magnetite agglomerates were mainly derived from the reduced limonite ore (Figure 4f).
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The disseminated magnetite agglomerates consist of a large number of spotted worm-like Fe3O4

crystallites, indicating that they were crystallized from liquid phase [31].
The structure of mineral phase of deposit samples were determined by XRD analysis. As illustrated

in Figure 5, the crystalline phase of S1, S2 and S3 were fayalite, magnetite and quartz. The peak
intensity of S1 is lower than that of S2, indicating it contains more amorphous phase in external deposit.
Polarization microscopic images (Figure 4a,b) show the same result. Sample S3 has the same phase
composition with S1 and S2, but there was more silica in S3, which is consistent with the results of
chemical analysis (Table 4).

 
Figure 5. X-ray diffraction (XRD) patterns of: (a) air duct deposit (S3); (b) external deposit on kiln wall
(S1); (c) internal deposit on kiln wall (S2).

According to the above analysis, the process of cooling and crystallization of deposits can be
inferred. The internal temperature of the deposit ring decreased as the height of the ring increased,
and the liquid phase begins to condense and crystallize. According to their melting point, the phase
with the highest melting point in the liquid phase precipitates first, while the other phases precipitated
sequentially [31]. Possessing the highest melting point (1597 ◦C) in the system, magnetite precipitated
first in the form of metal minerals phase. The iron silicate phase in the deposits then crystallized as
fayalite and encapsulated the precipitated magnetite. The phases with low melting point and poor
crystallization ability, and the mixture phases which had no time for crystallization in rapid cooling
were wrapped around the fayalite and solidified in form of glass phase. Since the melting point of
quartz is 1710 ◦C, it is not easy for the free quartz particles from the raw materials and coal ash to melt
amid the MRR process; however, they are prone to be angular erosive. The eroded quartz particles
were embedded randomly in the deposit in the form of monomers (Figure 4d).

Due to the serious negative impact on MRR production of deposits on kiln wall, the phase
evaluation and elemental distribution of sample S1 and S2 were determined by SEM-EDS analysis.
As shown in Figures 6 and 7, the phase composition of the kiln wall deposit is mainly fayalite (point
B) combined with magnetite (point A) and glass phase (amorphous silicate, point C), the same on
more microscopic scale comparing with the results of polarizing microscopy. As we can see from
Figures 6 and 7, the metal phase is almost entirely Fe3O4 with few impurities. The content of fayalite
is basically the same between different deposits. Compared with other two phases, the glass phase
composition is complicated. The content of calcium and silicon therein increased significantly, while
the iron content decreased, and small amounts of other elements, including magnesium, aluminum
and manganese, are also found in the glass phase.
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Figure 6. Scanning electron microscopy (SEM)-energy dispersive spectra (EDS) analysis of external
deposit sample (S1).

 
Figure 7. SEM-EDS analysis of internal deposit sample (S2).

As shown in Figure 8, the EDS elemental mapping testified the same elements distribution. It can
be seen from Figure 8 that iron is mainly concentrated in magnetite, and secondly in fayalite. Silicon is
mainly concentrated in glass phase, and secondary in fayalite. Aluminum and calcium are mainly
concentrated in glass phase, while the content of calcium is significantly higher than other phases.
Magnesium and manganese exist in a small amount in fayalite and glass phase. For different local
deposits, the distribution characteristics of elements are consistent, which suggests that the same rules
are followed during solidification of deposits. In addition, Figure 8 shows that there is a small amount
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of residual carbon left inside the deposits, indicates that it may maintain a reducing condition inside
the deposit during its formation, which benefits the formation of FeO.

 

Figure 8. EDS elemental mapping of deposit sample.

3.5. Mechanism for Deposit Formation

3.5.1. Generation of Wüstite (FeO)

Generally, the reduction reactions of coal are regarded as the combination of direct and indirect
reduction reactions [32]. Therefore, the reduction reaction of limonite MRR can be regarded as a
combination of direct carbon reduction and carbon monoxide reduction. The amount of coal blended
in the iron ore of sintering process is directly related to the FeO content in sintered ore. The FeO content
in sintered ore can be greater than 30% when the proportion of coal reaches 7% of the iron ore [33].
The amount of coal mixed in the limonite MRR process is 4–8%, which is equivalent to the sintering
process. Limonite was easily over-reduced to form FeO by the residual carbon in deposits when the
local temperature is too high. It can be seen that most of iron oxides in deposits existed in the form of
FeO (see Table 4).

Studied showed formation of FeO begins at about 900 ◦C from hematite under reduction
condition [34]. Even if the FeO content is only 5%, the liquefaction temperature of the low melting
point eutectic liquid phase can be reduced to about 920 ◦C, and the liquid phase content increases with
the increase of FeO content [35]. FeO played a very important role for producing low melting point
eutectic liquid phase.

3.5.2. Solid Phase Reaction Process of Al2O3-SiO2-CaO-FeO System

The solid-state reaction occurs at the interface of the two particles and produces a corresponding
eutectic liquid phase. The temperature at which the solid phase reaction begins is called the Tamman
temperature [36], which is much lower than the melting point of the reactants and the system eutectic
temperature. The solid state reaction can occur between limonite particles, coal ash particles, or between
limonite and coal ash particles in limonite MRR. The particles below 2 mm of the limonite account for
about 5–10% in Xinjiang MRR production, which are in a high activation state because of their high
lattice defect and high surface free energy. Moreover, decrystallization water and the transformation of
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the crystal lattice occurred during the reduction of limonite, which leads to partial particle pulverization
and strengthens the occurrence of solid-state reaction. In addition, since the alkalinity of the limonite
ore is low, the product of solid-state reaction under reducing atmosphere was mainly iron silicate.
The results of phase analysis show that fayalite is the most important phase composition and the most
important binder phase of the deposits. Alkali metal oxides and salts are known to act corrosively on
refractory brick [37]; moreover, the liquid phase may react and bond with the refractory brick [19,38].
These may be two important reasons for the deposits formed and adhered on kiln wall. The iron
silicate phase is mainly composed of fayalite, which can be derived from the direct reaction of FeO and
SiO2, or by the reaction of Fe3O4 with SiO2 and CO.

FeO can react with SiO2 to form low melting point eutectic liquid phase contains fayalite, wüstite
and silicate melts [39]. Fe3O4, FeO, SiO2 and solid particles are continuously infiltrated and eroded
by the eutectic liquid phase, lead to the continuous expansion of the liquid phase region. The phase
diagrams of Al2O3-SiO2-CaO-FeO system with different FeO content were plotted by FactSage® 7.2
software to show the effect of the FeO content on the change of liquid phase region and liquefaction
temperature. Figure 9a,b displayed the phase diagrams of the content of FeO were 20% and 40%,
respectively. As shown in Figure 9, the gap between the adjacent isotherm lines is 50 ◦C. Figure 9a
shows that the liquefaction temperature is less than 1100 ◦C when the FeO content is 20%, and it can be
seen from Figure 9b that the liquid phase areas significantly expanded and the liquefaction temperature
dropped below 1050 ◦C when the FeO content increased to 40%. Obviously, the amount of low melting
point eutectic liquid phase increased while the liquefaction temperature decreases significantly as the
FeO content increased.

Figure 9. Effects on liquid areas of Al2O3-SiO2-CaO-FeO phase diagrams by FeO of: (a) FeO/(Al2O3-
SiO2-CaO-FeO) (g/g) = 0.2; (b) FeO/(Al2O3-SiO2-CaO-FeO) (g/g) = 0.4.

3.5.3. Analysis of the Deposit Formation Mechanism

The fine particles with larger interfacial energy are more likely to coalesce together, because
the presence of low melting point eutectic liquid phase which accelerates the diffusion of the
fine-grained particle lattice atoms against the bond force at the mutual contact points or contact
surfaces. The aggregated particles wrapped by the eutectic liquid phase exhibit a strong diffusion
displacement effect under high temperature, prompting more particles to gather and grow up. Moreover,
the eutectic liquid phase will continuously keep melting the high-melting solid particles and expanding
the range of liquid phase. The eutectic liquid phase mixed with solid particles adheres to the refractory
bricks first [19], and adheres layer by layer with the rotation of the rotary kiln to form layer-structured
deposit ring on the kiln wall.

The formation process of air duct deposit was that coal ash and limonite ore particles adhere to the
duct head by inertial deposition first, and then bonded by a small amount of low melting point eutectic
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liquid phase. Therefore, the chemical composition ratio of air duct deposit was slightly different from
the kiln wall deposits, and has the same phase composition to the kiln wall deposits because it has the
same solid-state reaction and crystallization mechanism. Coal ash contains a large amount of SiO2 and
Al2O3, both which can further reduce the alkalinity of raw material, then, liquid phase forms more
easily and the formation rate of deposit increases.

The residual carbon retains the reducing atmosphere in deposit ring and promotes the formation
of FeO. Compared with other compositions, there are more FeO and SiO2 in the deposits. These two
compositions are the main factors influencing the generating of eutectic liquid phase as they can
significantly lower liquefaction point of the deposit. The schematic diagrams of the formation
process of kiln wall deposits and the impact deposition mechanism of air duct deposit were shown in
Figures 10 and 11, respectively.

 

Figure 10. Schematic diagram of kiln wall deposit formation.

Figure 11. Impact deposition mechanism of air duct deposit.

Influenced by limonite and coal composition, reaction atmosphere and coal ash dosage, the large
amount of liquid phase formed amid the MRR production and the formation of deposit is unavoidable.
However, the formation rate of the deposit can be significantly slowed down by restraining the
formation of low melting point eutectic liquid phase and the over-reduction of limonite, and by
reducing the content of coal ash. In the commercial practice in Xinjiang, by reducing the amount of
fine-grained limonite and the coal mixed in limonite, or using low-ash coal, the deposit formation rate
was reduced to 1/3 to 1/2 of the original value. By moving gas burner timely, the deposits on the kiln
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wall can periodically be cracked and collapsed, and the non-stop operation time of the rotary kiln MRR
system can be significantly prolonged up to 2 months or longer.

4. Conclusions

In this study, the deposits in gas-fired rotary kiln for limonite magnetic-reduction roasting were
characterized and the formation mechanism was investigated. The key factors of the deposit formation
for the limonite MRR production were clarified.

The deposit on the kiln wall is mainly formed by the solid phase reaction of the fine limonite
and coal ash, which generates low melting point eutectic liquid phase adhered granular limonite and
contributes to the grown of the deposit. The air duct deposit is mainly caused by the impact deposition
of fine particles in flue gas thereon, which results in solid state reaction and liquid phase formation at
high temperature, and bonded under the action of the viscous liquid phase.

FeO and SiO2 are the main factor for generating low melting point eutectic liquid phase. The liquid
phase infiltrates and erodes the surrounding solid materials, which results in the continuous expansion
of the liquid phase range and causes the solid particles to grow close together. This is the main factor
for the rapid growth of the deposit.

The main phase of deposits collected at different locations is mainly fayalite, glass phase, magnetite
and a small amount of quartz and limonite. Fayalite, the most important binder phase, accounts for
the formation and adhesion of deposits.

According to the deposit formation mechanism of the limonite MRR production, inhibiting the
formation of eutectic liquid phase may benefit the slowing down of the development of deposits, and
the possible approaches are reducing fine-grained limonite into the kiln, matching the coal blending
amount and reducing coal ash into the kiln by using low-ash coal.

Author Contributions: Conceptualization, X.F.; methodology, Y.S.; investigation, X.F. and Z.C.; resources, L.H.;
writing-original draft, X.F.; writing-review & editing, X.F. and X.X.; project administration, Z.C.; interpretation of
data, L.H.; approved the final version, X.F.

Funding: This research was funded by the 12th five-year National Key Technology Research and Development
Program of the Science and Technology of China (No. 2015BAB03B06).

Acknowledgments: The authors wish to thank the colleagues of the Changsha Research Institute of Mining and
Metallurgy Co. Ltd for their administrative support and helpful assistance with experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wu, F.; Cao, Z.; Wang, S.; Zhong, H. Novel and green metallurgical technique of comprehensive utilization
of refractory limonite ores. J. Clean. Prod. 2018, 171, 831–843. [CrossRef]

2. Liu, G.-S.; Strezovb, V.; Lucas, J.A.; Wibberley, L.J. Thermal investigations of direct iron ore reduction with
coal. Thermochim. Acta 2004, 410, 133–140. [CrossRef]

3. Luo, L.; Zhang, J.; Yu, Y. Recovering limonite from Australia iron ores by flocculation-high intensity magnetic
separation. J. Cent. South Univ. Technol. 2005, 12, 682–687. [CrossRef]

4. Chen, W.; Liu, X.; Peng, Z.; Wang, Q. Recovery of Huangmei limonite by flash magnetic roasting
technique. In Proceedings of the 3rd International Symposium on High-Temperature Metallurgical Processing,
Hoboken, NJ, USA, 17 March 2012; pp. 49–58.

5. Rath, S.S.; Dhawan, N.; Rao, D.S.; Das, B.; Mishra, B.K. Beneficiation studies of a difficult to treat iron ore
using conventional and microwave roasting. Powder Technol. 2016, 301, 1016–1024. [CrossRef]

6. Nasr, M.; Youssef, M.A. Optimization of magnetizing reduction and magnetic separation of iron ores by
experimental design. ISIJ Int. 1996, 36, 631–639. [CrossRef]

7. Youssef, M.A.; Morsi, M.B. Reduction roast and magnetic separation of oxidized iron ores for the production
of blast furnace feed. Can. Metall. Q. 2013, 37, 419–428. [CrossRef]

169



Metals 2019, 9, 764

8. Li, C.; Sun, H.; Bai, J.; Li, L. Innovative methodology for comprehensive utilization of iron ore tailings:
Part 1. The recovery of iron from iron ore tailings using magnetic separation after magnetizing roasting.
J. Hazard. Mater. 2010, 174, 71–77. [CrossRef]

9. Rath, S.S.; Sahoo, H.; Dhawan, N.; Rao, D.S.; Das, B.; Mishra, B.K. Optimal recovery of iron values from a
low grade iron ore using reduction roasting and magnetic separation. Sep. Sci. Technol. 2014, 49, 1927–1936.
[CrossRef]

10. Shuai, X.; Zhang, Y.; Xu, H.; Zhou, H.; Qi, Y. Magnetic roasting of limonite of low grade. J. Iron Steel Res.
2015, 27, 8–12. (In Chinese)

11. Ponomar, V.P.; Dudchenko, N.O.; Brik, A.B. Synthesis of magnetite powder from the mixture consisting of
siderite and hematite iron ores. Miner. Eng. 2018, 122, 277–284. [CrossRef]

12. Zhu, Q.; Li, H. Status quo and development prospect of magnetizing roasting via fluidized bed for low grade
iron ore. CIESC J. 2014, 65, 2437–2442. (In Chinese) [CrossRef]

13. Yan, A.; Chai, T.; Yu, W.; Xu, Z. Multi-objective evaluation-based hybrid intelligent control optimization for
shaft furnace roasting process. Control Eng. Pract. 2012, 20, 857–868. [CrossRef]

14. Wang, Q.; Chen, W.; Yu, Y.; Yan, X.; Liu, X. Test research on the flash magnetization roasting technology for
complex and refractory iron ore. Metal Mine 2009, 402, 73–76. (In Chinese)

15. Li, Y.; Zhu, T. Recovery of low grade haematite via fluidised bed magnetising roasting: Investigation of
magnetic properties and liberation characteristics. Ironmak. Steelmak. 2013, 39, 112–120. [CrossRef]

16. Liu, X.; Yu, Y.; Hong, Z.; Peng, Z.; Li, J.; Zhao, Q. Development and application of packaged technology for
flash(fluidization) magnetizing roasting of refractory weakly magnetic iron ore. Mining Metall. Eng. 2017, 37,
40–45. (In Chinese) [CrossRef]

17. Zhang, X.; Han, Y.; Sun, Y.; Li, Y. Innovative utilization of refractory iron ore via suspension magnetization
roasting: A pilot-scale study. Powder Technol. 2019, 352, 16–24. [CrossRef]

18. Fu, X.; Mao, Y.; Xue, S. Study on deposit formation and prevention control of large industrial magnetized
roasting rotary kiln. Nonferrous Met. (Miner. Process. Section) 2013, s1, 236–239. (In Chinese)

19. Wang, S.; Guo, Y.; Fan, J.; He, Y.; Jiang, T.; Chen, F.; Zheng, F.; Yang, L. Initial stage of deposit formation
process in a coal fired grate-rotary kiln for iron ore pellet production. Fuel Process. Technol. 2018, 175, 54–63.
[CrossRef]

20. Wang, S.; Guo, Y.; Fan, J.; Jiang, T.; Chen, F.; Zheng, F.; Yang, L. Deposits in a coal fired grate-kiln plant for
hematite pellet production: Characterization and primary formation mechanisms. Powder Technol. 2018, 333,
122–137. [CrossRef]

21. Guo, Y.-F.; Wang, S.; He, Y.; Jiang, T.; Chen, F.; Zheng, F.-Q. Deposit formation mechanisms in a pulverized
coal fired grate for hematite pellet production. Fuel Process. Technol. 2017, 161, 33–40. [CrossRef]

22. Zhong, Q.; Yang, Y.; Jiang, T.; Li, Q.; Xu, B. Effect of coal ash on ring behavior of iron-ore pellet powder in
kiln. Powder Technol. 2018, 323, 195–202. [CrossRef]

23. Jiang, T.; He, G.; Gan, M.; Li, G.; Fan, X.; Yuan, L. Forming mechanism of rings in rotary-Kiln for forming
mechanism of rings in rotary-kiln for oxidized pellet. J. Iron Steel Res. Int. 2009, 16, 292–297.

24. Stjernberg, J.; Jonsson, C.Y.C.; Wiinikka, H.; Lindblom, B.; Boström, D.; Öhman, M. Deposit formation in a
grate–kiln plant for iron-ore pellet production. Part 2: Characterization of deposits. Energy Fuels 2013, 27,
6171–6184. [CrossRef]

25. Zheng, G. Chemical analysis method standards and proficiency testing of laboratory for iron ore. Metall. Anal.
2015, 35, 37–44. (In Chinese)

26. Wu, X.; Ji, H.; Dai, B.; Zhang, L. Xinjiang lignite ash slagging and flowability under the weak reducing
environment at 1300 ◦C—A new method to quantify slag flow velocity and its correlation with slag properties.
Fuel Process. Technol. 2018, 171, 173–182. [CrossRef]

27. Zhang, Z.; Wu, X.; Zhou, T.; Chen, Y.; Hou, N.; Piao, G.; Kobayashi, N.; Itaya, Y.; Mori, S. The effect of
iron-bearing mineral melting behavior on ash deposition during coal combustion. Proc. Combust. Inst. 2011,
33, 2853–2861. [CrossRef]

28. Baxter, L.L.; DeSollart, R.W. A mechanistic description of ash deposition during pulverized coal combustion
predictions compared with observations. Fuel 1993, 72, 1411–1418. [CrossRef]

29. Baxter, L.L. Ash deposition during biomass and coal combustion a mechanistic approach. Biomass Bioenerg.
1993, 4, 85–102. [CrossRef]

170



Metals 2019, 9, 764

30. Ishii, K. (Ed.) Advanced Pulverized Coal Injection Technology and Blast Furnace Operation; Elsevier: Amsterdam,
The Netherlands, 2000.

31. Chen, Y.; Chen, R. Microstructure of Sinter and Pellet; Central South University Press: Changsha, China, 2011.
(In Chinese)

32. Ma, B.; Wang, C.; Yang, W.; Yin, F.; Chen, Y. Screening and reduction roasting of limonitic laterite and
ammonia-carbonate leaching of nickel–cobalt to produce a high-grade iron concentrate. Miner. Eng. 2013, 50,
106–113. [CrossRef]

33. Zhang, H. Theory and Technology of Sintered Pellets; Chemical Industry Press: Beijing, China, 2015. (In Chinese)
34. Zeng, T.; Helble, J.J.; Bool, L.E.; Sarofim, A.F. Iron transformations during combustion of Pittsburgh No. 8

coal. Fuel 2009, 88, 566–572. [CrossRef]
35. Wang, S.; Guo, Y.; Chen, F.; He, Y.; Jiang, T.; Zheng, F. Combustion reaction of pulverized coal on the deposit

formation in the kiln for iron ore pellet production. Energy Fuels 2016, 30, 6123–6131. [CrossRef]
36. Merkle, R.; Maier, J. On the tammann-rule. Z. Anorg. Allg. Chem. 2005, 631, 1163–1166. [CrossRef]
37. Dahotre, N.B.; Kadolkar, P.; Shah, S. Refractory ceramic coatings: Processes, systems and wettability/adhesion.

Surf. Interface Anal. 2001, 31, 659–672. [CrossRef]
38. Stjernberg, J.; Ion, J.C.; Antti, M.-L.; Nordin, L.-O.; Lindblom, B.; Odén, M. Extended studies of degradation

mechanisms in the refractory lining of a rotary kiln for iron ore pellet production. J. Eur. Ceram. Soc. 2012,
32, 1519–1528. [CrossRef]

39. Huffman, G.P.; Huggins, F.E.; Dunmyre, G.R. Investigation of the high-temperature behaviour of coal ash in
reducing and oxidizing atmospheres. Fuel 1981, 60, 585–597. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

171





metals

Article

Modification Mechanism of Spinel Inclusions in
Medium Manganese Steel with Rare Earth Treatment

Zhe Yu 1,2 and Chengjun Liu 1,2,*

1 Key Laboratory for Ecological Metallurgy of Multimetallic Ores (Ministry of Education),
Shenyang 110819, China

2 School of Metallurgy, Northeastern University, Shenyang 110819, China
* Correspondence: liucj@smm.neu.edu.cn; Tel.: +86-138-9885-0333

Received: 7 July 2019; Accepted: 19 July 2019; Published: 21 July 2019

Abstract: In aluminum deoxidized medium manganese steel, spinel inclusions are easily to form
during refining, and such inclusions will deteriorate the toughness of the medium manganese steel.
Rare earth inclusions have a smaller hardness, and their thermal expansion coefficients are similar to
that of steel. They can avoid large stress concentrations around inclusions during the heat treatment
of steel, which is beneficial for improving the toughness of steel. Therefore, rare earth Ce is usually
used to modify spinel inclusions in steel. In order to clarify the modification mechanism of spinel
inclusions in medium manganese steel with Ce treatment, high-temperature simulation experiments
were carried out. Samples were taken step by step during the experimental steel smelting process,
and the inclusions in the samples were analyzed by SEM-EDS. Finally, the experimental results were
discussed and analyzed in combination with thermodynamic calculations. The results show that after
Ce treatment, the amount of inclusions decrease, the inclusion size is basically less than 5 μm, and the
spinel inclusions are transformed into rare earth inclusions. After Ce addition, Mn and Mg in the
spinel inclusions are first replaced by Ce, and the spinel structure is destroyed to form CeAlO3. When
the O content in the steel is low, S in the steel will replace the O in the inclusion, and CeAlO3 and
spinel inclusions will be transformed into Ce2O2S. By measuring the total oxygen content of the steel,
the total Ce content required for complete modification of spinel inclusions can be obtained. Finally,
the critical conditions for the formation and transformation of inclusions in the Fe-Mn-Al-Mg-Ce-O-S
system at 1873K were obtained according to thermodynamic calculations.

Keywords: medium manganese steel; spinel inclusions; Ce treatment; modification mechanism

1. Introduction

Medium manganese steel is a typical representative of third generation automotive steel with
high strength and high plasticity. It can be applied to many body structure parts including automobile
A-pillars, B-pillars, anticollision beams, and sill reinforcement. Industrial experimental studies have
shown that (Mn,Mg)O·Al2O3- and MgO·Al2O3-type spinel inclusions will form during refining of
aluminum deoxidized medium manganese steel [1]. Spinel inclusions are generally angular and have
high hardness, which is the main cause of stamping and cracking defects in automotive steel [2,3].
Therefore, it is necessary to modify the spinel inclusions to improve the toughness of medium
manganese steel. At present, low-melting CaO-MgO-Al2O3 inclusions obtained by calcium treatment
are generally expected to avoid the damage of hard inclusions [4,5]. However, large-size inclusions
cannot be completely modified due to kinetic conditions, which means that the spinel phase core of the
complex inclusions will still exist and be exposed after rolling [6].

The rare earth element Ce has a good modification effect on the spinel [7–9], which can modify
the hard oxide inclusions into rare earth inclusions with a soft hardness [10]. Huang et al. [7,9]
and Wang et al. [8] respectively studied the modification behavior of Ce on inclusions in drill steel
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and high-speed railway steel, and the transformation mechanism of spinel to Ce2O3 and Ce2O2S
was described. However, there are relatively few reports on rare earth modified spinel inclusions.
The modification mechanism of Ce on the spinel inclusions is not comprehensive, and the effect of
aluminum content on Ce treatment has not been reported. Therefore, in this paper, the modification
behaviors of spinel inclusions after Ce treatment in medium manganese steel with different aluminum
contents were studied. Meanwhile, the Ce content required for complete modification of spinel
inclusions was discussed in combination with thermodynamic calculations, which are intended to
guide the appropriate addition of rare earth in the actual production process.

2. Experimental Procedure

High-temperature simulation experiments were carried out by using a MoSi2 furnace (TianJin
Muffle Technology Co. Ltd, Tianjin, China). According to the general composition of medium
manganese steel, the target Al content was set to three levels: low aluminum (0.02%), numbered R1;
medium aluminum (0.2%), numbered R2; and high aluminum (2.0%), numbered R3. The experimental
steps are as follows. Approximately 400 g of pure iron and an MnFe alloy was placed in a corundum
crucible and then placed in the constant temperature zone of the furnace. The master irons (pure
iron and MnFe alloy) were heated to 1873 K under argon atmosphere with a flow rate of 0.4 L min−1.
Subsequently, the oxygen activity in the molten steel was measured by an electrolyte oxygen probe,
and it was defined as the initial oxygen activity (No. 1 a[O]). Based on the target Al content, a certain
amount of Al wire was added, and NiMg alloy was added 10 min later. No. 2 a[O] was measured by
electrolyte oxygen probe after another 10 min from the addition of NiMg alloy, and then sample 0 was
taken by a quartz tube and quenched in an ice bath. Finally, CeFe alloy was added into the molten steel
to modify inclusions. Thereafter, the molten steel was respectively held for 1, 10, and 30 min at 1873 K
(1600 ◦C) and then successively sampled as above (sample 1–sample 3). After taking sample 2, the
oxygen activity was measured by an electrolyte oxygen probe, which was defined as the final oxygen
activity (No. 3 a[O]). The experimental process is provided in Figure 1. Table 1 shows the compositions
of raw materials, including pure iron, MnFe alloy, Al wire, NiMg alloy, and CeFe alloy.

 
Figure 1. Schematic diagram of the experimental process.

Table 1. Chemical composition of raw materials (mass fraction/%).

Type Fe Ni Mg Al C Si Mn Ce S P Others

Pure iron 99.9 0.01 - 0.001 0.0021 0.01 0.03 - 0.003 0.005 0.03
Al wire - - - 99.99 - - - - - - 0.01

MnFe alloy 12.57 - - - 1.5 1.5 84.2 - 0.03 0.2 -
NiMg alloy 0.93 80.12 17.98 - 0.78 0.19 - - - - -
CeFe alloy 79 - - - - - - 19 - - 2

To observe inclusions of steel, the steel samples were polished by SiC paper and diamond
suspensions. The chemical compositions and morphology of inclusions were analyzed through a
scanning electron microscope (SEM, Phenom Prox, Eindhoven, The Netherlands) and an energy
dispersive spectroscope (EDS, Phenom Prox, Eindhoven, The Netherlands). The contents of aluminum,
manganese, magnesium, and cerium in the steel were determined by using an inductively coupled
plasma optical emission spectrometer (ICP-OES, PerkinElmer, Waltham, MA, USA). The content of
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sulfur was measured by a carbon and sulfur analyzer. The total oxygen content was measured by an
oxygen and nitrogen analyzer. The contents of each element in the three steels (numbered R1, R2, and
R3) are listed in Table 2.

Table 2. Chemical composition of experimental steels (mass fraction/%).

No. C Mn Al Mg Ce S
a[O] TO

No. 1 No. 2 No. 3

R1 0.23 8.95 0.019 0.001 0.014 0.016 0.0149 0.0014 0.0005 0.0045
R2 0.21 9.18 0.21 0.001 0.015 0.016 0.0124 0.0002 0.0002 0.0021
R3 0.25 9.35 2.03 0.002 0.013 0.014 0.0149 0.0001 0.0001 0.0006

3. Results

3.1. Inclusion Transformation

The types of typical inclusions in the experimental steel are shown in Figure 2; there are five
types in common. The type 1 inclusions are Al2O3, as shown in Figure 2a. Almost no obvious Mn
element was detected in this type of inclusion. Both the type 2 and type 3 are spinel inclusions, namely
(Mn,Mg)O·Al2O3 and MgO·Al2O3 spinel, respectively. The type 4 and type 5 inclusions are rare earth
inclusions, and they appear bright white under SEM backscatter conditions. The type 4 inclusions are
CeAlO3, which are mostly block-shaped and have a small size of about 2~5 μm. The type 5 inclusions
are Ce2O2S, which are mostly spherical and have a size of about 3~8 μm.

 

Figure 2. Elemental mapping of typical inclusions in steel: (a) Al2O3; (b) (Mn,Mg)O·Al2O3;
(c) MgO·Al2O3; (d) CeAlO3; (e) Ce2O2S.
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After adding Ce, in addition to the above inclusions with uniform composition, there was a
small amount of complex inclusions in the steel that underwent modification, as shown in Figure 3.
In Figure 3a, the inclusion core is Mg-Al-O, and the outer layer is Ce-Al-O. In Figure 3b, the inclusion
core is Mg-Al-O, and the outer layer is Ce-O-S. In Figure 3c, the inclusion is divided into three layers.
The core is Mg-Al-O, the middle layer is Ce-Al-O, and the outermost layer is Ce-O-S. In Figure 3d, the
inclusion core is Ce-O-S, and the outer layer is Ce-Al-O.

 
Figure 3. Elemental mapping of typical complex inclusions: (a) Mg-Al-O + Ce-Al-O; (b) Mg-Al-O +
Ce-O-S; (c) Mg-Al-O + Ce-Al-O + Ce-O-S; (d) Ce-O-S + Ce-Al-O.

The types of uniform inclusions and complex inclusions for each sampling period are listed
in Table 3. It can be seen that the inclusions in the three experimental steels were mainly spinel
after aluminum deoxidation and magnesium treatment, and there was also a small amount of Al2O3

inclusions. The R1 experimental steel mainly contained (Mn,Mg)O·Al2O3 inclusions. The spinel
inclusions in the R2 and R3 experimental steels were mainly MgO·Al2O3.

Table 3. Types of inclusions at different stages.

Type Chemical Formula of
Inclusions

Samples in R1 Steel Samples in R2 Steel Samples in R3 Steel

0 1 2 3 0 1 2 3 0 1 2 3

1 Al2O3
√ √ √

2 (Mn,Mg)O·Al2O3
√√

3 MgO·Al2O3
√ √√ √

4 CeAlO3
√√ √√ √√ √√ √ √

5 Ce2O2S
√√ √ √√ √√ √√ √ √ √

a Mg-Al-O + Ce-Al-O
√ √ √ √

b Mg-Al-O + Ce-O-S
√ √ √ √

c Mg-Al-O + Ce-Al-O + Ce-O-S
√ √ √

d Ce-O-S + Ce-Al-O
√

Note:
√√

represents the main type of inclusions, and
√

represents a small number of inclusions.

After Ce treatment for 1 min, the inclusions in R1 experimental steel were mainly CeAlO3 and
Ce2O2S, and there was a small amount of complex inclusions of type a (Mg-Al-O + Ce-Al-O), b
(Mg-Al-O + Ce-OS), and c (Mg-Al-O + Ce-Al-O + Ce-OS). After Ce treatment for 10 min, the inclusions
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in steel were mainly CeAlO3, while there was still a small amount of Ce2O2S inclusions as well as type
a (Mg-Al-O + Ce-Al-O) and d (Ce-O-S + Ce-Al-O) complex inclusions. After Ce treatment for 30 min,
the inclusions in the steel were almost all CeAlO3. It indicated that Ce-Al-O and Ce-O-S inclusions
would be directly formed in the steel after Ce addition. Meanwhile, spinel inclusions would also be
modified by Ce. As time prolonged, spinel inclusions were gradually modified completely, and Ce-O-S
would be transformed into Ce-Al-O.

After Ce treatment for 1 min, the inclusions in R2 experimental steel were mainly CeAlO3 and
Ce2O2S, and there was a small amount of complex inclusions of type a (Mg-Al-O + Ce-Al-O), b
(Mg-Al-O + Ce-OS), and c (Mg-Al-O + Ce-Al-O + Ce-OS). After Ce treatment for 10 min, the inclusions
in steel were mainly CeAlO3, while there was still a small amount of Ce2O2S inclusions as well as
type a (Mg-Al-O + Ce-Al-O) and b (Mg-Al-O + Ce-O-S) complex inclusions. After Ce treatment for
30 min, both CeAlO3 and Ce2O2S were present in the steel. It indicated that Ce-Al-O and Ce-O-S
inclusions would directly form in the steel after Ce addition. Meanwhile, spinel inclusions would also
be modified by Ce. As time prolonged, spinel inclusions would gradually be transformed into Ce-Al-O
and Ce-O-S.

After Ce treatment for 1 min, the inclusions in R3 experimental steel were mainly Ce2O2S, and
there was a small amount of complex inclusions of type a (Mg-Al-O + Ce-Al-O) and c (Mg-Al-O
+ Ce-Al-O + Ce-OS). After Ce treatment for 10 min, the inclusions in steel were mainly Ce2O2S. It
indicated that Ce-O-S inclusions would directly form in the steel after Ce addition. Meanwhile, spinel
inclusions would also be modified by Ce. As time prolonged, spinel inclusions would be gradually
transformed into Ce-O-S.

3.2. The Number Density and Size Change of Inclusions

In order to investigate the influence of Ce treatment on the number and size of inclusions in
steel, Image pro plus software (Version 6.0, Media Cybernetics, Shanghai, China) was used to count
the number density (number of inclusions per square millimeter) and size (equivalent diameter) of
inclusions for each sampling period in the three experimental steels. Each sample counted 150 fields
of view at 2000 magnification, for a total area of 1.5 mm2. The number density and size change of
inclusions during the experiment are shown in Figure 4.

It can be seen from Figure 4 that the variation law of the size and number density of inclusions
in the three experimental steels is basically identical. After Ce treatment for 1 min, the proportion of
inclusions with a size 0.5–2.0 μm (see Figure 4a) and the number density of inclusions (see Figure 4b)
increased significantly. With the prolongation of treatment time, the number density of inclusions
showed a decreasing trend, and the size of inclusions showed a slight increasing trend. However,
inclusions with a size less than 5 μm were still dominant after 30 min.
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Figure 4. Size distribution (a) and number density (b) of inclusions in three steels at different stages.

4. Thermodynamics Analysis

After Ce treatment, the oxygen activity in the R1 experimental steel decreased (see Table 2), and
the inclusions in the steel were mainly CeAlO3 at 30 min after Ce treatment (see Table 3). The oxygen
activity in R2 and R3 steels before Ce treatment had dropped to a very low level due to the high Al
content. Therefore, the oxygen activity would not be further decreased after Ce addition (see Table 2).
The inclusions present in the steels were mainly Ce2O2S at 30 min after Ce treatment, and only a small
amount of CeAlO3 inclusions were found in the R2 experimental steel (see Table 3). It indicates that Ce
treatment can modify spinel inclusions into rare earth inclusions. The deoxidation reaction between
Ce and O will preferentially proceed after the addition of Ce to steel, and Ce will react with S when the
O content is at a very low level. The experimental phenomenon is consistent with previous research
results [11,12].

To assess the evolution mechanism of inclusions in the steel, an inclusion stability diagram
of Fe-10%Mn-0.001%Mg-0.015%S-0.015%Ce-Al-O system at 1873 K was calculated by FactSageTM

program (Version 7.1, developed by Thermfact/CRCT (Montreal, Canada) and GTT-Technologies
(Achen, Germany)), as shown in Figure 5. The compositions of the three experimental steels are
also marked in it. In the calculation, in addition to FactPS, FToxid, and FSstel databases, a privately
created database MYDT containing thermodynamic data of Ce2O2S [13] was also selected. As can
be seen from the figure, the stable inclusion region shows a change of CeAlO3 → CeAlO3 + Ce2O2S
→ Ce2O2S as the oxygen content decreases within a fairly large range of Al content in the steel. The
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composition of R1 experimental steel was located in the CeAlO3 stable region, and the stable inclusions
in the R2 experimental steel were CeAlO3 + Ce2O2S, which was consistent with the experimental
results (see Table 3). The thermodynamic calculation results of R3 experimental steel showed that
there were no inclusions, which was inconsistent with the experimental results. The main reason is
that thermodynamic calculations by Factsage have large deviations from the actual situation when
the Al content is higher. This phenomenon is also proved by others [14], and a large amount of data
indicate that the actual equilibrium oxygen content in steel is lower than the calculated value under
high aluminum conditions in steel. Therefore, the activity relationship will be used to express the
critical condition of inclusion transformation as follows.

Figure 5. Stability diagram in the Fe-10%Mn-0.001%Mg-0.015%S-0.015%Ce-Al-O system at 1873 K.

According to the experimental results, the chemical reactions involved in the Fe-Mn-Al-Mg-Ce-O-S
system and related standard Gibbs free energy [15–20] are shown in Table 4.

Table 4. Possible chemical reactions in steel and its standard Gibbs free energy.

No. Reaction Equations in Molten Steel ΔGθ (J/mol)

1 2[Al] + 3[O] = Al2O3(s) −867,370 + 222.5T [20]
2 [Mg] + [O] =MgO(s) −89,960 − 82.0T [19]
3 [Mn] + [O] =MnO(s) −287,900 + 125T [17]
4 [Mn] + 2[Al] + 4[O] =MnO·Al2O3(s) −1,545,000 + 524T [17]
5 [Mg] + 2[Al] + 4[O] =MgO·Al2O3(s) −978,182 + 128.93T [18]
6 2[Ce] + 2[O] + [S] = Ce2O2S(s) −1,353,592.4 + 331.6T [16]
7 [Ce] + [Al] + 3[O] = CeAlO3(s) −1,366,460 + 364T [15]

The deoxidation equilibrium relationship of the molten steel includes Al-O, Al-Mg-O, Al-Ce-O,
and Ce-S-O, and the formation conditions of the corresponding inclusions at 1873 K are as follows.

The formation condition of Al2O3 inclusions is that oxygen activity in steel is greater than that
limited by the Al–O equilibrium, as shown in Equation (1)

aO > a−2/3
Al ·K−1/3

Al2O3
= 6.468× 10−5·a−2/3

Al , (1)

where K represents the equilibrium constant of the corresponding reaction, and a represents the activity
of the corresponding component (the same as below).

179



Metals 2019, 9, 804

The formation condition of MgO·Al2O3 inclusions is that the actual oxygen activity in steel is
greater than that limited by the Mg-Al-O equilibrium, as shown in Equation (2)

aO > a−1/2
Al ·a−1/4

Mg ·K−1/4
MgO·Al2O3

= 7.303× 10−6·a−1/2
Al ·a−1/4

Mg . (2)

The formation conditions of CeAlO3 inclusions is that the actual oxygen activity in steel is greater
than that limited by Ce-Al-O equilibrium, as shown in Equation (3)

aO > a−1/3
Al ·a−1/3

Ce ·K−1/3
CeAlO3

= 4.31× 10−7·a−1/3
Al ·a−1/3

Ce . (3)

The formation conditions of Ce2O2S inclusions is that the actual oxygen activity in steel is greater
than that limited by Ce-O-S equilibrium, as shown in Equation (4)

aO > a−1
Ce·a−1/2

S ·K−1/2
Ce2O2S = 6.1× 10−11·a−1

Ce·a−1/2
S . (4)

The transformation reaction between the inclusions can be obtained by associating the reactions
in Table 2, as follows.

Conditions for Al2O3 transformation into MgO·Al2O3:

4Al2O3(s) + 3[Mg] = 2[Al] + 3MgO·Al2O3(s) ΔGθ = 534, 934− 503.21T. (5)

Let ΔG < 0, at 1873 K:
aMg> 1.625× 10−4·a2/3

Al . (6)

Conditions for MgO·Al2O3 transformation into CeAlO3:

4[Ce] + 3MgO·Al2O3(s) = 4CeAlO3(s) + 3[Mg] + 2[Al] ΔGθ = −2, 531, 294 + 1069.21T. (7)

Let ΔG < 0, at 1873 K:
aCe > 2.061× 10−4·a3/4

Mg ·a1/2
Al . (8)

Conditions for CeAlO3 transformation into Ce2O2S:

[Ce] + [S] + CeAlO3(s) = Ce2O2S(s) + [Al] + [O] ΔGθ = 12, 867.6− 32.4T. (9)

Let ΔG < 0, at 1873 K:
aCe > 0.0464·aO·aAl·a−1

S . (10)

Conditions for MgO·Al2O3 transformation into Ce2O2S:

8[Ce] + 4[S] + 3MgO·Al2O3(s) = 4Ce2O2S(s) + 3[Mg] + 6[Al] + 4[O]

ΔGθ = −2, 479, 823.6 + 939.61T.
(11)

Let ΔG < 0, at 1873 K:
aCe > 3.09× 10−3·a3/8

Mg ·a3/4
Al ·a1/2

O ·a−1/2
S . (12)

According to the above analysis, the inclusion formation conditions can be obtained as follows.
(1) The formation condition of MgO·Al2O3 in steel at 1873 K after magnesium treatment needs

to be considered from two different formation mechanisms, as above mentioned. One is that Al2O3

can transform into MgO·Al2O3 (as shown in Equation (6)), which will provide a limit on magnesium
activity. The other one is that MgO·Al2O3 can directly form from steel (as shown in Equation (2)), which
requires the oxygen activity to be higher than the equilibrium oxygen activity limited by Mg-Al-O,
as follows.

aMg > 1.625× 10−4·a2/3
Al , aO > 7.303× 10−6·a−1/2

Al ·a−1/4
Mg . (13)

180



Metals 2019, 9, 804

(2) There are also two considerations for the formation condition of single CeAlO3 in steel at 1873
K. One is that MgO·Al2O3 can transform into stable CeAlO3 (as shown in Equation (8)), which means
CeAlO3 cannot spontaneously transform into Ce2O2S (as shown in Equation (10)); this will provide
both the upper and lower limits of Ce activity. The other consideration is that CeAlO3 can directly form
from steel (as shown in Equation (3)), but Ce2O2S should not spontaneously precipitate (as shown
in Equation (4)). This will also limit the upper and lower limits of oxygen activity, which means the
oxygen activity should be higher than the equilibrium oxygen activity limited by Ce-Al-O but lower
than the equilibrium oxygen activity limited by Ce-O-S, as follows.

0.0464·aO·aAl·a−1
S > aCe > 2.061× 10−4·a−3/4

Mg ·a−1/2
Al ,

6.1× 10−11·a−1
Ce·a−1/2

S > aO > 4.31× 10−7·a−1/3
Al ·a−1/3

Ce .
(14)

(3) There are also two considerations for the formation condition of CeAlO3 and Ce2O2S in steel
at 1873 K. One is that MgO·Al2O3 can transform into stable CeAlO3 (as shown in Equation (8)), and
CeAlO3 can transform into Ce2O2S (as shown in Equation (10)); this will provide both the lower limits
of Ce activity. The other consideration is that CeAlO3 and Ce2O2S can directly form from steel (as
shown in Equations (3) and (4)). This will also limit the lower limits of oxygen activity, which means
the oxygen activity should be higher than the equilibrium oxygen activity limited by Ce-Al-O and
Ce-O-S, as follows.

aCe > max
{
2.061× 10−4·a3/4

Mg ·a1/2
Al , 3.09× 10−3·a3/8

Mg ·a3/4
Al ·a1/2

O ·a−1/2
S

}
,

aO > max
{
4.31× 10−7·a−1/3

Al ·a−1/3
Ce , 6.1× 10−11·a−1

Ce·a−1/2
S

}
.

(15)

(4) There are also two considerations for the formation condition of single Ce2O2S in steel at
1873 K. One is that MgO·Al2O3 can transform into stable Ce2O2S (as shown in Equation (10)), which
means CeAlO3 cannot spontaneously transform into CeAlO3 (as shown in Equation (8)); this will
provide both the upper and lower limits of Ce activity. The other consideration is that Ce2O2S can
directly form from steel (as shown in Equation (4)), but CeAlO3 should not spontaneously precipitate
(as shown in Equation (3)). This will also limit the upper and lower limits of oxygen activity, which
means the oxygen activity should be higher than the equilibrium oxygen activity limited by Ce-O-S
but lower than the equilibrium oxygen activity limited by Ce-Al-O, as follows.

aCe > 3.09× 10−3·a3/8
Mg ·a3/4

Al ·a1/2
O ·a−1/2

S , 4.31× 10−7·a−1/3
Al ·a−1/3

Ce > aO > 6.1× 10−11·a−1
Ce·a−1/2

S . (16)

In summary, the modification mechanism of Ce to spinel inclusions can be shown in Figure 6. Ce
can modify the spinel inclusions into CeAlO3 or Ce2O2S. There are three main modification paths: 1�
Spinel can directly transform into CeAlO3 by Ce, namely spinel→ Ce-Al-O +Mg-Al-O→ CeAlO3,
which can be proved by the complex inclusion shown in Figure 3a. 2� After Ce treatment, spinel can
be preferentially transformed to CeAlO3. After a while, the resulting CeAlO3 product layer will be
transformed to Ce2O2S. The first-step reaction was considered to be difficult to perform completely
because we observed some inclusions with a three-layer structure in the experiment, as shown in
Figure 3c. If treatment time is enough, it will eventually transform into uniform Ce2O2S. The above
path can be summarized as spinel→ Ce-Al-O +Mg-Al-O→ Ce-O-S + Ce-Al-O +Mg-Al-O→ Ce2O2S.
3� Spinel can be directly transformed into Ce2O2S by Ce, the modification path is spinel→ Ce-O-S +

Mg-Al-O→ Ce2O2S. The related modification mechanism is as follows: After Ce addition, Mn and Mg
in the spinel inclusions are first replaced by Ce, and the spinel structure will be destroyed in the above
process to form CeAlO3. If the O content in the steel is low, which means that the S content is relatively
high, S in the steel will participate in the above displacement reaction to replace the O in the inclusion.
In general, CeAlO3 and spinel inclusions will transform into Ce2O2S through paths 2 and 3. Under the
experimental steel conditions, the modification sequence of Ce to spinel inclusions is spinel→ CeAlO3

→ Ce2O2S.
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Figure 6. Modification mechanism of spinel inclusions.

Huang et al. [7,9] and Wang et al. [8] reported that the sequence of Ce-modified spinel is spinel
→ CeAlO3 → Ce2O3 → Ce2O2S or spinel→ Ce2O3 → Ce2O2S. However, no Ce2O3 inclusions were
found in the present experimental steel. After comparing the experimental conditions, it was found
that the contents of Al and S in the steel were different. Therefore, the stability diagram in the
Fe-10%Mn-0.001%Mg-0.015%Ce-0.005%O-Al-S system at 1873 K was calculated using FactSage 7.1
(databases FactPS, FToxid, FSstel, MYDT), as shown in Figure 7. As can be seen from the red line in
Figure 7, as the S content in the steel increased, the precipitation condition for the Ce2O3 required
a lower Al content. The S content in our experimental steels was as high as 0.015%. Therefore, the
formation condition of Ce2O3 was not reached when the Al content was higher than 0.02%.

Figure 7. Stability diagram in the Fe-10%Mn-0.001%Mg-0.015%Ce-0.005%O-Al-S system at 1873 K.

5. Ce Content Required for Complete Modification of Spinel Inclusions

There are complex interactions between different elements, such as Ce, Al, O, and S, in the steel
during the modification process. Under present experimental conditions, spinel is preferentially
transformed to CeAlO3. In order to obtain the minimum Ce content required for complete modification
of spinel inclusions, the effect of aluminum and oxygen content on the related Ce content in steel was
calculated by FactSage. The content of each element in the steel discussed in this section is total content,
and the calculation results are shown in Figure 8.
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Figure 8. Effect of oxygen and aluminum content on inclusions in steel, (a) wS = 0.015% and wAl = 0.02%,
(b) wO = 0.0045% and wS = 0.015%.

Figure 8a shows the effect of oxygen content on inclusions in steel, where wAl = 0.02% and wS

= 0.015%. It can be seen from the red line in the figure that the minimum Ce content required for
modification of spinel inclusions is linear with the oxygen content in the steel. When wCe = 2.99·wO, the
inclusions in the steel can be controlled as CeAlO3. Wang et al. [8] also obtained a similar conclusion:
that increasing the O content would increase the Ce content required for complete modification of
spinel inclusions.

Theoretically, the inclusions can be controlled to be CeAlO3 when the Ce content in the steel is
three times that of the oxygen content. Therefore, by measuring the oxygen content in the steel, a
suitable rare earth Ce addition amount required for complete modification of spinel inclusions can
be obtained.

Figure 8b shows the effect of aluminum content on types of stable inclusions in steel, where
wO = 0.0045% and wS = 0.015%. It can be seen from the red line in the figure that as the aluminum
content in the steel increases, the minimum Ce content required for modification spinel inclusions
does not change much, which indicates that the aluminum content has little effect on the minimum Ce
content required for modification of spinel inclusions.

6. Conclusions

In present paper, the transformation process of inclusions in medium manganese steel was studied
by high-temperature simulation experiments. The modification mechanism of inclusions in steel
under different aluminum contents was discussed by thermodynamic calculations. Under the present
experimental conditions, the following conclusions were obtained.
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(1) Ce treatment can modify spinel inclusions into rare earth inclusions. After Ce treatment, the
amount of inclusions in the steel will decrease, and the size of inclusions is basically less than 5 μm.

(2) The modification mechanism of spinel inclusions by Ce is as follows: After Ce is added to
steel, Mn and Mg in the spinel inclusions are first replaced by Ce to form CeAlO3, which will cause the
destruction of the spinel structure. When the O content in the steel is at a lower level, S in the steel will
take part in the replacement reaction to replace the O in the inclusion, then the CeAlO3 and spinel
inclusions will be finally transformed into Ce2O2S.

(3) In the Fe-Mn-Al-Mg-Ce-O-S system at 1873 K, the conditions for forming
single CeAlO3 are 0.0464·aO·aAl·a−1

S > aCe > 2.061 × 10−4·a3/4
Mg ·a1/2

Al , 6.1 × 10−11·a−1
Ce·a−1/2

S >

aO > 4.31 × 10−7·a−1/3
Al ·a−1/3

Ce ; the conditions for simultaneous formation of CeAlO3

and Ce2O2S are aCe > max
{
2.061× 10−4·a3/4

Mg ·a1/2
Al , 3.09× 10−3·a3/8

Mg ·a3/4
Al ·a1/2

O ·a−1/2
S

}
, aO >

max
{
4.31× 10−7·a−1/3

Al ·a−1/3
Ce , 6.1× 10−11·a−1

Ce·a−1/2
S

}
; and the conditions for forming single Ce2O2S are

aCe > 3.09× 10−3·a3/8
Mg ·a3/4

Al ·a1/2
O ·a−1/2

S , 4.31× 10−7·a−1/3
Al ·a−1/3

Ce > aO > 6.1× 10−11·a−1
Ce·a−1/2

S .
(4) The minimum Ce content required for complete modification of spinel inclusions is mainly

related to the O content. When the total Ce content is three times that of the total O content in the steel,
the spinel inclusions can be transformed into CeAlO3.
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